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This is an exciting time in physical-oceanographic research on Georges Bank. Recent
field programs, partly carried out because of petroleum exploration on the bank, have
gathered a tremendous amount of data. Although previous investigators made extensive measurements on Georges Bank, instrumentation for obtaining long-term, continuous current measurements was not generally available until the early 1970s, and a
pilot program for making direct current measurements on the bank did not begin until
1975. Clearly, there is a need to take a fresh look at the physical oceanography of
Georges Bank based on the abundance of new data.
A long-term objective of physical oceanographers interested in Georges Bank is
to relate its physical oceanography to its biology, chemistry, and geology. The circulation, the exchange of water and material on and off the bank, the rate and extent of
vertical and horizontal mixing, the location of hydrographic fronts, and the frequency
and extent of sediment movement all clearly affect the bank's biology and chemistry. ·
For example, it has long been suggested that the observed residual clockwise circulation around the bank may be one reason for the high productivity of the region; eggs
and larvae of many species drift passively and can be partially retained in the aroundbank flow. In contrast, horizontal mixing by the strong tidal currents and advection ·by
subtidal currents can carry drifting particles off the bank. It also has been suggested
that the strong vertical mixing on the crest of the .bank increases the local nutrient
supply and the effective depth of the euphotic zone, thus increasing primary productivity (chapters 21, 38, and 39 and the introduction "Phytoplankton, Primary Production, and Microbiology" by Bourne and Yentsch). Further, it appears that primary
production and the concentration of birds and certain fish species are high along the
shelf-water/slope-water front (chapters 32 and 34). Finally, the frequency, direction,
and rate of sediment movement partly determine the surficial sediment distribution
and the location and characteristics of surface bed for.ms (chapter 4). The purpose
here is to summarize the most recent information, so that these relations may be
more clearly identified and then pursued in later research.
Physiographic Setting

Georges Bank is a large, shallow submarine bank along the southeastern side of the
Gulf of Maine (figure 1). The bank is about 300 km long and 150 km wide. The water
on the crest of the bank is less than 40 m deep. Here the bank is shaped into a
series of northwest-trending ridges, some of whose tops are less than 5 m below the
surface. The bank is separated from Browns Bank and the Scotian Sh~lf by the deep
Northeast Channel (220 m deep), which cuts across the outer shelf to the shelf/slope
break, and from Nantucket Shoals by the shallower Great South Channel (70 m deep).
To the north of Georges Bank is the Gulf of Maine, a semienclosed sea bounded
by Nova Scotia to the north and east and by the northeastern United States along its
western perimeter. The gulf is a deep indentation of the continental shelf and is partially separated from the continental slope by the shallow Georges and Browns
banks. The bottom relief within the gulf is irregular. There are three major basins and
many smaller ones separated by numerous ridges and ledges. (The local and regional
topography is described in more detail in chapter 3.)
The location of Georges Bank at the seaward edge of the Gulf of Maine and the
topography of the region play important roles in the physical oceanography of the
bank. Tidal currents are strong because a significant fraction of the tidal volume of
the Gulf of Maine must flow across the shallow crest of the bank. Also, circulation on
the bank is affected by the large-scale circulation within the Gulf of Maine; for exam-

pie, the wind-driven currents on the bank are not all locally forced, but appear to reflect currents established by wind in the entire Georges Bank/Gulf of Maine region.
The shallow bank limits flow between the Gulf of Maine and the deep ocean; exchange below 20 m is restricted to the Great South and Northeast channels, that below 70 m to the Northeast Channel. The Northeast Channel and shallow Browns
Bank also tend to inhibit flow from the Scotian Shelf onto Georges Bank. 1 In contrast, the southern flank of Georges Bank at depths greater than about 70 m is continuous with the Middle Atlantic Bight to the west. Finally, the seasonal changes in
water temperature, salinity, and density on Georges Bank are partially controlled by
the strength of vertical mixing (caused primarily by the tidal currents) and water
depth.
Early Studies

The first comprehensive investigation of the physical oceanography of the Gulf of
Maine and Georges Bank was done by H. B. Bigelow (1927). Using hydrographic
data (temperature, salinity, and density measurements) as well as information inferred
from the distribution of biologic communities and the movement of drift bottles, Bigelow developed a conceptual model for the general seasonal circulation of the Gulf of
Maine that has been the foundation for all subsequent work. (For more det~iled descriptions of Bigelow's work and innovative methods see Bumpus, 1973; Beardsley
and Boicourt, 1981; see also chapter 1.) Bigelow concluded that in spring a counterclockwise (cyclonic) circulation developed in the Gulf of Maine basin (the Gulf of
Maine gyre) and a clockwise (anticyclonic) one around Georges Bank (the Georges
Bank gyre). He suggested that both gyres were somehow driven by the density distribution and the tidal currents. Bigelow's schematic diagram of the summer, near-surface, nontidal residual circulation (figure 2) shows these gyres and an inflow of water
into the gulf from the Scotian Shelf. Bigelow concluded that relatively fresh water
from the Scotian Shelf mixed with saline Slope Water (with salinities greater than 35
ppt, where ppt is the abbreviation for parts per thousand) entering through the Northeast Channel to form the water of intermediate salinity found in the deeper basins of
the gulf. Bigelow also concluded that local overturning in winter caused the relative
. coolness of the water in the gulf.
Subsequent studies of the seasonal mean circulation in the Gulf of Maine and on
Georges Bank and the adjacent shelves using surface and bottom drifters were conducted by Bumpus and Lauzier (1965) and their coworkers from 1960 to 1970. The
results of these massive programs were summarized by Bumpus (1973, 1976) and,
while generally supporting Bigelow's summertime two-gyre model of circulation, provided new information on seasonal variations. Bumpus concluded that the clockwise
circulation around the bank intensified in spring and summer, but that in winter the
near-surface flow over the bank was primarily directed offshore, driven by ttie prevailing northwest winds.
Recent Studies

Beginning in 1975, extensive current and hydrographic (water temperature, salinity,
and density) measurements were made on Georges Bank and the adjacent shelf and
upper slope, primarily by investigators at the Bedford Institute of Oceanography,
EG&G Environmental Consultants, the National Marine Fisheries Service, Raytheon
Company, the U.S. Geological Survey, the University of New Hampshire, and the
Woods Hole Oceanographic Institution. These programs were designed to investigate
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Figure 1
Topographic map showing location
of Georges Bank in relation to the
Gulf of Maine, the Scotian Shelf,
and the New England shelf. The topography inside the 60-m isobath
is simplified and does not show the
sand waves and ridges present
there.

70"

+

Figure 2
Bigelow's map of the summer,
near-surface, nontidal, residual .
flow in the Georges Bank/Gull of
Maine region. [Bigelow (1927)]
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in greater detail the general circulation and current dynamics and those physical processes that influence sediment transport and fisheries on the bank and the adjacent
shelf and slope. Many of the new studies were undertaken because of petroleum exploration and were funded by the Bureau of Land Management's Environmental Studies Program.
The recent field programs used a variety of techniques (figure 3). Long-term current observations were made usirig moored arrays of current meters. (Currents measured at fixed locations are called Eulerian currents.) Typically, several moorings,
each with one to five current meters, were deployed at selected locations on and
around Georges Bank for periods of 1-6 months. Near-surface currents also were
measured by satellite tracking of floats attached to large drogues at depths of 10 m
for periods of several months. (Currents inferred by the drift of objects in them are
called Lagrangian currents.) These measurements of near-surface currents suggest
actual water-particle trajectories, which can only be crudely inferred from Eulerian observations. Long-term observations of near-bottom flow, sediment transport, and bottom pressure were obtained with bottom-mounted instruments, and extensive
surveys of water temperature and salinity were conducted. For additional descriptions
of the field programs see Butman et al. (1982), Flagg et al. (1982), and Beardsley et
al. (1983).
These recent studies provide the first direct, long-term current and temperature
observations made on Georges Bank and have greatly expanded our understanding
of physical processes in the region. The existence and cause of the clockwise flow
around the bank, the degree to which that circulation may be closed, and its seasonal
variability have been subjects of particular interest. The strength, structure, and dynamics of the partly wind-driven currents that fluctuate at periods of 2-30 days are
problems that could not be examined using the previous drifter observations. Preliminary analyses of this new data set include descriptions of the mean current (Butman
et al., 1982; Smith, 1983; Beardsley et al., 1985), the tides (Brown, 1984; Moody et
al., 1984), and a summary of the results of the Bureau of Land Management's
Georges Bank field program (Flagg et al., 1982).
Regional Circulation

The mean Eulerian subsurface current observed in the Gulf of Maine and over the
adjacent Scotian and New England shelves is shown in figure 4. The current vectors
are based on measurements at least 1 month long made at different times during
1974-1980 and thus are not synoptic. The shallowest measurements were made at a
depth of 10 m below the surface, the deepest 8-10 m above the bottom. (Information
concerning measurements at stations 1-27 and stations 1-57 are given in table 1 of
Butman et al. (1982) and in table 1 of Beardsley et al. (1983), respectively.)
At the western end of the Scotian Shelf (stations 36-41), a full year of Eulerian
measurements confirms a net mean (that is, permanent) flow of Scotian Shelf water
west into the Gulf of Maine past Cape Sable (Smith, 1983). This inflow, mainly near
the coast (stations 38 and 39), is strongest from November to February and comes in
pulses of cold, very low-salinity water. Strong outflow (inflow) at all depths along the
inshore (offshore) edge of Browns Bank (stations 40 and 41, respectively) suggests
the existence of a permanent clockwise gyre around that bank. The long-term measurements in the Northeast Channel (stations 42-44) indicate a relatively constant inflow of Slope Water below 100 m, primarily on the northeastern side of the channel
(Ramp, Schlitz, and Wright, 1985).
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Figure 3
A schematic drawing showing var·
ious techniques for measuring currents, water temperature, and
salinity. All of these techniques
were used in recent field work. The
near-surface current is measured
with a meter (A) deployed beneath
a large surface buoy (B) that is
also used to mark the instrument
site so that fishermen can avoid
fouling their gear. Usually at least
two "guard" buoys are deployed at
each site. For making current ob·
servations more than 1 0-15 m be·
low the sea surface, current meters
are suspended on a separate
mooring with a subsurface float (C)
in order to minimize the measure·
ment errors associated with the
mooring motion induced by surface
waves. The subsurface mooring is
recovered by sending a sound sig·
nal to an acoustic release (D),
which causes the mooring to sepa·
rate from its anchor and float to
the surface. A system for measur·
ing near-bottom currents and

studying sediment transport is
mounted on a tripod (E). Also
shown is a satellite-tracked surface
drifter (F) deployed with a drogue
(G) to measure the Lagrangian current at 1 0 m. A conductivity / temperature/depth (CTD) profiler (I)
and an expendable bathythermo·
graph (XBT) (J) are shown being
lowered and dropped from a research vessel (H). Accurate de·
tailed profiles of temperature and
conductivity (and therefore salinity)
as a function of depth are obtained
with the CTD from a stationary vessel, while less precise profiles of
temperature can be obtained with
the XBT from a moving vessel. The
instruments and vessels are not
shown to true scale.

Figure 4
Mean Eulerian current measure·
ments. Th·e boldface numbers
identify stations at which the
mean Eulerian current was
measured; water depth at the
station in meters is given in italics.
The number at the tip of the
mean velocity vector indicates the
measurement depth (m). The
speed scale is such that the length
of the current vector is the dis·
tance a water particle would travel
during a 6-day period. The current
measurements were not all synop·
tic or of equal duration, but have
been compiled from measurements
of varying lengths in excess of 1
month over the period 1974-1980.
See Butman et al. (1982) and
Beardsley et al. (1983). [Beardsley
et al. (1985)]

Figure 5
A box model for the Gulf of Maine
including Georges Bank. The do·
main of the box or control volume
is shown by the dashed lines. See
text for discussion of the various
volume transports shown.
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In contrast with the large number of recent current measurements made on
Georges Bank and the Scotian Shelf, very few direct measurements have been made
in the Gulf of Maine. However, winter observations in the western Gulf of Maine (stations 45-47) by Vermersch, Beardsley, and Brown (1979} combined with the surfacedrift data of Bigelow (1927), Bumpus and Lauzier (1965), and Bumpus (1973) suggest
that the counterclockwise circulation in the Gulf of Maine is a permanent large-scale
feature of the near-surface flow. Recent observations made by Brooks and Garfield
(personal communication) suggest that the near-surface flow runs southward over the
eastern flank of the submarine ridge separating Wilkinson and Jordan basins. Separate cyclonic gyres may exist at depth in these basins. Additional measurements in
the Gulf of Maine are required to describe the flow there more accurately.
The observed mean flow at stations 1-17 indicates a permanent clockwise circulation around Georges Bank, with a strong jetlike flo~ along the northern flank (stations 1 and 2), a weaker, broader southwestward flow along the southern flank
(stations 8-13), and a northward inflow over the center and eastern side of the Great
South Channel (stations 15 and 16). These Eulerian current measurements and the
trajectories of satellite-tracked drifters drogued at 10 m suggest an intermittent or
partial subsurface recirculation around the shallow ( < 60 m) crest of Georges Bank.
The mean currents observed over the New England shelf south and west of Nantucket (stations 24-27, 48-51) show a flow of shelf water from the southern flank of
the bank into the Middle Atlantic Bight (Allen et al., 1983; Beardsley et al., 1985).
Brown and Beardsley (1978) constructed a simple box model for the Gulf of
Maine using Bigelow's circulation pattern and the limited hydrographic and current
data obtained before 1975. A more accurate model can now be constructed with the
new direct current observations (figure 5). The four sources of water flowing into the
box are (1) Tcs• the volume flux of Scotian Shelf water past Cape Sable, (2) TsL• the
volume flux of saline Slope Water through the Northeast Channel, (3) TR, the local
river runoff, and (4) TP-E• the excess of precipitation over evaporation. The two sinks
are (1) TN, the volume flux of Gulf of Maine water flowing west through the crossshelf section south of Nantucket Shoals, and (2) T06 , the volume flux of Gulf of Maine
water flowing out through the seaward boundary.
Conservation of mass requires that the sum of the inflows equal the sum of the
outflows, or

Estimates of the mean inflow past Cape Sable, Tcs• vary from 170 x 103 m3/sec
(Hopkins and Garfield, 1979, from hydrographic data) to (141 ± 82) x 103 m3/sec
(Smith, 1983, from long-term Eulerian current observations at stations 38-41 ). The
mean inflow of Slope Water through the Northeast Channel at depths in excess of 75
m, Tsu is estimated to be (262 ± 59) x 103 m3/sec (Ramp, Schlitz, and Wright, 1985,
based on Eulerian current observations at stations 42-44). The mean excess of precipitation over evaporation, TP-E• is estimated to be about 20 em/year or 1 x 103 m3/
sec (Bunker, 1976). River runoff into the Gulf of Maine, TR, is estimated by Meade
and Emery (1971) to be 3 x 103 m3/sec. Thus, using the new current data, the inflow
into the Gulf of Maine box (Tcs+ TsL + TP-E + TR) equals (407 ± 101) x 103 m3 /
sec. The westward outflow of shelf water from the Gulf of Maine into the Middle Atlantic Bight, TN, has been estimated to be (384 ± 69) x 103 m3/sec (Beardsley et al.,
1985, from Eulerian current measurements made along the cross-shelf transect south
of Nantucket Shoals formed by stations 48-51). Subtraction of TN from the inflow indicates that the loss of shelf water into the Slope Water, T06 , is (23 ± 122) x 103
m3 /sec. 2
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Although the large observational uncertainty in these measurements prevents
any definitive conclusions, the box model suggests that only a small fraction of the
mean inflow to the Gulf of Maine is lost across the open-ocean boundary. Flagg et al.
(1982) suggest that the loss is primarily due to entrainment by Gulf Stream warmcore rings and, thus, is highly intermittent, v_~hile Brown and Beardsley (1978) and
Ramp, Beardsley, and Legeckis (1983) suggest that wind-driven Ekman transport 3 is
the primary mechanism. The exact nature of this loss and its magnitude and seasonality remain unknown.
Hydrography

Hydrographic sections across Georges Bank show the spatial distribution of temperature, salinity, and water density (figure 6). Water on the crest of Georges Bank,
where the depth is less than 50 m, is vertically well mixed throughout the year by
strong tidal currents. This Georges Bank water is warmest, freshest, and lightest
(14°C, 32.5 ppt, and 24.2 u 1) 4 in summer and coldest, saltiest, and heaviest (5°C,
33.3 ppt and 26.4 uJ in winter (Hopkins and Garfield, 1979; Flagg et al., 1982). In
winter, two fronts (fronts are long surfaces across which there are sharp changes in
water properties) separate the well-mixed water from the adjacent water masses (figure 6a). On the southern flank of the bank, the shelf-water/slope-water front intersects the bottom at approximately the 80-100 m isobath. This front separates cooler,
fresher shelf water from warmer, more saline Slope Water. The shelf-water/slopewater front is similar in structure and is continuous with the front at the shelf break in
the Middle Atlantic Bight (Beardsley and Flagg, 1976; Wright, 1976; Mooers, Garvine,
and Martin, 1979). Along the northern flank of the bank, a second weaker, deeper
front separates Georges Bank water from Gulf of Maine water.
In summer (figure 6b) seasonal thermoclines develop in the Gulf of Maine, over
water deeper than about 60 m on the southern flank of the bank, and in the Slope
Water. A front forms around Georges Bank near the 50-m isobath, often extending
across the Great South Channel to enclose Nantucket Shoals, especially early in the
summer. This front is caused by strong vertical mixing associated with the tidal currents. It separates water atop the bank and over Nantucket Shoals that is cooler,
because it has been vertically mixed, from the surrounding unmixed, warmer surface
water.
Also in summer a subsurface filament of cool water occurs along the southern
flank of the bank between the 60- and 100-m isobaths (figure 6b). It is bounded by
the warmer Slope Water to the south, the warmer well-mixed Georges Bank water to
the north, and the seasonal thermocline above. Originally called the "cold pool" in the
Middle Atlantic Bight by Ketchum and Corwin (1964), this "cold band," as it is now
called, is a continuous feature in summer along the southern flank of Georges Bank
and through the Middle Atlantic Bight to near Cape Hatteras (Houghton et al., 1982).
Water in the cold band flows southwestward along the southern flank of Georges
Bank, probably fed with water from the Gulf of Maine, into the Middle Atlantic Bight
(Flagg et al., 1982; Houghton et al., 1982). Thus the Middle Atlantic Bight is downstream from Georges Bank and can receive both organic matter and sediment from
the bank.
The shelf-water/slope-water front and the tidally induced front are clearly seen in
·maps of surface temperature obtained by satellite (figure 7). These images depict
temperature over large areas with exceptional detail (as long as there is no cloud
cover). Similar maps would be impossible to make with observations collected from
ships, and oceanographers are now beginning to use them to study spatial and tem-
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poral changes in water temperature as well as other properties of the surface water,
such as the amount of chlorophyll. These images show remarkable variability in the
temperature field and clearly portray certain processes of water exchange between
Georges Bank and the continental slope that had only been suggested by earlier observations. For example, large eddies or "rings" are formed when northward meanders detach from the Gulf Stream, which, on average, is located about 200 km south
of Georges Bank. Called "warm-core" rings because the Sargasso Sea water in their .
centers is warmer than the surrounding Slope Water, these rings typically are
100-200 km in diameter and drift westward in the Slope Water between the edge of
the continental shelf and the Gulf Stream until they decay or are reabsorbed by the
stream. When these rings are near the outer edge of the continental shelf, the intense
clockwise circulation around them often entrains and carries shelf water away from
the shelf at least near the surface.
The shelf-water/slope-water front is schematically shown in figure 8 as a continuous, inclined, bottom-to-surface feature extending as far east as the Northeast Peak
and Northeast Channel. The front separates Georges Bank water from the Slope
Water along the southern flank. Using salinity data, Flagg et al. (1982) estimate that
the front moves offshore 10-20 km in winter, and Halliwell and Mooers (1979) show
that the surface expression of the front meanders ±50 km from the mean position at
periods from a few days to several weeks. Satellite imagery (figure 7) shows complicated spatial variations of the front both near the shelf break and in the Slope Water.
Thus, although the shelf-water/slope-water front is a permanent feature along the
southern flank, its structure and position vary on seasonal and other low-frequency
time scales. Some of the distortion of the front is clearly caused by warm-core rings
(Ramp, Beardsley, and Legeckis, 1983).
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Sections of temperature in ' C (top),
salinity in ppt (middle), and a, (bottom) in March 1979 (a) and July
1977 (b) illustrating winter and
summer water structure across
Georges Bank. Sections were

made through stations 2 and 11
(figure 4) and are drawn looking toward the northeast. [Winter section: EG&G (1979), courtesy of C.
Flagg]
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A 2-month portion of a current-meter record obtained at station 11 on the southern
flank of Georges Bank (water depth 85 m; see figure 4 for station location) illustrates
the amplitude of the currents and shows some of the typical time scales of the current fluctuation (figure 9). The time series is shown in this introduction because
throughout most of the physical-oceanography chapters, only statistics of the current
are presented. The currents were measured at 45 m, about midway between surface
and bottom. The current meter sampled current speed and direction many times each
second and recorded every 7.5 minutes. These measurements of the eastern and
northern components of current were then averaged to 1-hour intervals and are presented as a function of time in four ways to illustrate several data-processing techniques used here and elsewhere in this book.
The northern and eastern components of current are plotted in figure 9a. The
most striking feature of the time series is the large oscillation (about 30 em/sec, or
0.6 knots) in both the northern and eastern components that occurs approximately
twice each day. These oscillatory currents are the semidiurnal tidal currents that flow
· approximately northwestward/southeastward into and out of the Gulf of Maine. All of
the current records obtained on Georges Bank are dominated by these strong tidal
currents.
In figure 9b, the same data are presented in a coordinate system rotated so that
one axis points across Georges Bank (positive to the northwest) and the other is parallel to the local bathymetry (positive to the northeast). In this natural along- and
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Figure 7
A false-color map of sea-surface
temperature of Georges Bank and
surrounding waters at 1931 GMT
(Greenwich Mean Time) on 13 June
1979 measured by the infrared Ad·
vanced Very High-Resolution Radi·
ometer (AVHRR) on the TIROS N
satellite. Water temperature is indi·
cated by. color according to the
scale at the right. The observed radiometric temperature is probably
about 2'C low because certain atmospheric corrections have not
been made. Note the relatively cool
water on the top of Georges Bank
and over Nantucket Shoals (light
blue and green). The surface
expression of the shelf-water/
slope-water front is partially obscured in summer by the seasonal
thermocline (see figure 6a); this
front occurs at the southern edge
of the predominately yellow region
(water temperature 15-17', adding
2'C to scale). Note the irregularity
along both the tidally induced front
and the shelf-water/slope-water

front. The circle of very dark red to
the south of Georges Bank is a
warm-core Gulf Stream ring; flow is
clockwise around this eddy. A
small spiral of warm water to the
northeast of the eddy suggests
counterclockwise flow on the ed·
dy's trailing edge. This image does
not show a wedge of water being
drawn off the shelf to the east of
the eddy, although other such im·
ages do. Another eddy or meander
of the Gulf Stream is just visible at
the bottom of the image. The white
in the center of the ring, in the
lower right corner of the image,
and along the coast are clouds.
Note the very cold water in the Bay
of Fundy and at the tip of Nova
Scotia, where tidal currents are
very strong and mix cold water up
to the surface. [A. Tvirbutas,
Draper Laboratory, Cambridge,
Massachusetts, and National Ma·
rine Fisheries Service, Woods Hole,
Massachusetts]
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Figure 8
Schematic map summarizing the
major aspects of the physical
oceanography of Georges Bank.
The approximate location of the
tidally induced front (summer only)
and the positions of the surface
and bottom of the shelf-water/
slope-water front are indicated. A
Gulf Stream warm-core ring, located along the southern flank of
the bank, has broken the shelf·
water/slope-water front and is entraining water from the shelf in the
winter map. The rotary semidiurnal
tidal currents, which do not change
with season, are shown by the
crossed arrows defining the major
and minor axes of the current ellipse. Typical summer middepth
monthly mean currents are shown
by bold arrows. Wintertime mid·
depth mean currents on the northern and southern flanks are about
half as strong, and the northward
flow through the Great South Channel is weak. Subtidal currents are
shown as ellipses centered around
the tips of selected monthly meancurrent vectors; the daily-averaged
current typically can flow toward
any location inside the ellipse. The
strength of the subtidal currents in·
creases in winter, especially in the
Great South Channel and on the
shelf south of Cape Cod. Major ad·
ditions to our understanding of the
circulation since Bigelow's schematic (figure 2) are the estimates
of the seasonal and low-frequency
variability of the flow and documentation of the westward flow
south of the Great South Channel.
Figure 9
Time series of current velocity
(em/sec) made at station 11 on the
southern flank of Georges Bank,
1 January-28 February 1977: (a)
hourly-averaged eastern and northern components; (b) hourly-averaged along-bank and cross-bank
components (positive along-bank is
toward 058'; positive cross bank is
toward 328'); (c) low-passed alongbank and cross-bank current components; (d) vector stick plot of
low-passed currents plotted every
6 hours (north is toward the top of
the figure). The low-pass filter
used to produce (c) and (d) in effect removes current fluctuations
with characteristic periods of less
than 33 hours, most notably the
diurnal and semidiurnal, which
dominate (a) and (b).
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across-isobaths coordinate system, the tidal currents appear more uniform in the
cross-bank direction, weaker and more variable in the along-bank direction. (Oceanographers often use rotated coordinate systems to isolate certain physical processes
having a preferred orientation.) In the rotated coordinate system, the cross-bank current averaged over several tidal cycles is almost zero; that is, there is little or no net
cross-bank flow at this depth. In contrast, there are certain periods when there is an
obvious net along-bank flow. For example, on 18 January there is a net flow to the
northeast (positive along-bank flow), and on 2 January and between 5 and 13 February there is a clear net flow to the southwest (negative along-bank flow).
To show the net current over periods of several days more clearly, the strong
tidal currents have been averaged out of the time series by a procedure called filtering: The filter used here essentially averages the currents over one day and, thus,
averages out the tides. These filtered currents are called "low passed" (because the
filtering only allows currents of low frequencies of oscillation to pass through) or
"subtidal" (because the filtered currents have periods that are longer than the tidal
periods). The filtered current record is plotted in figure 9c as along-bank and crossbank components. Now the periods of net flow are clearly visible. Note that the amplitude of the along-bank subtidal current fluctuations is typically 5-15 em/secgreater than the cross-bank fluctuations. Although the tidal current carries water particles a distance of several kilometers along and across the bank twice each day, any
net transport over a day is by the subtidal current. Note that in this winter current
record subtidal currents greater than 10 em/sec are not uncommon (1 0 em/sec corresponds to a water-particle displacement of 8.6 km/day). The low-passed record also
shows a weak average along-bank current to the southwest. For these data, the average along-bank flow in January was -1.8 em/sec and in February was -8.0 em/
sec. The net monthly cross-bank flow at this location was about zero throughout the
record.
The low-passed currents are plotted in vector form in figure 9d to show the
mean direction of flow. In this representation, the current is plotted as a stick that
originates at the horizontal time axis and points in the direction of the flow. The lowpassed current is plotted every 4 hours. This representation shows the consistent
southwestward flow and the deviations in amplitude and direction caused by the lowfrequency current fluctuations.
Spectral Representation

Oceanographers often define and study currents according to the characteristic time
scales at which the currents change or oscillate. In the Georges Bank region, currents can be separated into a seasonal mean circulation that varies on time scales in
excess of 1 month, subtidal or low-frequency currents with characteristic scales of
2-30 days, energetic diurnal and semidiurnal tidal currents having periods near 24
and 12 hours, respectively, and higher-frequency currents associated with internal
waves and surface gravity waves. The tidal currents, the subtidal fluctuations, and
the monthly mean flow are clearly illustrated in figure 9. Although the current at any
time and place is the sum of all the current components, each component has d1fferent characteristics and driving forces; thus it is convenient to describe each one separately. Chapters 9, 11 , and 12 describe in more detail the characteristics of the
currents in the first three frequency bands. Chapter 8 describes the currents associated with waves.
Kinetic-energy spectra of the cross-bank and along-bank currents (figure 10)
show the relative amplitude of the principal components of the current at 45 m at

station 11. The semidiurnal tidal current (period of about 12 hours) dominates the energy spectrum. At this station the maximum semidiurnal tidal current, which flows into
the Gulf of Maine, is about 38 em/sec; the maximum diurnal tidal current (period of
about 24 hours) is about 5 em/sec. A second broad peak in the energy spectrum at
station 11 occurs between 50 and 600 hours (figure 10) and corresponds to the most
energetic subtidal or low-frequency currents. Their amplitude at station 11 is 5-15
em/sec-much weaker than the tidal currents. In contrast with tidal currents, the subtidal currents that flow along the bank are much stronger than those that flow across
it. Thus the subtidal fluctuations at middepth primarily flow parallel to local isobaths;
near the surface, the cross-bank fluctuations are larger than at middepth, and the
subtidal currents are less polarized. Note that both subtidal current and wind stress
spectra peak at periods of about 100 hours, but that the wind-stress maximum occurs with a slightly shorter period. If all the current components that oscillate in this
frequency band were wind driven, .the energy spectra of current and wind stress
would have similar shapes. The observed difference in spectral shape suggests that
not all of the subtidal current variability at this location is directly wind driven and that
other forces and processes are involved.
The kinetic energy associated with the mean current and with current fluctuations
having periods longer than about 140 days is not shown in figure 10. However, the
mean or annual average along-bank current at 45 m at station 11 is about 8 em/sec
to the southwest; the current varies seasonally by about 6 em/sec. The strongest
southwestward flow is in late summer (about 11 em/sec), and the weakest is in winter (about 5 em/sec). Thus, at station 11, the mean along-bank flow, the seasonal
variation of the flow, and the subtidal currents all have about the same amplitude.
Tidal Currents

Tidal currents are the strongest currents on Georges Bank. Although these currents
flow into and out of the Gulf of Maine as the tide rises and falls, they are actually
rotary. The tidal current at any instant at any observation point can be described by
an arrow that points in the direction of flow and whose length is proportional to the
speed of flow. During the course of an entire tidal cycle, where the tidal current is
rotary, the tip of such an arrow traces an ellipse. The lengths of the major and minor
axes of this "tidal ellipse," the ellipse's orientation, and the time of maximum current
relative to the astronomical forcing serve to describe the tidal current at the point of
observation.
Tidal forcing occurs with well-defined periods. There are three major semidiurnal
tides (each occurring approximately twice each day) and two major diurnal tides (each
occurring approximately once each day). For convenience, these tides are named M 2 ,
N2 , and S2 (with periods of 12.42, 12.66, and 12.0 hours, respectively) and K1 and 0 1
(with periods of 23.94 and 25.82 hours, respectively).
The strongest tidal current on Georges Bank is the M2 semidiurnal tide. The major axis of the semidiurnal tidal current ellipse is oriented in the cross-bank (northwest/southeast) direction, and the cross-bank current is about 1.5 times stronger
than the along-bank current (figure 8). The amplitude of the major axis of the semidiurnal tidal current increases from less than 10 em/sec along the southern flank to
greater than 100 em/sec on the Northeast Peak (figure 11 ). The tidal current decreases sharply to less than 20 em/sec north of the bank over Georges Basin. Because the tidal current is rotary, the tidal flow never ceases-it simply changes speed
and direction.
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Figure 10
Kinetic-energy. spectra of alongbank (heavy solid lines) and crossbank (dotted lines) current components at a depth of 45 m at station
11 on the southern flank of
Georges Bank in 85 m of water together with along-bank wind stress
at the Nantucket Lightship (dashed
lines). The along-bank direction is
60 °. The current can be thought of
as the mean flow plus other components oscillating over a broad
range of periods. The kinetic-energy spectrum shows the amount
of energy in the current as a function of the period (or frequency) at
which it oscillates. ·Fo.r example,
maximum tidal currents occur
nearly every 12 and 24 hours;
these energetic currents are represented in the kinetic-energy spectrum as large peaks at these
periods (SO and D, respectively).
The smaller peak in the along-bank
spectrum between 100 and 400
hours represents the energy in socalled subtidal currents. These
more slowly oscillating currents are
partly caused by winds. The peak
marked I is the inertial frequency.
The spectra are plotted so that the
area beneath the curve between
any two frequencies is proportional
to the energy contained in that
band of frequencies. The major objective of these variance-conserving, kinetic-energy spectra is to
illustrate qualitatively the relative
distribution of energy by frequency.
The approximate amplitude of the
current (em/sec) in a frequency
band can be crudely estimated as
(2 x A x flflf)' 12, where A is the
amplitude in cm' /sec' determined
from the spectum, t.f is the frequency band over which the amplitude is approximately constant,
and f is the center frequency of
this band. These spectra do not
show current energy at periods
shorter than 15 minutes or longer
than about 140 days. Thus the energy associated with surface gravity waves, which occur at periods
of 2-20 sec, or the energy associated with seasonal fluctuations is
not shown.
Figure 11
Amplitude of the semidiurnal M,
(period 12.42 hours) tidal current
on Georges Bank and in the Gulf of
Maine. Maximum current speed
(em/sec) during a tidal cycle is
shown without regard to direction.
Although the tidal currents are rotary, the strongest currents flow
into and out of the Gulf of Maine.
Note the increase in strength on
Georges Bank, especially over the
Northeast Peak. (Adapted from
Moody et al. (1984))

The tidal currents over the shallow top of Georges Bank are so strong that complete vertical mixing of the water column occurs throughout the year in water depths
shallower than about 50-60 m (Garrett, Keeley, and Greenberg, 1978).5 These strong
currents also form the large sand waves and ridges that are found on the crest of the
bank and continuously rework the surficial sediments, removing most of the finegrained sediments and leaving only coarse sands (chapters 4 and 13).
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The seasonal mean circulation is shown schematically in figure 8. There is a narrow,
jetlike, northeastward flow along the northern flank, a southward flow on the Northeast Peak, and a broad southwestward and we~tward flow along the southern flank.
This broad flow reaches maximum velocity near the surface over the outer shelf inside the shelf-water/slope-water front. While much of the shelf water over the southern flank flows westward along the shelf into the Middle Atlantic Bight, some fraction
(on the order of perhaps 50% in summer and 25% in winter) of the along-bank flow
turns northward into the center and eastern side of the Great South Channel.
The strength of the around-bank flow varies seasonally; based on the long-term
observations at station 11 , the along-bank flow typically is about two times stronger
in late summer than in winter. Recirculation is intermittent, but is apparently strongest
in late summer, when the wind is weak and heating of the shallow water over the
crest of the bank increases the horizontal density gradient. The strong northeastward
flow along the northern flank and the broad southwestward flow along the southern
flank are apparently partly caused by a complex interaction between the strong semidiurnal tidal currents and the sloping topography, a process called tidal rectification
(Loder, 1980; see also chapter 11 ).
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The recent direct measurements have enabled oceanographers to study subtidal currents over Georges Bank for the first time--currents that typically fluctuate with periods of 2-30 days. These fluctuations were " averaged out" of the drifter
observations made by Bigelow and Bumpus. Subtidal currents are particularly important for the transport of water and material because they can alter the simple clockwise circulation pattern discussed earlier for periods of several days or longer.
The most familiar subtidal currents are those caused by winds, particularly winds
associated with intense storms, most of which occur in winter. During storms, middepth daily-averaged currents can reach 20-30 em/sec. If a storm lasts 2 days, these
currents can carry water or material on the order of 25 miles; primarily along the
shelf. This is four to six times farther than the transport caused by the weak wintertime mean flow (about 5 em/sec on the southern flank).
Subtidal currents generally flow parallel to the local isobaths; flow across isobaths is weaker. The amplitude of the along-bank flow is typically 10-20 em/sec. The
effect of subtidal currents on the direction of the daily-averaged flow is illustrated by
the long-term current observations at station 11 on the southern flank of Georges
Bank, where the monthly-averaged flow was southwestward in every month of the
year. However, in certain months the daily-averaged flow was southwestward only
half of the time. The daily-averaged flow was steadiest to the southwest in late summer, when the mean flow was strong and the wind-driven currents weak, and most
variable in winter, when the mean flow was weak and the wind-driven currents
strong.
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On Georges Bank, approximately 25-50% of the subtidal current variance in the
2-30-day band is coherent with the local wind stress and thus is directly wind driven
(Flagg et al., 1982; Noble, Butman, and Williams, 1983; Noble, Butman, and Wimbush, 1985; see also chapter 12). The dynamics of the wind-driven flow is complex
because wind-driven set-up and set-down of sea level is not as strong as it is on a
continental shelf adjacent to a straight coast and because the wind causes currents
in the Gulf of Maine that can affect currents over the bank. The subtidal variability
not caused directly by wind is probably caused by transients that propagate west~
ward along the continental shelf and upper slope as coastal trapped waves6 or transients with characteristic periods in excess of 10 days that are associated with Gulf
.Stream warm-core rings. The clockwise circulation around these rings causes occasional strong eastward flow along the southern edge of the bank as the rings slowly
drift westward. Thus currents at the edge of the shelf can show a weak westward
flow interrupted by a strong eastward flow for as long as a month.
The bank's subtidal currents are illustrated schematically in figure 8 as ellipses
centered around the tips of some of the monthly mean-current vectors. The orientation of the ellipses along isobaths reflects the greater strength of the along-bank
component of these currents. The strength and direction of the total current (without
tides) is approximately the vector sum of the monthly mean current and the subtidal
current. Thus in figure 8 the total current is represented by a vector that originates at
the beginning of the mean-current vector and terminates somewhere within the subtidal ellipse. In certain seasons and locations the subtidal ellipse is larger than the
vector representing the monthly mean flow. This means that at times the total current
flows opposite to the direction of the monthly mean current.

waves found on the crest of the bank. In water depths greater than about 60 m,
where tidal currents are weaker, sediment movement is intermittent, primarily caused
by strong winter storms. Both tidal currents and winter storms are too weak to move
sediment on the southern flank of Georges Bank where the water is deeper than
100-150 m, but here the currents associated with Gulf Stream warm-core rings are
strong enough a few times each year to cause sediment movement on the upper
slope.
Over a long period of time (thousands of years) the processes of sediment resuspension and transport gradually shape the surface-sediment distribution. Twichell,
McCiennan, and Butman (1981) and Bothner et al. (1981) have suggested that the
large deposit of fine-grained sediments on. the continental shelf south of Cape Cod
known as the "Mud Patch" is material winnowed from Georges Bank and Nantucket
Shoals by strong tidal currents and carried westward in the mean flow. The large decrease in the velocity of the tidal current over the Mud Patch allows the material to
fall out of suspension there (chapters 4, 13, and 17). The transport of sediment during storms and its relation to the surface-sediment distribution is only partly understood. Storms clearly resuspend sediment at least 10-20 m above the bottom, when
it can then be transported by the storm-generated flow (chapter 13 and the vignette
"The Effect of Winter Storms on the Bottom" by Butman). But although the net
transport of sediment is apparently westward along the southern flank of the bank
into the Middle Atlantic Bight, the relative importance of the tidal/mean-current transport and the transport by numerous intense storms remains to be determined. The
resuspension and reworking of the surficial sediment by winter storms may have important effects on bottom-dwelling organisms and the recycling of nutrients and other
chemicals.

Sediment Movement
Horizontal Mixing and Exchange

Strong currents can cause sediment reworking, resuspension, and transport. Sediment movement partly determines the surficial sediment distribution, and an understanding of sediment movement is important for assessing the fate of material
discharged into the water column or onto the seafloor-for example, drilling muds
and cuttings. In addition, petroleum hydrocarbons and trace metals, for instance, adhere to the fine-grained silts and clays, the sediments most easily transported by
currents.
Sediment movement occurs when the stress on individual sediment particles ex- ·
ceeds a threshold called the critical stress. Bottom stress, the force exerted by the
currents on the seafloor, results from the total near-bottom flow associated with the
current components just described and with the oscillatory currents caused by surface waves. Recent theoretical and field studies have shown that the oscillatory currents associated with surface waves cause a large bottom stress (Grant and Madsen,
1979; Grant, Williams, and Glenn, 1984; see also chapter 8) and are an important
cause of sediment resuspension over much of the continental shelf. Near-bottom currents caused by surface waves decrease with increasing water depth, and thus sediment resuspension caused by waves is most intense in shallow water. In general,
surface waves do not strongly affect sediment movement in water deeper than about
100 m in the Georges Bank region.
Two processes are the main causes of sediment movement on Georges Banktidal currents and storms. On the shallow crest of the bank and on Nantucket Shoals,
the surficial sediment is constantly reworked by the tidal currents and intermittently
by storms. As a result, all the fine-grained sediment has been winnowed from the
surface of the bottom (chapter 4). In addition, the tidal currents cause the large sand

A critical parameter of the Georges Bank system is the time that water and the
things in it, such as sediments, nutrients, and fish larvae, remain on the bank. Residence time can vary significantly with location and season. At least three processes
affect it-the seasonal mean circulation pattern, the cross-bank mixing associated
with tidal and subtidal currents, and the cross-bank exchange caused by Gulf Stream
rings. The intermittent clockwise mean circulation suggests that water can either recirculate around the bank or leave it by going south into the Slope Water or southwest into the Middle Atlantic Bight. Eulerian current observations suggest that a
water particle at middepth could circle the bank in about 60 days. Recirculation is
most likely (and most rapid) in late summer and least likely (and slowest) in winter.
Cross-bank mean currents could significantly affect the transport of water on or off
the bank. In general, the cross-bank flows are weak (less than 1 em/sec). The
strength and direction of any weak cross-bank flow is not well defined by the available Eulerian current measurements and is quite sensitive to the choice of along-bank
direction. The only clearly defined off-bank flow was observed along the southern
flank near the bottom in depths greater than about 100 m; the observed flow of a
few centimeters per second could carry near-bottom water off the bank in a few
days. The cross-bank flow and the seasonal variation in cross-bank flow remain to be
determined.
The intense clockwise circulation around Gulf Stream warm-core rings can carry
water off the outer edge of the shelf. Satellite photographs (figure 7) show entrainments of cold shelf water on the eastern side of many of the rings. The number of
rings occurring in any given year and the extent of the exchange is highly variable.
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Halliwell and Mooers (1979) found 3-10 rings each year, and Flagg et al. (1982) estimate that a ring can entrain a substantial fraction of the along-bank flow for several
weeks.
Loder et al. (1982) investigated cross-bank exchange in the well-mixed region on
top of the bank, where horizontal mixing is probably accomplished primarily by eddies
formed by strong tidal currents flowing over sand waves and ridges. Horizontal dispersion coefficients, measures of the effective horizontal mixing, estimated from a
model of the seasonal heating cycle ranged from 150 to 380 m2 /sec. From this, Loder
et al. (1982) estimated that about 60-80 days are required for the concentration of a
substance that was initially distributed within the 50-m isobath to decrease to 90% of
its original concentration. Although these are estimates for summer, mixing associated with the tidal currents should not change significantly throughout the year. Estimates of horizontal dispersion caused by subtidal currents and the seasonal change
in dispersion associated with the increased variability of the wind-driven current in
winter, especially between the tidally induced front and the shelf-water/slope-water
front on the southern side of the bank, have not yet been made.
Satellite-tracked drifters, drogued at 10 m and released at various seasons and
locations on Georges Bank, have been used to make crude estimates of the residence time of near-surface water. The drifters remained in the Georges Bank region
for about 50 days (standard deviation 26 days, with a range of 3-113 days); there
was no strong dependence on season or initial location. Drifters went west from the
Georges Bank region into the Middle Atlantic Bight or south into the Slope Water;
recirculation was intermittent and occurred primarily in summer. All drifters going off
the bank to the south were associated with warm-core rings; none passed through
the shelf-water/slope-water front where the front was intact.
The Bank's Four Physical Regimes

The physical-oceanographic observations suggest that Georges Bank can be divided
into at least four regions based on water properties, fronts, bottom topography, frequency of sediment movement, and the spatial structure of currents (figure 12). The
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strength of the semidiurnal tidal current is the major factor in defining these regions
because it strongly influences other factors, such as vertical and horizontal mixing
and bottom stress.
The four regions and their defining characteristics are as follows:
1. the northern flank (water depth 50-200 m):
·steeply sloping topography,
• narrow transition between Gulf of Maine and Georges Bank, where the semidiurnal tidal currents increase from 30 to 100 em/sec,
• the on-bank boundary ·in summer is the tidally induced front, and
• strong northeastward mean currents (20 em/sec in winter, 40 em/sec in summer);
2. the bank crest (water shallower than 50-60 m):
• sand ridges and sand waves,
• semidiurnal tidal currents exceeding 50 em/sec,
• water vertically well mixed throughout the year,
• horizontal mixing by tidal currents,
• bounded around the perimeter in summer by the tidally induced front,
• subtidal currents and mean flow weak,
• water likely to recirculate around the bank, especially in late summer, and
• surficial sediments continually reworked by tidal currents and frequently by
storms;
3. the southern flank (water depth 60-150 m):
• seafloor slightly sloping and generally featureless,
• semidiurnal tidal currents between 20 and 40 em/sec,
• water vertically well mixed in winter, stratified in summer,
·the on-bank boundary in summer is the tidally induced front; the off-bank
boundary year-round is the shelf-water/slope-water front,
• subtidal currents moderate and only partially wind driven,
• mean flow southwestward with strongest flow in late summer, weakest in winter,
• water sometimes recirculating around the bank, especially in summer, and
• surficial sediments reworked by spring tides and seasonally by strong winter
·storms; and
4. the southern flank (water depth > 150 m):
• seafloor steeply sloping and generally featureless, except where incised by submarine canyons,
• semidiurnal tidal currents less than 20 em/sec,
• subtidal currents strongly influenced by Gulf Stream rings,
·mean flow westward on the northern side of the shelf-water/slope-water front,
but flow on the southern side of the front strongly influenced by warm-core rings,
• water unlikely to recirculate around bank, and
• surficial sediments reworked occasionally by currents associated with warm-core
rings and by intense winter storms.
These regions, having distinct physical characteristics, are conceptually different
parts of Georges Bank. The transition between them is gradual, and there is variability within each. However, the processes defining the physical environment clearly
change from one to the other and have important consequences for the chemical and
·biologic environments.

Figure 12
The four physical regimes on
Georges Bank (1, the northern
flank; II, the bank crest; Ill, the
southern flank, 60-150-m depth; IV,
the southern flank, >150-m depth).
They are defined primarily by the
strength of the tidal current, the location of hydrographic fronts, and
the nature of the bottom.
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There are many unanswered questions concerning the physical oceanography of
Georges Bank and how local and regional physical processes influence circulation,
mixing, and productivity. We hope that this and the following chapters will stimulate
additional analysis of existing physical data, new field experiments, and new models
of the physical processes on Georges Bank.
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Notes
1. Steady currents tend to flow parallel to isobaths because of the earth's
rotation. Thus steady currents tend
to flow around rather than across
both shallow and deep areas.
2. The mean transport values estimated from long-term current measurements are given with 95%
confidence limits computed assuming
a Student's t distribution for the estimated mean value. The flux estimates from the direct current
measurements are used here. We
also assume that all of the inflow to
the Georges Bank region across the
Cape Sable section occurs where
Smith (1983) made his measurements. Flagg et a!. (1982) suggest
that an additional inflow, as much as
50 x . 10' m3 /sec on a yearly basis,
may occur across the Northeast
Channel. If so, the estimate of the
amount of water lost to the Slope
Water along the southern flank increases to about 73 x 1O' m'/sec, or
about 18% of the total inflow.
3. Because of the earth's rotation,
the transport of the near-surface
water driven by wind is not in the direction of the wind, but to the right of
the wind (facing downwind). This
transport generally occurs in the upper 10-15 m of the water column,
where the influence of turbulent friction is strongest. The angle between
the surface current and wind stress
depends on the depth of water and
the strength of vertical mixing.
Fridtjof Nansen, during polar explorations in the late 1890s on the research vessel Fram, observed that
icebergs drifted to the right of the
wind. V. Ekman (1905) developed a
theory that explained this phenomenon; the upper layer of the water column where friction influences the
motion is therefore called the Ekman
layer, and the transport in the Ekman
layer to the right of the wind stress is
called Ekman transport. Over
Georges Bank, winds from the west
or southwest cause a southeastward,
off-bank flow. Unfortunately, there
are very few current measurements
in the Ekman layer because it is difficult to make observations where
there are large waves. The existence
of Ekman transport is often inferred
from theory.
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Death on Georges Bank
Richard H. Backus

Marbleheaders were the first to fish on
Georges Bank; hence it is likely they were the
first to die there. Naturally, as the number of
fishermen on the bank grew, so did the number of men lost there. Gloucester has kept
unusually good records. Between 1830 and
mid-1873, 93 vessels and 708 men from that
town were lost on Georges. One of the worst
years was 1879. Fifteen schooners went
down on Georges in a single storm-the terrible northeaster of 20-21 February. The number of Gloucester fishermen drowned totaled
143; they left 57 widows and 140 fatherless
children.
The following is the account of a survivor of
one such storm, "a young man from one of
our inland cities, who had made several trips
mackereling, in the summer months, where he
had heard the 'veterans' talk of the perils of
the Georges fishery" (Anonymous, 1882):
On the morning of February 14th, we started,
and, in a glorious run of twenty-four hours,
sighted the fleet on the Banks-nearly a
hundred sail, riding \at their anchors, half a
mile, and in some instances, a mile apart. It
was a pretty sight, and the fine, clear
weather, rendered it highly enjoyable. Soon
our position was selected, anchor down, and
the crew busy getting ready to try their luck.
[They] were a jolly set, and for several days
the weather was fine, the fish abundant and
the fun immense. We had changed our berth
twice, each time drawing nearer to the body
of the fleet, and each time found the fish
more plentiful. I began to think that the
Georges fishery, after all, was not so bad as
it had been represented.
[One] sundown, there was quite a sudden
change in the weather. The clouds massed,
and the rising wind made the sea rough. All
signs indicated an approaching storm. It was
a wild-looking night; the vessels tossed up
and down like cockle-shells. At eight o'clock
the skipper began to get uneasy. Ben, my
chum, whispered to me: "I've been with the
old man half-a-dozen years, and when I see
him walkin' and lookin' that way, I make up

my mind that som'thin's goin' to happen." By
this time, the sky had grown inky black, the
wind had veered to the northeast, and was increasing in violence. It began to snow-moderately at first, then more fiercely fell the
white flakes. The skipper went forward and
examined the cable, then gave orders to pay
out some ten fathoms or more, which was
done. The skipper, upon being asked what he
thought, replied: "We'll have a tough time
'tween now and morning, and the watch must
keep a sharp lookout for drifting vessels. If
the rest of you want to take a nap, do it now,
as there won't be m!Jch sleeping a couple of
hours from now."
It was now about eleven o'clock. The wind
had risen fearfully, the snow came down
spitefully, and the sea rose higher than I had
ever supposed it possible for it to rise. I had
never experienced anything so terrific before,
and the stories which were told on board the
mackerel-catcher now assumed a more truthful aspect. My shipmates showed no sign of
fear; they were now all on deck, and the skipper was keeping a sharp lookout. Ben was
also on the alert, and had placed a hatchet

near the windlass, to be in readiness should it
be deemed necessary to cut our cable. The
great danger to be apprehended was from
collision, as in case that either ourselves or
some other of the fleet lost their anchor or
parted their cable, away they would go; then
if they struck another craft, good bye to both
of them. During the night, a large vessel
passed quite near to us. We could see her
· lights, also her spars and sails, as she sped
swiftly along on the wings of the storm.

At length the east began to lighten; morning
was coming. The fearful darkness of the
night, and that terrible uncertainty, was relieved, as we could now see our position, and
could now the better guard against the threatening dangers. Somewhere about nine
o'clock, the skipper sang out, "There's a vessel adrift right ahead of us! stand by with
your hatchet, but don't cut till you hear the
word!" All eyes were now bent on the fishing
craft. On she came! It was a fearful moment
to me, and it was evident that the mensome of whom had followed Georges fishing
for ten seasons, thought there was danger
now. The drifting vessel was coming directly
for us; a moment more, and the signal to cut
must be given! With the swiftness of a gull
she passed by, so near that I could have
leaped aboard. The hopeless, terror-stricken
faces of the crew we saw but a moment. We
watched the doomed craft, as she sped on
her course. She struck one of the fleet, a
short distance astern, and we saw the waters
close over both vessels. All through the day
we watched. Twice our safety was endangered by vessels adrift, but they went clear.
We were saved! At sundown the gale moder-

ated, but we knew that many a poor fellow
who had left Gloucester full of hope, would
never more return.
I was on nettles all next day, as I thought the
skipper would immediately start for home. But
judge of my surprise to see the men cooly get
their lines in readiness for fishing. We fished
through the week, had good luck, and it was
a happy moment when the skipper said, "Get
the anchor; we'll turn her nose homeward."
Eastern Point Light, when first sighted, looked
cheering and friendly. As we passed in by the
Fort, there was a crowd of people, and as
they saw our vessel's name, there was rejoicing. Several came on board asking if we had
seen such and such a vessel since the gale.

Twelve good vessels fighting through the
night,
. Fighting, fighting that no'th-east galeEvery man, be sure, did his might,
But never sign of a single sail
Was there in the morning when the sun
showed red,
But a hundred and seventy fine men-deadWas settling somewhere into the sand
On Georges shoals, which is drowned men's
land.
Seventy widows kneeling-

Although less frequent than winter's gales,
late summer's hurricanes were even more to
be feared. The one of 3-4 October 1841
passed right over Georges Bank or close
(Ludlum, 1963). It left the entire great eastern
beach of Cape Cod strewn with wreckage
from Chatham to Provincetown and 50
corpses washed up there. It was especially
devastating to Cape Codders mackereling on
the southwest part of Georges. Among those
lost were 26 men from the little town of Dennis; "18 of them had been schoolmates, leaving kindred living within a quarter of a mile of
each other" (Perley, 1891). At the same time
seven vessels from Truro were sunk; they
held 57 men, all lost, 6% of the male population of their town.
Although radio, electronic navigation, and a
powerful Coast Guard keep down the toll on
Georges Bank, fishermen still die there. Men
are washed overboard and vessels go down
with all hands. A marble plaque was dedicated in 1970 at New Bedford's Seaman's
Bethel to honor 129 fishermen lost at sea
after 1945; most were lost on Georges Bank.
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The tidal forcing of the world's oceans results from the
combined effects of the relative motion of the earth,
moon, and sun and is characterized by several hundred
astronomically identifiable frequencies, most of which
tend to be clustered near the once-a-day (diurnal) and
twice-a-day (semidiurnal) frequencies. Thus the total astronomical tidal forcing can be decomposed into a set of
sinusoidal harmonic constituents, each with its own
unique amplitude and phase (harmonic constants). The
sum of this special set of harmonic constituents is called
the equilibrium tide-the tidal response of an idealized
ocean covering the entire surface of the earth to a depth
of 25 km or more.
Because of many factors, including the geographic
complexity of the ocean basins, the tides that we observe
do not conform to the equilibrium tidal predictions.
However, at a given location, the observed tide can be
decomposed into harmonic constituents that can be used
for the prediction of tides at that location. The harmonic
constants defining each of the constituents for each sta. tion are determined from tidal observations through a
harmonic analysis or type of least-squares fit between observed and equilibrium tides. Fortunately, of the several
hundred possible harmonic constituents, only a limited
set corresponding to the most important aspects of the
astronomical forcing is required for a useful description
of the tides at a particular location.
For many purposes, the semidiurnal tide can be described adequately by a sum of the following three harmonic constituents-the principal lunar (whose symbol is
M 2 and whose period is 12.42 hours), the principal solar
(5 2 , 12.00 hours), and the larger lunar elliptic (N 2 , 12.66
hours), with M 2 usually being the largest. The most important contributions to the diurnal tide usually come
from the principal lunar (OJ> 25.82 hours) and the lunisolar (K 1 , 23.93 hours) constituents.
Once the important harmonic constituents for a particular location are determined from harmonic analysis, the
tidal character of the location can be characterized by
computing Defant's (1961) harmonic constituent amplitude ratio, F = (K 1 + 0 1)/(M 2 + 52 ). Traditionally,
when F :s;;; 0.25 in a region, the tides are classified as
semidiurnal tides; when F ~ 3.0, they are classified as
diurnal tides; and when 0.25 < F < 3.0, they are classified as mixed tides.
The complicated global oceanic tides can be described
reasonably well for each of the important tidal constituents in terms of a set of rotary standing waves contained
within the major ocean basins. These rotary standing
waves, called amphidromes, can be described simply in
terms of (a) a central point of zero tidal sea-level change
(amphidromic point), (b) a set of spokelike lines (cophase
lines) that show the location of the tidal wave crest at
successive hours in its propagation around the central amphidromic point, and (c) a set of quasi-circularlines
(coamplitude or corange lines) that show the location of
similar amplitudes of the tidal wave. A superposition of
coamplitude and cophase lines is called a cotidal chart,

Wendell S. Brown and John A. Moody

which, for an ideal amphidrome, looks like a wagon
wheel with multiple rims. Examples of real amphidromic
systems in the North Atlantic are shown in figure 9.1.
Two important components of the North Atlantic tidal
response are the relatively energetic M 2 semidiurnal amphidrome and a less intense 0 1 diurnal amphidrome, both
centered to the east of the maritime provinces. The M 2
semidiurnal and 0 1 diurnal cotidal charts from Beaumont
and Boutilier (1978) (figure 9.1) show that in both cases
the southward-propagating deep-ocean tidal-wave front is
distorted by the eastern North American continental margin. The major dynamical component of deep-ocean tidal
waves is the Kelvin wave. The Kelvin wave has a long .
wavelength and is trapped at the edge of its ocean basin
by the earth's rotation. In the northern hemisphere its
crest progresses with the coastline to the right (to the left
in the southern hemisphere), and .its accompanying current is aligned along-coast and decays slowly in the offcoast direction.
Complex configurations of coastline and bottom topography convert Kelvin waves into a variety of waves
having shorter wavelengths and dynamical characteristics
much like those of classical Sverdrup, Poincare, or continental shelf waves. The large distortion in the semidiurnal
and diurnal tides in the region of Georges Bank, Gulf of
Maine, and Bay of Fundy is due to the complex superpositions of these various waves.
The tides in the Gulf of Maine are driven principally
by the deep-ocean tides at the edge of the continental
shelf. Garrett (1972, 1974) has shown that the geometry
of the entire Gulf of Maine together with the Bay of
Fundy is such that tides at semidiurnal frequencies are selectively amplified much like the characteristic tones of
an organ pipe-a circumstance known as tidal resonance.
As shown by Greenberg (1979), most of the forcing of
the Gulf of Maine/Bay of Fundy tides occurs in connection with flow through the Northeast and Great South
channels. Some of the transport associated with .the amplified tidal sea levels in the Gulf of Maine passes over
Georges Bank and leads to the large tidal currents found
over the relatively shallow parts.
A large part of the tidal transition zone connecting the
deep-ocean tidal amphidromes and the near-resonant
standing-wave response of the Gulf of Maine/Bay of
Fundy system lies over Georges Bank, clearly one of the
most prominent topographic feature of the region.
The earliest comprehensive set of current observations
from atop Georges Bank (Haight, 1942) showed the
dominance of the clockwise rotary semidiurnal tidal current there. The spatial distribution of the tidal current has
been characterized by Bumpus (1976) as "like a semisolid irrotational elliptical motion with a circumference
of the order of 20 nautical miles over shallower parts of
the bank, grading off to 5-6 nautical miles over deeper
parts."

M 2 cotidal chart for the North
Atlantic Ocean
Amplitude (em)
Greenwich phase lag
Ocean bottom observations

(a)

Amplitude (em)
_

(b)

Greenwich phase lag

•

Ocean bottom observations

e

Ocean island observations

101

Figure 9.1
Cotidal charts for (a) the principal
lunar semidiurnal tide, M, and (b)
the principal lunar diurnal tide, 0 1 •
·[Beaumont and Boutilier (1978)]
Greenwich phase lag is the lag of
high water with respect to the time
of the moon's crossing of the
Greeenwich meridian. (For example, water is everywhere high along
the isopleth for 0 ", when the moon
is on the prime meridian, and
everywhere low along the isopleth
for 180" at the same time.)

The first comprehensive synthesis of tidal sea-level amplitudes for the Georges Bank region appears in Redfield
(1953). Despite the lack of offshore coverage, the Redfield maps do contain the major features shown by the
recent M 2 cotidal maps that Beaumont and Boutilier
(1978) have prepared for the region using a more comprehensive set of offshore observations. Other important
early modern contributions to our understanding of the
tides in this region are .also by Redfield (1950, 1958).
Over the last decade there has been a considerable increase in the number of moored bottom-pressure and
current observations on Georges Bank and the adjacent
shelf. Studies of the physical oceanography of Georges
Bank were sponsored by the U.S. Bureau of Land Management (BLM) and the U.S. Geological Survey (USGS).
These include ones conducted by B. Butman (USGS) and
R. C. Beardsley (WHOI) (Moody and Butman, 1980;
Butman et al., 1982) and ones conducted by EG&G Environmental Consultants (EG&G, 1979, 1980; Flagg et
a!., 1982). Other principal contributions are measurements of bottom pressure by the Bedford Institute of
Oceanography (DeWolfe, 1977), bottom-pressure and
current measurements in the western Gulf of Maine (Vermeesch, Beardsley, and Brown, 1979), coastal sea-level
measurements by the National Ocean Service (NOS),
measurements by the Canadian Hydrographic Office
(1969), and a compilation of pelagic tidal constants by
Cartwright, Zetler, and Hamon (1979). The harmonic
constants fo'r the principal tidal constituents have been
computed by different investigators using harmonic analysis (Dennis and Long, 1971) and response analysis (Munk
and Cartwright, 1966). These have been compiled in a
tidal atlas of the northeastern American shelf by Moody
et al. (1984).
Bottom-pressure and current observations (figure 9.2)
show the dominance of semidiurnal tides in the Georges
Bank region. Such observations (Moody and Butman,
1980) document a tidal regime characterized by some of
the most intense tidal currents observed on the continental shelf of eastern North America. In such regions, the
flow exhibits the effects of bottom friction throughout
the water column. These effects are clearly evident in the
sequence of M 2 tidal-current profiles for the southern
flank of Georges Bank (figure 9.3) and in the sequence of
hodographs, which compares the total tidal velocities at
various depths (figure 9.4).
The intense turbulence generated by bottom friction
plays an important role in the dissipation of the energy of ·
tidal flow. Thus it is not surprising that Georges Bank
dissipation rates, which Greenberg (1979) has computed
using a numerical tidal model, are as high as those in the
Bay of Fundy and make the area one of the most dissipative in the North Atlantic. A consequence of these high
levels of turbulence is that a significant portion of
Georges Bank is well mixed even during summer, when
adjacent waters are well stratified (Garrett, Keeley, and
Greenberg, i978). Garrett and colleagues found that the
extent of the well-mixed region can be predicted by the
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Figure 9.2
Hourly observations of bottom
pressures and currents at stations
9 (44 m), 11 (81 m), and 12 (79 m)
on the southern flank of Georges
Bank (see figure 9.5 and EG&G,
1979; Brown, Pettigrew, and Irish,
1982). The cross-isobath (x =
330 ' T; T stands for true) and the
along-isobath (y = 240 ' T) components of the current are shown.
The several bottom pressures are
nearly uniform in amplitude with
strong spring-neap modulation.
Station 9 currents are dominated
by astronomical tidal contributions,
while currents at the deeper stations show a superposition of both
tidal and nontidal contributions.

Figure 9.3
A sequence of "predicted" M2
tidal-current profiles at station 12
(see figures 9.2 and 9.5) at lunarhourly intervals ( 1.035"). "Predicted" M, currents in the (a)
cross-isobath (330' T) and (b)
.along-isobath (240"T) directions
are computed from the M, harmonic constants determined from a
harmonic analysis-of currents at
the three depths of observation
Information on near-bottom
currents from a nearby station
(Moody and Butman, 1980) was
used to aid in the construction of
these profiles, which show the effects of bottom friction. The first
and second halves of the tidal
cycle (solid and dashed lines, respectively) are distinguished. Time
is indicated in lunar hours and is
arbitrarily referred. to the time of
maximum on-bank flow (0"). [Brown
(1984)]
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turbulent mixing criterion, H/U 3 (first proposed by Simpson and Hunter, 1974), where His water depth and U is
the amplitude of the depth-averaged tidal current amplitude. (For shelf waters around the United Kingdom, Pingree eta!., 1975, have shown that the transition zone
between the well-mixed and unmixed regimes has biologic importance.)
Because of the intense mixing atop Georges Bank,
there is little vertical stratification and, consequently, relatively little internal tidal motion there (Brown, Pettigrew,
and Irish, 19 82). 1 In the less well-mixed region over the
steep northern flank of the bank, Magnell et a!. (1980)
found significant internal tidal motion at locations with
water depths greater· than 85 m. Another consequence of
strong tidal mixing is the persistence of lateral density differences, which intensify during the summer and lead to
the modulation of the geostrophic, clockwise, aroundbank circulation (Butman and Beardsley, submitted; see
also chapter 11).
The large tidal current on Georges Bank also apparently leads to significant nonlinear interactions between
the oscillating current and the bottom. A mean flow, resulting from this so-called rectification of the semidiurnal
tidal current, has been predicted for Georges Bank by
theory (Loder, 1980) and partially verified by observation
(Butman et a!., 1983; Butman and Beardsley, submitted)
and by numerical modeling (Greenberg, 1983; see also
chapter 11). In addition, Loder et a!. (1982) suggest that
this rectified flow can dominate the horizontal exchange
process on top of the bank.
This brief introduction suggests how important the tides are to the general hydrodynamic environment of
Georges Bank. In what follows we describe semidiurnal
and diurnal tidal sea levels and currents on the bank.
Some effort is made to contrast the tides there with those
in the Gulf of Maine and on the adjacent shelf and to
indicate their relation to other important elements of the
bank's circulation.
The Semidiurnal Tide
The tidal character of Georges Bank is clearly dominated
by the semidiurnal tide as shown by Defant's F values in
the range 0.20-0.35 (Moody eta!., 1984). Thus the emphasis in this section will be on the principal lunar constituent, M 2 , which is the most energetic constituent in
the semidiurnal group. Because of the significant difference in the spatial scales, tidal sea levels (actually bottom
pressures) and currents will be discussed separately.
Semidiurnal Sea Level
An M 1 cotidal chart encompassing Georges Bank, the
Gulf of Maine, and the Scotian and New England shelves
(figure 9 .5) portrays the complex tidal transition zone
over the bank. 2 Harmonic constants for the five principal
tidal constituents for stations on and around the bank are
given in table 9.1. Tidal elevation over the southern part
of the bank ranges between 30 and 40 em, with the min-

imum located near the southwestern corner of the bank.
The transition to the amplified tides of the Gulf of
Maine occurs over the bank's northern half, where amplitudes double from about 40 em at midbank to about 80
em on the northern flank. This pattern is clearly related
to both the topography of the bank and the tidal response in adjacent regions. The cophase lines indicate
that the progressive character of the tidal wave on the
bank changes rather abruptly at the northern flank to the
standing wave of t~e Gulf of Maine proper.
In accordance with equilibrium tidal ratios (Schureman,
1941), the N 2 and S2 constituent sea-level amplitudes are
about one-fourth the M 2 amplitude. The summary of the
principal tidal constituents for Georges Bank (table 9.1)
shows that the semidiurnal components generally reinforce each other there. The slightly different frequencie~
of the semidiurnal constituents lead to a gradual change
from periods of constructive to destructive interference
by pairs of tidal constituents. The interference of M 2 and
s2tides leads to a significant spring-neap modulation of
sea level with a period of 14.8 days, while the M 2 and
N 2 tides cause an even more significant perigee/apogee
modulation at 27.6 days. (These modulations can easily
be seen in the times series in figure 9.2.)
Semidiurnal Currents
A list of M 2 tidal-current harmonic constituents for the
stations considered in table 9.1 is given in table 9.2. Harmonic constants for a representative set of semidiurnal,
diurnal, and shallow-water tidal constituents are given in
table 9.3 for the current at a depth of 36 m at station 9
(water depth 44 m) and further show the dominance of
the semidiurnal tide on Georges Bank. Like the M 2 tidal
sea levels, the M 2 tidal currents are the most energetic of
all of the constituent currents, while even the less important semidiurnal currents, N 2 and S2 , are more energetic
than the most important diurnal current constituent, K1 •
The principal shallow-water tidal constituents/ M 4 and
M 6 , associated with the M 2 tidal currents are negligibly
small.
On the main part of Georges Bank, the middepth M 2
tidal-current ellipses (figure 9 .6)4 tend to be oriented
cross-isobath, indicating that a large portion of the deepocean, Kelvin-wave energy is converted into Sverdrup/
Poincare wavelike modes in the region of the bank.
These clockwise rotary currents have ellipticities E {the
ratio - U0 1V0 , where U0 is the major axis and V 0 is the
minor axis) from - 1.3 to -1.7, close to the classic Sverdrup-wave ellipticity of -1.43. In contrast with the
bank, the shapes of the ellipses on the Cape Cod and
Nova Scotian flanks of the bank are severely elongated
due to the effects of topography.
A contour map of the amplitudes and phases of the M 1
surface currents (figure 9.7) can be compared with the
cotidal map of M 2 sea level (figure 9.8). It shows that the
10-cm/sec tidal currents typical of the deep ocean are
amplified to about 100 em/ sec atop the bank's northeastern corner. The phase of the strongest cross-bank

Figure 9.4
A sequence of "predicted" M2
tidal-current hodographs at intervals of 3 lunar hours (3. 105") for
station 12 (figure 9.5) showing the
relation between the instantaneous
depth-averaged current (e) and the
current at various depths and times
during the tidal cycle. The crossisobath ( U) and along-isobath ( V)
components of the currents at 6,
39, and 73 m have directions of
330oT and 240 oT, respectively.
Near-bottom current vectors
(dashed lines) have been estimated from Moody and Butman
(1980). [Brown (1984)]
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Figure 9.5
A cotidal chart of M2 sea level (in
centimeters, solid lines) phase (in
degrees Greenwich, dashed lines),
constructed from seafloor pressure
measurements and from coastal
sea levels at stations marked with
filled circles. [After Moody et al.
(1984)] A cophase line (dotted)
representing the deep-ocean tide is
included, and the numbers of the
stations referred to In this chapter
are given.

. ..

40"

\

""

7

70°

\

7

103

Tides

Table 9.1
Harmonic constants for the principal sea-level harmonic constituents from representative Georges Bank locations'
Semi diurnal

Station

sa•

...

Diurnal

M2

50 em/sec

K,

52

N2

I

Lat.

Long.

Depth

No.

(N)

(W)

(m)

H

G

H

G

H

G

H

G

H

G

1

42°04'
41 °59'
41 °20'
40°55'
40°46'
41°58'
40°49'

67°52'
67°47'
67°15'
66° 58'
66°49'
66°20'
69°00'

183
84
44
79
200
85
78

78.2
77.2
39.6
38.9
40.5
41.0
25.9

92
92
22
1
356
38
47

18.0
18.3
10.0
10.1
9.3
9.7
7.1

63
65
354
349
337
12
21

12.2
19.0
9.8
8.4
9.2
8.6
4.8

121
162
15
26
24
59
58

11.2
10.7
6.6
7.5
8.0
7.6
7.0

199
197
178
168
171
182
193

8.5
8.8
6.6.
5.8
6.1
6.5
7.4

185
186
179
185
178
178
192

2
9
12
13

6
16

46"

I

145mo

305m.,o
120m

a. See figure 4 in the introduction by Butman and Beardsley, "Physical Oceanography." Tidal eievation H (em) and Greenwich phase G (degrees) for
the M 2 , N 2 ; and 52 semidiumal constituents and the K, and 0 1 diurnal constituents give a sense of the relative contributions of the several constituents.
[Moody et a!. (1984)]
·

Table 9.2
M 2 semidiurnal current harmonic constants for representative Georges Bank locations'

Long.

Depth

Instrument
depth

(W)

(m)

(m)

Station
No.

Lat.
(N)

1
2

200
84

9
12

44
79

4
16
LCL

42°02'
40°49'
40°32'

66°41'
69°00'
67°36'

6

39
73
44
58
65
105
10
55
195
245
204
454

250

LCK

Eastward

77
44
77
36

71
78
125

LCI

Current Components

554

G

v

10.9
22.2
13.9
47.5
30.6
28.8
20.8
52.4
18.0
18.7
19.4
10.0
9.1

164
113
61
129
158
151
123
143
97
121
106
141
125
106
57
146
61

7.1
27.7
29.0
57.7
36.0
32.7
26.9
67.8
57.7
22.9
22.6
11.6
10.8
9.3
6.0
6.5
4.3

3.8
4.0
4.3

Current Ellipse

Northward

u

9.9

ro•

G

20

2
308
24
46
41
11
24
26
21
4
45
35
18
316
47
296

Degrees
Greenwich phase

Degrees
direction

Major

Minor

(G)

(T)

12.5
29.8
29.6
60.9
39.5
36.0
28.8
74.8
58.0
23.5
23.9
11.8
11.2
11.0
6.3
6.6
5.5

-3.6
-19.2
-12.5
-43.3
-25.9
-24.5
-18.1
-41.8
-16.9
-18.0
-17.9
-9.6
-8.7
-8.0
-3.3
-3.9
-2.6

354
342
302
35
23
15
353

301
331
347
333
327
325
333
329

6

28

6

6

340
332
349
12
342
340
352
311

341
34
46
358
302
42
263

0
50
L..............

km

,.....

...

40"

a. See figure 4 in the introduction by Butman and Beardsley, "Physical Oceanography." The LCL, LCI, and LCK stations are from the continental slope
(not shown) south of Georges Bank. Constants for east (U) and north (V) amplitudes (em/sec) and Greenwich phase G (degrees) are given with the
amplitudes of the major and minor axes of the current ellipse and the Greenwich phase of the major axis, whose direction, </J, is given in °T. The
negative sign attached to the minor axes indicates the clockwise rotation of the current. [Moody et a!. (1984)]

Table 9.3
Representative semidiurnal, diurnal, and shallow-water tidal harmonic constituents for the 36-m currents at Georges Bank station 9
(water depth 44 m)'
Current Components
Eastward

Current Ellipse
Northward

Tidal
species

U

G

V

G

Major

Minor

Degrees
Greenwich phase (G)

Degrees direction (T)

Semidiurnal
M2
N2

47.5
10.0

6.6

129
100
161

57.7
12.7
8.8

24
353
55

60.9
13.4
9.1

-43.3
-9.1
-6.1

4
156
40

333
335
338

1.7
5.4

123
144

2.1
5.2

49
73

2.2
6.1

-1.6
-4.3

71
112

29
49

1.1
0.3

313
53

0.3
0.7

284
238

1.2
0.8

-0.1
-0.0

131
57

77
334

52
Diurnal

0,

K,
Shallow

M.
M6

a. See table 9.2 for explanation of symbols.

Figure 9.6
Representative middepth M, tidal
ellipses. Instrument depths (in meters) are given. Ticks on the ellipse
edge indicate the current direction
relative to the center at hourly intervals after the moon's passage
over the Greenwich meridian. The
time of high water at Boston is
shown by an 0 on the ellipse edge.
[Moody et al. (1984)]

Figure 9.7
Contour map of amplitude (speed
in centimeters per second, solid
lines) and phase (in degrees
Greenwich, dashed lines) of the
major axis of the near-surface M,
tidal-current ellipse. Phase gives
the time of the maximum current,
which flows in the direction of the
stick. Variance in the direction of
maximum flow is expressed by
sectors attached to the bases of
the sticks, where the data are adequate for doing so. The absence of
such sectors should not be taken
to mean that there is no variability.
The closed circles at the stick

bases mark stations at which the
observations were taken between
the surface and 35 m; the open circles mark stations at which the observations were taken between 36
and 101 m. [Moody et al. (1984)]
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Figure 9.8
Contours of sea level and strength
of the M, tidal current in the
Georges Bank region at intervals of
2 lunar hours: (a) o• Greenwich, 4
hours before Boston High Water;
(b) 2' Greenwich, 2 hours before
Boston High Water; (c) 4' Greenwich, Boston High Water (approximately); (d) 6' Greenwich, 2 hours
after Boston High Water; (e) 8'
Greenwich, 4 hours after Boston
High Water; (f) 10' Greenwich, 6
hours after Boston High Water. The
length of the arrow is proportional
to the current velocity for the position marked by the arrow's tail.
[Moody et al. ( 1984)]
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Figure 9.9
Cross-bank and gulf distributions
of (top) the lag (degrees) of highest M, sea level relative to the
strongest cross-isobath current,
{middle) M, energy dissipation rate
computed from Greenberg's (1983)
fine-grid numerical model, and
(bottom) transect bathymetry. The
top panel shows how the progressive tidal wave in the open ocean
changes into the standing tidal
wave of the Gulf of Maine as it
crosses Georges Bank. Phase lags
from Greenberg's model compare
well with observations at Georges

Bank stations 12 and 13 and two
western Gulf of Maine stations (e)
(Brown, 1984). Additional estimates
of phase lag for Georges Bank stations 1 and 2 (O) were made using
the middepth tidal current and local
sea-level harmonic constants in
Moody et al. (1984). The middle
panel shows that the model dissipation rates compare well with estimates using observations and a
linear stress law (Brown, 1984).

currents is relatively uniform over the bank, in contrast
with the phase of tidal sea level.
Current ellipses (figure 9 .6) emphasize the uniqueness
of the tidal regime on Georges Bank. While tidal sea-level
amplitude and ·t he rotary sense of the current on Georges
Bank are like those of the New England and Scotian
shelves, the current amplitudes are much larger. Compared with the western Gulf of Maine, Georges Bank has
smaller sea level changes and stronger tidal currents that
rotate in the opposite sense. Maps combining sea-surface
elevations and current vectors (figure 9.8) show how the
spatial and temporal variability of the sea-level (pressure)
field is related to the clockwise currents of the bank and
the anticlockwise ones of the gulf. More detailed M 2 current maps from Greenberg's (1979) numerical model can
be found in DeWolfe (1981).
Semidiurnal Tidal Dynamics
The diverse shapes and sizes of the tidal-current ellipses
in the Georges Bank region (figure 9.6) are proxies fo r
the diverse dynamic regimes found there. Figures 9.5 and
9.7 show that the phase (time) lag of highest M 2 sea level
relative to the strongest cross-bank currents varies from
about 0° (Oh) on the southern flank of the bank to about
110° (3.8h) in 100 m on the northern flank. The results
from Greenberg's numerical model (personal communication) show this lag graphically (figure 9 .9). Thus the classic phase relation for progressive waves found for the
semidiurnal tidal wave on the southern flank of Georges
is modified by energy reflected back toward the deep
ocean (radiation) and by the increased bottom friction
and dissipation associated with the strong currents over
the shallow parts of the bank (which convert energy into
heat). In the deeper water of the Gulf of Maine, where
currents are weaker and frictional effects are negligible,
sea level lags behind the maximum current by about 90°
(3.1 h)-what one would expect for a standing wave.
A study of the M 2 tidal dynamics on the southern
flank of Georges Bank, in the western Gulf of Maine,
and on the New England shelf shows that a progressive,
Sverdrup-like, tidal wave, forced by the deep ocean tide
and strongly modified by the changing depth, exists over
the southern flank of the bank between 45 and 80 m
(Brown, 1984). This study also shows that the cross-isobath tidal transport here is nearly constant in the crossisobath direction, thus confirming an important assumption used in the theoretical studies of tidal current rectification (Loder, 1980; Butman et a!., 1983). Further,
Brown found that the influence of friction was of secondary importance to topographic effects in transforming
the tidal wave in the study area. However, Greenberg
(personal communication) has shown that friction becomes increasingly important over the shallow parts of
Georges Bank as the phase of tidal sea level is retarded
significantly relative to maximum current (figure 9.9). In
the western Gulf of Maine, Brown found that the observed balances are consistent with standing-wave
dynamics:

Tides

The Diurnal Tide
The diurnal tides of the North Atlantic, though less energetiC than the semidiurnal ones, are characterized by a
similar amphidromic system (figure 9.1 ). Like the semidiurnal tides, the diurnal tides on the continental shelf of
northeastern North America, including Georges Bank, are
forced primarily by the deep-ocean tide·and, thus, are
correspondingly less energetic than the semidiurnal ones.
In spite of being less energetic and at lower frequencies,
the diurnal tides are amplified almost as much as semidiurnal ones as they propagate onto the bank. Of course,
the further amplification of diurnal tides· in the Gulf of
Maine is considerably less than for tides at the near-resonant semidiurnal frequencies. Because of the similarity of
the K1 and 0 1 diurnal tides, we shall focus on the slightly
larger K1 •
Diurnal Sea Level
The complicated bottom topography and configuration
of the coastline in the Georges Bank region leads to a
distortion of the K1 diurnal cotidal pattern (figure 9.1 0).
Despite· the fact that the Gulf of Maine is not near resonance at diurnal frequencies, there is a 38% amplification
in K1 sea level between the southern and northern flanks
of Georges Bank coiiipared with a 50% increase in the
much more energetic M 2 sea level. Thus the shoaling effect of the bank appears to dominate cross-bank sea level
amplification. The approximately 20° phase lag of the K1
sea level across the bank is considerably less than the·approximately 100° cross-bank phase lag of the M 2 sea
level. Presumably, the difference is explained by the dynamical constraints imposed on the semidiurnal tide on
Georges Bank by its resonance in the Gulf of Maine. Cotidal maps for the 0 1 tides, the amplitudes of which are
about 88% of the K1 tides, are qualitatively similar to the
maps of K, sea level over the bank (Moody et a!., 1984).
Diurnal Currents
In contrast with the near-surface semidiurnal tidal currents on Georges Bank (figure 9. 7), the K1 ones (figure
9.11 ) are much less energetic and ·have a tendency to
align along rather than across isobaths over the middle of
the bank. In the Northeast and Great South channels, the
diurnal currents are somewhat more energetic than those
on the bank and tend to align across the isobaths, while
in the western Gulf of Maine diurnal currents are so
weak that only the K1 constituent can be resolved by
standard harmonic analysis. Because diurnal sea ·levels
within the gulf-show only a modest amplification, the requirement for cross-bank transport is considerably less
than that for semidiurnal tides. Therefore, the contrast
between diurnal currents on the bank and those on the
adjacent Scotian and New England shelves (figure 9.11) is
reduced compared with that for semidiurnal currents.

106

Physical Science

66•

0

50

L..............

km

3a·· sa·

...

Diurnal Tidal Dynamics
The reduced amplitude of the diurnal tide and the tendency of the current ellipses to align along rather than
across isobaths are the most important dynamical differences between diurnal and semidiumal tides on Georges
Bank. The reduced diurnal amplitudes are, of course, related primarily to the reduced deep-ocean forcing. The
orientation of diurnal tidal ellipses along isobaths is due
to the dominance of Kelvin and shelf waves at diurnal
frequencies. (Sverdrup- and Poincare-like waves, which
characterize semidiurnal tidal dynamics, are not possible
at subinertial frequencies.) The dynamic response of the
bank at diurnal frequencies is similar to the adjacent
shelf. For example, Moody et al. (1984) found that the
diurnal tides on the Scotian Shelf have the characteristics
of shelf waves, while Daifuku and Beardsley (1983)
found that most of the diurnal sea-level and current variance observed on the New England shelf and Middle Atlantic Bight can be explained by the superposition of a
Kelvin wave, a shelf wave, and a forced astronomical
component. Daifuku and Beardsley (1983) suggested that
the dynamics of diurnal tides on Georges Bank should be
much like those found on the adjacent continental shelf,
but the simplicity of their wave models rules out a satisfactory quantitative explanation of observations made in
the complex topography of Georges Bank and the Gulf
of Maine.
The Vertical Structure of Tidal Currents

Figure 9.10
A cotidal chart of sea level (in centimeters, solid lines) and phase (in
degrees Greenwich, dashed lines)
for the principal diurnal tidal constituent, K, constructed from bottom-pressure measurements and
coastal sea level at stations
marked with dots. (Moody et al.
(1983)]

Figure 9.11
Amplitude (speed in centimeters
per second, solid lines) and phase
(in degrees Greenwich, dashed
lines) of the major axis of the K,
tidal ellipse. Phase corresponds to
time of maximum current whose direction is indicated by the stick.
See caption for figure 9.7. (Moody
.et al. (1984)]

Frictional Effects
It has been suggested that most of the change with depth
seen in M 2 tidal currents, such as those shown in figures
9.3 and 9.4, is due principally to friction (Brown, 1984).
T he profiles are characterized by veering- progressive
change in current direction with increasing depth-due to
the combined effects of the earth's rotation and the
changing effect of the cross-isobath tidal pressure gradient on the friction-reduced flow. Brown, Pettigrew, and
Irish (1982) showed how a nonsinusoidal temporal variation in bottom friction can result under those
circumstances.
Although conclusive assessments of frictional effects
are yet to be made, Brown (1984) showed that the amplitude change with depth of Georges Bank tidal currents
agrees well with Tee's (1979) depth-dependent eddy-viscosity model. Thus it seems likely that models will soon
be available for helping to partition the dissipation of
tidal energy among frictional, vertical-mixing, and radiational-energy sinks.
At present there are large uncertainties in estimates of
frictional dissipation rates. Brown (1984) found a fourfold difference between tidal-energy dissipation rates estimated using linear bottom-stress laws and those estimated
using more detailed descriptions of the vertical structure
of viscosity and current shear.

Table 9.4
Results of an orthogonal eigenfunction analysis for the
semidiurnal currents at station 12, September 1978-January
1979•
Current component
Eastward

Northward

First mode
10
36
69
Variance (%) 98.0

1.000,
0.0°
0.972, - 7.7°
0.683, - 35.5 °

1.000,
0.0°
0.968, - 5.6°
0.752, -33.6°

Second mode
10
36
69
Variance(%) 1.7

1.000,
0.606,
0.720,

Depth (m)

98.2

0.0°
152.3°
168.8°

1.000,
0.501,
0.970,

0.0°
130.8 °
173.6°

1.4

a. Amplitudes are normalized by, and the phase lags are relative to, the
currents at 10 m. The dominant first eigenmode is apparently related to
friction, the very small second eigenmode to the first internal tidal
mode. Similar results came from an analysis of data for June-August

1978.
Internal Tides
Internal tides on Georges Bank are probably most intense
on the steep northern flank. Magnell et al. (1980) found
an approximately 60° phase difference between middepth
and amplified near-bottom M 2 tidal currents there and
suggested that the internal tidal contribution is significant.
Fu and Holt (1982) observed internal waves in satellite
radar images of the shelf break and Gulf of Maine. Evidence from satellite imagery summarized by Sawyer
(1983) suggests that the northern flank is a likely generation zone for internal waves, such as that found over
Stellwagen Bank by Halpern (1971), Lee and Beardsley
(1974), and Trask and Briscoe (1983).
There is very little information on internal tides for
either the broad, more gently sloping southern flank of
Georges Bank or the steeper continental slope. Brown,
Pettigrew, and Irish (1982) performed an empirical analysis of semidiurnal currents at Georges Bank station 12
(figure 9.5) suggesting that 98% of the variance is explained by the frictionally influenced surface (or external)
tidal flow and the remaining 2% (t~ble 9.4) by internal
tides.
The tidal harmonic constants determined from other
current profiles on the southern flank of Georges Bank
(Moody et al., 1984) are similar to those at station 12
and suggest little internal tide in both summer and winter
within the 85-m isobath. The phase differences found
here between currents at different depths are probably related to the effects of friction on the surface tidal flow
(Brown, 1984). Such phase differences observed over the
continental slope south of Georges Bank (stations LCL,
LCI, and LCK, table 9 .2) were much larger and probably
are related to internal tides like those described for the
Scotian slope by Petrie (197 5).
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Conclusions
The overriding contribution of the principal lunar constituent of the semidiurnal tide, M 2 , to tidal sea-level and
current variability in the Georges Bank region has been
well documented, and some initial attempts at understanding the corresponding local tidal dynamics have
been made. However, major questions concerning the relative importance of bottom friction and internal tidal radiation on the dissipation of surface (or external) tidal
energy remain unanswered. We need a better understanding of dissipation in particular because the near-resonant
semidiurnal tidal dynamics of the region are unusually
sensitive to the amount and distribution of tidal-energy
. dissipation. More knowledge about bottom friction on
Georges Bank is crucial to a detailed understanding of
the all-important vertical and lateral mixing processes
there, as well as of the dynamics of the cross-bank propagation of the tidal wave.
Because we lack an adequate description of internal
tides, we cannot at present assess their effects on vertical
mixing. Internal tides may be important on the steep
northern flank of Georges Bank and could thus influence
the cross-isobath connection between the nutrient-rich
gulf and the productive top of the bank. Questions so
important as these need answers.
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Notes

Burman, B., M . A. Noble, D. C. Chapman, and R. C. Beardsley, 1983. An
upper bound for the tidally rectified
current at one location on the southern
flank of Georges Bank. Journal of
Physical Oceanography 13:1452-1460.

· 1. In an ocean in which water density
increases with depth, the impingement
of tidal currents on a sloping seafloor
can lead to the vertical displacement of
water parcels without significant corresponding displacement at the sea surface. These distu rbances propagate
away from the generation site in the
form of internal graviry waves with the
frequency of tides and are known as
internal tides.

Butman, B., R. C. Beardsley, B. Magnell, D. Frye, J. A. Vermersch, R.
Schlitz, R. Limeburner, W. R. Wright,
a nd M.A. Noble, 1982. Recent observations of the mean circulation on
Georges Bank. Journal of Physical
Oceanography 12:569-591.

2. The details of this chart, which has
been adapted from Moody et a!.
(1984), a re based o n rhe most up-todate set of observations and are very
similar to th ose generated by the numerical tidal model described by
Greenberg (1979).

Canadian H ydrographic Office, 1969.
Harmonic constants and associated
data for Canadian tidal water: tides
and water levels, Atlantic coast. M arine Science Branch, Department of
Energy, Mines, and Resources, Ottawa,
1:1-94.

3. Tidal currents, which occur at astronomically fo rced frequencies (for example, M 2) a re modified in shallow
water by nonlinear hydrodynamic processes, with the result that smaller-amplitude tidal constituents are generated
with frequencies tha t are multiples of
the original (for example, 2 X M 2 ~·
·M., 3 X M, = M .J.
4. A special set of current ellipses,
which show the diversity of tidal currents and yet do not interfere with
each other graphically, have been chosen for this presentation. Thus the current ellipses in figure 9.6 do not
necessarily correspond to those listed
in ta ble 9.2.
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Hydrographic Structure
and Variability
Charles N. Flagg

Georges Bank is a shallow area of some 46,000 km 2 with
a water volume of about 3,500 km 3 inside the 100fathom isobath. It is isolated from the continental shelves
to east and west by channels and from the coast by the
deep Gulf of Maine. It is, thus, nearly an island surrounded by waters of considerable complexity. The hydrography of the bank is very different from the rest of
the eastern North American continental shelf, and it is
the waters of the Gulf of Maine and their interaction
with the bank that make this so.
The early physical-oceanographic exploration of the
Gulf of Maine and Georges Bank is discussed in Bigelow
(1927), where he notes that the first recorded measurements were of temperature in 1789 (see chapter 1). In the
late 1800s, serious investigations of water properties were
undertaken, primarily in summer (for example, Rathburn,
1889; Smith, 1889). However, these measurements were
sparse and were almost entirely restricted to temperature.
In 1912 Bigelow initiated a year-round effort, which
lasted until about 1925, to measure temperature and sal- ·
inity and to describe the biota. The physical aspects of
this research culminated in Bigelow's classic work (Bigelow, 1927) wherein he described the hydrographic features and deduced the current pattern (figure 2 in the
introduction "Physical Oceanography" by Butman and
Beardsley).
With the exception of the hydrographic studies of Colton (1968) and the drifter measurements of Bumpus and
Lauzier (1965), it was many years before significantly
more physical observations were made in the Georges
Bank region. There have been several reviews based upon
the scattered data taken since Bigelow and prior to the
most recent research (Bumpus, 1976; Hopkins and Garfield, 1977; Wright, 1977; Godshall et al., 1980).
Spurred by the prospects of offshore petroleum development, research since 1970 has provided more detailed
data on currents and the distribution of water properties.
Early results from recent programs are given in Butman et
al. (1982), Flagg et al. (1982), and in chapters 9-14. This
chapter discusses the water masses and general features of
the Georges Bank hydrography, based upon the recent
programs as well as the older data.
Water Masses
The water on and around Georges Bank can be divided
into a number of units, some of which depend on season.
Figure 10.1 is a cross-bank diagram of the major hydrographic zones and water masses 1 on and adjacent to the
bank in summer. Temperature, salinity, potential density,
and dissolved oxygen of near-surface waters in the winter
and summer of 1979 are shown in figures 10.2 and 10.4,
the same in cross-bank profiles in figures 10.3 and 10.5.
While these figures are quasi-synoptic representations for
specific periods, they show many of the features of the
regional hydrography generally observed.
On the part of the bank approximately within the 65m isobath lies what is generally termed Georges Bank

Water (GBW) (Hopkins and Garfield, 1981). This water
is distinguished in all seasons by its vertical and horizontal homogeneity. In almost all cases, the horizontal salinity gradient on the bank is less than 0.1 ppt (parts per
thousand) per 100 km. Both temperature and salinity of
the GBW have clear-seasonal cycles, changing from 3 to
16°C and 33.0 to 32.2 ppt from winter through summer.
The annual temperature cycle of the GBW is asymmetric,
the warming taking 5 months (late March to late August),
the cooling 7 months (September through early March).
Gulf of Maine waters are a heterogeneous mixture
from local rivers (Bue, 1970) combined with cold, lowsalinity water from the Scotian Shelf (Bigelow, 1927; Sutcliffe, Loucks, and Drinkwater, 1976; Smith, 1983) and
warm, high-salinity Slope Water, which enters through
the Northeast Channel (Bigelow, 1927; Ramp, Schlitz,
and Wright, in press). The mixing of these waters within
the gulf is affected by seasonal fluctuations of heat transfer and momentum across the sea surface (Brown and
Beardsley, 1978; Hopkins and Garfield, 1979). Mixing,
or lack of it, produces a three-layered summer system in
the gulf with a warm, saline bottom layer, an intermediate layer of minimum temperature, and a surface layer of
low salinity and highest temperature. These layers are referred to, respectively, as Maine Bottom Water (MBW),
Maine Intermediate Water (MIW), and Maine Surface
Water (MSW). In the winter, MIW and MSW coalesce
into a single, cold, moderately saline water, eroding some
of the MBW.
Hopkins and Garfield (1979) examined Gulf of Maine
waters by means of the data of Colton et al. (1968) and
Colton (1968). The data set, which seems to have been
anomalously cold, showed MSW within the gulf to have
salinities between 31.6 and 33.2 ppt. The lower salinities
were found along the coast. Temperatures ranged annually from 1 to 17 °C, with the higher summer temperatures associated with low salinities (approximately 31.9
ppt) and a smaller salinity range. In summer off Cape Sable and in the Bay of Fundy, enhanced tidal mixing reduces the vertical gradients, increasing the surface salinity
while decreasing the temperature.
The MIW itself is a transitional water type between
MSW and MBW and undergoes large seasonal volume
fluctuations. MIW has salinities between approximately
32.0 and 33.0 ppt and, typically, a minimum annual temperature at any location between 1 and 7°C. Brown and
Beardsley (1978) observed the formation of MIW in the
northwestern gulf in winter when heat loss from the surface and mixing by the wind produce neutral stability
over much of the water column. In the central gulf, the
core of the MIW lies at about 7 5 m, but near the northern flank of Georges Bank, the isopleths 2 slope downward, so that the MIW core is between 100 and 125 m.
The MBW lies below the MIW and is both warmer
and more saline. The MBW is replenished by inflow of
Slope Water through the Northeast Channel. The rate of
replenishment and the characteristics of the inflowing
water depend upon a number of partly understood variables, such as wind stress (Ramp, Schlitz, and Wright, in
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press), the density difference within and without the gulf,
and the location of the boundary between the Labrador
Slope Water (LSW) and the Warm or Western Slope
Water (WSW). Therefore the MBW temperature/salinity
characteristics lie between those of the MIW and the
slope waters, that is, between 4 and 9°C and 33 and
34.5 ppt.
Offshore of Georges Bank lie the waters of the continental slope (Wright, 1977). The slope waters lie between
the relatively fresh coastal or shelf waters and the saline
waters of the Gulf Stream and thus have intermediate salinities; thatis, 35 ppt < s < 36 ppt. Within this fairly
large body of water are three major subdivisions. Warm
or Upper Slope Water (USW) is a mixture of coastal and
Gulf Stream Water (GSW) (Lee, 1970). It lies above 200
m or so off Georges Bank and is subject to seasonal fluctuations. Below the USW the water becomes gradually
colder and fresher. Within this region there are two further subdivisions--a warmer, more saline water, filling
most of the deep slope west of the Northeast Channel,
and a colder, lower salinity water to the east (Gatien,
1976). The warmer water has characteristics similar to
the Western North Atlantic Water (WNAW) and is referred to variously as the Warm or Western Slope Water
(WSW) (Wright, 1977). The colder water originates in the
deep Labrador Current and is referred to as Labrador
Slope Water (LSW). It is significant to the inflow to the
Gulf of Maine through the Northeast Channel that the
boundary between these two water types lies near the
Northeast Channel. The LSW and WSW are often referred to collectively as the Deep Slop'e Water (DSW)
when the distinction between them is unimportant or
unknown.
Below 15°C, LSW, WSW, and WNAW have very similar temperature/salinity characteristics (Wright and Worthington, 1970). There is more scatter in the Slope Water
temperature/salinity diagram 3 at the low-salinity end. Because the Gulf Stream is a region of strong gradients,
Slope Water of a given temperature/salinity value is

Figure 10.1
Major hydrographic features and
water masses of Georges Bank in
summer: MSW, Maine Surface
Water; MIW, Maine Intermediate
Water; MBW, Maine Bottom Water;
GBW, Georges Bank Water; USW,
Upper Slope Water; DSW, Deep
Slope Water; LSW, Labrador Slope
Water; WSW, Warm or Western
Slope Water. In winter the MSW
and MIW coalesce, and the cold
band disappears. Not shown are
Scotian Shelf Water and Gulf
Stream Water.
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Figure 10.2A
Winter temperature CCJ at 20 m.
This and the other parts of figure
10.2 were drawn from observations
made during 17-29 March 1979.
Dots mark positions of observations.
[EG&G (1979b)]
.

Figure 10.28
Winter salinity (ppt) at 20 m.
[EG&G (1979b)]

Figure 10.2C
Potential density (u,) in winter at
20m. [EG&G (1979b)]

Figure 10.2D
Dissolved oxygen (ml/L) in winter
at 20 m. [EG&G (1979b)]
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Figure 10.3A
Cross-bank transect of temperature
CC) representative of winter. CTD
and XBT data are combined in this
plot. This and the other parts of
figure 10.3 were drawn from observations made during 17-29 March
1979. Also, in this and the other
parts of figure 10.3 the inverted triangles along the top and the associated numbers identify CTD
stations. [EG&G (1979b)]
Figure 10.38
Cross-bank transect of salinity
(ppt) representative of winter.
[EG&G (1979b)]
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Figure 10.3C
Cross-bank transect of potential
density (a,) representative of winter. [EG&G (1979b)]

Figure 10.30
Cross-bank transect of dissolved
oxygen (mL/L) representative of
winter. [EG&G (1979b)]

found several hundred meters shallower than WNAW of
a corresponding value. In the deeper WNAW, temperature/ salinity plots are distinctive, curving slightly from
about 13°C and 3S.7 ppt at 200 m to S°C and 3S.O ppt
at SOO m to 3°C and 34.9S ppt at 3,000 m.
The LSW curve is both fresher and more diffuse,
reaching about 34.8 ppt at S 0 C. It is separated from the
WSW by a front that is much weaker than the one separating DSW and WNAW; at S°C, or approximately SOO
m, the WSW is more saline than the LSW by 0.1-to 0.2
ppt. Above 15°C the temperature/ salinity diagram bifurcates, the Slope Water rarely rising above 36 ppt, while
GSW reaches 36.9 ppt. USW rarely exceeds 15°C in winter and 23°C in summer, while intrusions of GSW from
Gulf Stream meanders or warm-core rings range from 21
to 28 °C in those seasons.
The intensity of the gradient between the GBW and
the MSW and MIW along the N orthem Edge of Georges
Bank varies with season (compare figures 10.2A and
10.4A). This transition has the general feature of a shallow-water front resulting from tidal mixing (Simpson and
Hunter, 1974). The tidally induced front lies where the
homogeneous waters on the bank meet the vertically
stratified water in the gulf. Along the southern edge of
the bank between the relatively fresh shelf water and the
more saline USW lies the shelf-water/ slope-water front.
This is a permanent and major feature of shelf hydrography, extending from Georges Bank to near Cape Hatteras. It is a region of strong horizontal salinity gradients
at all seasons of the year, sloping up and offshore from
about the 100-m isobath (Flagg et al., 1982). In late
spring and summer, a strong pycnocline, or density gradient, between 20 and 40 m in the Slope Water extends
through the front and onto the bank. This pycnocline
ends in the shallow water of the bank at a tidally induced
front similar to the one on the northern flank. During
winter, such a pycnocline is absent, and water on the
shallow side of the shelf-water/ slope-water front is vertically well mixed by winter storms. In winter the tidally
induced front on the southern flank disappears and is
much reduced in intensity on the northern flank. As a result, there is a gradual transition in winter from GBW to
the shelf-water/ slope-water front.
Along the southern flank during spring and summer the
strong seasonal pycnocline serves to form the upper
boundary for what is known as the " cold band." During
this period cross-shelf temperatures are at a minimum in
this near-bottom feature. The shelf-water/slope-water
front forms the offshore boundary of the cold band,
while the tidally induced front forms the shallow-water
boundary. The cold band is continuous from the Northeast Peak southwest at least to Chesapeake Bay (Flagg et
al., 1982; Houghton et al., 1982).
The Scotian Shelf, besides providing low-salinity water
to the Gulf of Maine, supplies water directly to Georges
Bank. During late winter and spring there is a large decrease in salinity on the Scotian Shelf due to an increase
in outflow from the Laurentian Channel (Sutcliffe,
Loucks, and Drinkwater, 1976). Some of this low-salinity
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Figure 10.4A
Summer temperature ("C) at 20 m.
This and the other parts of figure
10.4 were drawn from observations
made during 14-23 August 1979.
CTD and XBT data are combined in
this plot. [EG&G (1980a)]

Figure 10.48
summer salinity (ppt) at 20 m.
[EG&G (1980a)]

42°

Figure 10.4C
Potential density (a,) at 20 m in
summer. [EG&G (1980a)]
Figure 1 0.40
Dissolved oxygen (ml/L) at 20 m in
summer. [EG&G (1980a)]
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Figure 1 0.5A
Cross-bank transect of temperature
(OC) representative of summer.
CTD and XBT data are combined in
this plot. This and the other parts
of figure 10.5 were drawn from observations made during 14-23 August 1979. Also, in this and the
other parts of figure 10.5 the inverted triangles along the top and
the associated numbers identify
CTD stations. [EG&G (1980a)]
Figure 10.5B
Cross-bank transect of salinity
(ppt) representative of summer.
[EG&G (1979b)]
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Figure 10.5C
Cross-bank transect of potential
density (a,) representative of summer. [EG&G (1979b)]

Figure 10.50
Cross-bank transect of dissolved
oxygen (ml/L) representative of
summer. [EG&G (1979b)]

cold water spreads from south of Browns Bank onto the
southern flank of Georges Bank (figures 1 0.2A and
10.2B). The impact of this Scotian Shelf Water (SSW) on
the hydrography of Georges Bank is quite variable
(EG&G, 1980b). The temperature/ salinity properties of
SSW overlap those of the MIW, MSW, and GBW to
some extent, but are distinguished by a smaller temperature range (0-12 °C) and generally a lower median salinity, 31.8 ppt.
The following sections describe in greater detail the hydrographic structures of Georges Bank and its seasonally
averaged temperature, salinity, density, and dissolved
oxygen.
The Southern Flank and the Shelf-Water/Slope-Water
Front
The shelf-water/ slope-water front of the Scotian Shelf,
Georges Bank, and the Middle Atlantic Bight is a feature
that distinguishes the continental shelf of the North
American east coast at all seasons (figures 10.2-1 0.5).
The existence of this front has been known for a long
time. Bigelow (1927) summarized early knowledge of it.
Later work provided detail on frontal structure and the
seasonal cycle (Bigelow, 1933; Bigelow and Sears, 1935;
Iselin, 1939; Cresswell, 1967; Beardsley and Flagg, 1976;
Boicourt and Hacker, 1976; Wright, 1976; Horne, 1978;
Flagg et a!., 1982). From a practical viewpoint, fishermen
have known about the front for decades, perhaps centuries, since fish congregate along it at certain times (Fournier, 1978).
The structure of the front along Georges Bank is simplest in winter. Then shelf waters have temperatures of
4-5°C and salinities between 33.2 and 33.4 ppt (figure
10.3A). The most important aspect of the winter shelf
water is its uniformity due to convective overturning and
mixing by tides and winter storms. Thus isopleths are
nearly vertical on the shelf, with both temperature and
salinity gradually increasing offshore. The front marks the
boundary between this homogeneous cold and relatively
fresh water and the warmer, more saline, and slightly
stratified waters of the upper continental slope. Horizontal gradients within the frontal zone range from 0.04 to
0.12 ppt/ km for salt and from 0.1 7 to 0.42°C/ km for
temperature. Typical winter salinity values in the Upper
Slope Water are 35.2- 35.4 ppt; winter temperatures in
the upper 100m are about 12-13 ° C (Flagg eta!., 1982).
The front slopes upward offshore from its intersection
with the bottom, approximately at the 100-m isobath.
In spring increasing sunshine and the decreasing intensity and frequency of storms allows the formation of a
thermocline (the place in a water column where temperature changes rapidly with depth) over outer shelf and
slope waters. Onshore of the front, the thermocline
forms a cap over remnant winter water, which constitutes
the spring manifestation of the cold band. As spring progresses into summer, the thermocline deepens to between
30 and 40 m and near-surface waters warm to 16°C,
while offshore waters reach 23°C (figure 10 ..5A). Below
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the thermocline, the offshore edge of the cold band is
similar to the winter thermal front, although the thermal
front seems to be farther offshore relative to the salinity
front. (In winter the thermal and salinity fronts are essentially collinear.) The minimum temperature within the
cold band slowly increases through summer from 5°C
(early spring) to about 12 °C (September). Thus the temperature contrast across the front below the thermocline
decreases as summer advances.
Salinity over the bank decreases as summer advances to
a minimum of about 32.5 ppt on the shallow central
bank during August and September (Hopkins and Garfield, 1979; Flagg eta!., 1982). The lower bank salinity
during summer results in a small increase in the horizontal salinity gradient across the shelf-water/slope-water
front. Minimum salinities on the shelf side of the front
were typically 33.4 ppt in winter and decrease to slightly
less than 33 ppt in summer. Aside from this alteration,
the salinity front remains much the same in summer as in
winter.
In winter the temperature and salinity gradients across
the front tend to compensate for one other, so that the
strength of the density gradient is at an annual minimum
then. (Salinity exerts a slightly greater influence, and density increases offshore by approximately 0.4 cr, units. For
the definition of cr, see note 4 in the introduction "Physical Oceanography" by Butman and Beardsley.) In summer
on the shelf side of the front, the offsetting effect of
winter cold on the salinity gradient is greatly reduced.
The net result is that, below the thermocline, the density
front is much stronger than in winter. In summer the total change across the density front below the thermocline
is 1.0-1.5 cr, units, and the density front is generally coincident with the salinity front.
Within and above the thermocline, the vertical temperature gradient vastly overshadows the horizontal gradient

Figure 10.6
Plots by season of the position of
the shelf-water/slope-water front
relative to the 60-m isobath along
the southern flank of Georges
Bank. lsopleths show the fraction
of time that the water is less saline
than 34 ppt. [Flagg et al. ( 1982)]
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of salt, so that in the upper part of the water column, the
density contours become more nearly horizontal. Thus
the isopycnals (isopleths for density) in the lower part of
the shelf-water/ slope-water front rise off the bottom
from the outer edge of the cold band and become approximately horizontal as they approach the thermocline
(figure 10.5C).
Maximum temperature of the shelf water and surface
Slope Water occurs in September. After this, cooling and
mixing by the wind cause the surface temperature over
the entire region to decrease, although the basic frontal
structure remains. The cooling of the upper mixed layer
and gradual erosion of the thermocline continues until, it
is speculated, a storm with sufficient intensity occurs to
overcome the diminished strength of the pycnocline
formed in summer, and shelf waters are overturned and
vertically mixed. While this event has never been observed, it is assumed to occur sometime in mid- to late
November, whence the shelf-water/slope-water front resumes its winter character.
Flagg et al. (1982) used a 5-year hydrographic data set
(1975-1979) to examine structural details of the shelfwater/ slope-water front-in particular, the seasonal variability of frontal position and slope. Averaging over a large
data set is required because statistically significant data
for these parameters are difficult to obtain on account of
the many short-term deformations of the front. Flagg et
a!. (1982) used the 34-ppt isohaline (the isopleth for salinity 34 ppt) as an indication of the central position of
the front. An isohaline is not particularly distorted by the
formation of the seasonal thermocline, which diffuses the
thermal and density fronts in the upper part of the water
column. Figure 10.6 shows for each season the amount
of time that water at a particular cross-shelf location and
depth had a salinity less than 34 ppt. The 0.5 contour in
these plots indicates the mean position and shape of the
front. The front moves steadily onshore from winter
through fall throughout the water column, making a sudden adjustment offshore as fall turns to winter. The annual average offshore slope of the front (defined as the
ratio of vertical change to horizontal change) is
2.8 X 10- 3 , and there do not seem to be significant seasonal fluctuations. The annual migration of the front is
also shown in individual analyses of the eight seasonal
BLM hydrographic cruises (Flagg et al., 1982). These
analyses suggest that the intersection of the front with the
bottom occurs within a 20-km band centered on the
100-m isobath; the front migrates steadily onshore from
winter through summer at a rate of approximately 2 km/
month. The cause of this migration is unknown.
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One reason for studying the shelf-water/ slope-water front
is to determine its effectiveness as a barrier to exchanges
of mass and momentum. Several attempts have been
made to identify and quantify the mechanisms for the
transport of mass through the front as a part of attempts
to balance the transport of mass and salt along the shelf.
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The quantity of fresh water discharged onto the shelf is
well-known (Bue, 1970; Bunker, 1976); however, estimates of how much of this water leaves the shelf through
the front and where and how much saline Slope Water
penetrates the front are much more difficult to
determine.
Iselin (1 939) postulated an exchange across the front
with fresh water moving offshore near the surface and
Slope Water returning along the bottom. Surveys revealed
parcels of shelf water over the slope, a process known as
"calving" (Ford and Miller, 1952; Ford, Longard, and
Banks, 1952; Cresswell, 1967; Wright, 1976). These detached parcels are actually lenses with vertical dimensions
on the order of 20-80 m, offshore extents of 20 km or
less (Wright, 1976), and along-shelf dimensions variously
estimated at not more than 50 km. The calving process
seems less active in the Georges Bank region (Flagg et al.,
1982) than in the Middle Atlantic Bight (Wright, 1976).
Recent work, to be discussed, has shown that episodic
entrainment of shelf water by warm-core rings is an important exchange mechanism on about the same horizontal scale as calving. Deformations of the frontal zone on
a somewhat smaller scale are produced by intrusions and
interleavings of shelf and Slope Water (Boicourt and
Hacker, 1976; Voorhis, Webb, and Millard, 1976; Joyce,
1977; Horne, 1978; Posmentier and Houghton, 1978;
Welch, 1981). Boicourt and Hacker (197 6) and Flagg
(1977) have shown that strong atmospheric forcing can
produce mesoscale deformations of the front and middepth intrusions. On an even smaller scale, salt fingering
and double-diffusive processes are fairly certain to exist
in association with larger-scale intrusions Ooyce, 1977;
Posmentier and Houghton, 1978).
Gulf Stream Warm-Core Rings
Thermal imagery from earth satellites has highlighted the
impact that warm-core rings have on the circulation and
water properties of the continental shelf (figure 7 in the
introduction " Physical Oceanography" by Butman and
Beardsley). The occurrence and dynamics of warm-core
rings have been investigated by Saunders (1971), Bisagni
(1976), Lai and Richardson (1977), Morgan and Bishop
(1977), Smith (1978), and Halliwell and Mooers (1979),
but relatively little is known of the interactions between
these energetic features and waters of the shelf.4 In relation to the hydrographic structure of the southern flank
of Georges Bank, two types of interactions have been observed in satellite images. One results in a major distortion of the position of shelf-water/ slope-water front from
surface to bottom. The second is the entrainment of filaments of shelf water around the eastern and southern
edges of a ring and the subsequent mixing of these with
the ring and surrounding Slope Water.
A striking example of the first type of interaction occurred in late summer and fall of 1977 when eddy/ meander R and eddy Q were near Georges Bank. R changed
from a ring to a meander and back to a ring between Au-
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gust and October. In mid-September temperature at a station in a water depth of 85 m on the southern flank of
Georges Bank (station 11 in figure 4 in the introduction
"Physical Oceanography" by Butman and Beardsley) suddenly increased about 8 °C when R abruptly moved up
against the shelf (Butman, personal communication). Late
in October, eddy Q, which had formed south of Nova
Scotia in late summer, began to move southwestward
along the shelf edge. As Q passed south of site 11 the
temperature there, still elevated from R's passage,
dropped.
Hydrographic cruises were made in September and November, before and during the rings' interactions with the
shelf (EG&G, 1978a,b), and Q was extensively sampled
when south of Georges Bank (EG&G, 1978b; Fornshell
and Criess, 1979; Wiebe, 1978). The effect of eddy Q on
the shelf-water/slope-water front is shown in figure 10.7.
The position of the 34-ppt isohaline surface in November
shows that the front was drawn off the shelf to the east
of Q by at least 15 to 30 km, while north of Q the front
was pushed onshore by more than 50 km. The effect on
the 33-ppt isohaline surface was even more dramatic.
Eddy/meander Rand eddy Q do not seem to have
been more energetic than usual, but their interaction with
the water of Georges Bank was significantly greater than
normal (Halliwell and Mooers, 1979). A contributing factor may have been that the the shelf-water/slope-water
front was at the most onshore position of its annual onshore/offshore migration when the ring/shelf interactions
occurred. The satellite thermal mapping of the front, the
temperature record at site 11, and the hydrographic
cruises together show that eddy/meander R was initially
responsible for the deformation of the front and that
eddy Q was responsible in some sense for restoring it to
its normal position.
Data from the November cruise also show the entrainment by eddy Q of a filament of shelf water whose vertical extent was more than 100 m. Such filaments have
been of interest to oceanographers since satellite images
showed them to be common features of ring/shelf interactions. The interest lies in the magnitude of the impact
that the entrained water may have on the mass and property budgets of the shelf. An initial question was whether
the filaments were simply thin surface layers of shelf
water or extended so deeply as to produce significant
cross-shelf exchange. Several investigations have shown
that filaments extend downward 50-150m-about the
depth of the shelf break (Saunders, 1971; EG&G,
1978b,e; Mooers, Garvine, and Martin, 1979). Measurements with drogues show that daily excursions of 25 km
appear representative of the velocity of the water within
the filaments, although ones as high as 45 km/day have
been observed (Flagg et al., 1982). Although variable, the
initial width of a filament is about 20 km typically, generally decreasing as the filament is drawn offshore.
Such observations suggest that approximately 50 km 3 /
day, or 0.58 sverdrups (abbreviated Sv; 1 Sv = 10 6 m 3 /
sec), of shelf water is lost to the slope when a ring is
present and entraining shelf water. If three to seven rings

form each year and each on the average requires 7 weeks
to pass Georges Bank (Flagg et al., 1982), an annual offbank transport of shelf water of 0.23-0.55 Sv is suggested. This is surprisingly large compared with estimates
of the total along-shelf transport of shelf water of
0.4-0.6 Sv (Flagg, 1977; see also the introduction "Physical Oceanography" by Butman and Beardsley). Even allowing for the inaccuracies of the estimate, it is clear that
the loss of water to the slope by ring/ shelf interaction
greatly affects the mass and property budgets of the shelf.
It is thought, for instance, that episodic losses of larval
fish of commercially important species by entrainment in
a filament could have.a major impact on particular fish
year-classes. There is also ·the question of the source of
water that must enter the Gulf of Maine/Georges Bank
system to replace the water lost to the filaments. Is the
water replaced by small-scale exchange through the front
in the energetic wake of the ring, or does it come from
the Scotian Shelf or, perhaps, through the deep Northeast
Channel? This question has an important bearing on the
salt and nutrient balances of the region.
The Cold Band
"Cold band" denotes a hydrographic feature found along
the outer shelf of Georges Bank and the Middle Atlantic
Bight during the spring, summer, and early fall (figure
10.1). During these seasons, the coldest water on the
shelf occurs near the bottom in a region bounded on top
by the seasonal thermocline, offshore by the ever present
shelf-water/slope-water front, and inshore by the tidally
induced front (figure 10.8A). Thus the cold band is a
near-bottom filament along the outer edge of the shelf,
varying in cross section, but essentially continuous from
the northeastern tip of Georges Bank almost to Cape
Hatteras.
In fall insolation decreases and air temperatures drop
below surface-water temperatures, causing convective
cooling of the near-surface water and erosion of the seasonal thermocline. This process continues until overturning and complete vertical mixing of the water inside the
shelf-water/slope-water front takes place. When this happens, the cold band disappears, and the bottom water of
the midshelf reaches its warmest level, 11-12°C. From
this time (mid- to late November) through March, the
water temperature decreases steadily to a minimum of
about 5°C. This is the temperature of the water within
the cold band when the cycle starts again in spring.
An analysis of the BLM spring and summer cruises
(1977-1979) by Flagg et al. (1982) shows that the cold
band is usually centered about the 80-m depth contour
and spans the area between the 65-m and 95-m depth
contours. Occasionally the band extends into shallower
(about 50 m) and deeper (about 135 m) water. The average width of the cold band at the bottom is thus about
35 km, although the width ranges from 20 to 50 km.
There is no indication from the BLM data that the coldband water enters the Gulf of Maine through the Great
South Channel.
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The thickness of the band, and thus the depth to its
top, varies with season. In May, in the absence of perturbations, the top is at about 20 m and the band 60-80 m
thick. The band thins by erosion from the top or by a
lessening of the flow into it, so that by August or September the top is about 40 m deep and the band 30-50
m thick. The upper part of the cold band-the part just
below the seasonal thermocline-extends offshore off
the bottom (figure 10.1) and is the source of the relatively cold, fresh water found on the slope as a result of
calving.
The cross-sectional area of the cold band has been calculated for 22 cross-isobath transects (Flagg et al., 1982).
It tended to decrease as summer progressed and to grow
smaller from the Northeast Peak to the southwest. Crosssectional area ranged from 0.7 to 3.0 km 2 , so the total
volume of the band between the Great South Chaimel
and the Northeast Peak, a distance of about 300 km,
ranged from 200 to 900 km 3 ; this can be compared with
the total volume for Georges Bank within the 100fathom contour of 3,500 km 3 • Thus between 5 and 25%
of the bank's water is to be found within the cold band .
during spring and summer.
Along-isobath transports within the cold band between
0.1 and 0.3 Sv were calculated using depth-averaged
mean monthly currents. Larger transports occurred during
spring than during summer. Estimates of the total alongshore transport shoreward of the shelf~water/slope-water
front (Beardsley and Flagg, 1976; Flagg, 1977; Beardsley
and Boicourt, 1981) range from 0.4 to 0.6 Sv. Thus a
significant portion of the total along-shelf transport occurs within the cold band.

Figure 10.7
Topography of the 34-ppt surface
along the southern flank of
Georges Bank in September 1977
in the absence of warm-core Gulf
Stream rings and in November
1977 when eddy Q was distorting
the shelf-water/slope-water front.
[EG&G (1978e)]
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Another structural characteristic of the cold band is
that minimum temperatures within the band often occur
well above the bottom, indicating near-bottom lateral exchange with the surrounding warmer waters. Since salinity
below the temperature minimum seems always to increase
with depth, sometimes by as much as 0.7 ppt, there must
be an influx of warm, saline Slope Water through the
shelf-water/slope-water front along the bottom.
In spring the cold band is best described as local remnant winter water that has been abruptly isolated from
the waters above it and on the center of the bank due to
rapid warming. As time goes on, however, the term local
remnant water is not appropriate, since the water within
the cold band continues to' flow along the shelf toward
the west at 5-10 em/sec (Butman et al., 1982). At these
speeds, water from the Northeast Peak would pass the
Great South Channel in 30-60 days. However, the cold
band persists from late April through September, about
180 days, implying that a: replenishment of cold water at
intermediate depths must take place near the Northeast
Peak. A standard hypothesis is that the replacement water
is Maine Intermediate Water (MIW) (Hopkins and Garfield, 1979), but there are other possibilities.
Flagg et al. (1982) looked for the source of cold-band
water primarily using data from August 1979 (figures
10.8A and 10.8B). To the east the cold band spreads
out, its on-bank boundary, which is defined by the 11 °C
isotherm, sweeping around the Northeast Peak and intersecting the bottom all along the Northern Edge. The offbank boundary of the cold band leaves the bottom at the
mouth of the Northeast Channel, reattaching itself in a
complicated manner to the Scotian Shelf on the far side
of the channel. The convolutions of the 11 °C isothermal
surface in the eastern Northeast Channel are due to the
deep inflow of Slope Water and the clockwise gyre about
Browns Bank in the water above 100m. Typical minimum temperatures in the cold band along the southern
flank of Georges were about 9.5 °C. The fact that the
northern extremity of the cold band around the Northeast Peak and along the Northern Edge was colder than
9°C suggests the Northeast Channel and the Northern
Edge as the source of cold-band water. To the extent
that the isohalines of figure 10.8B represent streamlines,
the salinity distribution on the minimum temperature surface also suggests this source.
The temperature/salinity diagram for the coldest water
in the cold band in August 1979 is shown in figure 10.9.
The cold-band stations are grouped around values of
9.5°C and 33.1 ppt, with some stations tending to
warmer and fresher water (10.8°C and 32.7 ppt), others
to warmer, more saline water (11 °C, 34.4 ppt). Extensions of these extremes lead clearly to the fresh GBW or
MSW on one hand and the salty USW on the other. The
coldest stations-with temperatures less than 6°C-come
from the MIW, found at middepth in the Gulf of Maine.
The salinity of this MIW is quite similar to that within
the cold band.

It is clear, therefore, that the cold band could be
formed by mixing four water types-GBW, MSW, USW,
and MIW. However, there appears to be no direct connection between the USW and the Northeast Peak, where
the postulated mixing takes place. It is possible, however,
through upwelling or upward mixing from 100 or 150 m,
that Deep Northeast Channel Water (DCW) is a: part of
the mixture. By temperature and salinity alone, it is not
possible to determine uniquely the volume contribution
of each of these types to the cold-band water. However,
by using the silicate distribution on the minimum temperature surface, Flagg et al. (1982) determined that in August 1979 the cold band contained 27% GBW, 14%
MSW, 42% MIW, and 17% DCW. Because of the similarity in temperature and salinity of the GBW and MSW,
the estimates for MIW and DCW are better than the estimate of the ratio between MSW and GBW, although the
estimate of MSW plus GBW is probably quite good.
Once cold-band water has been formed, it undergoes
further dilution by GBW on the on-bank side and by the
addition of USW on the offshore side as it flows along
the southern flank of Georges. At the extremes observed
in August 1979, the cold band contained a total of 35%
GBW (and/or MSW) in its on-bank side and 54% USW
in its offshore side. Of the estimated total volume transport in the cold band during this period of 0.12 Sv, approximately 0.03 Sv of GBW, 0.02 Sv of MSW, and 0.05
Sv of MIW were entrained and another 0.02 Sv of DCW
was upwelled from the Northeast Chaimel. The fractions
of the various water masses forming the cold band in August 1979 are an average over 1 or 2 months-the transit
time for water in the cold band to travel from the Northeast Peak to Nantucket Shoals. It is reasonable to expect
variations in the mixture on seasonal and annual scales.
The stations represented by hexagons in figure 10.9 are
from the Scotian Shelf and Browns Bank. Three lie
within a cold band on the edge of the ,Scotian Shelf. The
temperature/salinity properties of the Scotian cold band
are similar to those of the Georges Bank band.
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The Northern Flank
The northern flank of Georges Bank forms a hydrographic as well as topographic transition between the
bank and the Gulf of Maine. The permanently wellmixed GBW differs significantly from surface and intermediate waters in the gulf. Water depth on the flank
changes rapidly; the average bottom slope is approximately 7 X 10-\ with a maximum of approximately
0.02 between the 40- and 200-m isobaths. The combined
effects of vertical and horizontal mixing, insolation, and
advection of differing water types result in the formation
of a complex frontal system over the steep flank. Although numerous hydrographic sections have been made
across the northern flank and several long-term current
meters set there (Magnell et al., 1980; Butman et al.,
1982), very little about the hydrography of the area has
been published. What follows is based primarily on data

Figure 10.8A
Topography of the minimum-temperature COC) surface for the water
column 0-200 m in August 1979.
[Flagg et al. ( 1982)]

Figure 10.8B
Salinity (ppt) on the minimum-temperature surface in August 1979.
[Flagg et al. (1982)]
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collected during the BLM New England Outer Continental Shelf Physical Oceanography program (EG&G,
1978a,b,c,d, 1979a,b,c, 1980a,b).
The hydrography of the northern flank frontal zone in
winter and summer is shown in figures 10.3 and 10.S.
Summer insolation in the Gulf of Maine results in a thermocline typically at a depth of 30-SO m. The water of
the thermocline and the mixed layer above it form MSW
with maximum temperatures between 16 and 18 °C and
salinities of about 31.8 ppt. Below this layer, the temperature decreases to a minimum of about S°C at 7S-12S
m. The temperature minimum represents the core of the
MIW that defines the depth limit of fall and winter cooling and mixing. The salinity of the coldest water is about
33.3 ppt.
A halocline (the place in a water column where salinity
change is rapid) is also usually present in the gulf, with
salinity increasing with depth; it sometimes coincides with
the thermocline, but often is deeper. The dividing line
between the MIW and the warmer and more saline water
below, the MBW, is rather a matter of individual preference, but may reasonably be taken as the 34-ppt isohaline, which corresponds to a temperature of
approximately 7°C. Maximum salinities and temperatures
within the MBW depend upon location, with colder,
fresher water being found in Wilkinson Basin, and
warmer, more saline water near the Northeast Channel.
The thermocline/halocline of the Gulf of Maine splits
at the northern flank. The upper part bends up to the
surface near the 40-SO-m isobaths, forming a surface
temperature/salinity front. The lower part slopes downward and forms a front that intersects the bottom at a
depth of 7 S-17 S m. The location of the upper front appears to be determined by a balance between vertical
mixing, caused primarily by tidal dissipation, and buoyancy input from surface heating and horizontal mixing
with surface waters from the gulf. 5 The ratio of the
buoyancy flux to the dissipation was shown by Simpson
and Hunter (197 4) to be proportional to the parameter
HIU\ where H -is the water depth and U is the average
tidal velocity. In this parameterization it is assumed that
the tides are the major component of the currents. At
some value of this parameter the two opposing influences
balance and a tidally induced front (or "shallow sea
front" in Simpson and Hunter's terminology) forms. On
Georges Bank the critical value of this parameter is approximately 70 sec 3 /m 2 (Garrett, Keeley, and Greenberg,
1978).
The dynamics of the lower front appear to be somewhat different. The combination of increased depth and
reduced tidal velocities indicates that the lower front is
not a tidally induced front. The mean annual along-isobath flow on the northern flank appears to be the result
of nonlinear interaction between the along- and cross-isobath tidal velocities in the presence of a large bottom
slope (Loder, 1980).
In summer the along-isobath flow increases significantly, forming a near-surface jet (chapter 11). Also, in
summer stratification along the northern flank between 0

and 200 m increases from a winter value of about 0.8 u,
units to about 3.6 u, units (compare figures 10.3C and
10.SC). The cross-isobath scale of the lower density front
is about 30 km, and it is reasonable to expect that this
also is the scale of the current jet. The slope of the
deeper isopycnals does not change significantly between
summer and winter even though the current speed increases; it is the increased density gradient that approximately balances the increased flow. 6
The cause of the increased flow in summer is unknown. Local thermohaline forcing of the jet from the
bank appears inadequate. About 4 days are required for
water to travel the length of the northern flank; lateral
mixing during that time is not sufficient to alter the density structure of the jet. Thus the increased flow m~st be
caused by a change in overall flow in the Gulf of Maine,
but the mechanism by which the broad flow of the gulf
turns northeast in Wilkinson Basin to form the jet has yet
to be explained.
During the fall and winter, the northern-flank fronts
are altered by cooling and mixing by storms. These
changes in atmospheric conditions cause a coalescence of
MIW and MSW and may be linked to the decrease in intensity of the jet. There is little temperature contrast between the upper waters of the gulf and those of the bank
at this season, and the horizontal salinity gradient is
greatly reduced as well (figures 10.3A and 10.3B); thus
the density gradient is much weaker. Minimum temperatures in the gulf near the bank and those on the bank are
between 4 and S°C; salinities in the gulf, about 32.8 ppt,
are slightly lower than those on the bank. The upper
front remains, but at a reduced intensity. It appears to
have moved into deep'er water, perhaps due to the increased vertical mixing. The intensity of the lower front
also is reduced in winter due to the lower temperatures
and higher salinities of the near-surface water; there is a
corresponding decrease in the strength of the near-surface
jet.
Interannual Fluctuations
The longest series of hydrographic records for the U.S.
east coast are of sea-surface temperatures recorded at
coastal stations and lightships. Welch (1981) compiled
yearly-averaged temperatures at Boothbay Harbor, Maine,
for 1906-1979. Mountain (1982) reported surface-water
temperatures at Woods Hole, Massachusetts, for
194S-1979. A long but incomplete surface-temperature
record is available from the Nantucket Lightship for
1881-1971. These records are plotted in figure 10.10.
The standard deviation was 0.9S°C, at Boothbay Harbor,
0.44°C at Woods Hole, and 0.87°C at the Nantucket
Lightship. The observations show that the long-term variation of sea-surface temperature amounts to a few degrees and that surface-temperature trends last 10-15
years. The Nantucket Lightship record shows almost the
same level of variability as Boothbay, and both are about
twice that at Woods Hole. It appears, therefore, that the
reduced variability at Woods Hole is anomalous.

Figure 10.9
Temperature/salinity diagram for
water of lowest temperature in August 1979. The points are 5-decibar
vertical averages. Key: USW, Upper
Slope Water; DCW, Deep Channel
Water; MSW, Maine Surface Water
(see text). [Flagg et al. (1982)]
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Annual average sea-surface temperature at three stations. The
means are shown by the solid
lines; the dashed lines are one
standard deviation from the mean.
[Mountain (1982)]
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Aside from a difference in amplitude, the interannual
fluctuations at all stations are very similar. There has
been a long-term decrease between the early 19SOs and
the late 1960s, a warming trend that lasted through
about 197S, and then a gradual decrease through 1980,
although 1979 appears anomalous. On the whole, it was
warmer for the years 197S-1979 than the long-term average and considerably warmer than for the first half of
the century. Colton's (1968) examination of temperature
data for the water column in the Gulf of Maine and on
Georges Bank suggested that subsurface-temperature
trends followed the surface-temperature ones.
Several investigators have studied the causes of interannual fluctuations of sea-surface temperature and their relation to surface salinity. The primary cause of the
temperature variation appears to be surface heating and
cooling, which is related to air temperature (Taylor, Bigelow, and Graham, 19S7; Lauzier, 196S; Sutcliffe,
Loucks, and Drinkwater, 1976; Godshall et al., 1980).
The annual air-temperature records are coherent over
large spatial scales and bear a strong resemblance to the
records of sea-surface temperature. However, Sutcliffe,
Loucks, and Drinkwater (1976) calculated a correlation
coefficient of about 0.7 between air temperature at East-
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Figure 10. 11
Seasonal averages of temperature
and salinity for central Georges
Bank. The values represented by
open circles were computed from
the 40 years of data compiled by
Hopkins and Garfield (1981). The
values represented by solid circles
are averages for 1975-1979 from
Flagg et al. (1982). The anomalous
salinity for winter 1977 is shown
separately and was excluded in
taking the averages. The horizontal
axes are marked for winter (W),
spring (S), summer (S), and fall (F),
respectively.
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selected regions (figures 10.14, 10.16, 10.18, and 10.20)
as well as cross-isobath profiles (figures 10.15, 10.17,
10.19, and 10.21). The data have been separated by season in both presentations: winter, January-March; spring,
April-June; summer, July-September; and fall, October-December/ The greatest number of observations was
made in summer (702), the fewest in winter (364); spring
had 631, and fall 397.
The temperature/salinity diagrams are intended to
show geographic differences, seasonal variations within
areas, and the relation between the various water masses.
To do this the Georges Bank region has been divided
into areas that are expected to be hydrographically distinct, at least at some times of year. In the introduction
"Physical Oceanography," Butman and Beardsley divide
the region across the bank into four areas based upon
bottom topography, water mass, vertical mixing, and expected response to atmospheric forcing. Generally following them 8 and using the same criteria, I have distinguished
four more areas here: Wilkinson Basin, the area inside
the Northeast Channel, the Northeast Peak, and the area
south of the Great South Channel. The competing influences of the WSW and LSW also suggest dividing the
continental slope off Georges Bank into eastern and western parts. Thus the region is divided into the following
nine subregions (figure 10.12):
1. Central Georges Bank (within the 65-m isobath),
2. the Northeast Peak and the eastern part of the southern flank,
3. the central part of the southern flank,
4. the southern part of the Great South Channel and the
western part of the southern flank,
5. Wilkinson Basin and the northern part of the Great
South Channel,
6. the central northern flank and western Georges Basin,
7. the northern part of the Northeast Channel and eastern Georges Basin,
8. the eastern Slope Water, and

Seasonal Variations in the Distribution of Properties

9. the western Slope Water.

This section gives estimates of the distributions and seasonal variations of the major physical properties-temperature, salinity, and density-and dissolved oxygen for
the Georges Bank region. Flagg et al. (1982) assembled
data for about 2,100 stations occupied from 1975
through 1979 and is the best data source. Approximately
600 stations came from the BLM NEOCSPO program,
.the remainder from the Woods Hole Oceanographic Institution, the U.S. Geological Survey, the National Marine
Fisheries Service, and the National Oceanographic Data
Center. As with any data set of this type, problems arise
from data quality, station distribution in time and space,
averaging methodology, and the graphic presentation of
inherently complex three-dimensional property fields.
Temperature/salinity diagrams of observations that
have been averaged over 5-m depth intervals are given for

To distinguish further the various water masses, these
regions have been subdivided by depth following Pastuszak, Wright, and Patanjo (1982): at 35 m, the depth of
the seasonal thermocline; at 65 m, the depth of the central well-mixed zone; at 90 m, the bottom of the cold
band; at 120 m, the approximate depth of the interface
between the MIW and MBW and also the middle of the
USW thermostad 9 (Wright and Parker, 1976); and at 200
m, the approximate depth limit of seasonal influence on
the continental slope.
The cross-isobath transects of temperature, salinity,
density, and dissolved oxygen are south of Nantucket
Shoals, two across the top of Georges Bank from the
Gulf of Maine into the Slope Water, and across the
Northeast Channel (figure 10.13). The treatment of the
shelf-water/slope-water front differs significantly from
that used in other seasonally averaged profiles of the
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port, Maine, and water temperature at several coastal stations in the gulf and along the Scotian Shelf, suggesting
that more than direct meteorologic forcing is involved.
Those authors proposed that the St. Lawerence River
outflow was also partly responsible, but that its effects
were delayed relative to those of the local weather (by
approximately 11 months at Boston Harbor).
Colton (1968) examined temperature and salinity records from the Gulf of Maine and along the southern
flank of Georges Bank and concluded that periods of
anomalously cold water were associated with decreases in
salinity. However, Wright (1977), who examined a period
of very high salinities on Georges Bank in the fall of
197 6 and winter of 1977, concluded that the anomalous
conditions were caused by a larger than normal influx of
warm saline Western Slope Water into the gulf in the
spring of 197 6. The more saline water stayed in the bottom layers until fall and winter, when mixing brought it
to the surface and onto Georges Bank. Temperatures,
however, were not anomalously warm during this period,
suggesting that interannual variations of temperature and
salinity are not always correlated.
The description of temperature/salinity correlations
and distribution of properties that follows is based upon
the period of intensive sampling between 1975 and 1979.
To obtain a climatic perspective for this period, seasonal
averages of temperatures and salinities for the shallow
part of the bank for 1975-1979 are compared with the
annual progression of temperature and salinity based on
40 years of measurements analyzed by Hopkins and Garfield (1981) (figure 10.11). They computed depth-averaged temperatures and salinities from observations taken
within 2-week periods on Georges Bank within the 65-m
isobath. In all cases, the averages from 1975-1979 are
within one standard deviation of the long-term means, although temperature in three out four seasons and salinity
in all seasons is higher during the shorter period- temperature by up to 1.5 °C, in agreement with the long-term
trends (figure 10.10), salinity by 0.1-0.25 ppt.

Hydrographic Structure and Variability

east-coast shelf- for instance, that by Bowman and
Wunderlich (1977).
As discussed earlier, the 34-ppt isohaline is a reliable
marker of the center of the shelf-water/slope-water front.
By its use Flagg et al. (1982) prevented indiscriminate averaging of the water types and unrealistic smoothing of
the frontal gradient as the frontal position varied. To
compile the transects, the mean seasonal position of the
front was taken as the contour where the probability of
finding shelf water at a given cross-shelf location and
depth was 50%. Only observations with salinities less
than 34 ppt were used on the shallow side of this position, only observations with salinities between 34 and 36
ppt on the offshore side. (Water with salinities higher
than 36 ppt is GSW carried in by warm-core rings and
meanders.)
By this method of discriminating waters of different
salinities, 10-m seasonally averaged vertical profiles were
compiled for each of the subareas in figure 10.13. The
cross-isobath profiles were drawn assuming that these
profiles occurred along the transect at the midpoint of
the subarea.
Winter
Temperature/Salinity Diagrams (Figure 10.14)
The northern-flank temperature/salinity diagram for winter is relatively tight, m~ming on a fairly straight line from
about 0°C, 31.0 ppt to about 9°C, 34.0 ppt. (The points
in these temperature/salinity diagrams cluster into distinct
groups because of interannual fluctuations, and the relation within a particular year is tighter than these composites indicate.) In Wilkinson Basin, the water is primarily
Maine Intermediate Water (MIW) (MIW and Maine Surface Water (MSW) are one and the same at this time),
with a small amount from the warmer and more saline
Maine Bottom Water (MBW). The influence of the
MBW increases eastward along the northern flank toward
the Northeast Channel, where there is also a Deep Slope
Water (DSW) tail at 35 ppt below 120 m.
The water properties on the central bank and in the
Great South Channel are very similar to those of Wilkinson Basin. It was this similarity that led Hopkins and
Garfield (1979) to propose that Wilkinson Basin was the
source of water for the winter salting of the central bank.
On the Northeast Peak, properties are influenced by saline Upper Slope Water (USW) and the fresh and cold
Scotian Shelf Water (SSW), although the water is primarily Georges Bank Water (GBW). On the southern central
part of the bank, there is a transition from the relatively
cold, fresh GBW to the warmer, more saline water of the
shelf-water/slope-water frontal zone. There is also interannual variability in the GBW. Note the similarity of the
most saline cluster of GBW with the anomalously cold
water of about 34 ppt on the central southern flank. This
suggests that the GBW is closely linked with the shallow
waters of the shelf inside the shelf-water/slope-water
front.
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Figure 10.12
Subregions for which temperature/
salinity diagrams have been prepared (figures 10. 14, 10. 16, 10. 18,
and 10.20).

Figure 1 0. 13
Locations of cross-isobath transects and areas used in spatial averaging. The spatial averaging was
done primarily within boundaries
parallel to isobaths. Ticks on the
transect lines mark station
locations.
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Figure 10.14
Temperature/salinity diagrams for
January-March 1975-1979. This
figure and also figures 10. 16,
10. 18, and 10.20 are for the nine
regions shown in figure 10. 12.
[Flagg et al. ( 1982)]

_j

0.0 L _ _ . L __

_ L _ _ . . l . __

_l__..,L__

_j

.......... ~ - ·
. ·~~

~

.

O.OL__.J...._

'"

.

_ L_ _

L__...L_

_ L_

Legend

+

0-35m

t'il

X

35-65m

*

200-300m

0

65-90m

$

300-400m

"V

90-120m

Ell 400-500m

120-200m

_j

119

The temperature/salinity diagrams for the eastern and
western slope subregions show the transition from the
shelf water above the shelf-water/slope-water front to the
Upper Slope Water (USW), with its salinity maximum at
intermediate depths to the Deep Slope Water (DSW) below. The extreme freshness observed near the surface in
the eastern part is due to SSW. Note also the increased
salinity in the DSW at about 5 °C, especially in the eastern area. This shows the contrasting influences of the
slightly fresher Labrador Slope Water (LSW) and the
more saline Western Slope Water (WSW). On any particular cruise the variation in salinity between casts at
depths of 500 m is about 0.05 ppt.
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Spring
Temperature/ Salinity Diagrams (Figure 1 0.16)
Major changes in temperature and salinity occur in
spring. Evidence of vernal warming and runoff is most
obvious in near-surface waters. Thus along the northern
flank, the linear temperature/salinity diagram of winter
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Figure 10. 158
Salinity (ppt) in winter along the
cross-isobath transects shown in
figure 10.13. [Flagg et al. (1982)]
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Cross-Isobath Transects (Figure 10.15)
During winter regional minimum temperatures of less
than 2 °C are found south of Cape Sable and around
Browns Bank (figure 10.15A). Temperature increases rapidly across the Northeast Channel to about 4.5°C over
much of Georges Bank, which, in turn, is 0.5-1.0°C
colder than the surface waters of the Gulf of Maine. The
maximum near-surface salinities of shelf waters are found
in Wilkinson Basin-approximately 33.8 ppt, a result of
the upward mixing of MBW (figure 10.15B).
From Wilkinson Basin, the high-salinity water extends
over the southwestern part of the bank and along the
northern flank. Across the Northeast Channel, relatively
fresh SSW .enters the region from the northeast. A band
of low-salinity water is typically found along the southern
flank inside the shelf-water/slope-water front with values
averaging 32.6 ppt. This feature occasionally extends
westward past the Great South Channel.
The densest water on the shelf is in Wilkinson Basin
due to the high salinity. From there the dense water
spreads around the Northeast Peak and also across Nantucket Shoals (figure 10.15C).
Temporal and spatial variations in dissolved oxygen are
strongly influenced by the variations in saturation values
and the degree of vertical mixing (figure 10.15D). Thus
the maximum dissolved oxygen values, greater than 8
mL/L, occur in the cold SSW, with somewhat lower values on Georges B:1nk. Dissolved oxygen decreases with
depth to less than 4 mL/L in the DSW. The penetration
of the DSW water through the Northeast Channel is indicated by the -relatively warm, saline, dense, and low dissolved-oxygen water of the slope banked against the
Browns Bank side of the channel. These same property
signatures, somewhat muted, are also to be found near
the bottom north of the bank. Notice the increasing
depth of the density surfaces from the Northeast Channel
into the Gulf of Maine.
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Figure 10. 15A
Temperature ('C) in winter along
the cross-isobath transects shown
in figure 10. 13. This and the other
parts of figure 10.15 are based on
data collected during 1975-1979.
Also, in this and the other parts of
figure 10.15 numbers along the top
are transect numbers, and the in·
verted triangles mark station locations. [Flagg et al. ( 1982)]
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Dissolved oxygen (ml/L) in winter
along the cross-isobath transects
shown in figure 10. 13. [Flagg et al.
(1982)]
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has been altered to produce V-shaped temperature/salinity plots. Wilkinson Basin is affected by runoff flowing
south along the coast of Cape Cod in a layer typically
less than 20 m deep (EG&G, 1979b,c; Limeburner and
Beardsley, 1982). Fresh water is also found in the Northeast Channel, indicati-ng the continued influence of the

ssw.
The several distinct modes of water observed along the
northern flank represent interannual variations-in this
case, not only in the preceding winter conditions but also
in the timing of sampling during the rapid changes of
spring. On the central bank, surface warming is shown by
the elongation of the temperature/salinity relation toward
higher temperatures. The water of the central bank is still
vertically homogeneous, however, and the spread in the
temperature/salinity plot represents small horizontal
variations.
The Northeast Peak shows the variable influences of
the surrounding shallow water-in particular, the GBW
and SSW. Along the southern side of the bank, the temperature/salinity relations are similar to those of winter
except for changes due to near-surface warming.
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Density (a,) in winter along the
cross-isobath transects shown in
figure 10. 13. [Flagg et al. ( 1982)]
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Cross-Isobath Transects (Figure 10.17)
On .the central bank in spring, temperature increases at
the rate of about 1 °C per 11 days, while salinity decreases at the rate of 0.1 ppt per 17 days (Hopkins and
Garfield, 1981). These changes increase the variance of
the mean property estimates. The major feature of spring
is the onset of stratified conditions. In western Wilkinson
Basin, spring runoff produces enough vertical stability so
that insolation more effectively increases near-surface
water temperature than farther east in the gult The seasonal thermocline in Wilkinson Basin is accompanied by
a 1.0-ppt salinity gradient in the upper 20-30 m (figure
1 0.17B). These early stages in the formation of the seasonal thermocline signal the separation of the MSW from
the MIW. The cold core of the MIW is especially evident
along the northern flank as is the deep front associated
with the northern-flank jet (figure 10.17 A).
On the southern flank, the developing thermocline isolates the near-bottom water, reforming the cold band
with temperatures less than 7°C. The developing pycnocline extends over the slope (figure 10.17C). The oxygen
sections across the southern flank show the effect of
near-surface warming, which lowers saturation values (figure 1 0.17D). The subsurface oxygen maximum at the
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Figure 10.17A
Temperature ("C) in spring along
the cross-isobath transects shown
in figure 10. 13. This and the other
parts of figure 10. 17 are based on
data collected during 1975-1979.
[Flagg et al. (1982)]
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Salinity (ppt) in spring along the
cross-isobath transects shown in
figure 10.13. [ Flagg et al. (1982)]
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Temperature/salinity diagrams for
April-June 1975-1979. [Flagg et al.
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base of the thermocline looks to be an intrusion of shelf
water into the Slope Water, but although the oxygen isopleths are nearly parallel to the isopycnals, it is doubtful
that an advection of water off the shelf is taking place.
Rather, the developing thermocline is simply forming a
low-oxygen cap over remnant high-oxygen winter water.
Summer
Temperature/Salinity Diagrams (Figure 1 0.18)
By summer the formation of MSW is complete, and the
strong seasonal thermocline separates it from the MIW
below. In Wilkinson Basin and along the central northern
flank, the water down to about 90 m has temperature/
salinity characteristics similar to those that Hopkins and
Garfield (1979) describe for MSW, but with a broader
envelope because of multiple years of observation. The
axis of the envelope here is about 0.5 ppt more saline
than Hopkins and Garfield's, and maximum temperatures
are about 2 °C higher, the latter indicating the use by
Hopkins and Garfield of the anomalously cold observations of Colton et al. (1968). The MIW is represented by
the coldest water centered at about 6°C and 33.2 ppt
and lies between about 90 and 125 m, depending upon
distance from the bank. The minimum temperatures follow a curve almost the same as that found in winter.
In the Northeast Channel, surface layers show the salting influence of Slope Water. The freshwater signature of
SSW has disappeared as the result of a decreased flow
along the Scotian Shelf and ·a seasonal increase in the salinity of this water.
On the shallow central bank, the temperature/salinity
plot is tight, barely 0.5 ppt wide. There is a slight increase in salinity as temperature decreases-from 32.5
ppt at 17.5°C to 32.8 ppt at 6°C. (The water with temperatures between 6 and 12 °C comes from the northern
flank.)
On the Northeast Peak, the influence of Slope Water
at the surface is slight, less than within the Northeast
Channel. The water above about 65 m has a temperature/salinity relation that is almost identical to that of the
MSW, indicating its dominant Gulf of Maine origin.
Water with the same characteristics persists westward
onto the central southern flank of the bank. Coldest
water on the Northeast Peak extends westward past the
middle of the bank and also is present south of the Great
South ChanneL This cold water, which has salinities of
about 33 ppt, belongs to the cold band.
Over the slope during summer, surface water gets as
warm as 26°C at salinities of 35.7 ppt. Compared with
winter, little low-salinity water is observed. This reflects
the onshore movement of the shelf-water/slope-water
front and the absence of the fresh SSW. Also evident in
the summer temperature/ salinity plots is the high-salinity
signature of Gulf Stream Water (GSW) brought into the
area occasionally by warm-core rings. Maximum salinities
in the rings are almost 37 ppt at depths of about 100 m.

Cross-Isobath Transects (Figure 10.19)
The seasonal mean temperature of central Georges Bank
reaches its annual maximum of 14.6°C during the summer (figure 10.19A). This is lower than the shorter-term
maximum attained by GBW in September-usually about
17°C. A strong thermocline exists in the Gulf of Maine
at this time, with a temperature drop of about 9 °C over
the upper 30 or 40 m. The core of the MIW first noted
in the spring is still evident, though it has warmed somewhat, increased in thickness, and is found at a somewhat
greater depth. The coldest part of the MIW is now found
in the central Gulf of Maine.
Along the northern flank the tidally induced front and
the deeper front, in geostrophic balance with the northern-flank jet, are evident in all the property distributions.
On the southern flank, the cold band is fully formed,
with minimum temperatures typically less than 10°C. Individual cruises show that temperature minima within the
cold band reach almost 12 °C by the end of the summer
just before autumnal cooling and convective overturning.
Salinity on the bank reaches its annual minimum during
summer, typically 32.5 ppt (figure 10.19B). Surface salinities are less by about 0.5 ppt in the gulf, especially along
Cape Cod. In the shelf-water/slope-water front, the horizontal temperature gradient is largest below the thermocline. This leads to a significant density contrast across
the front at that depth of more than 1 (J, unit (figure
10.19C).
The character of the dissolved oxygen distribution retains the general features of spring including the oxygen
maximum in the lower thermocline, but with lower nearsurface values as the saturation level continues to decrease (figure 10.19D).
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In fall the summer temperature/ salinity patterns collapse,
except in deep water, as cooling and autumn storms destroy the seasonal thermocline and cause deeper mixing.
It is generally assumed that the collapse of thermal structure occurs as a single event within an area. Because of
the episodic nature of the overturning, it is difficult to
typify fall hydrography. The most reasonable assessment
is that structure is summerlike before overturning, but
with decreasing stratification, and that overturning brings
on winter conditions.
In fall the MIW reaches its warmest with temperatures
between 6 and 9°C. This results from downward mixing
of the warm MSW. Over the central bank, the mean fall
temperature has decreased to about 10°C from the summer high of about 15°C, and salinity has increased by
0.3 ppt to about 32.8 ppt.
Cross-Isobath Transects (Figure 1 0.21)
The intense thermocline of the Gulf of Maine has diminished considerably on the average, while along the southern flank in the Slope Water, the thermocline is still fairly
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Figure 10.18
Temperature/salinity diagrams lor
July-September, 1975-1979. [Flagg
et al. (1982))
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Figure 10. 19A
Temperature rc) in summer along
the cross-isobath transects shown
in figure 10. 13. This and the other
parts of figure 10. 19 are based on
data collected during 1975-1979.
[Flagg et al. (1982)]
Figure 10. 198
Salinity (ppt) in summer along the
cross-isobath transects shown in
figure 1 0. 13. [Flagg et al. ( 1982)]

Figure 10. 19C
Density (a-J in summer along the
cross-isobath transects shown in
figure 10.13. (Flagg et al. (1982)]

Figure 10.19D
Dissolved oxygen (ml/L) in summer along the cross-isobath transects shown in figure 10. 13. [Flagg
et al. ( 1982)]
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[Flagg et al. (1982)]
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strong, though the surface mixed layer is deeper. The oxygen maximum layer along the southern flank has disappeared because of the disruption of the seasonal
thermocline over the shelf.
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Section 1

Section 1
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Relative to that of other continental shelves, the hydrography of Georges Bank and the adjacent Gulf of Maine is
very complex. In large measure this is due to the strong
bottom relief, which tends to reduce the interaction between water masses. Thus within an area about 300 km
in diameter there are nine water masses (GBW, MSW,
MIW, MBW, SSW, USW, LSW, WSW, and GSW). Unlike the water masses described for the deep ocean,
which are based upon narrowly defined temperatures and
salinities, the water masses of the Georges Bank region
undergo considerable seasonal and interannual fluctuations in these properties. The combination of atmospheric
forcing, interaction with the waters of the gulf (which
themselves vary seasonally and interannually), and the
variable influx of Scotian Shelf waters keeps temperature
and salinity on the central bank constantly changing. Because of this variation, other factors, such as water depth,
location, and the existence of a seasonal cycle, also must
enter the definitions of water masses for this coastal
region.
The interaction between water masses is complex and
depends critically on such features as the seasonal thermocline, the tidally induced fronts, the deep front along
the northern flank, the shelf-water/slope-water front, and
the cold band. These features usually have strong property gradients at their boundaries, and it is generally here
that water-mass interactions take place. Because these
features change seasonally, so do the interactions that
take place at their boundaries. A graphic example is the
water that forms the cold band-primarily MIW. In
spring and summer the water within the band ·can pass
along the southern flank with minimal interaction with
the surrounding waters. In winter the cold band is absent
and water from the gulf flowing over the Northeast Peak
is mixed with water from the central bank, the shelfwater/slope-water front, and the Scotian Shelf.
Although Georges Bank is one ofthe most extensively
studied regions of North America's continental shelf, it is
far from being completely understood. The shelf-water!
slope-water front, the tidally induced fronts, and the cold
band are well-described features, but the rates of exchange
of mass and salt across these and other boundaries and how
these rates change with location and season are poorly
known. The most serious gap in our knowledge pertains to
the exchange of mass and momentum across the shelf-water!
slope-water front. At present only order-of-magnitude calculations exist for the water lost to the slope from entrainment by warm-core Gulf Stream rings and from calving, and
no reasonable estimates exist of the effect of smaller-scale
exchanges. Thus research is needed in the Gulf of Maine/
Georges Bank region on the physical processes that cause
the observed distribution of properties and make them evolve
in their distinctive manner.
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1. Water mass denotes a significant
volume of water with distinctive hydrographic propenies. In the context of
coastal oceanography, the distinctive
propen ies are not limited to temperature and salinity, but also include the
degree of stratification, the presence of
a seasonal cycle, the existence of horizontal gradients, and, to some extent,
the water depth. Temperature and salinity, however, remain· the most useful
variables. Salinity is a strictly conservative property-that is, it is affected
onl:.; by mixing water masses (evaporation and precipitation nearly cancel in
this area)-while temperature is related
tq the surface heat flux as well as to
water-mass mixing along the Lagrangian panicle path.

Reviewed by David A. Brooks, Newell Garfield,
Tom Sawyer Hopkins, and W. Redwood Wright

Figure 10.21C
Density (u,) in fall along the crossisobath transects shown in figure
1o. 13. [Flagg et al. ( 1982)]
Figure 10.21D
Dissolved oxygen (ml/L) in fall
along the cross-isobath transects
shown in figure 10.13. [Flagg et al.
(1982)]
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Figure 10.218
Salinity (ppt) in fall along the
cross-isobath transects shown in
figure 10.13. [Flagg et al. (1982)]
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Figure 10.21A
Temperature ("C) in fall along the
cross-isobath transects shown in
figure 10. 13. This and the other
parts of figure 10.21 are based on
data collected during 1975-19.79.
[Flagg et al. ( 1982)]
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2. lsopleths are lines connecting points
of equal value.
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3. Temperature/salinity diagrams show
the relation between the two main hydrographic propenies in samples of
water. They are panicularly useful in
defining water masses when observations cluster in a few modes. The
modes with rather restricted temperature and salinity ranges define volumes
of water for which the sources are
unique and between which exchange is
limited.
4. A multidisciplinary study is presently
underway to obtain a more complete
understanding of the warm-core ring
kinematics and dynamics (Flied et al.,
1982) and their relation to ring chemistry and biology (Joyce and Wiebe,
1983).
5 . In this context, #dal dissipation refers to the tidal energy lost due to bottom-induced turbulence. This
turbulence tends to overcome the stable venical density gradient. Buoyancy
input at the surface, in this case by
heating, has the opposite effect and
tends to maintain the venical density
gradient.
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6. Flagg er al. (1982) showed that between winter and summer the cross-

isobath gradient of dynamic height (rdative to 110 decibars) increased in the
proper sense by an amount .equivalent
to a surface-current increase of 15-20
em/sec. Monthly mean currents on the
northern flank at a depth of 10-15 m
indicate a 20-cm/sec increase in current between April and July that is
consistent with the change in dynamic
height. Thus the lower front appears to
be in geostrophic balance with the
along-isobath flow.
7. These definitions of season are not
necessarily the best for all the regions,
since seasonal progressions are not
everywhere in phase. In addition, the
periods of warming and cooling are
not of equal duration, at least within
the shallow central region of Georges
Bank (Hopkins and Garfield, 1981).
However, the seasonal breakdown used
is a reasonable compromise for the
whole area and properly accommodates the annual extremes of temperature and salinity.
8. In Butman and Beardsley's crossbank scheme, the southern flank is di. vided into a part having a water·depth
between 60 and 150 m and a part
deeper than 150 m. Here the central
southern flank is the subregion between Central Georges Bank (boundary
at 65 m) and the Slope Water subregions (boundary at 200 m).
9. T hermostad refers to a layer of
water throughout which temperature is
essentially constant. (Other water properties in a rherrnostad often are essen- .
tially constant too.) These conditions
are imposed when the water is convectively overturned in winter.
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The Seasonal Mean Circulation:
Observation and Theory

II

Bradford Butman, John W. Loder, and
Robert C. Beardsley

The currents in the Georges Bank region can be divided
conceptually into a seasonal mean current, low-frequency
currents (associated with winds, topographic waves, or
meanders of the Gulf Stream), energetic tidal currents,
and higher-frequency currents associated with surface or
internal waves (see the introduction "Physical Oceanography" by Butman and Beardsley). The tidal currents are
described in chapter 9 and the low-frequency currents in
chapter 12. The mean circulation, sometimes called the
residual circulation, is the current averaged over a long
period of time, so that short-term motions caused by the
tides and other higher-frequency phenomena are removed. This circulation is important because it plays a
major role in determining the direction and speed at
which water and material in the waterare transported
over long"periods of time.
In this chapter the seasonal mean circulation on
Georges Bank and the processes that may drive that circulation are described. In addition, the results of existing
dynamical theories of the seasonal mean circulation are
compared with observation in an attempt to explain dynamically the observed current pattern. Because the circulation and the strength and direction of the various forces
that drive the circulation in the Georges Bank region
change during the year, the current pattern will be described on a seasonal basis.
Background
The currents on Georges Bank and the adjacent continental shelf were first described by Bigelow (1927), whose
work was based primarily on studies using surface drift
bottles. These bottles were released along various transects in the Gulf of Maine and on Georges Bank; the direction and rate of surface drift were inferred from the
time and location of recovery of the bottles. The major
features of Bigelow's schematic map of the summertime
near-surface current pattern (figure 2 in the introduction
"Physical Oceanography" by Butman and Beardsley) are a
large counterclockwise circulation in the Gulf of Maine,
a clockwise circulation around Georges Bank, a flow into
the Gulf of Maine south of Nova Scotia, and a flow out
of the Gulf of Maine southwestward across Nantucket
Shoals. The flow along the northern edge of Georges
Bank is common with the southern side of the counterclockwise flow in the Gulf of Maine and is fed from
water in the western Gulf of Maine. Along the southern
flank of Georges Bank, Bigelow showed a southward
flow off the bank into the Slope Water, with little flow
continuing westward south of the Great South Channel
into the Middle Atlantic Bight. Bigelow's map also suggests little, if any, southwestward flow across the Northeast Channel from the Scotian Shelf onto the southern
flank. Northward flow on the eastern side of the Great
South Channel apparently provides recirculation around
the bank, but is limited to the well-mixed water on the
crest of the bank.
Bumpus and Lauzier (1965) and Bumpus (1973) expanded and refined Bigelow's picture of the near-surface

circulation in the Gulf of Maine/Georges Bank region
based on an extensive drift-bottle program conducted
along the continental shelf of eastern North America
from 1950 to 1970. Bumpus (1973) also described the
near-bottom circulation on the basis of recoveries of bottom drifters. Between 1960 and 1970, about 165,000
drift bottles and 7 5,000 bottom drifters were released;
on average about 10% of the surface drifters and 16% of
the bottom drifters were recovered. Returns of surface
drifters deployed on Georges Bank were low, typically
1-5% depending on location and season, and the largest
return was during the spring (March, April, and May).
Bumpus and Lauzier (1965) suggested that the near-surface clockwise flow aro.u nd Georges Bank and the counterclockwise flow in the Gulf of Maine were strongest
and best developed in spring. In summer the inferred recirculation around the bank was weaker, with a southward component of flow across the bank. Based on very
scant drifter returns in fall and winter, Bumpus and Lauzier (1965) inferred a southwestward (slightly offshore)
flow over Georges Bank and no recirculation northward
through the Great South Channel. The pattern of residual
bottom drift suggested by the seabed drifters was consistent with a clockwise flow around the bank and a westward drift south of the Great South Channel. In contrast
with Bigelow's description, Bumpus and Lauzier's observations clearly suggest westward flow from the southern
flank of Georges Bank into the Middle Atlantic Bight in
all seasons at the surface and bottom. In Bigelow's defense, Mountain (1984) has suggested that the westward
flow across the Great South Channel was interrupted by
a warm-core Gulf Stream ring when Bigelow made his
drift-bottle observations; thus his diagram shows principally off-shelf flow along the southern flank.
It should be noted that the return of drift bottles and
seabed drifters is very sensitive to the cross-shelf <;omponent of.flow. For example, a weak 1-cm/sec off-shelf
flow would carry a drift bottle released on the southern
flank of Georges Bank off the edge of the bank in less
than 50 days (displacement of 43 km). Thus when drifters are not recovered, an off-shelf component of flow is
inferred and there is no information on the alongshelf
current. The observatons of Bigelow, Bumpus, and Lauzier confirm a near-surface, off-bank component of flow
during the winter.
Recent Observations
Several major field studies of the currents on Georges
Bank were conducted between 1975 and 1980 (Butman
et al., 1982; see also the introduction "Physical Oceanography" by Butman and Beardsley). These studies were designed to define further the general circulation as
described by Bigelow, Bumpus, and Lauzier, to document
the seasonal variability of the circulation, and to investigate the low-frequency and tidal currents. Eulerian current measurements (that is, current measurements at fixed
points) were made by means of current meters moored at
various depths at several stations in the Georges Bank re-

gion for periods of 1-6 months. Measurements also were
made at several long-term stations for several years to determine seasonal changes in the currents. In addition, Lagrangian currents (that is, currents measured by following
the flow) were determined by satellite-tracked drifters deployed with a 2-m X 11-m window-shade drogue centered at a depth of 10 m below the sea surface (see the
introduction "Physical Oceanography" by Butman and
Beardsley). These recent current observations, to be
found in Butman et al. (1982), Flagg etal. (1982), Limeburner and Beardsley (1982), Beardsley et al. (1983), Butman and Beardsley (submitted), and Ramp, Schlitz, and
Wright (1985), are the primary basis for the description
of the seasonal mean circulation presented in this
chapter.
·
Mean Circulation
The mean (averaged over the entire length of the available record) subsurface currents determined from all Eulerian current observations longer than 1 month show the
expected clockwise circulation around Georges Bank (figure 11.1 ). Although these measurements were made during different seasons over 1975-1980, some of the major
features of the mean circulation can be described from
this operationally defined picture; The circulation around
Georges Bank is defined by a southwestward flow along
the southern flank, a northward flow on the eastern side
of the Great South Channel, a northeastward flow along
the northern flank, and a southward flow on the Northeast Peak. The mean currents were primarily parallel to
the local isobaths at each station. The strength of the
mean flow decreased with depth, but the direction of the
mean flow at each station was generally the same
throughout the water column. Except along the northern
flank, mean current speeds were typically 10-15 em/ sec
near the surface and about 5 em/sec near the bottom. At
these speeds water particles could make a circuit around
the bank (at the 60-m isobath) in about 2 months or
travel from the southern flank into the Middle Atlantic
Bight in about 1 month. Along the northern flank mean
currents were 25-30 em/sec toward the northeast. This
jetlike current was apparently confined to a relatively narrow band approximately 10-20 km wide. Although the
cross-bank and along-bank limits of the jet are poorly defined, the observations at stations 1-4 (figure 11.1) suggest that the strong flow occurs along much of the
northern flank and is strongest over the steep slope.
Although the along-isobath component of flow was
generally well resolved, the cross-isobath flow was less
than a few centimeters per second and poorly defined at
most stations; indeed with the mean flow predominantly
along isobaths, the cross-isobath mean flow may be very
sensitive to the definition of the cross-isobath direction.
However, along the southern flan~. at stations 13, 62,
and 64, the Eulerian current within 10 m of the bottom
had a substantial off-bank component of a few centimeters per second. In addition, at stations 1 and 2 on the
northern flank, the near-bottom Eulerian current was off
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Figure 11~ 1
Mean Eulerian subsurface currents
on Georges Bank. Boldface num·
bers at the origins of vectors are
station identifiers. Italic numbers in
parentheses following station lden·
tifiers indicate water depth (m) at
those stations. Numbers at the tips
of arrows indicate depth of measurement (m). The speed scale is
such that the length of the current
vector is equivalent to the mean
displacement of a water particle
during a 6·day period at map scale.
The current measurements were
not synoptic or of equal duration,
but are compiled from measure·
ments of varying length (1 month
minimum) made at different times
during 1975-1981. Because there
is a marked seasonal change In
circulation (monthly-mean current
speeds can change by as much as
a factor of four), the operationally
defined pattern shown here, based
on measurements made throughout
the year, may never occur. [Butman
et al. (1982), modified]
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10 Number at arrow tip---<lepth
of current measurement (mj
(22) Water depth at station (m)

bank into the Gulf of Maine. The off-bank, near-bottom
Eulerian current observed on the sides of Georges Bank
may have important implications for the transport of
water and material on and off the bank and may give information on the driving mechanisms of the mean
circulation.
Seasonal Mean Circulation
The mean currents measured in the various field experiments qualitatively indicate many of the major aspects of
the circulation in the Georges Bank region. However, the
mean current pattern does not show the seasonal variability of the circulation; in fact, the mean pattern probably
seldom occurs. To define the seasonal mean circulation,
the seasonal changes in long-term current observations
made at station 11 (figure 11.1) on the southern flank of
Georges Bank are first described. The seasonal variation
at other locations, based on shorter-term observations,
will then be described using the seasonal variation at station 11 as a guide. Throughout this description, emphasis
is placed on the along-isobath component of flow because this component dominates the seasonal mean and
the very low-frequency currents. The cross-isobath flow
was generally weak and is more difficult to describe unambiguously. For practical purposes, a 1-month averaging
period has been used to isolate seasonal and lower-frequency variations and to filter out synoptic, tidal, and
higher-frequency fluctuations.

At Station 11
Long-term observations of current and temperature were
made at station 11 on the southern flank of Georges
Bank in water 85 m deep from May 1975 to March
1979. Observations were made at 45 and 75 m and less
often at 15 and 84 m below the sea surface. A detailed
description of the observations made at station 11 is presented because they are longer in duration than any other
current measurements made on Georges Bank. [The
monthly variability of current and temperature at this location has been described by Butman and Beardsley {submitted) and the low-frequency current variability by
Noble, Butman, and Wimbush (1985).] Because the
monthly cross-isobath current means are small, the currents are described in a natural, local, along-isobath and
cross-isobath coordinate system instead of as eastern and
northern currents. The positive along-bank component is
directed toward 238° (southwestward) and the positive
cross-bank flow toward 328° (northwestward).
The monthly along-bank flow at station 11 was consistently southwestward (figure 11.2a). The average southwestward current at 45 m was about 8 em/sec, but the
monthly flow ranged from 2 to 17 em/sec; thus monthly
water-particle excursions ranged from about 50 to 450
km. Maximum along-bank flow was in late summer/ early
fall and minimum along-bank flow was in winter.
Although low-frequency current fluctuations are treated
in chapter 12, it is appropriate to describe briefly the seasonal changes in the low-frequency current variability observed at station 11. The average amplitude of lowfrequency current fluctuations partially indicates how
much the daily-averaged current may differ from the seasonal mean current. In addition, comparison of the seasonal changes in the variability of the currents with
seasonal changes in the possible driving forces of the currents (wind stress and density, for example) helps to show
what forces are important. The monthly standard deviation of the low-frequency along-bank currents reached a
broad maximum of 7-8 em/sec in fall and winter and a
minimum of 2-3 em/sec in spring (figure 11.2b). Although the monthly currents were consistently southwestward, the low-frequency currents were strong enough to
reverse the direction of the flow at station 11 for periods
of a few days. On a monthly basis, the along-bank dailyaveraged currents were typically southwestward more
than 80% of the time at 45 m and more than 70% of
the time at 7 5 m. The flow was most variable in winter,
when the mean flow was weak and the low-frequency
current variability large. For example, daily-averaged flow
was southwestward only about 60% of the time in November-December 1976, January 1978, a:nd January
1979. Flow direction was steadier when the along-bank
flow was strong {typically in the fall-for example, September-October 1977) or when the low-frequency varia~
bility was weak and the along-bank flow moderate
(typically in spring-for example, May-June 1975, May
1977, and June 1978).
An average seasonal cycle of the monthly-mean alongbank and cross-bank current at station 11 was deter-

mined by fitting mean, annual, and semiannual components to the observed data by least squares (figure
11.3A). The southwestward along-bank flow is weakest
in February and March (4-6 em/sec), and there is little
vertical shear. The southwestward flow is strongest in
August and September, and the vertical shear between 15
and 84 m is at a maximum (about 17 em/sec). The seasonal cross-bank flow is less than 2 em/sec throughout
the year at all depths. There was no significant seasonal
change in the cross-bank flow at 15 m, due in part to the
short record and the large low-frequency current fluctuations near the surface. At 45 m, the annual component
of cross-bank current was significant; maximum on-bank
flow was in September-October and maximum off-bank
flow in March. At 7 5 m, both the annual and semiannual
components were significant; maximum off-bank flow
was in March and in August-September and maximum
on-bank flow in December. Although the seasonal cycle
of the cross-bank flow has been included for completeness, the monthly cross-bank flow was very weak in comparison with the low-frequency cross-bank current
variability, and the estimated uncertainty of the mean and
seasonal components is large.
Butman and Beardsley (submitted) also determined the
seasonal cycles of wind stress at Nantucket Lightship and
the geostrophic velocity difference in the along-bank flow
between 15 and 45 m and between 45 and 75 m caused
by the cross-bank density field for comparison with the
observed seasonal cycle of the current at station 11 (figure 11.3B). Before proceeding to the description of the
seasonal circulation at other locations, these cycles will
be briefly described. Monthly-mean wind stress was
strongest in January (about 1.0 dyne/cm 2 from 290°) and
weakest in August (0.2 dyne/cm 2 from 177°). Thus
throughout the year the alongshelf component of wind
stress is in the opposite direction to the mean flow along
the southern flank of Georges Bank and in the Middle
Atlantic Bight. There was a well-defined seasonal variation in the geostrophic velocity difference between 45
and 75 mat station 11, with a maximum in late summer
and early fall as a result of cross-bank density differences
associated with seasonal heating. The geostrophic velocity ·
difference in the along-bank flow between 15 and 45 m
was weaker and not as well defined as the difference between 45 and 7 5 m. (See the section on the flow associated with the density field.) Flagg et al. (1982) show that
the shelf-water/slope-water front is also farthest on bank
in late fall.
At Other Locations
.
To investigate the seasonality of the monthly-mean current at other locations, the Georges Bank area was divided into six regions in which the flow was expected to
be similar, judging from bathymetry and hydrography.
The six regions are the southern flank between the 60
and 100 m isobaths, the southern flank where the water
is deeper than 100 m, the Great South Channel, the
northern flank, the Northeast Peak, and the crest of the
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Figure 11.2
Currents at station 11, where measurements were made almost continuously at 45 and 75 m from May
1975 to March 1979. Key: dot-dash
line, 15 m; solid line, 45 m; dashed
line, 75 m; light-dots line, 84 m;
heavy-dots line, best seasonalcycle fit to the current at 45 m. (a)
Monthly-mean along-bank current.
Note that the monthly-mean southwestward flow ranged from 2 to 17
em/sec. In this rotated coordinate
system positive flow is southwestward (toward 238') and negative
flow is northeastward (toward
058' ). Note that the weakest southwestward flow during the entire 4year period was in January 1977.
The tanker Argo Merchant broke
apart on Nantucket Shoals in December 1976 and released about 7
million gallons of oil, which was
carried offshore by strong
northwesterly winds (Grose and
Matteson, 1977). Had the spill oc. curred when the southwestward
flow along the southern flank of
Georges Bank was stronger, the oil
might ha\U! been carried into the
Middle Atlantic Bight instead of
southeastward and off the continental shelf. (b) Monthly-averaged
standard deviation of the low-frequency along-bank current.
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Figure 11.3A
The average seasonal cycles of
the along-bank and cross-bank
current at 15, 45, 75, and 84 m at
station 11. Positive along-bank
flow is towar$1 the southwest
(238'T); positive cross-bank flow is
toward the northwest (328 'T). The
95% confidence limits for amplitude and phase are shown by
brackets on the mean and seasonal currents. The seasonal cycle
for the 15 m observations is shown
with question marks because of
the limited data at this depth.

Figure 11.3B
(Top) The average seasonal cycles
of temperature (T) and along-bank
current (AB) at 45 m at station 11,
the geostrophic velocity difference
(~ V) between 15 and 45 m and between 45 and 75 m determined
from the cross-bank density field,
and the standard deviation of the
temperature (ur) and along-bank
current (uAB) at 45 m. (Bottom) The
average seasonal cycles of alongshelf (LS) and cross-shelf (CS)
wind stress at Nantucket Lightship,
and the standard deviation of the
alongshelf wind stress (o-,5 ). Positive alongshelf wind stress is toward 060'; positive cross-bank is
toward 330'.
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bank where the water is shallower than 60 m. The
monthly means of the near-surface, middepth, and nearbottom local along-isobath components of flow for all
stations in the six regions are shown in figure 11.4. In
general, the additional observations are limited in time
and depth coverage and do not span an entire year; thus
only a qualitative comparison can be made with the seasonal current pattern found at station 11.
The current observations made on the southern flank,
in the Great South Channel, and on the northern flank
were generally consistent with the seasonal pattern of the
along-isobath component of flow observed at station 11.
On the southern flank, near-surface observations at stations 10 and 14 (both located near the 60-m isobath)
showed maximum southwestward flow of 10-15 em/sec
in August and September. Middepth currents, primarily
. based on observations at station 10, also suggested maximum along-bank flow in August and September. The
near-bottom monthly-mean currents at stations 10-12
and 14 were about 5 em/ sec. The observations at station
12 were less consistent with the seasonal pattern, especially the measurements in winter and spring of 1979.
Observations at five stations in the Great South Channel all indicate maximum northward flow into the Gulf
of Maine in August and September at 5-15 em/ sec near
the surface (10 m). Fall and winter observations in
1978- 1979 at three stations across the channel (stations
15, 17, and 18) suggest strongest inflow in the center of
the channel (station 17) and weaker inflow on the eastern
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and western sides (stations 15 and 18). In December
1978 and January 1979 flow at station 18 was southward out of the Gulf of Maine at 2-4 em/ sec at both 29
and 49 m. At the same time, flow was weak but northward into the Gulf of Maine at 1-5 em/ sec at stations
15 and 17. These observations suggest that the monthly
flow is northward throughout the year in the center and
on the eastern side of the Great South Channel and that
strongest inflow occurs in late summer and early fall. On
the western side of the channel, flow is into the Gulf of
Maine in summer and fall, at least at depths below 10 m,
but southward out of the gulf in winter.
Monthly-mean along-isobath currents measured at station 2 on the northern flank were the strongest monthly
currents observed in the Georges Bank region at water
depths shallower than 100 m. N ear-surface observations
at station 2 made in the spring of 1976 and 1978 show a
strong northeastward flow that increased rapidly from
20-30 em/sec in April-May to 30-40 em/ sec in
June-July. Middepth monthly mean currents at station 2
were about 20 em/ sec in May-June 1978 and about 30
em/sec in August-September 1979. Near-bottom currents
were about 10 em/sec. Observations at 10 m at station 1
in May 1979 suggest a substantial decrease in the alongbank flow to the north of station 2; the strong northeastward flow apparently occurs in a relatively narrow band
along the northern flank.
Limited observations on the Northeast Peak at station
6 show an increase in near-surface and near-bottom flow
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Figure 11.4
Monthly-mean along·bank flow for
the Georges Bank stations shown
in figure 11 . 1. Near-surface (within
10-15 m of the surface), middepth,
and near-bottom (within 10-15 m
of the bottom) currents are shown
for six subregions of the bank. Station 14 is assigned to two subregions. The positive along-bank
directions for stations are station 1
(062"), 2 (065", 1976 observations
only), 2 (062"), 3 (090°), 4 (090 °), 6
(180°), 7 (180°), 8 (245"), 9 (237"),
10 (244°), 11 (238°), 12 (242°), 13
(242°), 14, southern flank (260°),
14, the Great South Channel (350"),
15 (022 °), 16 (352 °), 17 (020"), 18
(360"), 61 (270"), and 62 (270°). 10
is instrument depth, and mab is
meters above bottom. Filled triangles are for 1976, filled diamonds
for 1977, filled circles for 1978,
filled squares for 1979, pluses for
1980, and stars lor 1981. Mean
o mputed only for
currents were c_
months with at least 25 days of observation. For the southern flank,
60-100 m, the solid line is the seasonal cycle at station 11 (figure
11.3A). The individual monthly observations from station 11 are not
plotted (see figure 11.2). This is
the first compilation of the monthly
means of all of the currents measured in the 1975-1981 field
programs.
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from May to July 1979. On central Georges Bank, the
along-bank flow at station 8 from April to July 1976 was
approximately constant. At station 9, the along-bank
flow increased from May to July 197 8.
On the southern flank of Georges Bank in water
depths greater than about 200 m (stations 13 and 62),
monthly currents of 20-40 em/ sec toward the northeast
and southwest were observed. The strong northeastward
currents observed in December 1980 and January 1981
were caused by warm-core Gulf Stream rings located
along the edge of the shelf (figure 11.5). The clockwise
circulation around these large rings causes eastward or
northeastward flow along the outer southern flank of
Georges Bank that can last for 1-3 months, depending
on the age, shape, size, and drift of the ring. These energetic eddies effectively mask the seasonal mean flow
along the southern edge of the bank; their effect apparently does not frequently extend onto the bank past the
100-m isobath.
These additional observations of the monthly-mean
along-isobath current are consistent with an intensification of the around-bank flow in late summer as suggested
by the long-term observations at station 11. Although
quite limited, data for the crest of the bank within the
60-m isobath show very weak mean flow within that region. The western side of the Great South Channel is apparently the only location where the seasonal change in
the flow actually reverses the flow from the direction
shown in figure 11.1.
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Lagrangian Observations
The near-surface current pattern determined from the trajectories of satellite-tracked drifters deployed with ' 10-m
window-shade drogues was similar to the Eulerian current
pattern (Butman et al., 1982). A unique feature of these
Lagrangian measurements is that they suggest actual
water-particle trajectories, which can only be inferred
from the Eulerian measurements.
The 10-m Lagrangian current measurements suggest an
intermittently closed, clockwise subsurface circulation
around Georges Bank. Selected trajectories illustrate the
recirculation around the bank and its variability (figure
11.6). Drifter 620, deployed in August 1979 north of the
Great South Channel, executed one complete loop
around Georges Bank in about 60 days and then crossed
the Northeast Channel, leaving the bank. In contrast,
drifter 433, deployed on the Northeast Peak in May
1979, moved along the southern flank, across the Great ·
South Channel, and into the Middle Atlantic Bight.
Drifter 034 deployed on the northern flank in December
1978 moved southward and southwestward along the
southern flank to about 67 ° W and then off the shelf
into the Slope Water. These three drifters were released
in August, May, and December, when the Eulerian measurements showed the clockwise circulation to be, respectively, intense, moderate, and weak. The trajectories
show more than a complete circuit around the bank
when the circulation was strong, progressively less recirculation when the gyre was weaker.
Flagg et al. (1982) further show from 10-m drifter observations made between December 1978 and November
1979 that the clockwise circulation is most intense in
summer and early fall and that water, at least at 10 m, is
most likely to recirculate through the Great South Channel at this time. All of the satellite-tracked drifters that
passed south of the Great South Channel (near station
14, figure 11.1) in summer (10 July-31 October) turned
northward into the channel (figure 11.7a). In contrast, .
drifters that passed south of the channel in winter and
spring (before 10 July or after 31 October) continued
westward into the Middle Atlantic Bight (figure 11.7b).
These drifter observations strongly suggest near-surface
recirculation around Georges Bank in summer and early
fall and little recirculation in winter and spring.
Summary of Recent Field Observations
The recent current observations show that the monthlymean currents on Georges Bank are approximately parallel to the local isobaths and largely form a clockwise circulation around the bank. The intensity of the circulation
varies with season; at most locations the late summertime .
flow is approximately twice as strong as the flow during
winter. The late-summer circulation pattern is shown
schematically in a three-dimensional diagram in figure
11.8 and the winter (March) and late-summer (September)
patterns in plan in figure 11.9.
The circulation can be separated into three seasons on .
the basis of the strength of the mean current, the amplitude of the fluctating currents, and the extent of recircu-
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Figure 11.5
Sea-surface temperature on 1 February 1981 measured by an infrared Advanced Very HighResolution Radiometer (AVHRR) on
the TIROS N satellite. Water temperature is indicated by color,
which has been computer generated from the temperature data.
Temperatures are about 2· low be·
cause certain atmospheric corrections have not been made. The 60and 200-m isobaths have been superimposed on the image. The
white streaks in the center and
lower right corner are clouds.
There are two Gulf Stream rings in
the image. One large ring is located just south of Georges Bank,
and a second, smaller ring is partly
visible at the western edge of the
image. Both rings have entrained
water from the shelf; the eastern
ring in particular has a large mass
of cooler shelf water located to its
east. The strong clockwise circulation around the eddies causes
eastward currents along the south·
ern flank of the bimk for extended
periods when the eddies are
nearby. For example, note the
strong eastward flow at station 62
(where the flow in the absence of
warm-core rings is southwestward)
in December 1980 and January
1981 (figure 11.4) just before this
image was made. Because the
eastward flow associated with
these eddies is so strong (50-100
em/sec}, the mean flow computed
from long-term measurements may
indicate an eastward current. A
companion summer image is
shown in figure 7 in the introduction "Physical Oceanography" by
Butman and Beardsley. [Image
courtesy of A. Tvirbutas, Draper
Laboratory, Cambridge, MA, and
the National Marine Fisheries Service, Woods Hole, MA]

Figure 11.6
Tracks of satellite-tracked drifters
drogued at 10 m showing possible
near-surface water-particle trajectories. Drifter 620 was deployed in
August 1979, drifter 433 in May
1979, and drifter 034 in December
1978. Positions on selected calendar days are shown along each trajectory. [Butman et al. (1982)]
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Figure 11.7
Tracks of all satellite-tracked drifters drogued at 10 m that passed
south of the Great South Channel
near station 14 (figure 11.1) between 10 July 1979 and 31 October 1979 and before 10 July 1979
or after 31 October 1979. In summer all drifters turned north into the
Great South Channel, confirming
the intensification at that season of
the near-surface recirculation
around Georges Bank (Flagg et al.,
1982). The number at the start of a
drifter track is the drifter identifier,
and the number in parentheses following an identifier is the day of
the year upon which the drifter was
deployed.
10 Ju ly 1979 through 31 October 1979
Dashed lines ind icate limited positions and estimated track
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Figure 11.8
Summer mean along-bank flow in a
section across the central part of
Georges Bank through stations 1,
2, 8, 10, 11, and 13 (see figure
11.1 ). The white arrows indicate
the flow where current meters were
deployed. The red curve is the surface current extrapolated from the
near-surface measurements. Note
the strong, narrow jet on the northern flank, the weaker, broader flow
along the southern flank, the vertical shear in the along-bank flow;
and the weak flow on the shallow
crest of the bank. The northern
flank of the bank is cut away so
that the currents at depth are visible. The sheets at the sides of the
bank schematically delimit layers
of water of uniform density. The
crest of the bank is vertically well
mixed, so that there is no density
stratification there. At about 50 m
on the northern and southern
flanks is the tidally induced front.
Here the density surfaces turn up
toward the surface and down toward the bottom (as in figure
11.13a). Seaward of the tidally induced front on the southern flank
is the shelf-water I slope-water front,
which is indicated by the crossbank gradient in the density field.
[Drafted by Kevin King]
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Figure 11.9
Circulation on Georges Bank and
wind stress at Nantucket Lightship
(NLS) in March (a) and September
(b) based on recent Eulerian current measurements. (Despite the
new data, knowledge of the seasonal changes in the circulation is
limited, and thus surface, middepth, and near-bottom currents
are only shown at a limited number
of stations where there is moderate
seasonal coverage.) The shelfwater/slope-water front along the
southern flank and the tidally induced front surrounding the central
region are also shown. The major
changes in going from winter to
summer are intensification of the
along-bank flow on the northern
and southern flanks caused by the
increased cross-bank density field,
increased recirculation through the
Great South Channel, development
of the tidally induced front at about
50 m, an on-bank movement of the
shelf-water/slope-water front, decreased low-frequency variability,
especially on the New England
shelf and in the Great South Channel, and decreased wind stress
variability. The ellipses at the ends
of the current (wind stress) arrows
are proportional to the standard
deviation of the low-passed currents (wind stress) and indicate the
low-frequency variability.
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lation around the bank (table 11.1). In winter the
monthly-mean flow is at a minimum,' and there is little
vertical shear in the along-isobath current. The variability
of the current is large because of winter storms, and the
recirculation through the Great South Channel is small.
In late spring-early summer (April, May, and June), the
monthly-mean flow and the vertical shear gradually increase from the winter minima. The variability of the
flow is at a minimum because of moderate wind stress
and weak horizontal density gradients, and there is some
recirculation around the bank through the Great South
Channel. In late summer (September), the monthly-mean
flow and vertical shear are at their greatest. The low-frequency variability is large because of fluctuations associated with the strong horizontal density field, and
recirculation through the Great South Channel is most
likely. The transition between winter and spring is gradual, as illustrated by the long-term observations at station
11. The transition from summer to early winter is more
abrupt as storms begin to drive low-frequency currents
and to cool and mix the water colu~n vertically.
Dynamics of the Seasonal Mean Circulation
The mean circulation on the continental shelf is generally
considered to be driven by surface wind stress, horizontal
gradients in the density field associated with buoyancy
sources or differential mixing rates, nonlinear tidal-current interaction, or pressure gradients imposed by the
large-scale ocean circulation. In the next four subsections,
existing theories for the mean flow caused by these
mechanisms are presented, and the predictions of theory
are compared with the observed seasonal-mean circulation. Emphasis will be placed on the extent to which
steady-state dynamical theories can account for the yearround component and seasonal intensification of the
along-isobath flow. For this analysis, the minimum
monthly-mean around-bank flow observed in winter will
be taken as the year-round component of flow. Each of
the mechanisms cited probably drives the flow to some
Table 11.1
Characteristics of the current pattern in three seasons'

Period
Winter Oanuary,
February)

Lowfrequency
Mean Vertical variability
flow shear Wind Density Recirculation
L

H

L

L

Me
Early summer
(April, May, June)

Me

L

L

Me

Hd

Hd

L

H

Late summer
(September)

P

a. Based on mean flow, vertical shear, low-frequency variability (associated with density or wind stress), and extent of recirculation through the
Great South Channel: H, high; M, moderate; L, low.
b. Minimum.
c. Increasing.
d. Maximum.

extent in all seasons; however, the temporal variations in
the strength of these forces provide some clue as to their
relative importance at different seasons. The perpetual
tidal forcing is a possible mechanism for driving a component of flow throughout the year, and the observed
seasonal variations in wind stress and density structure
(figure 11.3B) suggest that they may contribute to the
· seasonal changes of the around-bank flow. As will be discussed, the existence and temporal variation of any externally imposed pressure gradient are less clear, but such a
gradient can explain several basic features of the observed
circulation.
In the last ten years there has been an increase in efforts to model the circulation on Georges Bank, partially
motivated by the recent large observational programs.
There has been no attempt, as yet, to model the circula. tion driven by all four mechanisms simultaneously; instead, each process has been addressed separately. Theory
for some mechanisms is better developed than for others.
For example, both analytical and numerical models have
been developed for tidal rectification, and there has been
some comparison with observation. In the case of external forcing, however, the magnitude and cause of the
along-bank pressure gradient is uncertain, and evidence
for its existence only circumstantial.
The oblong topography of Georges Bank and its
location in the Gulf of Maine make analytical modeling
difficult. The analytical theories to be presented are developed for a simplified topography across the northern
and southern flanks and thus only model the flow along
these sides of the bank. The predictions of these theories
are compared primarily with observations obtained at
long-term station 11 on the southern flank and at stations 1 and 2 on the northern flank.
Mean-Flow Generation by Tidal Rectification
The Basic Mechanism
The semidiurnal M 2 tidal current is the most energetic
component of the current field in the Georges Bank region (s'ee the introduction "Physical Oceanography" by
Butman and Beardsley and chapter 9). It flows primarily
northwestward/ southeastward into and out of the Gulf
of Maine. Where this oscillatory motion is across isobaths, theory suggests that vorticity and momentum can
be transferred to the mean state, resulting in an along-isobath mean flow (Zimmerman, 1980; Huthnance, 1981).
For Georges Bank, a clockwise around-bank mean flow is
expected (Loder, 1980; Hopkins and Garfield, 1981 ). In
addition, because the amplitude of the driving tidal current varies over fortnightly and monthly periods, there
should also be fortnightly and monthly modulations of
the around-bank mean flow.
In the idealized context of depth-independent (that is,
having no vertical structure) motion on the sloping side
of a large bank, ·the primary along-bank mean momentum balance is

a-

a)hUV ) = -kv,

(1)

where x and y are the cross-bank (positive in the on-bank
direction) and along-bank (positive in a clockwise sense)
coordinates, U and V are the cross-bank and along-bank
components of tidal current, v is the along-bank mean
current, h is the ·fluid depth, k is a linear bottom-friction
coefficient, and the overbar indicates the time average
over a tidal period. The driving term on the left-hand
side of (1) is a cross-bank divergence in the cross-bank
mean flux of along-bank tidal momentum. Continuity,
the earth's rotation, and friction result in a stronger and
slightly rotated tidal current on the crest of the bank.
Over the sloping side of the bank, there is then a crossbank gradient in the tidal current, and the resulting divergence in the tidal momentum flux [the left-hand side of
(1)] is balanced by bottom stress on an around-bank
mean flow.
Theory also predicts that there can be a substantial
Stokes (mean Lagrangian minus mean Eulerian) velocity
associated with tidal ·rectification, so that the mean velocity of a particular fluid element (the mean Lagrangian velocity) can be different from the mean velocity measured
at a fixed point (the mea!l Eulerian velocity) (LonguetHiggins; 1969). This occurs primarily because during a
tidal excursion a fluid element moves through regions of
different tidal excursion (as well as different mean Eulerian current), resulting in a mean motion different from
the mean current measured at any given point.
Predictions from Depth-Independent Theory
Greenberg (1983) has predicted the Eulerian current pattern over Georges Bank due to rectification of the M 2
tidal current by using a depth-independent, nonlinear numerical model and realistic topography (figure 11.1 0).
There is a clear clockwise flow around the bank parallel
to the isobaths, with the strongest currents on the order
of 10 em/ sec in a 20-km-wide jet along the northern
flank . On the southern flank, there is a broader southwestward flow of a few centim.eters per second, and on
the eastern side of the Great South Channel a northward
flow that provides some recirculation. These results lend
strong support to the idea that tidal rectification contributes significantly to the year-round component of the observed circulation on Georges Bank. However,
Greenberg's model does not have sufficient horizontal
resolution and extent to predict accurately the detailed
structure of the flow.
The cross-bank structure of the along-bank mean flow
on the northern and southern flanks and the associated
Stokes velocity predicted by depth-independent theory
can be examined using Loder's (1980) extension of Huthnance's (1973) idealized model, in which (1 ) is the primary momentum balance. For the northern flank (figure
11.11A), the along-bank current jet is centered near the
50-m isobath and the maximum speed is about 14 em/
sec. The Lagrangian speed is about two-thirds of the Eulerian speed. Station 2 is slightly off bank from the center
of the jet, and a very weak flow is predicted at station 1
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on the 200-m isobath. The predicted southwestward flow
on the southern flank is weaker than the northeastward
flow on the northern flank and has two maxima (figure
11.11B)-a broad maximum in shallow water of about 8
em/sec and a narrow, weaker jet over the shelf break.
The shelf-break jet is not predicted by Greenberg's numerical model because the model's outer boundary is
near the shelf break. Station 11 is located in the valley
between the two maxima on the southern flank; the predicted speeds are on the order of 1 em/sec. The models
predict Eulerian transports of about 0.12 X 10 6 m 3 /sec
for both the northern and southern flanks with smaller
Lagrangian transports due to the Stokes velocity. These
transports are substantial fractions of the transports
crudely estimated from current observations along the
flanks.
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Figure 11.10
Mean Eulerian current driven by
rectification of the M, tidal current
in the Georges Bank region as predicted by Greenberg's (1983) 7-km
grid, nonlinear numerical model of
the Gulf of Maine. The 50- and
100-m isobaths are as in the
model. Stations 2 and 11, referred
to in figures 11.11 and 11.12, are
highlighted. [Greenberg ( 1983),
modified]
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Figure 11.11
Along-bank mean Eulerian (solid
line) and mean Lagrangian (dashed
line) currents (em/sec) on the
northern flank (a) and southern
flank (b) of Georges Bank as predicted by Loder's (1980) idealized
depth-independent model of tidal
rectification with the interaction of
mean and tidal currents included.
The deep-water forcing parameters
(in Loder's notation) are H. = 220
m,
= 13 em/sec, R = 0.5, and
q,, = -1r19 for the northern flank
and H. = 276 m, u. = 10 em/sec,
R = 0.75, and q,, = 1r/2 for the
southern flank.

u.

120 km

Vertical Structure in the Current Due to Friction
The depth-independent theory neglects vertical structure
in the tidal and mean currents due to friction, density
stratification, and other influences. Such an omission may
not be fully justified because friction is known to play an
important role in tidal rectification and because there is
substantial density stratification over the flanks of
Georges Bank during much of the year. For example, the
vertical structure of the tidal current observed at station
2 (Moody et al., 1984) suggests variability associated with
the density field, so that at best the predictions for the
northern flank are probably only adequate in winter,
when stratification is minimal. On the southern flank,
however, measurements show little influence of the density field on the tidal current (Brown, 1984), and thus
theories for a vertically homogeneous fluid are more
likely to be appropriate. There is no theory for mean-current generation by tidal rectification that includes the influence of density structure on the tidal motion.
Wright and Loder (1985) have examined the frictionally induced vertical structu.re of the mean current due to
tidal rectification in a homogeneous fluid by using a
depth-dependent model similar to the idealized model
discussed, but that neglects the interaction of mean and
tidal currents. The predicted along-bank flow at stations
2 and 11 (figure 11.12a) is in a clockwise sense at all
depths and has a simple vertical structure. However, the
depth-averaged Eulerian current speed is increased by
about 35% over that in the depth-independent model,
and because the depth-averaged Stokes velocity is unchanged, the Lagrangian flow is about three-quarters that
of the Eulerian. Thus from a combination of results from
numerical and idealized models for a homogeneous fluid,
depth-averaged along-bank Eulerian current speeds of
about 13 and 1.1 em/sec are predicted for stations 2 and
11, respectively.
The cross-bank flow (figure 11.12b) is an order of
magnitude weaker than the along-bank flow, with speeds
on the order of land 0.1 em/sec expected at stations 2
and 11, respectively. Off-bank flow near. the sea surface
and bottom and on-bank flow at middepth are predicted.
There is also a significant contribution from the Stokes
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velocity. However, since these cross-bank currents are
strongly dependent on the values of the tidal and friction
parameters, predictions of the details of their structure
may be inaccurate, and predicted currents at other locations around the bank may be substantially different.

Observational Evidence
The analytical and numerical models qualitatively show
the observed around-bank flow and the strong, narrow
jet along the northern flank. However, clear observational evidence for tidal rectification has been difficult to
obtain. The mean currents in late winter, when the effects of density are weakest and wind stress is moderate,
may most closely approximate the flow caused by ·tidal
rectification alone. On the northern flank, late-winter
along-bank flow at station 2 was about 20 em/sec (figure
11.4), compared with the theoretical prediction of a
.depth-averaged Eulerian current of 13 em/sec (figure
11.12a). On the southern flank the predicted depth-averaged Eulerian current at station 11 of about 1 em/sec is
substantially less than the observed wintertime flow of
about 5 em/sec. The annual mean cross-bank flow observed at stations 2 and 1l(figure 11.1) is off bank near
the bottom relative to middepth as predicted by the
depth-dependent theory (figure 11.12), but the observed
current is several times stronger than predicted. The predicted amplitude of the cross-bank flow associated with
tidal rectification is so small at stations 2 and 11 that
field observations of the cross-bank flow are probably
not useful as a test for tidal rectification at these stations.
(Stronger cross-bank flows associated with tidal rectification may occur at other locations.) Furthermore, the seasonal variation of 1-2 em/sec in the cross-bank flow
observed at station 11 at 45 and 75 m (figure 11.3A)
suggests that other processes make large contributions to
the monthly-mean cross-bank flow.
No comparison of Eulerian and Lagrangian currents
verifying the predicted Stokes velocity associated with
tidal rectification has been carried out. This would require a larger and more detailed set of Lagrangian observations in the vicinity of the Eulerian ones than is
available.
There have been two attempts to demonstrate tidal
rectification through the analysis of current-meter records. These sought to determine whether there are
monthly or fortnightly variations in the mean current associated with the monthly and fortnightly modulations of
the tidal current. In an analysis of the long-term current
measurements at station 11 on the southern flank, Butman et al. (1983) found a coherence at the monthly period between the along-bank mean current at 45 m and a
simulated record of the tidal forcing. Stronger tidal currents were accompanied by a stronger southwestward
mean flow. Using the observed amplitude of the monthly
modulation of the mean current and an extension of the
idealized depth-independent model discussed previously
to predict the ratio of the modulation amplitude to the
long-term mean flow at various positions, Butman et al.
(1983) estimated the along-bank mean flow associated
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Figure 11.12
Predictions of along-bank (a) and
cross-bank (b) mean Eulerian (solid
line) and mean Lagrangian (dashed
line) currents (em/sec) for stations
2 and 11 (see figure 11.1) from
Wright and Loder's ( 1985) depthdependent model of tidal rectification. Values for the nondimensional
friction and tidal parameters approximating those expected at both
stations 2 and 11 are (in Wright
and Loder's notation) E = 0.01, F
= 0.1, v)v = 2, k)k = 1, R = flu
= 0. 7, and q, = "/2. The strength
of the flow is also proportional to ·
L.IL,, taken as 0.33 and 0.025 at
stations 2 and 11, respectively,
and to u., taken as 33.6 and 32.5
em/sec, respectively. The predicted current speed for station 2
also has been modified to account
for the expected influence of the
interactions of mean and tidal currents (a 17% increase) and for the
values of R and q, not being exactly
appropriate (a 30% decrease).

1.0

Station 2

with tidal rectification to be 2.0 em/sec at 45 m and less
than 1.6 em/sec at 75 m. These estimates agree reasonably with the predictions of about ·1 em/sec (figure
11.12), which suggests that there is a small but significant
contribution from tidal rectification to the along-bank
flow on the southern flank. However, the southern flank,
especially station 11, is clearly not an ideal location for
testing the effect of tidal rectification because the predicted flow is so weak (figures 11.11 and 11.12) and because ·low-frequency fluctuations caused by other
processes tend to mask any monthly or fortnightly
modulation.
·
In addition to the coherence between the along-bank
current and tidal forcing, Butman et al. (1983) found a
significant coherence at the monthly period between the
cross-bank mean current at 7 5 m at station 11 on the ·
southern flank and the simulated tidal elevation record.
The observed modulation of the cross-bank flow was
about 0.5 em/sec, with increased on-bank flow associated with stronger tidal currents. This suggests that the
cross-bank flow due to tidal rectification is much
stronger than and in the direction opposite to the predictions of Wright and Loder's (1985) depth-dependent
model (figure 11.12b). Thus the cross-bank currents associated with tidal rectification remain uncertain.
On the northern flank, where the analytical and numerical models suggest a major contribution to the alongbank flow from tidal rectification, Magnell et al. (1980)
found a strong correlation at station 2 between variations
in the along-bank mean current at 45 m and variations in
the amplitude of the along-bank tidal current during the
spring of 1978. Although the correlation suggests some
form of tidal rectification, the variations had periods of
3-5 days, which led the authors to attribute the modulation to advection of the mean and tidal current fields in
the narrow jet past the instrument location.
Subsequent analysis by Flagg et al. (1982) using all
available data at stations 1 and 2 on the northern flank
did not show any obvious modulation of the along-bank
flow at fortnightly or monthly periods. However, the records were short, which makes resolution of the very lowfrequency modulations difficult. Further, the dynamics of
the modulation over steeply sloping topography is complex, and modulations of the mean flow can be smaller
than the modulation of the forcing (Butman et al., 1983).
Thus although there is a sound theoretical and numerical
basis for expecting a substantial contribution by tidal rectification to the along-bank mean flow on the northern
flank, it has not yet been verified.
Flow Associated with the Mean Density Field

Origin of Density Gradients
There are a number of factors causing horizontal density
gradients in the Georges Bank region. The primary influence inside the 100-m isobath is the enhanced vertical
mixing associated with the strong tidal currents over the
crest of the bank. As summer surface heating increases
thermal stratification in the deeper waters around the

bank, the waters inside the 50-60-m isobaths remain vertically well mixed, which is generally consistent with the
H/U 3 criterion for tidal mixing (Garrett, Keeley, and
Greenberg, 1978). Thus a tidally induced front develops
seasonally around the shallow crest of the bank. The
front is strongest in late summer and early fall and is
most intense on the northern flank, where the steep topography begins near the 50-m isobath. In addition to
this cross-bank gradient in stratification, a cross-bank gradient in depth-averaged density develops in summer over
the bank. This is due to the increased input of heat per
unit volume of water on the crest of the bank because of
the shallower water column there. There can also be seasonal variations in along-isobath density gradients due to
seasonal variability in wind mixing, convective overturning, and river runoff, and hence in the self-advection
along isobaths of waters of different bottom density
(Shaw and Csanady, 1983). On the southern flank along
the outer edge of the bank, the density field is strongly
influenced by the year-round presence of the shelf-water/
slope-water front, which undergoes seasonal variations in
shape and density difference as well as position. (chapter
10).

The Geostrophic Flow Field ·
From the time of Bigelow's classic work (1927), dynamicheight computations have been used to infer that the
summertime intensification of the clockwise circulation
around Georges Bank is associated with the density field.
These computations assume that the mean motion is
geostrophic and that the along-bank current satisfies the
thermal wind equation

av
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where z is the vertical coordinate, g is the gravitational
acceleration, f is the Coriolis parameter, and p is the fluid
density. For lighter (warmer) water on the crest of the
bank and on the assumption that there is no flow near
the bottom, clockwise flow around the bank is expected;
it should be most intense when the cross-bank density
gradient is strongest.
The most extensive set of dynamic heights for the
Georges Bank region to date were calculated by Flagg et
al. (1982), using most of the hydrographic data available
for the period 1975-1979. They computed dynamicheight anomalies between the surface and 50 or 110 m
(essentially the surface-elevation anomaly, assuming no
motion at the lower level) for various parts of the bank
in winter and summer. They found a rather flat dynamic
surface in winter, but higher anom~lies in shallow water
in summer, consistent with increased clockwise circulation. The largest cross-bank gradient in dynamic height
occurred on the northern flank in summer and indicated
a clockwise surface flow of 23 em/ sec relative to the
flow at 110 m. This is roughly consistent with the limited
current observations at station 2 (figure 11.4) which show
that the near-surface current and vertical shear increase in
spring and early summer as stratification intensifies. Flagg
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et al. (1982) also found weak along-bank gradients in dynamic height in summer, which suggests increased offbank flow on the order of 1-2 em/sec at depth on the
northern and southern flanks; however, the existence of
these gradients is less certain. These authors also compared geostrophically determined shears with measured
ones and found only a modest positive correlation in
summer, but a higher one in winter. This confirms that
part of the observed circulation is associated with the
density field, but suggests that either geostrophy does not
hold exactly everywhere (as expected with other forcing
mechanisms present) or the hydrographic data were insufficient to determine the seasonal mean density field
accurately.
Butman and Beardsley (submitted) examined the extent
to whiCh the annual mean and seasonal variation of the
along-bank current at station 11 (figures 11.3A and
11.3B) are related to the cross-bank density field as determined by 10 hydrographic sections made during
1976-1979. They found a seasonal cycle in the geostrophic velocity difference between 45 and 75 mat station 11 (figure 11.3B) having approximately the same
amplitude (6.6 em/sec) and phase as the seasonal variation in the observed velocity difference. There was also
an annual mean geostrophic velocity difference of 3.9
em/ sec (indicating greater southwestward flow at 45 m)
that was 80% of the observed annual mean shear. However, the geostrophic velocity difference between 15 and
45 m at station 11 was smaller than observed in late fall
(figures 11.3A and 11.3B). In terms of a year-round component and seasonal intensificati~n of the southwestward
flow on the southern flank, Butman and Beardsley's (submitted) results suggest that the seasonal intensification of
the shear in the lower half of the water column is associated with the cross-bank density gradient.
The Influence of Friction
As a result of the vertical transfer of momentum by turbulent mixing, there can also be an ageostrophic component (that is, a component parallel to the horizontal
density gradient) of the seasonal mean flow associated
with the cross-bank density field. For velocity and length
scales and friction values appropriate to Georges Bank,
and ignoring hydrodynamic instabilities, theory (Garrett,
1982) suggests that flow along the fronts should remain
in near-geostrophic balance outside surface and bottom
Ekman layers, while internal friction induces a cross-front
flow given by
U

=

.K_~(./P)·
pfaz az
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An accurate prediction of the structure of this flow is difficult, however, because of uncertainty as to the appropriate value and depth dependence of the vertical eddy
viscosity v.
The expected qualitative features of the along- and
cross-front flows can be demonstrated by applying Garrett and Loder's (1981) analytical diagnostic model for

frontal circulation to the average summertime density
field across part of the southern flank as computed for
1975-1979 by Flagg et al. (1982) (figure 11.13). With
the depth-averaged cross-front flow specified as zero, the
along-front fl{)w is directed southwestward and is strongest near the surface and in deeper water. At station 11
the computed flow is substantially less than that observed
(figure 11.3A), but there is rough agreement with the observed velocity difference between 45 and 7 5 m. The
cross-front flow is on the order of 1 em/ sec or less and
is strongest in the bottom Ekman layer and in shallow
water. The model predicts on-bank flow near the bottom
and off-bank flow at middepth. The cross-front flow predicted for station 11 is much weaker than that observed,
and the observed increase in on-bank flow at middepth
and off-bank flow at 7 5 m in summer (figures 11.3A and
11.3B) are not reproduced by the model.
Although this prediction of cross-frontal circulation
must be considered speculative because other processes
appear to dominate at station 11, there are sound physical grounds for expecting a density-driven cross-front
flow with qualitative features such as those shown in figure 11.13, particularly in shallow water where friction is
strongest. Internal friction should allow water from the
well-mixed side of the front to flow off bank roughly
along the appropriate density surface, while denser water
at depth tends to creep onto the bank. Analogous diagnostic calculations for the northern flank, where the tidally induced front is more intense, suggest the same
doubled-celled pattern as in figure 11.13C, with crossfront speeds of a few centimeters per second.
Flow Associated with Along-Isobath Density Gradients
The previous geostrophic calculations only give the alongbank flow relative to the flow at some reference level.
The absolute along-bank flow speeds associated with the
cross-bank density field in figure 11.13 result from the
specification of no depth-averaged cross-bank flow,
which implies, given Garrett and Loder's (1981) other assumptions, no along-bank flow at the seafloor.
Shaw and Csanady (1983) have shown that an alongisobath gradient in the bottom density over a sloping
seafloor can drive an along-isobath bottom flow in such
a way that the curl of the bottom stress balances the vortex-tube stretching associated with the geostrophic crossisobath flow. Thus parcels of bottom water of anoma- ·
lous density tend to self-advect along isobaths with shallow water to the right of the flow (looking downstream)
in the case of dense parcels. During much of the year,
bottom-water density gradients in the Georges Bank region are largely perpendicular to the isobaths, but Shaw
and Csanady (1983) have pointed out that there is a
succession of weak cross-shelf density fronts associated
with the southwestward flow of water from Georges
Bank into the Middle Atlantic Bight (also see Houghton
et al., 1982). It is suggested that these along-isobath density gradients develop during the formation in winter of
Maine Intermediate Water and cold-band water by atmospheric cooling and mixing in localized areas of the
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Figure 11.13
Flow along the front in em/sec (b)
and streamlines of cross-front flow
in (cm2 /sec) x 10- • (c) on the
southern flank of Georges Bank in
summer, obtained by applying Garrett and Loder's ( 1981) diagnostic
frontal model to the idealized
cross-bank density field in u, (a).
Specified values (in Garrett and
Loder's notation) are h. = 90 m, a
= - 9.1 x 10-4, L = 66 km, Ap =
0.002 g/cm', Po= 1.0241 g/cm', s
= 0.8, and hU. = 2.5 x 10' cm 2 /
sec. ~p(x) is obtained from (4. 11)
of Garrett and Loder ( 1981 ).
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Gulf of Maine, Georges Bank, and the Middle Atlantic
Bight. Then this anomalous water self-advects toward the
Middle Atlantic Bight beneath the seasonal thermocline
during the following spring and summer (chapter 10). The
results of Shaw and Csanady's (1983) model suggest that
this mechanism may be one of those forcing the mean
circulation around Georges Bank, particularly that on the
southern flank. Howev-er, the seasonality of this mechanism is unclear, since coastal discharge and inflow of
Scotian Shelf water can also contribute to along-isobath
density gradients, but with a different seasonal
dependence.
Flow Associated with the Shelf-W aterl Slope-Water Front
Seaward of station 11 on the southern flank, the density
field is dominated by the shelf-water/slope-water front,
which extends along the shelf break from the Northeast
Channel to south of the New England Shelf. The annual
mean position of this front in the Georges Bank region is
near the 100-m isobath at the seafloor and about 40 km
offshore at the surface (chapter 10). A detailed study
conducted on the shelf near 71° W has indicated that
the along-front flow is approximately geostrophic (Flagg,
1977).
On the southern flank of Georges Bank, the flow that
can be directly attributed to the shelf-water/slope-water
front is not precisely known, but some qualitative expectations of the seasonal variation in along-front flow and
transport can be obtained from the conceptual model of
a Margules front that has shelf water of uniform density
overlying Slope Water at rest. Shelf water above the frontal interface then flows southwestward at speed

v =

gD..p

aH

pf ax

(4)

with a total transport
T

=

gb..pH~
2pf '
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where b..p is the cross-front density difference, H(x) is the
thickness of the layer of shelf water, and Hb is the depth
at which the front intersects the seafloor. Thus variations
in the slope of the interface would affect the speed of local flow, but not the transport of shelf water, while variations in transport should be expected with variations in
the density difference across the front and in the position
where the front intersects the bottom (on the assumption
that the Slope Water remains at rest). This idealized
model suggests that the contributions to transport from
the observed seasonal variations (Flagg et al., 1982) in the
front's density gradieitt {strongest in summer) and bottom
position (farthest offshore in winter) are partially compensating, with a transport of about 0.52 X 106 m 3 / sec expected in summer and 0.24 X 106 m 3 / sec in wintec
Although considerable spatial and temporal variability in
frontal slope has been observed, Flagg et al. (1982) did
not detect a seasonal variation; by using their average
value for the slope, flow speeds of about 34 and 11 em/
sec are expected in summer and winter, respectively.

The Wind-Driven Mean Flow
The primary wind-driven currents of the Georges Bank
region are expected to be associated with the most ener-_
getic fluctuations in surface weather patterns, having periods of several days to several weeks (chapter 12).
However, the annual mean and seasonal variations of
wind stress (figure 11.3B) suggest that there can also be
contributions to longer-term current patterns. For example, it has long been suggested (Bigelow, 1927; Bumpus
and Lauzier, 1965; Bumpus, 1973, 1976) that there is a
southward surface drift across the bank in winter driven
by the prevailing northwesterly winds.
The response to forcing by the seasonal mean wind can
be partitioned conceptually into two components-a local component related to the local wind stress, topogrphy, and friction, and a region-wide response that is
dependent on the curl of the wind stress and the largescale pressure gradients associated with coastal geometry
and the topography of the Gulf of Maine and adjacent
shelf. There also may be a contribution to the seasonal
mean circulation from the seasonal variation in amplitude
of higher-frequency wind fluctuations through a rectification process analogous to tidal rectification (Denbo and
Allen, 1983), although this mechanism has not been examined in the Georges Bank region. Further, there may
be indirect contributions through the wind's influence on
the density field; for example, the offshore displacement
of the shelf-water/slope-water front in winter occurs
when the seasonal mean wind stress is strongest and directed more offshore.

flanks of Georges Bank up to about 0.5 em/ sec to the
northeast ih summer and 1 em/ sec to the southwest in
winter and offshore cross-bank flows of about 0.4 em/
sec in summer and 2 em/sec in winter. Thus existing theory predicts local wind forcing to have an insignificant effect on the strong around-bank flow in summer and only
a minor effect on cross-bank flow. In contrast, it is predicted that the stronger winds of winter make a substantial contribution to the observed offshore cross-bank
flow and a small contribution to the southwestward
along-bank flow on the southern flank.
These theoretical p~edictions must be viewed with caution, however, since the analysis of Noble, Butman, and
Wimbush (1985) of the station 11 data does not support
the prediction that cross-bank winds are more effective
than along-bank winds in driving along-bank currents.
They found no coherence between cross-bank wind and
along-bank current at 45 m or between cross-bank wind
and cross-bank current. The transfer coefficient between
along-bank wind stress and along-bank current at 45 m
at station 11 was about 2 em/ sec for each dyne/ cm 2 of
wind stress at monthly periods. Since the pe-ak-to-peak
amplitude of the seasonal cycle of along-bank wind stress
is about 0.6 dyne/ cm 2 (figure 11.3B), the wind stress appears to cause about 1.2 em/ sec, or about 20% of the
observed 6.2 em/ sec seasonal change in the along-bank
flow at 45 m at station 11. These observations suggest
that in winter the strong northeastward component of the
seasonal mean wind retards the southwestward flow at
middepth along the southern flank.

The Local Wind-Driven Response
Hopkins and Garfield (1981) and Bri,nk (1983) have discussed the circulation expected over a submarine bank in
response to local wind stress. The key point for Georges
Bank is that, as a result of strong vertical mixing, the surface Ekman depth over which wind-derived momentum
can be distributed is greater than the water depth on the ·
shallow crest of the bank. The resulting transport is not
totally to the right of the direction of the wind stress in
the classical Ekman-layer sense; the bank inhibits surface
Ekman transport, ~nd there is a divergence in the winddriven transport -o n the sides of t}te bank. The circulation
depends on bottom stress, th~ topography of the bank; .
and the spatial variations in sea-surface elevation resulting
from the transport divergence.
Brink's (1983) analytical model for the currents driven
by a slowly varying (in space) wind stress over an idealized, infinitely long bank provides a quantitative theoretical guide to the flow expected from local wind forcing
on the northern and southern flanks of Georges Bank. It
predicts depth-averaged along-bank flows up to about 1
and 2.5 em/sec for along-bank and cross-bank wind
stresses of magnitude 1.0 dyne/ cm2 and cross-bank flows
up to about 2 and 0.5 em/sec for the same stresses. For
both along-bank and cross-bank winds, the currents are
generally to the right of the wind direction at the location of the maximum wind stress. For the observed seasonal mean wind stresses (figure 11.3B), the model
suggests along-bank flows over the northern and southern

The Region-Wide Wind-Driven Response
The response of the Gulf of Maine to a steady wind
stress has been examined by Csanady (1974), Beardsley
and Haidvogel (1981), and Greenberg (1983) using depthindependent models. Csanady (1974) suggested, and Beardsley and Haidvogel (1981) confirmed, that a steady
southwestward wind stress can cause a clockwise flow
around Georges Bank as part of the response of the
whole Gulf of Maine. Because the mean wind is toward
the east and southeast, however, these models indicate
that the wind does not drive the observed year-round
clockwise circulation on Georges Bank. In fact, the intensification of the eastward component of wind in winter
(figure 11.3B) may be partly responsible for reducing the
around-bank flow,
Greenberg (1983) has included the summer and winter
mean wind stresses, as calculated by Saunders (1977), in
the nonlinear numerical model described earlier. His results confirm some of the qualitative features of the local
response previously suggested, but do not show any large
effect on the Georges Bank circulation caused by the region-wide response to seasonal mean winds. With summer wind stress, the tidally driven gyre is largely
undisturbed, but there is a reduction in the weak southwestward flow on the southern flank as predicted by
Brink's model. The winter wind stress has a more noticeable effect, resulting in increased offshore flow and
stronger southwestward flow on the southern flank, as
predicted. However, the tendency for clockwise along-
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isobath flow around the bank remains, caused primarily
by tidal rectification, except on the eastern side of the
Great South Channel, where the southward wind-driven
flow disrupts the northward tidally driven flow. It should
be noted that the numerical models of Beardsley and
Haidvogel (1981) and Greenberg (1983) assume a zero
mean elevation gradient along outer boundaries. For this
reason the models may not accurately determine the influence of region-wide forcing on the Georges Bank circulation because the response over Georges Bank may be
dependent on the specific form of the outer-boundary
condition (Isaji, Spaulding, and Swanson, 1982).
Shaw (1982) has examined the role of the curl of the
large-scale wind stress in driving the long-term mean circulation on the continental shelf between Newfoundland
and Cape Hatteras. He found a positive maximum in
wind-stress curl east of Georges Bank. However, his calculations suggest that the large-scale wind-stress curl cannot explain the primary features of the circulation around
Georges Bank.
Mean Flow Driven by an Externally Imposed AlongBank Pressure Gradient
The Basic Mechanism
The driving mechanisms examined thus far (with the possible exception of regional along-isobath density gradients) do not explain some of the prominent .
characteristics of the circulation on the southern flank of
Georges Bank-a year-round along-bank near-bottom
flow on the order of 5 em/sec to the southwest, offbank bottom flow over the outer portion of the southern
flank, and on-bank flow at middepth with speeds on the
order of 1 em/sec. Circulation driven by an along-bank
pressure gradient imposed along the outer edge of the
shelf can qualitatively explain these features.
A southwestward mean flow and an offshelf near-bottom flow along the outer edge of the continental shelf
are also present in the Middle Atlantic Bight (Beardsley
and Boicourt, 1981), and there has been a considerable
effort made in the last decade to explain their origin (for
instance, Csanady, 1976, 1978, 1979; Beardsley and
Winant, 1979). On the basis of simple dynamical models
using observations of current, density, and wind stress
and with some support from geodetic leveling (of equivocal accuracy) .carried out around 1930, the suggestion has
been made that there is an alongshelf elevation gradient
(defined as the ratio of vertical change to horizontal
change) on the order of 10- 7 throughout the region that
drives a down-gradient flow toward the southwest. The
basic point is that the mean flow is southwestward and
has a component opposite to the direction of the mean
wind. If density effects and tidal rectification are not sufficiently strong to drive the observed southwestward
flow, and it appears they are not, an additional southwestward force is required.
The influence of an alongshelf pressure gradient on the
flow on the southern flank of Georges Bank is illustrated
in figure 11.14. Here an along-bank elevation gradient of

-0.2 x 10-7 has been added to the density forcing of
figure 11.13, while maintaining the depth-averaged crossbank flow at zero by means of an increased cross-bank
elevation gradient. The along-bank flow toward the
southwest is increased, and there is some flow at the
seafloor and better agreement with the observed summer
currents at station 11. The cross-bank bottom flow
shows a "line of divergence" (Csanady, 1976). The offbank Ekman flow at the bottom, induced by the increased cross-bank elevation gradient, exceeds the density-driven on-bank flow seaward of a line whose exact
position depends on the relative strength of these forces.
In summer at station 11, the increased along-bank and
on-bank flow at 45 m and off-bank flow at 7 5 m are
consistent with a stronger along-bank pressure gradient in
late summer when the shelf-water/slope-water front is
nearest the bank~ Thus, as with previous studies in the
Middle Atlantic Bight, it appears that the addition of an
alongshelf pressure gradient can explain some of the
otherwise unexplained flow features on the southern
flank. A refinement of the density structure in figure
11.13A and the inclusion of cross-bank variations in the
along-bank elevation gradient could give even better
agreement with the observed currents.
Origin
There is considerable uncertainty as to the origin and
existence of an alongshelf pressure gradient. Historically,
the leading suggestion has been that a large-scale deepocean cyclonic gyre, driven by the curl of the wind stress
north of the Gulf Stream, imposes an alongshelf pressure
gradient over the entire shelf (Sverdrup, Johnson, and
Fleming, 1942; Csanady, 1978, 1979; Beardsley and
Winant, 1979). However, Shaw (1982) and Wang (1982)
have recently used depth-independent models of a homogeneous fluid to demonstrate that vorticity constraints
over the continental slope severely restrict steady crossslope motion, thus effectively isolating the steady barotropic current patterns of the shelf and deep ocean from
each other. As an alternative, Wang showed that an
alongshelf flow of unspecified origin at some upstream
position can lead to an alongshelf pressure gradient and
enhanced flow over the outer shelf downstream; however, the existence and origin of such a forcing in the
Georges Bank region are not clear.
Csanady (1979) examined the density field on the shelf
between the Grand Banks and Cape Hatteras. He found
that the outflow from die St. Lawrence River significantly
influences the distribution of the steric setup (the dynamic height in shaUow waters of variable depth) ·over ·
the Scotian Shelf and Gulf of Maine, but not farther
south. The associated pressure field probably affects the
circulation around Georges Bank to some extent, but it
cannot account for the along-bank bottom flow on the
J
.southern flank.
Thus, while the existence over Georges Bank of an
alongshelf pressure gradient of external origin remains unconfirmed by direct m~asurement, such a gradient does
explain many basic features of the observed southwest-
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Figure 11.14
Flow along the front in em/sec (a)
and streamlines of cross-front flow
in (cm•tsec) x 1o- • (b) on the
southern flank of Georges Bank in
summer, calculated as in figure
13.13, but with an along-bank elevation gradient of -0.2 x 1o-7
added to the density forcing.

ward flow along the bank's southern flank. It appears
that the depth-independent mean pressure field in the adjacent deep ocean cannot penetrate the waters of the
continental slope, but contributions from the depth-dependent mean pressure field and from fluctuations in the
deep-ocean pressure field have not been ruled out. Furthermore, if the dynamical forcing of the southwestward
flow on the Scotian Shelf can be accounted for, the
alongshelf pressure gradient could have the origin s·uggested by Wang (1982).
Conclusion
The preceding dynamical discussion primarily has examined the extent to which various forcing mechanisms can
explain the observed mean circulation around Georges
Bank in summer and winter. The models used are generally oversimplified and in many cases are applicable only
to the northern and southern flanks during periods of
minimum stratification, so that precise estimates of the
fraction of the observed flow attributable to each of
these mechanisms cannot be made.
Rectification of the oscillatory M 2 tidal current contributes to the clockwise flow around the bank in all seasons. It can account for much of the along-bank flow on
the northern flank in winter, but generally less than 50%
of the flow observed on the southern flank. On the
southern flank seaward of the 100-m isobath, the alongbank flow is dominated by the shelf-water/slope-water
front, whose influence varies seasonally, and occasionally
by the clockwise circulation around Gulf Stream rings.
Inside this isobath on the southern flank, the forcing
mechanism of the dominant year-round component of
the southwestward flow is unclear; along-bank bottom
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density and surface-elevation gradients are leading possibilities. In summer there is a general intensification of the
clockwise flow associated with the development of tidally
induced fronts. Along with tidal rectification, this reinforces the tendency for water to recirculate along the
eastern side of the Great South Channel. In winter the
seasonal mean wind stress contributes to increased offshore flow at the surface and a lessening of the recirculation in the Great South Channel.
The kinematics and dynamics of the cross-bank flow
are generally much less well known than those of the
around-bank flow; present theory predicts some directional tendencies that are consistent with observation, but
there is little quantitative agreement. It is likely that this
is at least partly due to simplifications in the existing theories because the predicted cross-bank flows are generally
weak and often dependent on poorly known parameters.
However, it is difficult to make accurate measurements
of the weak cross-bank flow in the presence of strong
currents, such as those caused by the tide. Thus observation of the cross-bank flow may not be a good test of
theory, and in fact, models or large-scale budgets may be
the better way to determine cross-bank flow.
The dynamics of the seasonal mean circulation around
Georges Bank are clearly complex and influenced by a
number of different forcing processes that have different
spatial and temporal variations. There is a reasonable
conceptual framework, based on recent observations, for
the dynamics governing the seasonal mean flow on the
southern and northern flanks of Georges Bank. Additional analysis of existing data and comparison with
models should lead to a better understanding of the current regime throughout the region and to new observations specifically designed to test theory.
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Does Georges Shoal Ever Dry?
Richard H. Backus

Early in the preparation of this book we heard
repeated references to a ball game played on
Georges Shoal. This is a provocative notion,
and we have tried to run it to earth.
Henry Thoreau in Cape Cod (1865) says,
"Every Cape man has a theory about
George's Bank having been an island once,
and in their accounts they gradually reduce
the shallowness from six, five, four, two fathoms, to somebody's confident assertion that
he has seen a mackerel-gull sitting on a piece
of dry land there." 1 Indeed, a number of
charts and geographies from around 1800
make reference to the drying of the shoal
under special circumstances.
For instance, Capt. Samuel Holland's map
(London, 1794) shows, on what he calls "The
Shoal Ground of St. George's Bank," a minimum sounding of 3 fathoms (5.5 m) and says
in a note alongside it, "Several parts of the
Shoal Ground are said to be Dry at Low
Water with an offshore Wind." Paul Pinkham's chart of Georges Bank (Newburyport,
1797) says, "Three parts of the shoal sometimes dry" and "When you come near the
above Shoals you will have very thick water ·
even like a Duck Puddle." Thomas Pownall's
"A topographical description of such parts of
North America as are contained in the (annexed) map of the middle British colonies"
(London, 1776) says, "Let those who are curious in the Process of the Operations of Nature, watch the Progress of George's Sand.
From the Inquiries I made, and the Answers I
got, I think that will in some Years, and perhaps not many hence, form into another Sable Island. Its southern Point is now at Low
Water with a strong off Shore Wind visibly a
Shoal." Pownall was a member of Parliament
and former colonial governor of
Massachusetts.

John Purdy's "Map of Cabotia" (London,
1825) shows Malabar Shoal (see the vignette
"How the Bank Got Its Name" by McCorkle)
on "St. Georges's Bank" with a minimum
sounding of 3 fathoms and alongside scribes
it as "partly dry (very dangerous)," but Purdy's 1828 edition of the same chart calls it
"nearly dry." The modern chart (for instance,
the National Ocean Survey's No. 13200, 22nd
edition, April1979) shows a minimum sounding of 1.5 fathoms (2. 7 m) on Georges Shoal
and, in the same place, an elongate area of
several square kilometers all shallower than 3
fathoms (5.5 m). Like other soundings, the
minimum one is referred to mean low water,
and one can ask, "How much lower might an
extreme tide or a storm surge take the
water?" and further, "How much has changing sea level affected water depth on Georges
Shoal in the last 200 years?"
The tide on Georges Bank has been observed
for a total of about 30 months with pressure
gauges at three locations at depths from 44
to 84 m, and these are quite adequate for
predicting tidal amplitude on the bank (chapter 9). The ordinary semidiurnal tide is not
great, ranging 0.5 m above and 0.5 m below
mean sea level between mean high and mean
low water. A spring tide might depress the
surface another 0.2 m below mean low
water-little of the 2.7 m that would be required to uncover the presumed shallowest
spot.
The maximum lowering of the sea surface by
storm surge noted in the 30 months of
Georges Bank tide records came during the
violent winter storm of 26-28 January 1978
(see the vignette "The Effect of Winter
Storms on the Bottom" by Butman) and was
only about 0.2 m below mean low water. (The
records have not been thoroughly studied
with respect to storm surge, and the period of
observation was too short to see anything unusual in any case.) Perhaps a better idea of
possible extreme lows on Georges Shoal due
to storm surge is to be got from coastal studies made during the passage of hurricanes
and winter storms (Redfield and Miller, 1957;
Pore and Barrientos, 1976). These show that
elevations of 2.5-2.8 m above the predicted
tide are not unusual on outer coasts (elevations in embayments can be considerably
higher) and that the high water observed is
sometimes accompanied by a low water al-

most as extreme. But the coast is an extensive and complete barrier to the water. The
surge on an open place, such as Georges
Shoal, would be considerably reduced (although Redfield and Miller report a high water
about 2 m above normal at St. Georges, Bermuda-another open place-during the hurricane of 1899). Even if we allow a meter's
lowering .of sea level from surge, the shoal
would still be covered. (And is it likely that a
seaman would indulge a whim under the circumstances of such a storm?)

Studies of sand waves in the North Sea and
in Chesapeake Bay show that it is the tidal
current that builds them up and water waves
in rough weather that tear them down. Studies of sand waves in so shallow a place as
the top of Georges Shoal have not been
done, but can we not suppose that during
some long fine spell of August calm the sand
waves were built about as high as they could
be built in the shallowest places by the ever
running tidal current, then left in air by a very
low tide?

Sea level in the Georges Bank region has
risen about 50 m in the last 10,000 years (see
the vignette "Georges Cape, Georges Island,
Georges Bank" by ·Emery), but the rate has
been slower during the last few millennia than
it was during the earlier part of the period. If
past possible dryings are considered, water
on Georges Shoci.l in the year 1800 may have
been about 0.2 m shallower than at present.
Thus 200 years of sea-level change on
Georges Shoal, the effect of an extreme low
tide, and the observed lowering by storm
surge are all much alike-each only lowers
the surface below mean low water about 0.2
m. Even some conjunction of extreme forces
two centuries ago probably would have failed
to bare the shoal, assuming the modern minimum sounding. But we should ask ourselves
how seriously any minimum soundings on
Georges Shoal, past or present, should be
taken, coming as they do.from a probably
moving sand ridge, upon which are superimposed continually shifting sand waves (chapter 4). What controls the ultimate elevation of
the sand waves on shallowest Georges
Shoaf, where nearby ones are as much as 10
m high?

In any case, according to Barbara Blau
Chamberlain in that excellent geology of
southeasternmost New England, These Fragile Outposts (1964), a ship's crew had a ball
game on Georges Shoal in 1796. We have
not been able to track this further. Another
ball-game story, recounted in Down to the
Sea for Fish, New Bedford Fishing Fleet
(Anonymous, 1939), apparently was first told
in a Nantucket newspaper in the midnineteenth century. Two Nantucketers saw the
shoal showing, "rowed up to it in a dory and
jumped out and walked upon the sand, and
tossed a coiled line back and forth just to say
they had 'played ball on Georges.'" We can
imagine that if either of these or similar adventures took place, the coming and going
would have summoned all the players' skills
whatever the weather-any ball game would
have been a letdown.
Note
1. The passage quoted was written 1850-1855.
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Low-Frequency Current and
Bottom-Pressure Variability

I2

Kenneth H. Brink, Bruce A. Magnell, and
Marlene A. Noble

Changes in current and bottom pressure having periods in
the range from about 2 to about 30 days are often called
"low-frequency" fluctuations. This range of periods fits
between the very energetic tidal range and the generally
less energetic regime of seasonal mean flow. The low-frequency band includes fluctuations associated with the
changes in weather so common in our everyday experience. Current variability in this range of periods takes on
special importance for the dispersion of particles or pollutants because low-frequency motions, although fairly
random, can be energetic and persistent. For example,
single strong current "events" over Georges Bank apparently displace water parcels up to 100 km in a few days.
Although tides, seasonal mean flow, and water properties over the bank have been studied fairly extensively in
the past, there is no comparable history for low-frequency fluctations. Data did not begin to accumulate until 1975, when systematic measurements were started
using remotely tracked drifters and moored current and
pressure-measuring instruments. These new data have
been used here to characterize low-frequency
fluctuations.
The physical setting of Georges Bank (figure 12.1)
leads to a potentially complex set of phenomena. First,
the southern flank of the bank is essentially a part of the
straight stretch of continental shelf running from the
Middle Atlantic Bight to Nova Scotia that is interrupted
only by the Northeast Channel. This configuration might
lead, for example, to the coupling of fluctuations from
coastal trapped waves (see the introduction "Physical
Oceanography" by Butman and Beardsley) over the entire
region. Second, the Gulf of Maine is a semienclosed sea
comparable in size with the Great Lakes. Georges Bank is
a partial barrier on the southeastern side of this sea. Because it is semienclosed, the gulf exhibits wind-induced
free-surface tilts (set-up or set-down) analogous to those
seen in the Great Lakes. But the gulf also fills and drains,
a behavior impossible for a truly enclosed basin. Finally,
the central part of the bank is vertically well mixed by
the tides, and the ·flow dynamics there are heavily influenced by strong turbulent frictional effects. These several
regional aspects combine to make low-frequency flow
sluggish and to make current and pressure fluctuations on
and around the bank behave in a more complicated manner than on the more common coastally bounded continental shelf (see Allen, 1980, for a review of lowfrequency flow on coastally bounded shelves).
Current and pressure fluctuations result from a variety
of forces acting on many time and space scales. For example, wind and atmospheric-pressure systems are generally characterized by large spatial scales (up to thousands
of kilometers) and time scales on the order of several
days or more. Other forces tend to act on more restricted
scales. For example, tidally driven low-frequency flows
tend to vary only at the specific frequencies determined
by the spring/neap cycle, while warm-core rings, impinging on the southeastern margin of the bank, are effective
over a broad range of frequencies but apparently take ef-

feet only locally at the shelf break, where the bottom
changes from almost flat to steeply inclined.
The response of velocity and pressure fluctuations to
forcing can vary considerably with location and time. Different responses can be expected at different depths in
the water column, while waters over the northern flank
of the bank, strongly affected by the northern-flank jet
and the adjacent Gulf of Maine, respond differently from
waters over the southern flank, which more nearly has
the character of a continental shelf. Other effects associated with specific locations include the strong turbulent
friction on the bank top and those due to the proximity
of the shelf-water/slope-water front. Finally, factors that
vary everywhere on a seasonal basis, such as the strength
of wind or stratification, also can play a considerable
role. Unfortunately, our dynamical understanding of these
effects is often far from complete.
Spatial and Spectral Distributions of the Fluctuations
Distribution of Current Variance
The spatial distribution of the amplitudes and the orientation of low-frequency current fluctations on Georges
Bank can be visualized from the standard deviations of
the fluctuations as pairs of vectors-one in the principal
direction of fluctuation, the other perpendicular to it and
in the direction of least fluctuation. The flow components in the two directions are uncorrelated (Kundu and
Allen, 1976). The current fluctuations are plotted for
summer and winter (figure 12.1) because fluctuations are
considerably stronger in winter.
Perhaps the most striking feature of the orientation of
the fluctuations is that the major axis is generally parallel
to local isobaths; that is, current fluctuations tend to be
strongest in the local along-bank direction and weakest
for the component of flow that crosses depth contours.
The orientation of the major axis can vary, often unsystematically, with depth in the water column by as much as
70°. The overall strength of current fluctuations tends to
be greatest near the surface and to decrease with increasing depth in the water column.
The anisotropy (the quality of having different properties when examined along different axes) and strength of
current fluctuations vary considerably with location. At
some locations, such as in the Great South Channel and
along the outer southern flank, fluctuations align much
more strongly with local isobaths than is general. Over
the center of the bank, where stratification is weak and
turbulence strong (Garrett, Keeley, and Greenberg, 1978),
low-frequency fluctuations are weaker than around the
edges of the bank. Generally speaking, low-frequency
fluctuations dominate currents of other periods in water
deptbs of about 40-200 m. Over the bank top, fluctuations are relatively weak due to friction. In the deeper
water southeast of the bank, the low-frequency band
loses its importance as still lower-frequency, deep-ocean,
motions begin to dominate.
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Figure 12.1
Amplitude of low-frequency currents, summer and winter. Crossed
arrows represent current variability
along a principal axis and along an
axis perpendicular to the principal
one. The distance from the center
to the tip of an arrow represents
one standard deviation in amplitude in the direction of the arrow.
Italic numbers identify stations; roman numbers give instrument
depths (m). All observations are at
least 1,000 hours long. (a) Summer,
1979, except station 9, which is
from summer, 1978. (b) Winter,
1978/ 1979; also shown are standard deviations of low-frequency
SSP/bottom pressure (solid bars)
expressed in centimeters of water.

Distribution of Pressure Fluctuations
The suite of bottom-pressure measurements over Georges
Bank is not as extensive as that of currents, but this is
largely compensated for by the fact that there is a highly
consistent pattern of fluctuation at widely separated
points; that is, the pressure measurements are highly coherent. The bottom-pressure measurements are augmented by time series of coastal synthetic subsurface
pressure (SSP), created by adding local atmospheric pressure to sea-level height. This summing produces a time
series for the pressure that the bottom at the coast actually "feels." Comparing these records with bottompressure records can be problematic because of the variable density of seawater, but experience shows that this is
often not a severe problem (Brown et al., 1975); also, we
shall treat coastal SSP as being entirely comparable with
bottom pressure obtained offshore.
The standard deviation of SSP and bottom pressure in
winter from locations around Georges Bank and the Gulf
of Maine are shown in figure 12.1b. During both summer (not shown) and winter, variability is larger along the
coast than on Georges Bank, and as with the current,
pressure fluctuations are greatest in the winter, when
wind variability is greatest. During the winter, SSP fluctuations within the gulf (at Boston, for instance) are
greater than those outside (at Halifax, for instance), but
in the summer the opposite is true.
Bottom-pressure fluctuations over the entire region
tend to be extremely coherent and nearly in phase. The
slight phase shifts are such that Halifax lags all other stations by amounts that increase with distance. The sense
and magnitude of the phase shift are comparable with the
phase shifts associated with the generally northeastward
migration of weather systems in this region (Brown, Irish,
and Pettigrew, 1982).
Relative to the pressure fluctuations on the Scotian
Shelf and on the shelf of the Middle Atlantic Bight, the
pressure fluctuations within the gulf taken all together
can be described qualitatively as "filling" or "draining"
the gulf. Further, since there is a difference in amplitude
between Boston and Yarmouth, Nova Scotia, there appears to be a slight southwest/northeast tilt within the
gulf. Georges Bank seems to be a partial boundary between sea-level patterns; variability on the outer southern
flank tends to be weaker and less coherent with the gulf
pattern than does variability on the northern flank
(Brown et al., 1982).
A major reason for the study of bottom pressure is the
expectation that pressure gradients will be correlated with
current velocity through the geostrophic relation (in
which currents flow perpendicularly to the slope of the
sea surface, with high water to the right looking downcurrent in the northern hemisphere). This indeed proves
true for along-isobath flow wherever it has been adequately tested locally on Georges Bank-on both southern (Noble, Butman, and Williams, 1983) and northern
(Flagg et al., 1982) flanks. However, in the western Gulf
of Maine, pressure gradients measured over large separations (roughly 60 km) are not correlated with current

(Vermersch, Beardsley, and Brown, 1979). In view of the
high coherence of the SSP field, this lack of correlation
suggests that a large-scale pressure-fluctuation pattern exists throughout the gulf upon which are superimposed additional pressure fluctuations having small amplitudes, but
also relatively short spatial scales. These small-scale fluctuations, which appear to. have significant pressure gradients associated with them, are poorly resolved in
existing observations; it is these gradients that are expected to be correlated with local currents.
Spectral Distribution of Low-Frequency Variability
Natural systems such as the ocean or the atmosphere are
often best studied by the techniques of frequency analysis
because both forcing and responses are often frequency
dependent; that is, the nature of the fluctuation can vary
with its characteristic time scale. Power spectra (plots of
weighted energy versus frequency), for example, enable us
to resolve the energy and frequency content of time series. Considerable insight often can be gained by compar:
ing plots of variables made at different times or locations.
We shall concentrate here on the frequency distributions
of bottom pressure and of along-bank currents and
winds.
Winter spectra from site 11 on the southern flank of
Georges Bank (based on data from which the effect of
the tides has been removed) are shown in figure 12.2a.
The dominant feature of the along-bank current spectrum
is the broad bulge for periods of 50-500 hours (2-20
days). This bulge is associated with current fluctuations
of about 10 em/sec. The wind spectrum has a similar
bulge, centered at a slightly higher frequency. (The lowfrequency drop-off in energy at this location can be seen
more clearly in spectra computed for longer data sets by
Butman and Beardsley, 1982, and Noble, Butman, and
Wimbush, 1985.) The bottom-pressure spectrum is dominated by frequencies lower than those dominating the
current and wind spectra, but there is still substantial energy in the 2-20-day band. The general similarity of the
wind and current spectra suggests that the wind is an important source of energy for low-frequency current fluctuations, and this similarity is a fairly common feature for
records obtained from the bank in water less than
100-200 m deep. In deeper water, energy at periods
greater than 20 days is greatly increased, making the directly wind-driven component proportionately less
important.
Summer spectra from similar depths at site 11 on the
southern flank (figure 12.2b) and site 2 on the northern
flank (figure 12.2c) can be compared as a check on the
representativeness of site 11. Perhaps the most obvious
difference is that the bottom-pressure record on the
northern flank has a frequency content that mimics current velocity and wind stress quite well, while on the
southern flank the bottom-pressure variance rises dramatically at low frequency. All three records show a prominent bulge for the weather-system periods of 2-20 days.
Wind and current variability appear weaker in summer
than in winter, a reflection of seasonal differences.
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Figure 12.2
Spectra of bottom pressure and
along-bank winds and currents: (a)
site 11 (figure 12.1) during winter,
1977/1978; (b) site 11 during summer, 1978; (c) site 2 (figure 12.2)
during spring-summer, 1978.
Winds are from Logan Airport, Boston. Key: solid line, current; dashed
line, pressure; dotted line, wind.
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Wind-Driven Flucutations
Current Fluctuations
The time series of site 11 along-bank currents and winds
(figure 12.3A) tend to be visually correlated; that is,
when major wind pulses occur, there is generally a nearly
simultaneous spurt of along-bank flow. Expressed as particle displacements, the stronger spurts of flow correspond to distances of about 15-50 km over the duration
of the event. While these wind-driven responses ·are
weaker than those at locations in the Middle Atlantic
Bight at similar water depths (Noble, Butman, and Williams, 1983), such responses make a substantial contribution to the dispersion of water parcels over Georges
Bank. In contrast, summer current records from the
northern flank at site 2, near and sometimes within the
northern-flank jet, show a much poorer visual correlation
with the wind (figure 12.3B). Thus we can expect to find
spatial and seasonal variability in the strength of wind/
current coupling. In the following, we shall summarize
quantitative information on wind/ current coupling and its
variability.
The long records obtained at site 11 will be used as a
basis for discussion. While this location is not representative of the entire bank, and is perhaps more representative of the open shelf, the long time series ( ~ 3 years at
45 m; ~3.5 years at 75 m) provides great confidence in
the interpretation of these rather random fluctuations.
Consider first the coupling of winds and currents at site
11 during winter (figure 12.4). Plotted here is the transfer
function r,¢> between along-bank winds and currents as a
function of frequency. The amplitude r is the ratio of the
magnitude of current response to wind at a given frequency, and ¢> is the phase angle by which the current
lags the wind. We shall consider only the effect of alongbank wind, since Noble, Butman, and Williams (1983)
found that the cross-bank component was not effective in
driving the current at this location. Furthermore, the response of cross-bank current to along-bank wind is also
weak at site 11.
Inspection of figure 12.4 shows that the strongest response by current to wind occurs only for periods of
3-14 days (72-336 hours). At longer periods the transfer
function becomes smaller. The phase response is such
that current lags wind by about 10 hours over a broad
range of periods. Response is fairly similar at other
depths at the same location, but is much weaker very
close (within 1 m) to the bottom, where frictional effects
become important. Also, near-surface currents tend to
veer more to the right of the applied wind stress (Flagg et
al., 1982). At middepths, wind driving accounts for about
10 cm 2 1sec2 of the low-frequency current variance, or
40% of the observed variance averaged over the entire
year. These results imply typical wind-driven current velocities of about 3-4 em/ sec.
The seasonally varying ratio between the standard deviations of wind and current (Butman and Beardsley,
1982) hints that the strength of the wind/ current coupling varies with season. Butman and Beardsley found
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that although wind-stress fluctuations are about three
times greater in winter than in summer, current fluctuations are only about twice as great. The wind-stress/current transfer function, calculated near the center of the
wind-driven frequency band (0.22 cycles per day) at site
11, does vary considerably during the course of a year
(figure 12.5). It is strongest in winter, when stratification
is weak and wind-stress variance is at a maximum. During
the late summer and fall, the coupling is weak enough to
be statistically insignificant during some months.
Comparing wind responses at different positions
around the bank is difficult because at no time were all
the sites shown in figures 12.1a and 12.1b occupied simultaneously. At stations along the southeastern flank, a
very similar response is observed during winter, although
at station 13 the response is quite weak at depth. At station 7 on the Northeast Peak, currents tend to flow
northeastward (southwestward) in response to a northeastward (southwestward) wind stress.
Long time series of current measurements from moored
instruments are available for the northern flank and central bank only during summer, when the wind response
becomes weak along the southern flank. Northern-flank
along-bank and cross-bank currents (site 2) do show a response to along-bank winds (figure 12.6a), but not to
cross-bank ones (Magnell et al., 1980). At site 9 on the
southern edge of the top of the bank, the along-bank
wind is a very effective driving mechanism for both current components, so that a northeastward wind stress
drives an eastward current at middepth (figure 12.6b).
The tendency for shallow currents to veer to the right
of an applied wind stress suggests the presence of a surface Ekman layer (Pedlosky, 1979, p. 174) whose action
is unimpeded by local pressure gradients. A partial compensation for the southeastward flow that is expected to
occur in the turbulent surface Ekman layer apparently
takes place in the deeper (>100m) part of the Northeast
Channel. In this passage, the velocity fluctuations observed by Ramp, Schlitz, and Wright (in press) were
mainly up channel/ downchannel. These fluctuations are
clearly related to the along-bank winds in such a way
that a northeastward (southwestward) wind stress drives a
deep flow into (out of) the Gulf of Maine.
In general, low-frequency current fluctuations over the
bank respond mainly to the northeastward component of
the wind stress. During the winter, wind driving can account for as much as 50% of the variance in the band of
2-20-day periods. With some exceptions, midwater flow
tends to be in the same direction as the wind. At the exceptional locations, flow veers to the right of the wind
stress. One striking feature of this response is that it does
not mimic the gyrelike structure that characterizes the
seasonal mean flow (Butman et al., 1982). Ipdeed, efforts
to find any correlation between low-frequency currents
on the northern and southern flanks have been unsuccessful (Flagg et al., 1982). This suggests that the gyrelike
mean flow is probably not driven by the mean local wind
stress. At least at positions where comparisons can be
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made, the response of current to fluctuating wind appears
to be considerably weaker in summer (when the gyre is
strongest) than in winter.
Meteorologic Forcing of Pressure Fluctuations
Bottom-pressure· fluctuations in the vicinity of Georges
Bank show a very clear relation to meteorologic forcing
(figure 12.7). SSP and bottom pressure tend to decrease
(increase) everywhere in response to an eastward (westward) wind stress. The response is extremely coherent
over the entire region. This is qualitatively in accord with
the tendency for the Gulf of Maine to export water to
the south or southeast via surface Ekman transport.
However, rough calculations show that fluctuations in
the volume of water in the gulf (based on average SSP
fluctuations and 1 day for the onset time of the storm)
are only about 1/20 of the theoretical integrated Ekman
transport out of the Gulf (based on average along-bank
wind stress). Thus there must be a considerable compen. sating flow into the gulf, a major part of which appears
to occur at depth in the Northeast Channel (Ramp,
Schlitz, and Wright, in press), so that the general change
in sea level in the gulf is relatively small.
In addition to the general rise and fall of sea level,
there appears to be a downwind tilt in the Gulf of Maine
{Brown, Irish, and Pettigrew, 1982). Thus an eastward
wind stress causes the sea level off Nova Scotia to rise
relative to that off Boston. This alongshore tilt is similar
to the response of lakes (Csanady, 1982).
A statistical analysis of the response of sea level to
wind stress in this region was conducted by Brown, Irish,
and Pettigrew (1982). They found that at shorter periods
(4-6 days), bottom pressure responded primarily to windstress fluctuations. At all frequencies, the phase shift between wind and bottom-pressure changes was quite small
{less than 1 day, and often within experimental uncertainty of zero). The phase shift represents the time lag between current inflow/outflow in the gulf and its effect on
sea level. At a period of 32 days, it was found that SSP is
very coherent with atmospheric pressure as well as with
wind stress. Because atmospheric pressure is closely related to wind stress, it is not clear which driving mechanism predominates, although Brown, Irish, and Pettigrew
(1982) showed that the along-shore phase shift in SSP is
very similar to that in atmospheric pressure.
Other Forms of Variability
Because direct wind driving cannot account for all of the
low-frequency current variability over Georges Bank, one
must look for other sources of current variance. Some of
the effects observed appear to have analogs on other continental shelves, but at least one phenomenon appears to
be unique to the area around the jet current on the
northern flank of the bank. We shall not discuss effects
associated with the impingement of Gulf Stream warmcore rings, but the introduction "Physical Oceanography"
by Butman and Beardsley as well as chapter 10 present

results suggesting that the rings must drive some of the
low-frequency variability over the bank.
On many continental shelves, free, coastal trapped
waves are responsible for the along-shore propagation of
velocity fluctuations. Recent theory has demonstrated
that comparable along-bank propagation is possible also
over Georges Bank. Working on the southern flank of
Georges Bank, Noble, Butman, and Williams (1983) investigated the residual near-bottom along-bank current
variability that was obtained when the wind-driven part
of the variability was removed statistically. A net southwestward phase propagation into the Middle Atlantic
Bight of roughly 380-770 km/day was demonstrated.
This result is qualitatively consistent with the existence of
free waves. The waves often appeared as isolated events,
occurring after strong winds, but not always. Several of
the wave passages coincided with accelerations of alongbank currents that make substantial contributions to the
local along-bank momentum balance, although these accelerations were themselves rare events. Further, Noble,
Butman, and Williams showed that the proportion of
free-wave to wind-forced responses is greater over
Georges Bank than over the adjacent coastally bounded
shelf. This is, as will be shown, consistent with the
weaker wind driving over the bank. Conceptually, the difference between free-wave propagation and local wind
driving is often subtle. The free waves appear to be wind
driven in that their energy source is the wind. However,
the waves propagate wind-induced fluctuations away
from their origin; these, when distantly occurring, are
then not locally wind driven.
Magnell et al. (1980) investigated an unusual form of
variability in the Georges Bank northern-flank jet. At a
middepth location in the jet at site 2, they found that
low-frequency fluctuations in the along-bank flow corresponded extremely well with day-to-day variability in
midjet, along-bank, tidal-current amplitudes. Similar daily
variability in tidal amplitudes was less pronounced in the
cross-bank current component and was virtually undetectable in the local bottom pressure. It appears that the
fluctuations in tidal current may be due to effects of internal tides; that is, meandering of the jet may cause
changes in the environment through which the internal
tide propagates. Th~s variations in the internal tide can
rationalize the changes in observed tidal-current amplitudes. The correlation between the tidal envelope and the
low-frequency along-bank current may be due simply to
the fact that both phenomena are related to the meandering of the jet. A real explanation of these coupled phenomena will require a better understanding of the nature
of the mean jet itself. The driving process for the lowfrequency fluctuations remains unknown, but direct wind
driving and spring/neap modulation of tidal amplitude
were eliminated as mechanisms for this broadband
modulation.
Spatial Coherence of Current Fluctuations
The spatial structure of the seasonal mean flow around
Georges Bank (chapter 11) and of the response to wind

Figure 12.7
Time-series plots of low-frequency
wind stress (northward and eastward components) and of SSP/ bottom pressure in and around the
Gulf of Maine.
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driving make it natural to consider the bank-wide pattern
of low-frequency current fluctuations. To the extent that
wind driving is important and because the wind stress has
such large spatial scales, wind/ current coupling should
enhance the coherence of fluctuations at locations
around the bank. This, in fact, does happen at some
places, although none of the various coherences is perfect. Large-scale phenomena, such as low-frequency,
topographically controlled waves, tend to increase coherence, while small-scale features, such as those associated
with frontal meandering, can have a considerable degrading effect.
Along-bank current fluctuations tend to be highly coherent along the southern flank of the bank, especially at
observation points located on the same isobath. Noble,
Butman, and Williams (1983) demonstrated coherence of
along-bank low-frequency currents on the southern flank
and in the Middle Atlantic Bight between locations
hundreds of kilometers apart. Comparisons of near-surface drifter tracks and current records (Flagg et al., 1982)
show the same over the northern flank, although scales
of coherence tend to be shorter (roughly 10-50 km). The
northern flank thus appears to be transitional to the Gulf
of Maine, where low-frequency current fluctuations have
extremely short spatial scales, at least in the winter (Vermersch, Beardsley, and Brown, 1979). The coherence, at
least along the southern flank, seems to be due mainly to
the directly wind-driven component and the related freewave component of fluctuation.
Current fluctuations on the northern flank are generally
incoherent with those on the southern flank (Flagg et al.,
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1982). Thus there is no strong tendency for overall fluctuation to mimic the mean gyre-that is, "rigid-body rotation"-or to move as a simple, bank-wide slab, as
would be expected were wind driving totally dominant.
Apparently, at least some of this dynamical separation is
due to effects related to the strong jet and front along
the northern flank.
Cross-bank current records show only rare cases of coherence, even for closely spaced observations. Near-surface cross-bank currents on the northern flank were
coherent for moorings separated by about 15 km (Flagg
et al., 1982), but most other cross-bank currents at
equivalent separations were not coherent. When significant coherence existed, it was usually in the band centered around one-third of a cycle per day. The physical
significance of this band is not clear, although this period
often coincides with a ·peak in the wind spectrum and
with energetic onshore/ offshore oscillations of the shelfwater/slope-water front in the Middle Atlantic Bight
(Flagg, 1977). Low coherence among cross-bank currents
is fairly typical of continental shelves in general, so
Georges Bank does not appear anomalous.
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Low-Frequency Current and Bottom-Pressure Variability

Figure 12.8
Important modes of pressure variability over the Georges Bank/Gulf
of Maine region. Contours of pressure (in arbitrary units) are shown:
wind-driven, basin-wide mode of
pressure variability; eddylike pressure variability in the Gulf of Maine;
and surface pressure associated
with a warm-core ring.
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Discussion of Observations
While low-frequency current fluctuations on Georges
Bank have a complicated spatial structure, there are some
salient features. Over the southern flank, along-bank currents tend to be fairly coherent and to have a distinctly
wind-driven component, especially in winter. The regime
changes over the continental slope (water deeper than
about 200 m) and in water shallower than about 40 m.
In the shallow water, the low-frequency flow is more
sluggish, but- retains a distinct wind-driven component.
Over the northern flank, currents are considerably less
coherent, but a wind-driven component is detectable despite the proximity of the northern-flank jet and front. At ·
all observation points, except in the Great South Channel, northeastward (southwestward) wind stress gives rise
to flow having a northeastward (southwestward)
component.
Winter low-frequency current, pressure, and wind fluctuations are much stronger than in the summer. Where
comparisons can be made, the response per unit of wind
stress is apparently greater in the winter, although there is
a large statistical uncertainty. Processes that could contribute to the seasonal difference in wind/ current coupling include effects due to stratification, turbulence from
bottom friction, and the presence of fronts. The first two
phenomena might affect actual wind/ current coupling
(Brink, 1983), whereas fronts could lead to degraded coherence simply by increasing the noise in the measurements through the meandering of frontal jets.
Presumably all current patterns are reflected in the
SSP /bottom-pressure field. However, the dominant largescale pressure signal tends to mask the smaller-scale pressure patterns associated with smaller-scale current
variability.

Eddylike pressure variability
in the Gulf of Maine
40"

Wind-driven pressure variability,
basin-wide mode

Surface pressure associated
with a warm-core ring

n·

70' .

We can conceptually divide pressure variability into
three independent forms or qualitative modes that can be
thought of as analogous to empirical orthogonal functions or principal components (figure 12.8). The first
mode dominates the pressure field out to the shelf break.
This mode can be thought of as associated with the meteorologic forcing leading·to the filling and emptying of
the gulf. Theory suggests that the amplitude of this mode
goes smoothly to zero at the shelf break (roughly the
200-m isobath), and this is consistent with southern-flank
bottom-pressure observations. Based on the standard deviation of northern-flank bottom pressure, the resulting
cross-bank pressure gradient would be associ~ted with
along-bank current fluctuations of about 3-5 em/sec.
This would appear to account for much of the wind-driven current variability over the bank and, if true, shows
that wind-driven current fluctuations over the bank are of
a regional, rather than purely local, character. The second
mode of pressure variability is largely confined to the
Gulf of Maine and its immediate surroundings. This
mode consists of small-amplitude (perhaps < 1 em of
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water), small-scale (perhaps ::::::10 km) pressure variability.
These small-scale features can give rise to currents of
roughly 10 em/sec having comparably small spatial
scales. These fluctucations are highly incoherent over
space and generally incoherent with the wind (Vermersch,
Beardsley, and Brown, 1979). The cause of these smallscale patterns is unknown, but baroclinic and topographic
effects within the gulf and effects associated with the
instability of the northern-flank jet are reasonable mechanisms. For example, the relaxation of the wind-driven setup of the Gulf of Maine could generate eddies and topographically trapped waves. Although these disturbances
would owe their existence to wind forcing, the associated
currents might well be incoherent with the wind. There is
evidence of such an increase in the incoherent currents
on the northern flank associated with the cessation of
strong northeasterly winds (Flagg et al., 1982). A third
mode of variability is related to the passage of warm-core
rings past the southern flank. Although rings themselves
are not generally expected to penetrate into water shal-
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lower than 200 m, occasional effects seem to occur inside this isobath (chapter 1 0). Because these rings are
undoubtedly important for the exchange of water properties across the shelf-water/slope-water front, their effect
on Georges Bank as a whole cannot be ignored.
Other modes of pressure variability could be added to
those of figure 12.8. For example, fluctuations associated
with free topographically trapped waves (Noble, Butman,
and Williams, 1983) probably exist. Further, effects associated with the various fronts on the northern and southern flanks are probably also important, at least locally.
The state of our knowledge of low-frequency fluctuations
is far from complete. The details of current and pressure
variability, especially along the northern flank, are poorly
understood. Yet a considerable data base exists because
of recent observations, and its thorough study should
yield considerably greater understanding.
Models of Low-Frequency Fluctuation
Analytical and numerical models can be used to explore
which physical effects lead to a given observed phenomenon. Further, numerical models can be extended to include a broad range of effects and thus attempt to
duplicate a wide range of observations. Here we shall
summarize the results of a few of the simpler, single-process models relevant to wind driving and low-frequency
waves. We exclude models of the fortnightly and
monthly modulation of tidal rectification, as these are
discussed in chapter 11. .
The models we discuss make two very restrictive assumptions. First, the effect of density stratification is neglected. On many continental shelves, this assumption can
prove to be a considerable omission (for instance, off
Peru; Brink, 1982). Second, the dynamics are assumed to
be linear, aside from a possible quadratic bottom-stress
law. This assumption means that the tendency of water
parcels to advect momentum and heat is neglected. The
effects of fronts and frontal jets are also ignored, although they undoubtedly have considerable local
importance.
Existing models can be divided into two classes. First,
regional models place Georges Bank within the larger
context of the Gulf of Maine and the outer continental
shelf. Second, a local model considers the bank as being
isolated in an unbounded ocean.
Because regional models include the Gulf of Maine,
the bank acts as a partial barrier to flow into and out of
the gulf. This partially closed character makes the response of the gulf resemble that of a lake. For the case
of wind-driven flow, the exploratory model of Csanady
(1974) reflects this similarity. Although the model is technically meant to apply only to steady or very low-frequency flow, the predicted pressure field bears a
reasonable resemblance to the observationally based gulfwide pattern hypothesized previously (figure 12.8).
The numerical model of Beardsley and Haidvogel
(1981) is probably the most comprehensive one to date.
Its domain is the entire shelf from Nova Scotia to North

Carolina, including the Gulf of Maine. These authors ·
simulated the time-dependent response of this system to a
variety of wind-stress patterns. The initial response generally involved a transient set-up in the gulf having a pressure gradient in the upwind/ downwind direction and an
alongshore flow on the southern flank of the bank. As a
steady state was approached with along-bank winds, a
weak gyre tended to form around the bank. For crossbank winds, the flow pattern was less well defined. During the passage of storms, flow in the gulf tended to be
fairly well organized, but after the storm had passed,
flow became rather chaotic. Observation suggests that
this same pattern exists in reality (Flagg et al., 1982). The
disorganized flow seems to be due to the complex topography in the Gulf of Maine and on Georges Bank. The
results of this model must be viewed with caution, however, because of their considerable sensitivity to lateral
boundary conditions.
Brink's model (1983) is a local one in that it considers
the behavior of the flow along an isolated, infinitely long
bank. The bank allows the along-bank propagation of
free, topographically trapped, low-frequency waves,
which are analogous to shelf waves near a coastally
bounded shelf (Gill and Schumann, 1974). Brink suggests,
however, that realistic frictional effects are large enough
so that only the gravest (structurally simplest) southwestward-propagating wave is likely to be observable, but
Noble, Butman, and Williams (1983) appear to have detected such a free wave. Brink also discusses the response
of an isolated bank to local wind driving. For such a response to occur, water depth on the bank top must be
shallower than or about as deep as the turbulent Ekman
layer is thick. Although this criterion may be met for central Georges Bank, the details of the model's predictions
for wind response do not appear to be well borne out by
observation. For example, the model predicts that crossbank and along-bank winds drive currents with comparable effectiveness. Thus regional models of wind response
appear to be more applicable to Georges Bank than this
local one.
Given the complexity of the Gulf of Maine/Georges
Bank system, it seems likely that a truly comprehensive
model embracing all forms of low-frequency variability
will not be available soon. Many aspects of the system
remain to be explored, but it appears that the region's
size and topographic complexity, turbulent frictional effects, and frontal phenomena (including jets) will require
a primarily numerical (that is, computer-oriented) approach to most problems.
Many aspects of low-frequency fluctuation can probably be addressed in separate models. Some e~amples of
interesting problems include
1. the response of the Gulf of Maine to wind driving,
taking into account both density stratification and the
rugged nature of the bottom,
2. the meandering and stability of the northern-flank jet,
3. the effects of the impingement of warm-core rings on
the south flank (a nonlinear problem that must eventually
be solved with realistic stratification), and

4. the nature of flow through and across the Northeast
Channel, which appears to be a primary location of both
mean and low-frequency flow into the gulf.
This list certainly does not exhaust the possibilities for
future modeling work. The development and evaluation
of such models, however, should be based on careful
comparison with observation and the the simplest statement of governing physics.
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Physical Processes Causing
Surficial-Sediment Movement
Bradford Butman

This chapter describes the physical causes of bottom-sediment resuspension and movement on Georges Bank and
the adjacent continental shelf and slope. The spatial distribution, temporal variability, and causes of near-bottom
currents strong enough to initiate sediment movement
and the effects of this movement on the distribution of
surface sediments are presented. The bank is a particularly interesting part of the continental shelf because several processes cause sediment movement-tidal currents,
storms and associated surface waves and wind-driven currents, internal waves, and warm-core Gulf Stream rings.
These processes sometimes act in combination, sometimes alone, and cause intermittent sediment movement
for periods of varying length.
Sediment transport in the Georges Bank region has
been largely inferred from the surface-sediment texture
and the distribution and size of bed forms-ripples, sand
waves, and sand ridges-on. the seafloor (Schlee, 1973;
see also chapter 4 ). This surficial geology is the integrated
result of glacial processes and the rates of sediment supply, resuspension, transport, and deposition since the last
glacial retreat. In the simplest terms, fine-grained sediments are found in depositional areas where bottom currents are weak, coarse sediments in areas where bottom
currents are strong. Although rates of sediment movement and models of sediment transport will not be
considered here in detail, the identification and characterization of processes are necessary first steps in understanding the relation between sediment movement (which
occurs on time ·scales of seconds to months) and the net
effect of these individual transport events as it is recorded
in the regional surface-sediment distribution.
Sediment resuspension and transport not only affect the
distribution of natural sediments but have important implications for the biology and chemistry of the bank as
well as for the bank's use. For example, the intensity and
frequency of sediment movement partially determine the
fate of wastes, which behave like or interact with sediments. The fate of drilling muds and cuttings discharged
from wells during petroleum exploration and their effect
on benthic organisms has been an important issue on
Georges Bank (chapters 16, 28, 52, 54, and 55). In addition, sediment movement influences larval settlement and
the food supply of benthic organisms (Jumars and Nowell, 1984a, review this topic) and, thus, the benthic communities of which many commercially important fish and
shellfish on Georges Bank are a part. Finally, the "scavenging" of dissolved trace metals and hydrocarbons by
resuspended fine-grained sediments is another important
consequence of sediment transport (chapters 16, 17, and
19).
This chapter is organized as follows. It begins with
brief and simplified descriptions of the dynamics of sediment transport and of the near-bottom flow as a framework for the interpretation of observations. Then the
distribution of coarse and fine sediments, generally reflecting the distribution of strong and weak sediment
movement, respectively, is presented. A description of the
location of near-bottom current and sediment-movement

Karman's constant (0.4), and u., is the critical shear velocity for suspension, defined by r, = p(u.,)Z. The definitions of bedload and suspended load are for purposes of
practical classification, and particles move over a continuous range of trajectories. The distinction is important,
however, because fine particles maintained in suspension
generally move much farther and faster than coarse particles that move as bedload.
The critical shear velocity required to initiate sediment
movement, u.c, and for suspended transport, u.,; are tabulated for quartz particles in table 13.1. The critical shear
velocity increases from 0.8 to 1.7 em/sec as particle diameters increase from 0.031 to 0.500 mm. These empirically determined values from Shields's curve are only a
guide for determining the erodibility of sediments in the
field, however, because Shields's curve is for a flat bed of
single-size, abiotic sediment particles. In most places on
the continental shelf, the sediment is composed of a mixture of sizes, and the seafloor is not flat. In addition,
there is evidence that benthic organisms can increase or
decrease the critical shear stress required for incipient
motion. For example, sticky substances secreted by bacteria can form mats that decrease erodibility (Jumars and
Nowell, 1984b, review this subject). Thus, in practice,
the initiation of motion occurs over a band of critical
stresses that span Shields's curve, and there may be occasional movement of sediment grains at stresses well below Shields's value (Lavelle, Mofjeld, and Baker, 1984).
Two important implications of the movement thresholds for sediment transport on Georges Bank and the
east-coast continental shelf should be emphasized. For
quartz particles 0.063 mm in diameter (very fine sand)
and smaller, transport will always occur in the suspended
mode because the stress required to maintain the particle
in .suspension· is less than the stress required to initiate
movement. However, 0.125-mm particles (fine sand) require a bottom stress of 1.6 dyne/cm 2 (the dyne is a unit
of force) for bedload transport and about 10 dyne/cm 2
for suspended transport. As will be shown, a bottom
stress as high as 1.6 dyne/ cm 2 occurs frequently on some
parts of Georges Bank, whereas stresses of 10 dyne/ cm 2
only occur during infrequent storms. Thus particles of diameter 0.125 mm or more almost always move as bedload, while particles 0.063 mm in diameter or less move
more frequently and always in suspension.

observations and of the methods used to make these observations follows. Next, the statistics of the near-bottom
currents are presented to provide an overview of the current strength in different regions of the bank and the direction of the mean near-bottom flow. Then aspects of
four major processes that cause sediment movement are
described-tides, storms, internal waves, and warm-core
rings. The last section summarizes these processes and
presents some unsolved problems.
Mechanics of the Near-Bottom Flow and Sediment
Movement
Initiation of Movement
As water flows over the ocean bottom, it exerts a shear
stress r on the sediment. Oceanographers often use shear
stress and shear velocity u*, defined as (r/ p) 112 , where p is
water density, interchangeably. Significant movement of
bottom sediment occurs when the stress on the particles
exc~eds a certain value, called the critical shear stress rc
(or critical shear velocity u.J The critical shear stress for
uniform, noncohesive, sand-size sediments has been determined empirically in laboratory studies and can be calculated for particles of various sizes and densities using
Shields's curve (Yalin, 1977; Mantz, 1977; Yalin and
Karahan, 1979; Nowell, Jumars, and Eckman, 1981). In
general, the shear stress required to initiate motion increases with particle size and density. There is little experimental data for particles smaller than about 0.100
mm (very fine sand and silt), however, and thus the critical shear stress is somewhat uncertain for particles of this
size.
The transport of material is often separated into bedload and suspended-load modes. Bedload transport occurs when the critical shear stress on the bottom, r<> is
reached and particles move along the bottom in a series
of short trajectories or hops. Suspended-sediment transport occurs when the shear stress is sufficient to maintain
particles in suspension or at least in very long trajectories
relative to the bedload case. It is generally accepted that
suspended-sediment transport occurs when the ratio of
particle settling velocity to shear velocity is less than 1.
Smith and Hopkins (1972) suggest p < 0.8, where p =
w/ku., and w, is the particle settling velocity, k is von

Table 13.1
Settling velocity (w), critical shear velocities for threshold of movement (u.c) and suspension (u.,), and steady current 1 m above
bottom (u 100) required to generate these shear velocities for bottom roughness of given grain diameter (d) and roughness of 0.5 cma
U10o

Z0 =

d
(mm)

Sediment
type

0.031
0.063
0.125
0.250
0.500

Coarse silt
Very fine sand
Fine sand
Medium sand
Coarse sand

w
· (em/sec)

0.06
0.26
1.0
3.0
7.0

d/30

Z0 =

0.5/30

u><

u.,

uc

u,

uc

u,

(em/sec)

(em/sec)

(em/sec)

(em/sec)

(em/sec)

(em/sec)

0.86
1.07
1.25
1.38
1.70

0.2
0.8
3.1
9.4
21.9

30
35
39
40
47

7
26
96
275
605

19
23
27
30
37

4
17
67
204
476

a. Critical stresses estimated from Mantz (1977) and Yalin and Karahan (1979) for quartz particles of density 2.65 g/cm 3 ; u100 determined using equation (1); settling velocities are probably minimum values because particles can aggregate and fall as larger particles.
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The Bottom Boundary Layer
Direct field measurements of bottom stress on sediment
particles or estimates of stress based on current measurements alone are difficult to make because the structure of
the flow near the seafloor is complex. This complexity
arises because the seafloor is generally not flat, and because the bottom flow is not always steady. (By "steady"
we mean that the current is constant for several minutes;
"unsteady" refers to the oscillatory currents with periods
of seconds that are caused by surface waves.) Away from
the bottom, the flow field is composed of both unsteady
currents and steady currents caused by tides, winds, and
the density field. 1 Near the bottom, typically over astratum several meters thick, the current decreases from this
"freestream" velocity to zero at the seabed. This region
of adjustment, where there is a vertical shear in the current and turbulent mixing induced by the shear at the
boundary, is called the bottom boundary layer. For the
case where unsteady back-and-forth currents caused by
surface waves are present (or both these and steady currents are present), the wave currents decrease to zero at
the bottom across a thin wave boundary layer, which typically is only 1-20 em thick. The wave boundary layer in
which wave currents decrease to zero is thinner than the
boundary layer in which steady currents decrease to zero
because the rapid oscillation of the wave current does
not allow a thicker layer to develop. The stress exerted
on the bottom by the flow is determined by the vertical
shear in the current, and thus for comparable currents the
bottom shear stress is higher for the thinner boundary
layer. Because the stress under steady and nonsteady
flows is fundamental to understanding sediment movement on Georges Bank and elsewhere on the continental
shelf, the two cases are briefly described.
For the case of steady flow over slowly varying topography, theory predicts that the velocity in the first few
meters of the turbulent bottom boundary layer is described by a logarithmic profile,
u(z) = (u.lk) 1n(zlz0 ),

(1)

where u is the horizontal current, z is the distance above
bottom, u. is the shear velocity, k is von Karman's constant (0.4), and z0 is a roughness length scale. The roughness length can be thought of as the distance above the
seabed at which the current equals zero.
Observations (Smith and McLean, 1977; Cacchione
and Drake, 1982; Grant, Williams, and Glenn, 1984)
demonstrate that for many conditions typical of Georges
Bank, the flow should be well described by (1). However,
the interpretation of z0 is not simple in the field. If the
seafloor is perfectly flat, the sediment is medium sand or
coarser, and no transport is occurring, then z0 is proportional to particle diameter d (z 0 = d/30 from laboratory
studies), and the steady current at any level above the
bottom required to produce a given u. can easily be calculated. Bottom photographs on the continental shelf,
however, typically show biologic debris (shells, feces, and
so forth) and small depressions and mounds as well as
ripples caused by currents (figure 13.1). These larger

roughness elements, the height (H) of which is typically a
few centimeters in the Georges Bank region, and sediment movement, if it occurs, determine z0 in (1). Thus in
order to calculate the stress on the seafloor caused by
steady flow using (1), both the near-bottom current and
knowledge of bottom roughness are needed.
Most field observations are of the near-bottom current,
not of bottom stress. To estimate the near-bottom current needed to move and resuspend sediment, the steady
current 1 m from the bottom required to generate the
necessary bottom stress was computed using (1) for two
roughness lengths z0 : a flat bed with the sediment grain
roughness, and a typical roughness of 0.5 em (that is, appropriate for conditions other than a flat bed). For the
case of 0.5-cm roughness, the stress estimated from the
flow at 1 m is partly caused by form drag over the
roughness elements and partly by the bed itself (Smith
and McLean, 1977). The sediment grains feel only the
stress at the bed. Thus the current 1 m above bottom required to initiate sediment motion on a seabed with large
roughness elements may be slightly greater than the current estimated using (1) (among those, 27 em/sec for fine
sand and H = 0.5 em), but will be less than the speed
calculated using the sediment-particle diameter as the
roughness (39 em/sec). This chapter is primarily concerned with identifying the principal processes that cause
sediment movement. To simplify this analysis, a current
speed of 30 em/sec at 1 m above bottom will be used as
the threshold at which movement occurs under steady
flow. In using a current speed as a threshold for movement (instead of stress), however, a constant bottom
roughness, sediment density, and size have been assumed.
In some parts of Georges Bank sediment movement can
occur at higher or lower current speeds depending upon
the actual roughness and sediment-particle size.
· In the case where currents caused by waves are present,
the mean-velocity profile above the wave boundary layer
is still logarithmic, but the strong shear in the wave
boundary layer has two effects. First, the stress at the
bottom is increased by the unsteady wave currents. Second, the increased turbulence inside the wave boundary
layer caused by both bottom roughness and waves in.creases the momentum transfer between the steady flow
and the bottom, effectively increasing the bottom roughness "seen" by this outer flow. Thus when both a steady
current and wave currents are present, two bottom
stresses are important: the maximum stress at the seabed
caused by the combined effect of the steady current and
the unsteady wave currents, u•cw; and the mean stress in
the bottom boundary layer outside the wave boundary
layer, u•c· u•cw is the stress that must be used to evaluate
initiation of sediment movement, white u.c is the stress
that maintains particles in suspension above the wave
boundary layer.
There are several models that can be used to calculate
u•cw and u, 0 given current and wave observations
(Smith, 1977; Grant and Madsen, 1979, 1982), which are
just beginning to be carefully tested in the field (Cacchione and Drake, 1982; Wiberg and Smith, 1983;

Figure 13.1
Sequence of bottom photographs
obtained with a bottom-tripod system (Butman and Folger, 1979)
from station 10 (water depth 64 m)
· made over a tidal cycle in a region
where the tidal current is sufficiently strong to move sediment
over much of the cycle. The view is
about 1.3 m x 1.7 m. The small
ripples and shells are typical features of the microtopography that
contributes to bottom roughness.
Ripple orientation and size change
over the 12-hour period. The arrow
indicates magnetic north. The vane
indicates the instantaneous direction of the current when the photograph was taken. Compare the
microtopography here with that at
station 11 (figure 13. 13).

Figure 13.2
Bottom stress u:cw due to the combined effects of a steady current
and an oscillatory wave current inside the wave boundary layer as a
function of wave orbital velocity
( u.) and steady bottom current
speed measured 1 m above bottom
( u100) calculated using the model of
Grant and Madsen (1979). The bottom stress was calculated lor a
wave period of 1 2 sec and a bottom roughness of 0.5 em. The solid
lines are lines of equal bottom
stress. The figure shows various
combinations of u, 00 and u. necessary to achieve a chosen stress.
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Grant, Williams, and Glenn, 1984). To illustrate the effect of oscillatory wave currents on bottom stress, "•cw
was computed using the model of Grant and Madsen
(1979) for a particular wave period (12 sec) and bottom
roughness (0.5 em), values appropriate during storms for
some parts of Georges Bank (figure 13.2). Even small-amplitude oscillatory wave currents cause a significant bottom stress. For example, a bottom stress of 4 dyne/cm2
(u . = 2.0 em/sec) is caused by 12-sec-period wave current of about 18 em/sec or a steady current of about 43
em/ sec or a combined flow of a 10-cm/ sec wave current
and a steady flow of 23 em/ sec. Thus a small wave-induced oscillatory bottom current superimposed on a
steady flow can significantly increase the bottom stress
over the stress caused by the steady flow alone. If waves
are present, then bottom stress must be either directly
measured or estimated using a model that includes the effects of waves, and the threshold of 30 em/ sec appropriate for steady flow cannot be used.

which these intense events are averaged out, are not generally good measures of sediment transport.
The currents associated with several processes are oscillatory (wave and tidal currents, for example). During part
or all of an oscillation, the bottom stress may be strong
enough to move sediment, but there is no net transport
over the complete cycle if the flow is symmetric; material
is first transported one way, then the other. However, the
bottom stress and related sediment movement is a result
of the total near-bottom flow, and it is often a combination of processes that causes net sediment transport. For
example, a large bottom stress caused primarily by waves
or energetic tidal currents may resuspend sediments; once
·material is placed and/ or kept in the water column by
these processes, a relatively weak, quasi-steady current,
not strong enough by itself to initiate movement, can result in sediment movement over a long distance.
Because of the complexity of sediment transport, an
understanding of the total flow field and of the stress on
the bottom is required for determining the movement and
transport of sediments on the shelf; identifying individual
current components that cause sediment movement by
frequency or spatial distribution must be done with care
so that the effect of the total flow field is adequately represented. Understanding sediment transport in a particular
region requires determining (1) the spatial and temporal
distribution of bottom stress strong enough to initiate
movement or suspension, (2) the direction and rate of
transport of the sediment, and (3) the spatial gradients of

Sediment Transport
Sediment movement and resuspension often occur during
. short, intense events, for example, during storms with
large waves or during maximum tidal flow. The net transport of sediment is the cumulative effect of many of
these transport events, which oc~ur over a wide range of
time scales-from hours (tides) to years (catastrophic
storms). Estimates of sediment movement determined
from the average current or average bottom stress, in

Figure 13.3
Percentage of silt plus clay
(shaded areas have more than
75% silt plus clay) in the surficial
sediments on the continental shelf
south of New England. Dots indicate stations. Bathymetry is in meters. The Mud Patch is the area of
high silt plus clay south of Cape
Cod. [Drawn from Hathaway
(1971)]
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(1) ~nd (2), which determine whether sediment will accumulate or be eroded. It is the first that particularly concerns us here.
Surficial-Sediment Distribution
The most recent major input of sediment to Georges
Bank and the adjacent continental shelf occurred during
the last glacial advance 28,000-15,000 years ago, when
the southernmost edge of glacial ice reached Georges
Bank (chapters 3 and 4). The ice began to melt about
15,000 years ago and left behind a large amount of glacial drift-a mixture of gravel, sand, silt, and clay. At
this time sea level was about 100 m below its present
level; thus the shoreline was near the present edge of the
continental shelf. As sea level rose and the shoreline retreated across the shelf, the glacial sediments were reworked and redistributed by waves and currents; the
present distribution of surface sediments reflects the cumulative effect of sediment transport over the last 15,000
years.
Schlee (1973), Twichell et al. (1981), Twichell (1983),
and Twichell, Butman, and Lewis (chapter 4) as well as
others have described the surface-sediment distribution
on Georges Bank and the adjacent shelf (figure 13.3). All
the surficial sediments on Georges Bank and Nantucket
Shoals are primarily sand and contain less than 1% of silt
plus clay. South of Cape Cod is a large area where the
amount of silt plus clay in the surficial sediments exceeds
25%. It is the only area on the continental shelf from
Georges Bank to Florida having an appreciable amount of
fine sediments and is known locally as the Mud Patch,
although the name is somewhat misleading because there
is sand in the deposit as well. (There are other features
that distinguish this area; see chapter 4.) The fine sediments in this region form a distinct layer as much as 13
m thick and overlie coarse sands. The surficial sediments
are coarsest in the eastern part of the Mud Patch, where
the deposit is 10-12 m thick, and are finer to the west,
where sediment thickness is only a few meters (figures
4.3 and 4.5). The finest sediments in the Mud Patch occur at midshelf and are separated from the fine sediments
on the continental slope by a region of coarser sediments
near the shelf break.
There is considerable geologic and geochemic evidence
that the Mud Patch is an area where sediments are presently accumulating (Bothner et al., 1981; see also chapters 4 and 17). Sediment cores obtained at the eastern
end of the deposit indicate a relatively uniform accumulation rate of 50 cm/ 1,000 years that began about 10,000
years ago. In the western end of the region, where the
sediments are finest, the initial sediment accumulation
rate was greater than 100 cm/1,000 years, but has decreased to a present rate of 20-30 cm/ 1,000 years. Elevated inventories of lead 210 in the surface sediments
indicate that atmospheric lead, which is evenly added to
the surface water of the continental shelf, finds its way to
the Mud Patch. The lead adheres to fine particles. The
excess found in the Mud Patch could result from either
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an accumulation of fine particles with adherent lead or
from scavenging of dissolved lead in the water column by
sediment particles that frequently are resuspended and
settle back to the bottom.
Certain features of sediment movement in the Georges
Bank region can be deduced from the present surficialsediment texture. The coarse sediments and large mobile
bedforms on the crest of the bank indicate active reworking and scour in this region; almost all of the fine-grained
silts and clays originating in the glacial drift have been removed from the very near-surface sediment. The absence
of bedforms on the southern flank in water deeper than
about 60 m and the gradually finer sediments as the shelf
break is approached indicate less intense reworking, but
still of sufficient intensity to remove most silt and clay
and prevent any net deposition of fines. Although there is
little fine material in the surface sediment (0-10 em) on
the crest and flanks of the bank, Bothner, Gilbert, and
Bankston (chapter 16) report as much as 60% silt and
clay in the upper 100 em at some locations. This fine
material could be exposed during major storms or by the
migration of sand waves and be a continuing source of
fine sediment. The increase in fine sediments to the west
along the shelf, culminating in the finest sediment of the
Mud Patch, suggests an alongshelf decrease in the intensity of reworking and an increase in deposition. On the
basis of the bedforms observed in the eastern end of the
Mud Patch, the coarser sediments, and the near-constant
accumulation rate, Twichell, McClennen, and Butman
(1981) suggest that sediment is transported there primarily
as bedload. The slower accumulation rate and the finer
sediments found in the western part of the Mud Patch indicate suspended transport. Finally, the band of coarser
sediments along the outer edge of the shelf, especially apparent south of the Mud Patch, suggests scour or relatively less deposition here than on the midshelf.
Field Observations ·
Observations of near-bottom current and sediment movement on Georges Bank were made between 1975 and
1983, mostly as part of a long-term study conducted by
the U.S. Geological Survey in cooperation with the U.S.
Bureau of Land Management. Near-bottom observations
were made by means of a bottom tripod system (Butman
and Folger, 1979; see also figure 2 in the vignette "The
Effect of Winter Storms on the Bottom" by Butman). Instruments on the tripod recorded measurements of current, ·temperature, pressure (all about 1 m above bottom),
and light transmission (about 2 m above bottom) typically
every 3.75 or 7.5 min. Current and pressure were sampled every 4 sec during a period of 48 sec every 3.7 5
min; the high-frequency pressure measurements were used
to estimate the current fluctuations at the seafloor caused
by surface waves. In addition, the bottom was photographed every 2-6 hr. Currents were also measured at selected heights above the seafloor with EG&G vectoraveraging current meters, some of which were modified
to record light transmission as well.

•

The bottom tripod systems and current meters were
deployed at locations on Georges Bank and the New
England continental shelf to determine the nature and
frequency of sediment movement and the processes causing movement (figure 13.4). Most of.the stations were located on the southern flank of Georges Bank because of
the interest in oil exploration in this region. Instruments
were maintained for several years at four long-term stations (10, 11, 49, and 62) to document the seasonality of
near-bottom flow and sediment movement. Observations
were made at other stations for shorter periods to determine the spatial variability of processes. Observations
from four stations crossing the southern flank (8, 10, 11,
and 62), and from one station (49) in the area of finegrained sediment will be used to illustrate the processes
causing movement from the crest of Georges Bank to the
continental slope and the Mud Patch and the changes in
the frequency of this movement.
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Statistics of Near-Bottom Current Speed
The recent current observations provide information on
the strength and direction of the near-bottom current for
different parts of Georges Bank. Statistics of the hour-averaged and low-pass-filtered 2 alongshelf and cross-shelf
components of near-bottom current and of hour-averaged
current speed at selected stations are presented in table
13.2 and in figures 13.5 and 13.6. The hour-averaged
currents do not reflect surface-wave currents and certain
high-frequency internal waves, both of which oscillate
with periods shorter than an hour. The main difference
between the hour-averaged and low-pass-filtered statistics
is that the semidiurnal and diurnal tidal components have
. been removed from the latter.
The hour-averaged current statistics primarily reflect
the strength and direction of the tidal current. A histogram of observed bottom current speed and the cumulative speed distribution at six stations is shown in figure
13.5. Hour-averaged current speeds 1 m above bottom
exceeded 30 em/sec less than 1% of the time in the Mud
Patch (station 49), but exceeded 30 em/sec at station 10
at 64 m on the southern flank of the bank 43% of the
time. No near-bottom current measurements have been
made on the very shallow ·parts of the bank, but the average current speed 20 m above bottom at station 8
(water depth 38 m) was 69 em/sec. Since the ratio of
currents of tidal frequency between 1 and 20 m above
bottom is roughly 0.55 (Moody et al., 1984), the current
1 m above bottom at station 8 is estimated to exceed 30
em/sec 93% of the time. The hour-averaged current can
flow in almost any direction (figure 13.6). However, the
strongest currents over most of the bank are associated
with the tides and flow either to the north or south. At
the shelf break (station 62) the strongest currents are
eastward, and in the Mud Patch (station 49) the strongest
flows are along the shelf. The strength of the hou~-aver
aged bottom current speeds indicates frequent sediment
movement in some parts of Georges Bank and ·strong spatial gradients in the frequency and intensity of movement.

0

0

The strength of the long-term, net (averaged over several months; see the introduction "Physical Oceanography" by Butman and Beardsley) near-bottom current is a
few em/ sec and is not strong enough to move or resuspend bottom sediment by itself. On the southern flank of
Georges Bank the net flow is westward (figure 13.4), similar to the direction of the middepth current described by
Butman and Beardsley (in the introduction "Physical
Oceanography") and Butman, Loder, and Beardsley
(chapter 11). Along the southern flank in water deeper
than about 100 m, the net near-bottom flow has an offshelf component of a few em/sec. These direct near-bottom measurements confirm the off-shelf near-bottom
flow first observed by Bumpus (1973) using bottom
drifters.
The strongest low-frequency currents are oriented
along locil isobaths and only occasionally exceed 30 em/
sec. These currents are partially caused by storms, and
their amplitude increases to the west (Noble, Butman,
and Williams, 1983; Beardsley et al., 1985). Even these
storm-driven low-frequency currents are not often strong
enough by themselves to initiate movement of the bottom sediments.
Processes Causing Sediment Movement
There are at least four physical processes in the Georges
Bank region that contribute to the movement or resuspension of the bottom sediments-tides, storms, internal
waves, and warm-core Gulf Stream rings. Although none
of these conceptually different processes is entirely independent, because the bottom stress is the result of the
total near-bottom flow field, the time and space scales

Scm/sec

25

50km

Figure 13.4
Location of all current measurements made within 15 m of the
seafloor in the Georges Bank region between 1975 and 1983. The
dots mark station locations; their
numbers are in boldface and their
depths (m) in italics. The arrows
point in the direction of mean flow
(length proportional to speed);
numbers at arrow tips give measurement depths (m). Squares
show where observations were
made 1 m above bottom. Key: solid
lines, 1 m above bottom; dashed
lines, 5-10 m above bottom; dotted
lines, 10-15 m above bottom; plus
marks, even degrees of latitude
and longitude. See also table 13.2.
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Table 13.2
Statistics of near-bottom currents (all currents in em/sec)•
Water
depth

Instrument
depth

Station

(m)

1

200

2

85

77

6

85

77

7

66

51

8

38

15

9

40

10

64

11

85

(m)

Start
(year/month/
day)

Stop
(year/month/
day)

Total
days

192

77109

79/07*

450

77109

78/01*

79/04/18

79/10/17

78/09/30
76/03/31

35

78/04/23

63

84

Coordinate
system

Alongshelf

Speed

Cross-shelf

Hour-averaged

Hour-averaged

Low-passed

CS

Mean

S.D.

62

332

-0.3

11.6

264

62

332

9.7

15.0

6.2

174

62

332

1.2

25.9

3.8

79/03/13

164

90

0

-0.7

38.5

-82

74

4.7

-21

15

-3.8

44.5

-105

86

4.4

-22

76/08/17

139

65

335

-3.0

42.3

-79

78

2.5

-21

11

-0.9

55.7

-100

100

1.3

-5

78/08/15

114

62

332

-4.2

33.7

0.1

46.7

78/01120
78/09/30
79/01/26
79/08/10
79/12/15

78/05/11
79/01/24
79/03/10
79/10/02
80/05/29

111
116
43
52
166

64

334

-3.4
-1.3
-3.8
-1.6
-4.6

17.1
16.2
17.1
14.4
16.7

-44
-48
-44
-34
-57

35
37
32
38
36

4.2
4.8
3.9
3.2
5.3

-20
-28
-12
-10
-31

7
11
5
6
9

-1.4
0.3
-1.0
1.1
1.9

23.6
24.6
25.4
22.8
25.4

-50
-51
-61
-55
-49

57
53
52
53
51

1.7
2.7
2.1
2.5
2.5

-8
-8

76/12/05
77/04/16
77/07/09
78/01/24

77/03/18
77/06/22
77/09/04
78/05/11

103
68
58
107

58

-2.5
-3.6
-1.9
-3.0

11.4
11.3
11.2
11.6

-33
-33
-30
-36

40
19
25
29

4.9
2.3
2.7
4.4

-15
-8

14
4

1.1

0.0
0.5
-1.3

15.2
17.1
16.0
17.9

-39
-39
-44
-38

38
40
36
45

2.5
1.0
2.2
2.0

AS

328

Min

Low-passed

Max

S.D.

Min

Max

6.4

Mean
1.3

3.2

-8

6

-18

9

. S.D

Min

Max

S.D.

19.5

4.4

8.4

26.5

5.5

-2.3

44.9

5.5

Mean

S.D.

Min

Max

8

57.5

12.9

8

109

8

69.3

10.2

18

101

4
12
4
9
12

28.5
28.4
29.6
25.7
28.9

7.1
7.8
8.8
8.5
8.5

2
4
5
2
1

63
53
61
55
57

18.1
19.8
18.6
20.6

6.6
6.4
6.3
6.4

0
1

-8

8
3
8
5

41
40
47
47

Min

Max

1.5

-9

-6
-7

-9
-3
-4

1
0

12

85

77

77/12

79/10*

459

62

332

-4.1

15.5

6.4

-0.6

21.6

3.9

13

200

192

78/06

79/08*

348

62

332

-2.0

16.4

11.0

-1.8

19.2

4.7

14

60

52

79/07/17

79/19/16

99

62

332

-6.8

17.3

-4.4

35.7

15

66

51

78/09/29

79/01/31

124

112

22

-1.9

24.6

-52

50

2.6

-11

9

3.6

43.9

-107

94

7.6

-47

23

47.5

17.1

5

114

17

82

67

79/12/14

80/05/27

165

90

0

-2.2

18.3

-51

38

4.8

-26

13

2.3

44.2

-109

100

8.3

-40

31

44.4

18.2

2

116

18

64

49

79/09/04

79/01128

146

90

0

-1.0

22.2

1.1

37.8

-7.0

46.3

-0.2

6.6

-19

10

9.4

5.3

0

36

-0.2

9.3

3.9

4.3

2.4

6.4

19

33

25

79/01/17

79/03/18

60

90

0

-3.7

9.6

25

71

70

78/10/31

79/01119

81

108

18

-0.6

8.4 . -33

26

83

73

76/02/23

76/04/30

67

67

337

-0.4

10.7

48

46

32

79/03/21
79/09/09

79/07/24
80/04/18

126
222

107

17

-6.4
-4.0

22.5
24.3

-80
-90

52
64

5.9
13.5

-21
-64

22
42

0.5
-2.0

19.6
19.5

-47
-53

46
39

3.5
5.9

-19
-31

6
15

28.8
29.3

10.3
11.6

2
0

80
94

49

67

66

79/03/07
79/08/07
79/12/17

79107102

117
116
159

106

16

-2.5
-1.8
-4.5

9.9
10.3
13.5

-38
-33
-70

33
34
39

5.6
6.3
10.6

-26
-24
-51

18
19
27

03

79/12/01
80/05/23

-0.1
-0.1

6.9
7.5
8.1

-19
-32
-28

21
24
21

2.1
2.2
2.9

-8
-7
-13

8
6
10

11.1
11.4
14.1

5.3
5.9
8.4

0
0
0

38
34
70

79/03/22
79/09/20

79/09/18
80/04/16

183
209

107

-4.8
-3.9

12.5
18.2

-50
-67

33
53

6.5
14.7

-33
-56

15
39

-0.7
-0.5

11.0
12.0

-35
-41

37
47

3.5
4.4

-18

7
13

15.7
19.6

7.3
10.3

0
0

51
67

79/03/20
79/09/06

79/09/05
80/04/16

170
224

107

-3.0
-4.0

11.1
15.2

-38
-75

30
44

6.1
12.0

-24
-53

13
33

-0.2
-0.4

9.2
11.0

-29
-39

25
32

2.5
4.5

-18

8
17

13.3
17.0

6.3
8.9

0
0

41
76

50
51

88
105

72
89

17
17

5.6
23

6.0

-17

18

8.9

7.7
-26

21

4.1
3.1

-8
-8

52

198

183

79/03/19

79109106

171

107

17

-0.8

9.4

-32

29

6.7

-24

19

-1.5

7.9

-36

23

2.7

-11

8

11.2

5.3

0

37

61

80

79

79/12/13

80/05/13

121

90

0

-1.1

17.3

-71

50

10.4

-47

24

-0.6

19.7

-54

44

7.1

-19

25

23.7

11.3

1

79

62

250

245

80/12/02
81105/03
81/09/27
82/02/01

.81/04/29
81/09/27
82/01131
82/07/08

149
147
126
158

75

345

6.8
4.6
0.4
3.7

15.3
14.5
10.9
14.0

-40
-30
-38
-38

44
52
34
59

14.2
13.6
9.1
11.9

-29
-21
-31
-28

37
37
26
41

-5.1
-2.8
-3.9
-5.3

9.8
8.9
9.9
11.9

-43
-39
-48

-66

21
21
26
23

2.9
2.5
3.2
4.7

-16
-15
-15
-24

1
7
2
1

17.8
15.3
13.2
16.3

9.2
8.6
7.6
10.7

0
0
0
0

45
54
50
69

63

100

99

80/10/24
81/02/16
81105/05
82/07/08

80/12/12
81104/24
81109/26
82/08/12

49
67
145
35

75

345

-0.5
-4.1
-0.3
-2.2

9.0
10.8
7.9
9.0

-57
-48
-38
-34

18
18
19
23

5.1
6.7
3.7
6.9

-23
-37
-15
-10

9
6
8
3

-2.3
-2.6
-1.9
-2.2

14.9
14.4
13.9
12.4

-46
-44
-43
-42

34
35
32
31

13.4
4.0
2.2
2.4

-11
,-17
-10
-10

11
7
4
3

15.7
16.7
14.7
13.8

7.9
8.4
6.7
7.2

0
1
0
0

62
53
44
42

64

120

119

80/10/24

81/04/26

183

81

351

1.3

12.4

-48

43

7.5

-32

21

-4.0

14.8

-51

39

4.0

-19

7

17.3

9.6

0

62

65

127

126

82/01131

82/04/26

85

84

354

-0.6

9.5

-36

30

6.1

-21

15

-1.9

10.6

-47

24

3.5

-12

8

12.6

7.0

0

47

67

104

103

82/01/27

82/03/29

51

90

0

-3.9

8.3

-33

18

17.5

-14

8

0.3

12.5

-38

30

4.5

-16

9

13.2

7.4

0

40

68

485

479

83/10/20

84/03/17

149

72

342

-3.9

6.5

-30

28

3.6

-7

6

- 1.8

4.6

-32

11

1.3

-8

1

7.9

4.3

0

36

69

202

196

83/10/18

84/01/25

98

105

15

-6.4

10.1

-38

25

7.7

-30

7

-4.0

10.4

-54

19

3.3

-7

3

13.8

8.7

0

55

70

510

504

83/10/23

84/03/13

142

105

15

-2.0

4.6

-27

18

2.4

-11

6

-1.2

7.0

-27

17

1.4

-7

2

7.5

4.2

0

32

a. The currents are presented in a rotated alongshelf/ cross-shelf coordinate system. The positive alongshelf (AS) and cross-shelf (CS) directions are given
in the coordinate system column. The low-passed current was filtered to remove currents that oscillate with periods shorter than about 33 hours. S.D.
is standard deviation. * means that the data were obtained in several instrument deployments during the indicated period. At other stations the statistics
are listed by individual deployments. Data for some stations are from Butman et a!. (1982). The mean current at each station is shown in figure 13.4.
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Figure 13.5
Speed of the observed hour-aver. aged near-bottom current (solid
line) and of the synthetic near-bottom tidal current (dotted line; see
text) for selected stations on
Georges Bank. Observations were
taken 1 m above bottom (mab) at
stations 10, 11, 49, and 61 and 5
mab at station 62. At station 8 currents 1 mab were computed from
currents observed at 23 mab using
the empirical relation from Moody
et al. ( 1984). The statistics of the
synthetic tidal current speed were
determined over a 1-year period.
(a) Speed histograms shown in approximate relative geographic position. The number of days of
observation is given (for dates see
table 13.2). The arrow indicates the
mean speed (from table 13.2).
(b) Cumulative speed distribution
showing the percent in excess of
given speeds. Boldface numbers
are station numbers.

Figure 13.6
Percentage occurrence of the houraveraged current speed (a) at four
· locations across the southern flank
of Georges Bank and (b) at three
locations along the southern flank
of Georges Bank (see table 13.2
for station data) as a function of
direction in 45' increments. Speeds
greater than 30 em/sec have been
emphasized by black shading. The
speed of the current decreases
from north to south. The most frequent strong currents flow northwestward/southeastward at
stations 8, 10, and 11, where the
tidal currents are strong. The current speed lessens from east to
west, and the direction of maximum
current changes as the tides
weaken.

of each mechanism are quite different, and all processes
are not always acting simultaneously; thus they can be
treated separately for discussion. In the following sections, selected observations illustrating each of thes~
transport mechanisms are presented. For some processes,
the frequency, duration, intensity, and seasonal variability
of resuspension and the areas of Georges Bank where the
processes occur can be described fairly well. For other
processes, there are only isolated field observations, and
the characteristics of resuspension and the importance of
the process for sediment transport on Georges Bank are
less clear.
Tides
The tidal currents are the most energetic currents in the
Georges Bank region (chapter 9 and the introduction
"·Physical Oceanography" by Butman and Beardsley) and
to a large extent determine the percentage of time that
the bottom stress exceeds the critical value for sediment
movement. The tidal currents are important because they
are always present, whereas the other major processes
that cause sediment resuspension are intermittent. In the
next sections selected aspects of the tidal currents and
their effect on sediment transport are presented.
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Tidal-Current Strength
To estimate the strength of the tidal current alone, a 1year synthetic bottom tidal current record was generated
for stations 8, 10, 11, 62, and 49 using the observed amplitude and phase of the five major tidal constituentsM2, N 2, 52, Kl> and 0 1 (Moody et al., 1984; see also
chapter 9). At station 8, where there were no observations 1 m above bottom, the synthetic near-bottom current record was generated from the tidal constituents
determined from observations 23 m above bottom and
using the empirical curve of Moody et al. (1984), which
shows the M 2 near-bottom (1 m) tidal current to be
about 0.55 of the middepth current. This simulated tidalcurrent record approximates the near-bottom currents
caused by the tides alone, without the influence of wind
waves, buoyancy and wind-driven currents, or other forcing mechanisms. The magnitude of the simulated tidal
current agrees quite well with the observed speeds at stations 10 and 11, where the tides are strong, moderately
well at station 49, and poorly at 62, where the tidal currents are weak relative to other current components (figure 13.5). At all stations the observed near-bottom
current speeds range higher and lower than the speeds of
the tidal current alone, reflecting currents caused by
other processes.
The strength of the near-bottom synthetic tidal current
decreases dramatically from the crest of the bank toward
the edge of the continental shelf and along the shelf to
the west (figures 13.5 and 13.7). At station 8, its speed
exceeds 30 em/sec 87% of the time and never falls below 20 em/sec. Thus tidal reworking of the surficial sediments is continuous on the crest of the bank, and finegrained silts and clays should never settle there. In con-
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Figure 13.7
Speed of the' five-constituent synthetic bottom tidal current speed
as a function of alongshelf position
from the southern flank of Georges
Bank to the Middle Atlantic Bight.
The bold line indicates average
speed, triangles the percentage of
time that the current is less than
10 em/sec, squares the percentage
of time that the current is greater
than 30 em/sec. The figure is extended west of the Mud Patch using data obtained at stations MB,
MA, and ME.

Figure 13.8
Speed of the synthetic bottom current at station 10 for 1978, generated from five tidal constituents
showing the monthly (661-hour)
and fortnightly (354-hour) variations
in the amplitude of the current. The
speed never falls to zero because
the tidal current is rotary (chapter

9).

AUG

trast, at station 49, in the Mud Patch, the tidal current
never exceeds 20 em/sec and is less than 10 em/ sec 57%
of the time. Here the tidal current alone is never strong
enough to resuspend sediment, and deposition of silt and
clays should occur (under the tidal regime alone) more
than 50% of the time.
In areas of Georges Bank where the tidal current alone
does not exceed the threshold for the initiation of sediment movement or only exceeds this threshold occasionally, it is nevertheless important in controlling the
frequency of sediment movement. For example, at station
11, on the southern flank, the tidal current alone exceeds
30 em/ sec only 1-2% of the time, but it exceeds 20 em/
sec 38% of the time. A moderate wind-driven current or
a small oscillatory wave current superimposed on the 20cm/sec tidal flow will cause a bottom stress sufficient for
sediment movement.
The tides over Georges Bank have large spatial scales,
and the amplitude of the tidal current changes smoothly
across the bank (chapter 9 and the introduction " Physical
Oceanography" by Butman and Beardsley). The tidal-current statistics presented here, based on selected synthetic
tidal records, are representative of the currents over
broad areas of the bank.
Spring/Neap Modulation
The reinforcement and cancellation caused by the beating
of the principal lunar (M2, 12.42-hour period) and principal solar (52 , 12.00-hour period) constituents result in a
fortnightly (354-hour) modulation of the semidiurnal tidal
current, and the beating of the principal lunar (M2) and
lunar elliptic (N 2 , 12.66-hour period) constituents of the
semidiurnal tide causes a monthly (6 61-hour) modulation
(figure 13.8). These low-frequency modulations can cause
·the amplitude of the tidal current to change by as much
as a factor of two between extreme spring and neap tides
at some locations. In some parts of the bank the current
during neap tides may be below the threshold for sediment movement for an entire tidal cycle, but during
spring tides may exceed threshold and move sediment for
some or all of the tidal cycle.
To quantify the strength of the spring/ neap modulation
of the tidal current, the percentage of time that the nearbottom current was above 30 em/ sec for each 24-hour
period (called " daily exceedance") was determined from
the synthetic tidal-current records at stations 8, 10, and
11 (figure 13.9). A time-series plot of daily exceedance at
those three stations reflects the decrease in tidal-current
strength across the southern flank of the bank and illustrates the changes in tidal strength on both the fortnightly
and monthly time scales. At station 8, in water depth of
38 m, the current exceeded 30 em/ sec during some part
of a 24-hour period all of the time (daily exceedance always greater than zero). At station 10, in a depth of 64
m, the current fell below threshold for all of a 24-hour
period (that is, daily exceedance was zero) for 1- 7 days
every 29 days. At station 11, in 85 m, the current exceeded threshold only about 10% of the time during a
24-hour period for periods of about 3 days and fell be-
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low threshold all of the time for periods of 20-60 days.
Thus fortnightly and monthly changes in the strength of
the near-bottom tidal currents are sufficiently large to
cause significant changes in the intensity and duration of
reworking of the surficial sediments on time sca:les of
days to months.
Suspended-Sediment Transport by Tides and Mean Flow
Although tidal currents often exceed threshold, they are
oscillatory and symmetric, and thus by themselves generally cannot cause any net transport of sediment over a
tidal cycle. However, in many places on Georges Bank
there is a weak mean current of 1-5 em/ sec (table 13.2
and figure 13.4; see also the introduction " Physical
Oceanography" by Butman and Beardsley and chapter
11) that will transport particles over long distances that
have been suspended or that are kept in suspension by
tidal (and other) currents. Silt and clay, which are easily
kept in suspension by bottom currents in excess of about
5 em/ sec (table 13.2) and which take hours to settle a
few meters, are most affected by this transport mechanism. In parts of Georges Bank where the tidal currents
frequently or occasionally exceed threshold, the fine sediment will be transported in the direction of the mean
circulation. The persistent westward flow along the
southern flank into the Middle Atlantic Bight should
carry the finest particles from Georges Bank toward the
Mud Patch.
In the Mud Patch, the observed current is less than 10
em/ sec 46% of the time and should allow fine particles
carried to this region to fall out of suspension. The mean
westward flow is about 5 em/sec, and silt-size particles
can easily fall to the seafloor in the approximately 35
days it takes a water particle to transit the 150-km-long
Mud Patch. More important, the bottom current rarely
exceeds 30 em/ sec, so that once deposited, the sediments
remain (except during major storms when large waves are
present; see the section on storms to follow). This mechanism of sediment transport-resuspension by strong
tides and transport by a weak, westward mean flow-has
been hypothesized as the cause of the Mud Patch
(Twichell, McClennen, and Butman, 1981; see also chapter 4). In addition to the westward flow, the slight offbank, mean near-bottom flow obse~ed along the outer
edge of the shelf (figure 13.4) should carry suspended
sediments from Georges Bank off-shelf to the continental
slope.
If this constant westward transport is operative, larger
suspended-sediment concentrations should· be observed to
the east (upstream) of the M ud Patch than to the west. In
fact, the major signal in the few available semisynoptic
pictures of the suspended-sediment distribution is an increase of about 1 mg/ L over the Mud Patch attributed to
local resuspension (Bothner, Parmenter, and Milliman,
1981; Bothner et al., 1982). One section published by
Bothner et al. (1 982) does suggest a decrease of about
0.25 mg/ L downstream from the Mud Patch, from
which a crude estimate of the alongshelf transport of the
sediment by the mean flow can be made. For a constant
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Figure 13.9
Occurrence (percentage of time) of
speeds of synthetic bottom tidal
currents in excess of 30 em/sec at
stations 8 (upper trace), 10 (middle
trace), and 11 (lower trace) determined for each 24-hour period for
1978.

0

alongshelf flow of 5 em/sec and a decrease in suspendedsediment concentration of 0.25 mg/L in a 50-m water
column over the Mud Patch, the amount of sediment deposited per second in the Mud Patch is 6.3 X 10- 3 g/
em, or about 2 X 105 g/cm annually. If this material
were deposited uniformly over the western half of the
150-km-long Mud Patch, the accumulation rate would be
about 10 cm/1,000 years, which is in the range of measured accumulation rates. This estimate shows that only a
small change in suspended-sediment concentration (on the
order of 0.5 mg/L) across the Mud Patch is sufficient to
provide the necessary volume of sediment. Because of
temporal variability in the suspended-sediment distribution, an accurate estimate from sections of the amount of
sediment input to the Mud Patch may not be possible.
Bedload Transport by Tides and by Tides and Mean Flow
Sediment need not be suspended to be transported by
tides and the mean flow, but can be carried as bedload.
There are numerous empirical formulas for calculating
the rate of bedload transport (among them Yalin, 1977,
and Gadd, Lavelle, and Swift, 1978). A simple model for
the sediment transport rate Q. (in g/ em per second) under
a steady current is

Q = {c(JUI - UTH) 3 U when JUJ > UTH
•

0

otherwise,

(2)

where U is the current 1 m above bottom, c is a constant, and UTH is the threshold current speed for initiation
of sediment motion (Gadd, Lavelle, and Swift, 1978). In
this formulation, the transport rate is proportional to the
cube of the excess current speed above threshold; thus
the transport rate is highly nonlinear and extreme events
are very important. (Note that this bedload equation is a
function of bottom current speed, not bottom stress, and
thus is limited in application. For example, it is not appropriate for estimating transport when waves are present. In addition, the proportionality constant, c, may
change with sediment particle size, bottom stress, and
roughness. Thus the transports presented here using equation (2) should be taken as illustrative.)
If a small mean current is superimposed on a rotary
tidal current .that exceeds the threshold velocity, the flow
and the transport are asymmetric over a tidal cycle and a
net transport of sediment will occur. The net transport is
more pronounced if the mean current causes the current
speed to exceed threshold in one direction and fall below
threshold in the opposite direction. As a simple example,
suppose the tidal current is rotary at a constant speed of
31 em/sec. Sediment movement occurs continuously because the current exceeds threshold by 1 em/sec; the rate
given by (2) is c, but there is no net transport. Now superimpose a mean current of 2 em/ sec on the tidal current. During the phase of the tide when the mean flow is
in the same direction as the tidal current, the flow exceeds threshold by 3 em/sec and the rate from (2) is 27c.
When the tidal current and mean flow oppose one another, the speed is below threshold and no transport occurs. Thus the addition of a small mean current to this
· hypothetical tidal flow can change the net transport of
sediment from zero to 27 c. With an elliptical tidal current, the bedload transport may be at some angle to the
mean flow because of threshold effects and because the
rate of transport is highly nonlinear.
The net bedload transport at stations 8, 10, 11, and 61
has been computed using (2) and the synthetic tidal current plus a mean flow (table 13.3). The threshold speed
was taken as 30 em/sec and cas 5 x 10-s g sec 2 /cm4 •
The net bedload transport rate at station 11 was essentially zero. At stations 8 and 10, the annual bedload
transport rate ranged from 4 X 10 4 to 6 X 104 cm3 I em,
primarily toward the south. The southerly bedload transport at station 10 is in agreement with the net transport
inferred by Twichell, Butman, and Lewis (chapter 4)
based on the seafloor geology. The transport rates at stations 10 and 11 give a very crude estimate of the convergence of the off-shelf sediment transport between the 64and 85-m isobaths. If the sediment moving south at station 10 were evenly distributed between stations 10 and
11 (about 25 km apart), the accumulation rate would be
on the order of 20 cm/1,000 years. The southwesterly
bedload transport calculated for station 61 represents
about 2 cm/1,000 years if distributed over the eastern 75
km of the Mud Patch. This suggests only a small input of
sand to the Mud Patch from Georges Bank. Again, this
estimate is in agreement with Twichell, McClennen, and

Butman (1981), who suggest that most of the fine sand
supplied to the eastern end of the Mud Patch originates
from Nantucket Shoals. These are very rough estimates
of bedload transport and accumulation because the magnitude of the constant c and the threshold for movement
are somewhat uncertain, and the form of the bedload
equation can be questioned. In addition, transport caused
by other processes, such as storms, may alter this transport pattern. Nevertheless, the concept of a significant
southerly bedload and southwesterly suspended load
transport along the southern flank of Georges Bank
caused by the strong tides and the weak mean flow is
probably valid.
There are two other possible mechanisms for the net
transport of sediment associated with tidal currents that
have not yet been fully investigated. First, the shallowwater tidal constituent M 4 has a period exactly half that
of the principal lunar constituent M 2 , but it is phase
locked to the M 2 tide and thus can cause an asymmetry
in the tidal-current strength. Pingree and Griffiths (1979)
have shown that the M/M 4 interaction is extremely important in the transport of sediment around the British
Isles. In the Georges Bank region, the amplitude of the
M 4 tidal current is very small-typically less than 1 em/
sec-and the Greenwich phase estimates are quite variable. The importance of the small M 4 tide to the net
transport of sediment remains to be determined. Second,
in the case where the bedload transport is given by (2),
there is a net transport of sediment by the tidal current
caused by the five major tidal constituents alone. This
happens because the cube of the tidal current strength
has a steady term given by
U~dal

= (3/2)UM,UKPor cos(c/>K,

+ cPo,

- cPM 2 ),

(3)

where the U are the magnitudes of the respective tidal
constituents and the ¢ are the respective Greenwich
phases. The mean term results because the sum of the K1
(lunisolar constituent of the diurnal tide) and 0 1 (principal lunar constituent of the diurnal tide) frequencies exactly equals the frequency of the principal lunar
constituent of the semidiurnal tide (M 2 ). The transport
computed using (2) and the five-constituent, synthetic
tidal current at station 8 was of the same order of magnitude as the transport caused by the tides plus mean flow
(table 13.3). However, the transport may be dependent
on the particular form of the bedload equation, of which
(2) is only one possibility, and thus requires further
investigation.
Storms
Intense winter storms occur several times each year over
Georges Bank (chapter 7). They are important for sediment movement because the large surface waves accompanying them increase the bottom stress significantly
above nonstorm conditions over the entire Georges Bank
region. In addition, the wind-driven currents associated
with storms are generally much stronger than the
monthly mean current and can transport resuspended sediments over long distances. Winter storms typically occur
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Table 13.3
Annual bedload transport' (cm3 /cm) caused by a current
composed of the synthetic tidal current plus the tabulated mean
flow calculated using equation (2) with Um = 30 em/sec and
c = 5 x to-s g sec 2 /cm4
Mean flow

Station

Depth
(m)

Speed
(em/sec)

(0)

Transport
Annual
volume
(cm3 /cm)

lt
10
8
61

85
64
38
80

2.9
3.4
0.6
1.3

247
225
223
24t

0
4.0
5.7
1.4

Direction

X
X
X

to•
to•
to•

Direction
(0)

184
211
217

a. The transport was calculated for a 1-year period to average the
spring/neap variation.

every 10 days and last for 1-2 days. Reworking and
transport by storms is thus intermittent, in contrast with
the constant reworking of sediment on the top of the
bank by tidal currents; storm processes may affect the
sediments several times each month in winter, but much
less frequently or not at all in summer.
The vignette "The Effect of Winter Storms on the Bottom" by Butman presents observations showing rapid and
near-simultaneous resuspension caused by storms along
the entire continental shelf from Georges Bank to the
Middle Atlantic Bight. Near-bottom suspended-sediment
concentrations reached at least 10 mg/ L (possibly 50 mg/
L at some locations)-20 times the typical concentration
of about 0.5 mg/L during nonstorm periods. The net
flow during storms at the midshelf observation stations
was primarily parallel to the local isobaths, either along
the shelf to the southwest or northeast depending on the
winds associated with the storms. Typical water-particle
excursions, and thus excursions of the fine particles that
remain in suspension, were on the order of 50 km.
Additional tripod observations obtained at stations 10,
11 , and 49 in the winters of 1976/1977, 1977/1978,
and 1979/1980, respectively, illustrate the typical duration and frequency of winter storms, the large increases
in bottom stress caused by waves, changes in sediment
concentration, and the net flow during each storm (figure
13.10). For each record, bottom stress (u. c and u•cw)
was computed using the model of Grant and Madsen
(1979) from current speed measured 1 m above bottom
and bottom wave currents estimated from the pressure
observations. Details of the computed stress may not be
exactly correct because the stress was computed assuming
a constant bottom roughness and a constant wave period
of 12 sec. In the field the seabed roughness is expected
to change as a function of the total bed stress (Grant and
Madsen, 1982) and as biologic activity alters the microtopography. Even so, the large increases in bottom stress
during storms are real; the calculated wave stress is 10
times or more larger during storms than at other times
and is often sufficient to resuspend fine sand (d = 0.125
mm). The bottom stress during storms is larger than
would be calculated using equation (1) because of the effect of waves.3

The transmissometer observations• show heavy resuspension of bottom sediment during storms (figure 13.10).
At station 49, in the Mud Patch, increases in suspendedsediment concentration 15 m above bottom were well
correlated with each period of large bottom stress (figure
13.10c). During three of the four major storms that occurred during this 2-month period in 1980, the storm-driven flow was to the west at speeds in excess of 30 em/
sec and carried suspended sediment in that direction. At
station 10, in 64 m on the southern flank of Georges
Bank, there were two major and several smaller storms
during a 2-month period in the winter of 1977/ 1978 (figure 13.10b). Again, there were large increases in suspended sediment during each storm, but there were also
large fluctuations at the tidal frequency during storms,
some of which may reflect changes in the height above
bottom of the resuspended material (Lavelle, Mofjeld,
and Baker, 1984). The typical storm-driven flows were
weaker than at station 49; there was a storm-driven flow
only during the early part of the· storm of 7 February,
and it was less than 15 em/sec. At station 11, in water
85 m deep, there were at least six storms during the period 6 December 1976-31 January 1977 (figure 13.10a),
and increases in suspended sediment were observed in
most of these. However, there were additional changes in
suspended sediment that were not well correlated with
bottom stress, especially during the latter part of January.
These may have been due to suspended biologic material
near the shelf-water/Slope Water front. The apparent
small increase in suspended sediment associated with the
storms in December in comparison with that suspended
in later storms may reflect "armoring" of the surficial
sediments by the plant and animal community at this site.
At station 11 the storm-driven ·currents were typically less
than 10 em/ sec.
In this chapter events during which the bottom stress is
large and caused by wave currents associated with the
passage of an atmospheric storm are called bottom
storms. A bottom storm is defined somewhat arbitrarily
as a period when the wave current at the bottom exceeds
10 em/ sec for at least 10 hours. (A bottom wave current
of 10 em/ sec with a 12-sec period causes a bottom stress
of 1.56 dyne/ cm2 for a bottom roughness of 0.5 em and
is slightly greater than the stress required for initiation of ·
motion for fine sand; see table 13.1.) The definition of a
bottom storm is different from the usual one for a surface storm, which involves the amplitude of surface
waves or wind, which may be more or less uniform over
the entire bank; this i~ because wave currents rapidly diminish with water depth, so that bottom storms will be
less frequent at deeper stations than at shallow ones. In
addition, the required amplitude of the wave current (10
em/sec) means that many small atmospheric storms will
not qualify as bottom storms.
Statistics of the frequency, duration, and seasonality of
bottom storms were compiled from the long-term wave
(bottom pressure) measurements (figure 13.10) at stations
10, 11, and 49 (table 13.4 and figure 13.11). At station
10 in winter there were about three bottom storms per
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month, lasting about 13% of the time. Storms during
spring were less frequent, of shorter duration, and occupied less total time. There were no storms in summer
during the period sampled. At station 11, in a water
depth of 85 m, storms were less frequent and of shorter
duration than at station 10, reflecting the decrease in
wave currents at the bottom with increasing water depth.
Storms at station 49 (in water 66 m deep) in the Mud
Patch were less frequent and occupied less total time
than at station 10, probably because atmospheric storms
intensify as they move northeastward along the shelf.
(The wave data at the two stations were not collected simultaneously, however, so they cannot be directly
compared.)
Butman and Moody (1983) investigated the suspendedsediment transport caused by storms at stations 10 and
11 during the winter of 1978. Using the model of Grant
and Madsen (1979), they computed bottom stress from
time-series observations of the near-bottom wave and
currents, determined the percentage of time that sediment
of various sizes was in suspension, and estimated the distance that particles traveled during each suspension event
from the current measured 1 m abo~e the bottom. This
simple model describes the motion of a single sediment
particle over the seafloor, but does not indicate the rate
of sediment movement or the net volume moved. The
extent of movement was a function of particle size, reflecting the larger critical shear velocities for sediment
movement, u.c, and for sediment suspension, u ••, required by the larger particles. Sediment 0.250 mm or
coarser never moved in suspension. Movement of 0.125mm-size particles in suspension occurred about 10% of
the time, and of this time, almost all was during storms.
The net direction of suspended-sediment transport was
southwestward. Sediment 0.063 and 0.031 mm in diameter moved in suspension all of the time at station 10 and
7 5% of the time at station 11. Only about 30% of the
net movement of these finer sediments occurred during
storms, however, because they were almost immediately
resuspended by the tidal flow or first storm in the record,
then traveled with the southwestward mean flow. Fine
sediment travels a long distance once suspended because
the bottom stress caused by the continuous tidal current
does not often fall below the small value required to
keep these particles in suspension.
Although the observations during storms are not sufficiently detailed in space to determine the alongshelf flux
of suspended material and any convergence of the flux
across the Mud Patch, estimates of the volume of sediment transported during a typical storm can be made. For
a net flow of 25 em/ sec and a suspended-sediment concentration of 5 mg/ L in the bottom 25 m of the water
column, the alongshelf transport is 0.3 g/cm per second.
For a 2-day storm, the total transport is 5.4 x 104 g/ em.
If all this material were deposited in the 150-km-long
Mud Patch, the accumulation for each storm would be
1.4 x 10- 3 em, or 14 cm/ 1,000 years, assuming 10
storms each year. These estimates indicate that the volume transports of suspended sediment across (or to) the
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bottom, where they show increased
sediment concentrations during
storms to at least this height above
bottom. The clear correlation between waves and suspended-sediment concentration indicates that

waves are the major process causing high bottom stresses and consequent changes in suspendedsediment concentration in winter.
Vertical lines correlate selected
storm events. The apparent steady
increase in suspended sediments
during the observation period at
station 11 may have been caused
by fouling of the transmissometer
windows.
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Figure 13. 10
Time series of waves (bottom orbital speed and surface amplitude),
speed of bottom current 1 m above
bottom, maximum bottom stress inside the wave boundary layer
(u.cw)', and stress outside the
wave boundary layer (u.c)' computed from the model of Grant and
Madsen (1979), suspended-sediment concentration determined
from transmissometer measurements and low-passed alongshelf
(red) and cross-shelf current components for observations at (a) station 11 from 5 December 1976 to 4
February 1977, (b) station 10 from
20 January 1978 to 19 March 1978,
and (c) station 49 from 1 January
1980 to 29 February 1980. The
measurements of bottom pressure
were converted to wave orbital velocity and surface wave amplitude
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Table 13.4
Statistics of bottom storms at stations 10, 11, and 49 based on wave (bottom pressure)
observations at various times between 1975 and 1980•
Station

Season

Months of
data

Storms
observed

Storms/
month

Hours/
storm

11

Winter
Spring
Summer
Fall

7.0
3.9
6.0
3.3

12
1
0
1

1.7
0.3
0
0.3

22
20
0
22

5.2
0.7
0
0.9

10

Winter
Spring
Summer
Fall

6.7
7.6
2.5
2.0

21
17
0
1

3.1
2.2
0
0.5

32
18
0
13

13.6
5.6
0
0.9

49

Winter
Spring
Summer
Fall

4.2
5.7
4.9
4.9

6
6
0
1

1.4
1.1
0
0.2

30
18
0
31

6.0
2.7
0
0.9

Percentage
of time

a. Bottom storms were defined as periods when the amplitude of the bottom wave current, calculated from the
observed variance of the measurements of the bottom pressure and assuming a 12-sec wave period, exceeded
10 em/sec for at least 10 hours (see text).
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Mud Patch by storms and by the mean flow during tranquil periods are comparable.
In summary, major sediment resuspension and transport
occur intermittently in winter during storms. The bottom
stress caused by surface waves is a major cause of sediment resuspension; the quasi-steady wind-driven flows associated with storms are in general not strong enough to
cause sediment resuspension by themselves. However, the
effect of the total near-bottom flow during storms is to
transport sediment, primarily parallel to local isobaths.
Further analysis should allow more detailed estimates of
the rate and direction of suspended-sediment transport
during infrequent intense storms relative to the continuous southwestward transport caused by tidal currents and
the mean flow. Further analysis is also needed to assess
the magnitude and direction of sediment transported as
bedload during storms. This will require detailed estimates of bottom stress that include the effect of waves
and a bedload-transport model formulated in terms of
stress, not bottom velocity.
Internal Waves
Packets of high-frequency internal waves are generated at
the edge of the continental shelf and propagate onto the
shelf in summer when the water column is stratified (Appel et al., 1975; Sawyer, 1983). There are several models
for the generation of these waves, which apparently are
formed every semidiurnal tidal cycle (12.42 hours) by the
interaction of the tide with the edge of the shelf (Lee and
Beardsley, 1974; Maxworthy, 1979; Baines, 1982). Evidence for these waves on Georges Bank and in the Middle Atlantic Bight comes primarily from satellite
observations during calm weather, which show distinct
surface slicks associated with the waves (Appel et al.,
1975; Sawyer, 1983). Only a few surface slicks over
Georges Bank were detected in Landsat images during the
summers of 1972-1974, and these were primarily near
the Great South Channel (Sawyer, 1983). There is no
comprehensive description of the spatial and temporal occurrence of these waves, and almost no direct measurements of the currents associated with them. The lack of
direct current observations may be in part because the
duration of some of the high speeds is only 5-20 minutes; current meters are often set to sample average current every 15-30 minutes, and thus these short-period
motions are not resolved when present.

w

s

s

F

Figure 13.11
Frequency (number per month), duration (hours), and occurrence (percentage of time) of bottom storms
at stations 10 (solid lines, 64 m),
11 (dashed lines, 85 m), and 49
(dotted lines, 67 m) for W (winter:
December, January, February), S
(spring: March, April, May), S (summer: June, July, August), and F
(fail: September, October, November). Bottom storms are defined as
periods when wave currents at the
, bottom exceeded 10 em/sec (see
text and table 13.4).

Observations of near-bottom currents associated with
internal waves were made at a station in a water depth of
60 m off New Jersey, in a region where Sawyer's observations suggest internal waves (Butman, Noble, and Folger, 1979). Here the waves occurred in packets of about
four, current speeds 1 m above the bottom due to the
waves alone were about 6 em/sec, and maximum speeds
were on the order of 15 em/sec. The average spacing between waves in the packet was about 20 minutes, and
packets were observed almost every tidal cycle. The currents associated with the waves were oriented cross-shelf
but were not symmetric; maximum near-bottom flow was
off-shelf.
Although the near-bottom currents associated with the
waves observed by Butman, Noble, and Folger (1979) in
the Middle Atlantic Bight were not strong enough to resuspend the bottom sediments, they could be stronger in
other regions of the shelf where stratification, tidal currents, and geometry are different. For example, current
speeds associated with packets of internal waves in Massachusetts Bay reached 30-40 em/sec (Haury et al.,
1983), and possibly 150 em/sec in the Andaman Sea (Osborne, Burch, and Scarlet, 1978; Osborne and Burch,
1980). Thus currents caused by internal waves could exceed the threshold for sediment movement, especially
when the waves are superimposed on moderate tidal
currents.
Observations at stations 11 and 25 illustrate the characteristics of currents associated with internal waves on
the continental shelf in the Georges Bank region (figure
13.12). At these two locations there were some periods
(25 August 1977 at station 11 and 27 August 1978 at
station 25, for example) with several distinct, short-duration peaks of current speed apparently associated with
packets of internal waves. These high-frequency speed
peaks are similar to those observed by Butman, Noble,
and Folger (1979) in the Middle Atlantic Bight. During
other periods there was a single sharp increase in bottom
current speed that lasted on the order of hours (27 August at station 11 and 26 August at station 25). At station 62 at the edge of the continental shelf (data not
shown), the speed fluctuations were not as rapid, yet they
occurred at frequencies more rapid than the tide.
There is no question that these short pulses of fast current, which sometimes exceed 40 em/sec at 1 m above
bottom, cause sporadic sediment resuspension and scour.
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Figure 13.12
(a) North/south and east/west components of bottom current velocity,
bottom current speed, high-passfiltered bottom current speed, and
beam attenuation coefficient at station 25 in the Mud Patch, taken
25-29 August 1978 at 5 m above
bottom (mab). The observations
were made by means of a vectoraveraging current meter modified
to record light transmission. The
sampling rate was once every 3.75
minutes. Each of the upper three
graphs shows both the unfiltered
time series and a time series in
which high-frequency oscillations
have been filtered out. The observations show the high-frequency
current fluctuations associated with
internal waves. The waves were
most pronounced on 26 and 27 August, when the high-frequency fluctuations were greater than 10 em/
sec. Note the increase on 26 Au·
' gust in the beam attenuation coefficient (proportional to the
suspended-sediment concentration) associated with current
speeds in excess of 30 em/sec.
The sediment increase is estimated
to be about 1 mg/L based on a
laboratory calibration of the transmissometer. (b) Similar data at station 11 on the southern flank of
Georges Bank, taken 24-28 August
1977 at 1 m above bottom. Data
treatment and arrangement are as
in (a) except that the attenuation
coefficient was not measured. Arrows indicate times of bottom photographs shown In figure 13.13.
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Figure 13. 13
Sequence of bottom photographs
at station 11 showing bottom scour
in summer associated with high·
frequency internal waves. The area
of view is about 1. 1 m x 1.6 m,
and north is to the lower right (indi·
cated by the arrow in the circular
holder), where the current meter Is
visible. (a) 27 August 1977, 1700
EST, just prior to the pulse of high
current speed late on 27 August
(figure 13. 12b). (b) 27 August
1977, 2257 EST, intense scour and
resuspension of bottom sediments.
Note that the steep sides of the
small ripples face southeastward,
indicating sediment transport in
that direction; figure 13. 12b shows
that the strongest flow was offshelf toward the southeast just
prior to this photograph. (c) 28 Au·
gust 1977, 0454 EST, 6 hours after
preceding picture. There is almost
no indication of ripples, and
mounds of fecal material from
benthic animals have already reappeared. (d) 28 August, 2244 EST.
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A sequence of bottom photographs made late on 27 August and early on 28 August at station 11 clearly shows
scour and resuspension caused by the strong current event
that occurred late on 27 August (figure 13.13). The sea
floor rapidly returns to an apparently unscoured condition within 6 hours, probably as a result of the activity of
the benthic community at this season. At station 25,
transmission observations show an increase in suspendedsediment concentration at 5 m above the bottom of
about 1 mg/L on 26 August associated with the current
of almost 50 em/sec (figure 13.12a). The suspended-sediment concentration 5 m above bottom gradually decreased as the material either fell out of suspension or
was carried away.
At both stations 11 and 25, the internal wave packets
arrived close to the time of the maximum offshore tidal
current. In addition, the high-frequency currents were not
symmetric, but were stronger off-shelf. The strong offshelf flow associated with the waves superimposed on the
peak off-shelf tidal current results in an asymmetric nearbottom current. If the internal waves arrived at a different phase of the tide, as they must at other locations on
the shelf, the total current (tide plus internal wave current) would be weaker and resuspension less intense. If
the wave packets were exactly phase locked to the astronomical semidiurnal tide, there might be bands of sediment resuspension across the shelf where the packets
arrive at times of maximum tidal flow. However, variability in the speed of propagation of the waves and multiple
generation regions of the wave packets would probably
smear this effect.
To quantify the amplitude and duration of the highfrequency events, the eastern and northern components
for selected current observations were high-pass filtered 5
to obtain a record containing only the current fluctuations having periods shorter than about 4 hours. The
background amplitude of the high-frequency speed fluctuations was typically 5-10 em/sec. Amplitudes greater
than 10 em/sec were assumed to be caused by internal
waves, and the statistics of these high-frequency currents
were used to define the strength of the internal waves.
On the shelf the high-frequency currents were quite
weak, rarely exceeding 20 em/sec (less than 1% of the
time) and 10 em/sec only a few percent of the time (table 13.5 and figure 13.14). The percentage of the time
that high-frequency current speeds exceeded 10 em/sec
increased toward the shelf break and was highest at station 66 in Lydonia Canyon. At stations 11, 25, and 49,
the high-frequency speed fluctuations were only observed
in summer, when the water column was stratified, but
they were observed in both summer and winter at the
deeper stations.
To estimate the importance of high-frequency currents
in initiating sediment movement, the percentage of time
that they exceeded 10 em/sec at the same time that the
total near-bottom speed exceeded 30 and 35 em/sec was
determined (table 13.5). On the shelf in summer, the
high-frequency currents were a major cause of the largest
(but infrequent) bottom current speeds. At stations 11,
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Table 13.5
Statistics of high-frequency currents at selected locations in winter and summer

Station

Latitude (N)/
longitude (W)

63

62

66

64

(m)

(m)

64

10

49

Meter
depth

85

11

25

Water
depth

40°28',
70°33'
40°29',
70°30'

84

63

Start
(year/month/
day)

Stop
(year/month/
day)

76/12/06

77/03/17

77107/09
78/01/25

77/09/04
78/05/10

78/12/01

79/01/24

79/08/11

79/10/01

Season

(min)

IT

(%)

w

2,441

7.5

T

s

1,350
2,533

3.75
7.5

1,302

w
w

PTTC>30

PTHF

Data
length
(hr)

10-iO

PTTC>35

20-30

Tot

HF>10

(%) .

Tot

HF>10

(%)

(%)

(%)

(%)

(%)

99.7

0.3

0.0

5.4

6

1.4

14

T
T

96.1
99.3

3.5
0.6

0.3

0.0

7A
9.0

23
1

2.6
2.4

42
4

7.5

T

98.4

1.6

0.0

43.2

3

23.4

4

1,226

3.75

T

98.6

1.4

0.0

29.1

3

13.9

6

213

3.75

v

97.7

1.9

0.3

0.8

88

0.4

100

ISR

0-10

74

69

78/08/21

78/08/30

s
s

71

70

78/11/01

79/01/19

w

1,900

7.50

T

99.8

0.2

0.0

0.2

0

67

66

79/08/08

79/09/30

s

1,293

3.75

T

98.3

1.6

0.1

1.0

20

0.2

50

66

65

79/12/17

80/05/23

3,779

7.50

T

99.9

0.1

0

5.5

2

3.3

3

100

99

81/02/17

81/04/23

w
w

1,573

7.50

T

97.2

2.7

0.1

7.5

15

3.7

16

81/05/05
82/07/09

81109/26
82/08/11

s
s

3,441
806

3.75
7.50

T
T

94.4
93.1

5.1

6.6

0.4
0.3

3.3
4.1

48
41

1.1
1.2

64
75

0

0

250

245

80/12/02

81104/28

w

3,535

7.50

v

91.1

8.5

0.4

12.1

12

4.7

13

250
250

245
245

81/05/04
81/09/28

80/09/26
82/01/30

s

3,491
2,985

3.75
7.50

92.6

3.7
6.9

0.1
0.5

7.6
3.6

4
19

3.1
1.7

3
24

282

277

81/11129

81104/27

3,584

7.50

v
v
v

96.1

w
w

79.6

17.8

2.2

7.7

56

3.9

67

81/04/30

81/09/26

s

3,575

3.75

v

75.6

21.5

2.6

7.2

43

3.8

42

80110/25

81/04/25

w

4,368

7.50

T

95.2

4.6

0.2

11.2

9

6.3

10

120

119

a. Key: W, winter; S, summer; ISR, instrument sample rate; IT, instrument type (T for tripod and V for vector-averaging current meter); PTHF, the percentage of time that the strength of
high-frequency currents alone were 0-10, 10-20, or 20-30 em/sec; PTTC, the percentage of time that the total currents (Tot) exceeded 30 or 35 em/sec and the percentage of this time that
the high-frequency currents were also greater than 10 em/sec (HF>10). (This is a rough measure of the percentage of transport events that were associated with the high-frequency speed
events.)
25
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Canyon Head

Figure 13. 14
Occurrence (percentage of time) of .
high-frequency currents with amplitudes greater than 10 em/sec at
stations on the shelf and slope and
in Lydonia Canyon (see table 13.5
lor station data). Currents at stations 25, 62, and 66 were measured
5 m above bottom (mab), all others
1 mab. Solid symbols indicate
summer observations, open symbols winter ones; squares are for 1
mab, triangles 5 mab. On the shelf
the high-frequency fluctuations
were observed only in summer
(water depths less than 100m).
The occurrence of high-frequency
fluctuations increased toward the
shell break and was highest in Lydonia Canyon.
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25, 49, and 63, bottom speeds greater than 35 em/sec
were associated with high-frequency bottom speeds
greater than 10 em/sec 42, 100, 50, and 64% of the
time, respectively. In Lydonia Canyon, high-frequency
currents in excess of 10 em/ sec were associated with bottom speeds greater than 35 em/ sec 67% of the time.
Thus although the high-frequency currents by themselves
are almost never strong enough to cause sediment movement, when superimposed on tidal and other currents,
they are a major cause of the infrequent movement of
sediment occurring in summer.
Warm-Core Gulf Stream Rings
Warm-core Gulf Stream rings (WCRs) form from northward meanders of the Gulf Stream. The rings drift westward or southwestward in the Slope Water between the
edge of the continental shelf and the Gulf Stream until
they are reabsorbed by the stream. When WCRs drift
close to the continental shelf, the clockwise flow around
them causes a strong eastward or northeastward flow
along the outer edge of the shelf. Case studies of several
WCRs show that they cause displacements of the shelfwater/Slope Water front (Ramp, Beardsley, and Legeckis,
1983) and entrainment of shelf water into the Slope
Water (Morgan and Bishop, 1977; Flagg et al., 1982; Bisagni, 1983). Typically, 1-10 WCRs are spawned by the
Gulf Stream each year. Recent observations near the edge
the edge of the shelf show that rings often affect the currents there (Beardsley et al., 1985), but there are few observations long enough to determine the percentage of
time that rings affect the shelf edge, and there are no
published near-bottom current measurements to assess
their effects on sediment movement. Because the currents
associated with the WCRs are so strong and unidirectional, they are probably important for the transport of
sediment near the shelf/ slope break.
A major objective of current observations made at station 62 from 1 December 1980 to 8 July 1982 was to
determine the percentage of time that WCRs affect the
currents on the outer shelf and to describe the strength
and direction of the currents associated with them. A
clear example of the near-bottom current caused by a
WCR is given by observations made 5 m above bottom
at station 62 from 1 February to 8 July 1982 (figure
13.15). For most of the period there was a weak westerly
mean current and low-frequency current fluctuations of
5-10 em/sec. From 17 March to 17 April, however,
there was a strong net eastward current in excess of 20
em/sec and increased near-bottom current speeds. The
Oceanographic Analysis charts modified by NOAA's Atlantic Environmental Group show WCR 82-A just to the
south of Lydonia Canyon during this period (figure
13 .16). At station 62, there was an off-shelf flow of
about 10 cm/s~c during the passage of WCR 82-A, but
observations made at this station during passage of other
rings did not show so intense an off-shelf flow.
The presence of WCRs at station 62 during the entire
579-day observation period was subjectively determined
from the Oceanographic Analysis charts and from the oc-

currence of sustained net eastward flows measured 5 m
above bottom. WCRs affected the currents at this station
32% of the time. The current speed 5 m above bottom
exceeded 36 em/sec (see the caption to figure 13.15 for
the use of 36 em/sec) about 10% of the time during the
observation period, and 71% of these speeds occurred
when WCRs were present. Thus at this station currents in
excess of 36 em/sec at 5 m above bottom occurred most
when WCRs were present. Sediment transport caused by
the WCRs is primarily to the east along the slope, but
may have a small off-shelf component because sediment
is entrained in the clockwise circulation.
These observations in a water depth of 250 m clearly
show that WCRs affect the outer edge of the shelf for a
substantial fraction of the time and are an important process causing sediment movement there. The strong nearbottom currents associated with WCRs apparently occur
only in a narrow depth range along the outer edge of the
shelf, however; preliminary analysis of near-bottom observations at depths of 120 and 500 ni did not show high
near-bottom current speeds attributable to WCRs. Beardsley et al. (1985) also did not observe strong currents on
the shelf caused by WCRs.
Discussion and Summary
The seafloor on Georges Bank is not tranquil. Tides,
storm-generated surface waves, internal waves, and warmcore Gulf Stream rings all cause bottom sediment movement, but in different places and seasons and with different frequencies and durations (table 13.6 and figure ·
13.17). The duration of sediment-movement events covers a wide range of time scales-from seconds to minutes
for surface and internal waves, to days for storms, to ten.s
of days for Gulf Stream rings, to months for the spring/
neap tidal modulation. The recurrence interval for each
of these processes also covers a wide range of time scales.
Tidal currents are the dominant process causing sediment movement on Georges Bank; they are strongest on
the shallow crest of the bank and decrease in deeper
water and to the west along the continental shelf. Storms
cause intense sediment movement, primarily in winter.
The bottom stress caused by the oscillatory currents associated with surface waves is the major cause of sediment
resuspension at such times. The effect of waves on the
bottom diminishes with increasing water depth, and thus
storms are most important in water shallower than about
100 m. There is evidence that the waves associated with
storms are stronger on Georges Bank than in the Middle
Atlantic Bight because the storms intensify as they move
northeastward. Internal waves cause intermittent sediment
movement in summer on the shelf, where the water column is stratified, and apparently year-round near the shelf
break and in submarine canyons. Finally, currents associated with warm-core Gulf Stream rings cause sediment
movement along the outer edge of the shelf. The effect
of rings is intermittent and of variable duration, depending on the number and size of rings that pass close to the
shelf break each year. It should be remembered that al-

Station 62 (5 mab; record 2423)
70
60

1-

Speed

70
60

"50

50"
40 ~

~40~~~~t-~----~~

E'O
"zo

'oE
zo"

.

1o,IIMII~I l~,W~IW~~~·rr

10

60

60

50

50

40

"
5

40

30

Q)

zo

(/)
~

10

30 "

zo

Q)

(/)

1oE

o~~HU~~~~

0 "
-10

-ZO
-30
-40
MAY

JUN

JUL

30

30

zo

zo

10

10
0 "Q)
-10.!'!

"

~ -10

E -zo

-zoE

0 -JO

-30

-40

-40

-50

-50

-60

-60

"

-70~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -70

MAY

Figure 13.15
Bottom currents measured 5 m
above bottom (mab) at station 62
from 1 February to 8 July 1982.
The upper panel is the hour-averaged current speed with a line
drawn at 36 em/sec (equivalent to
30 em/sec measured 1 mab assuming a bottom with roughness of
0.5 em). The middle and lower
panels show the hour-averaged
and low-passed (heavy line) alongslope (positive toward 75°; negative toward 255°) and cross-slope
(positive toward 345 o, on-bank;
negative toward 165 °, off-bank)
components of the current. The
sustained eastward (positive,
along-slope) flow from 16 March to
18 April of about 20 em/sec (most
clearly seen in the low-passed current) was caused by the clockwise
flow around warm-core ring 82-A.
Note that this net eastward flow
caused the hour-averaged bottom
current speed to exceed 36 em/sec
for a much higher percentage of
the time than when the WCR was
not present.

Figure 13.16
Experimental Ocean Frontal Analysis for 30 March 1982, modified by
the Atlantic Environmental Group.
Warm-core ring 82-A is located just
to the south of station 62 (black
square) on Georges Bank, where
the current observations shown in
figure 13. 14 were made. Key: GS,
Gulf Stream; SLW, Slope Water;
SHW, shelf water; WE, warm-core
ring. Dotted line marks 100
fathoms.
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Table 13.6
Summary of processes causing sediment movement

Area
affected

Storms

Depths
<100m

Stratified
Depths
<100m areas of
shelf,
canyons

Seasonality All
seasons

Duration

Internal
waves

Tides

Hours

WCRs
Shelf edge at
200-400m

Winter

All seasons
Shelf in
summer,
canyons and
slope all
seasons

Days

Minutes to
hours

Tens of days

Hours

Tens of days

Recurrence Continuous 5-10
to spring/
days
interval
neap cycle

though the processes have been separated conceptually
for discussion, bottom stress and sediment transport de-

·pend on the total near-bottom flow (as well as sediment
characteristics and bottom microtopography) and that in
some regions all processes can act simultaneously. For example, at the shelf break it is the combination of WCRs
and internal waves that causes most sediment movement.
The rate and to some extent the direction of sediment
movement on Georges Bank remain to be determined. Of
particular interest is the rate of transport into and out of
the Mud Patch. The westward transport of suspended
sediment from Georges Bank by the combined action of
the tides and mean flow probably provides a continuous
input. However, the amount of fine sediment on the
bank must be diminishing as it is gradually removed from
the glacial till, although there may be significant amounts
of silt plus clay available beneath the sandy surface sediment. In winter, storms frequently rework the sediments
on the entire northeastern continental shelf, including the
Mud Patch, and there is probably some export from the
Mud Patch during these intense events. If sediment is
presently accumulating in the Mud Patch, transport into
the area must exceed export. Crude estimates of the rates
of transport during intense storms in comparison with the
constant input by the tidal/mean-flow mechanism indicate that the volumes may be about equal on a yearly basis, and thus more detailed estimates are required to
evaluate the sediment budget of the Mud Patch.
The outer edge of the continental shelf is an active region. The observed weak, off-shelf, near-bottom mean
flow may transport suspended sediment from the shelf to
the continental slope. Currents at the shelf break and
over the upper slope caused by internal waves and warmcore Gulf Stream rings do not allow this material to settle
from suspension, however, and often scour existing sediments. This scour may be the cause of the band of
coarser sediments observed between the Mud Patch and
the finer sediments on the slope. The boundary between
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Figure 13.17
Schematic transect of the southern
flank of Georges Bank showing
depths at which various processes
affecting sediment movement take
place. The strength of the tidal
currents (indicated by the whiteheaded arrows) and the oscillatory
currents caused by waves
(indicated by the red attenuated
wave current profiles on the righthand side of the diagram) decrease
from the crest of the bank toward
the continental shelf break. In
contrast, the influence of internal
waves (shown as green two-headed
arrows) and of Gulf Stream warmcore rings increases toward the
shelf break. Internal waves are
strongest in submarine canyons.
Bold yellow arrows indicate the
direction of transport caused by

these various processes in concert
with the weak residual mean flow
(black arrows). The circled numbers
identify transport processes: 1,
alongshelf and cross-shelf
transport driven by storms and
associated surface waves; 2, weak
westward transport in summer
caused by internal waves and the
mean flow; 3, westward transport
caused by the tidal and mean flow;
4, off-shelf transport near the shelf
break caused by internal waves; 5,
eastward and off-shelf transport
associated with warm-core rings.
The relative rates of transport by
each process remain to be
determined. [Drafted by Kevin King]
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shelf sands and fine sediments of the continental slope,
often referred to as the "mudline" (Stanley, Addy, and
Behrens, 1983), occurs at 200-400 m along the northeastern Atlantic margin and may be maintained at these
depths by action of internal waves and warm-core rings.
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2. The currents were filtered so that
currents that oscillate with periods
shorrer than about 33 hours have been
removed. See the introduction "Physical Oceanography" by Butman and
Beardsley for a description of the
filtering.
3. For steady flow, oceanographers
often calculate the stress on the seafloor using a quadratic bottom stress
law given by T ~ pC0 u2, where T is
bottom stress, p is water density, C 0 is
a drag. coefficient, and u is the steady
current speed measured 1 m above
bottom. Equation (1) and the quadratic
formulation are entirely equivalent
given C 0 ~ (k/1n(z/z 0 ))2. For the bottom roughnesses of 10.6, 5.0, and 2.0
used to calculate stress at stations 10,
11, and 49, the equivalent bottom drag
coefficients are 5.0 x 10-3 ,
3.9 x 10-3 , and 3.0 x 10- 3, respectively. As described earlier, bottom
stress estimated using equation (1) as a
bottom drag coeficient and the quadratic stress law will be smaller than the
stress predicted by Grant and Madsen
(1979) during periods when there are
large wave currents. For the d~ta records shown in figure 13.1 0, the mean

5. A high-pass digital filter was applied
to the eastern and northern velocity
components of the 3.75- or 7.5-minute
data series to produce a high-frequency
current time series. The filter was 16
hours wide and passed 1% of the signal amplitude at periods of 7. 7 hours,
50% at 5.3 hours, and 100% at 4
hours. The high-pass current speed
used to define the internal wave fluctuations (figures 13.12 and 13.14 and
table 13.5)·was computed as the vector
sum of the filtered eastern and northern components. The smoothed trace
in figure 13.12 is the original time series minus the high-passed time series.
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Mixing Processes
Gabriel T. Csanady and Bruce A. Mag nell

Figure 14.1
Map of near-surface (3-m) density
(u,) in early June 1979. The con·
touring is necessarily somewhat
uncertain but shows typical convolutions of the shelf-edge front.
[Flagg et al. ( 1982)]

The distinctive character of the flow environment on
Georges Bank arises largely from the nature of mixing
processes. Here, as in a very few other locations on the
continental shelf of the North American east coastNantucket Shoals, off Cape Sable, and the Bay of
Fundy-a relatively deep water column remains well
mixed throughout the year owing to the vigorous turbulence of the tidal currents. Over the flanks of Georges
Bank, constraints of topography and stratification steer
currents in the along-isobath direction, and the exchange
of properties between the mixed top of the bank and its
stratified surroundings comes to depend on processes able
to break those constraints.
Direct evidence on Georges Bank mixing processes is
not plentiful. Most of it comes from the classical oceanographic method of water-mass analysis (Hopkins and Garfield, 1981), aided recently by event analysis using
moored current meters, Lagrangian tracers, hydrographic
data, and satellite imagery (Bumpus, 1976; EG&G, 1978;
Butman et al., 1982; Flagg et al., 1982). However, the
interpretation of this limited evidence is greatly facilitated
by general studies of the exchange processes operating
over Georges Bank, but carried out in similar environments elsewhere. A key process is tidal mixing, whose
role in generating fronts is a matter of importance; much
recent work on this process has been done in the shelf
seas around the British Isles, where deep well-mixed regions are relatively common (Simpson, 1981). Similarly,
work on the shelf-edge front (shelf-water/slope-water
front) and the bolus transfer process in the Middle Atlantic Bight (Wright, 1976) has relevance to exchange over
the southern flank of Georges Bank.

Mixing processes over Georges ·Bank are not only of
intrinsic scientific interest but also of importance in engineering, chemical, and biologic applications. The key
question in applications is how to quantify (parameterize)
exchange rates between the well-mixed top of the bank
and its surroundings. Recently several illuminating studies
(Pingree, 1978; Garrett and Loder, 1981; Loder et al.,
1982) have provided the intellectual framework for a
first-order description of exchange processes. This chapter's objective is to interpret within this framework current empirical knowledge of Georges Bank and to
summarize information on the quantification of exchange
rates. This is preceded by a brief summary of the key
physical processes that determine exchange rates. (Greater
detail on these processes is provided by other chapters in
this volume; here the discussion is specifically focused on
the transfer of a scalar property.)
Mixing Regimes
Standard hydrographic sections, giving the distribution of
temperature, salinity, and density in vertical planes, show
where and when vertical mixing is efficient over Georges
Bank. (Figure 6 in the introduction "Physical Oceanography" by .Butman and Beardsley shows typical winter and
summer conditions; other such sections can be found in
chapter 10.) On the basis of these property distributions,
one immediately distinguishes three different regimes in
regard to mixing processes:

1. Top of the Bank Well mixed thoughout the year
within the 40-60-m isobath.
2. Northern Flank Frontal Zone Sharp vertical and horizontal gradients in summer, weak stratification and vanishing horizontal gradients in winter.
3. Southern Flank Compound Frontal Zone In winter a
single frontal zone (shelf-edge or shelf-water/slope-water
front) with moderate density gradients, reaching bottom
at about the 100-m isobath. In summer a second nearbottom front (tidally induced front) at 40-60-m depth
· and an interfrontal cold band capped by a seasonal
thermocline.
In summer the water over both the northern and
southern flanks is strikingly heterogeneous. In winter only
the southern flank is stratified, and then not as strongly
as in summer. The interleaving of laminae of different
water types shows some subtle peculiarities that are clues
to flow and mixing processes.
Top-of-the-bank water in summer is cooler and denser
than the surface layers over either flank, thus being equal
in density to a thin layer within the seasonal pycnocline
outside the mixed region. For example, in figure 6 in the
introduction "Physical Oceanography" by Butman and
Beardsley, water of density a,= 24.8 ± 0.1 occupies a
column 40-60 m deep over the top of the bank, while
water of the same density is confined to a lamina only
about 5 m thick over the stratified flanks. Moreover, this
lamina is separated from water of the same density on
top of the bank by an outcropping of denser water (only
over the southern flank in figure 6 in the introduction

"Physical Oceanography" by Butman and Beardsley;
other transects clearly show a maximum in surface density also over the northern flank between top-of-the-bank
water and the Gulf of Maine surface layer).· The shape of
all of the property isopleths (temperature, salinity, and
density) suggests upwelling below this surface density
maximum over both flanks.
Water within the cold band (less than 10°C over the
southern flank, figure 6 in the introduction "Physical
Oceanography" by Butman and Beardsley) is also well
inixed vertically and is of more or less uniform salinity
out to the shelf-edge front at about the 100-m isobath.
Again, the vertical dimension of a typical cold-band column (a,= 25.6 ± 0.1 in figure 6 in the introduction
"Physical Oceanography" by Butman and Beardsley) is
some 50 m, while the same density lamina below the seasonal thermocline offshore has a thickness of the order
of a meter.
In winter vertically well-m.ixed conditions prevail to a
depth of 100 m; the surface that separates cold shelf
water and warm Slope Water constitutes a weak surfaceto-bottom density front because the large salinity change
is largely compensated for by the change in temperature.
On the offshore side of the front there is, again, a surface
density maximum (figure 6 in the introduction "Physical
Oceanography" by Butman and Beardsley) and evident
upwelling. Some transects (including figure 6 in the introduction "Physical Oceanography" by Butman and Beardsley) show also a surface lens of light, very fresh, and
very cool water over the southern flank, originating from
the Scotian shelf.
The two-dimensional view of the frontal surfaces surrounding Georges Bank that one gains from hydrographic
cross sections is somewhat misleading. Owing to the hydrodynamic instability of the currents associated with the
fronts and the occasional proximity of warm-core Gulf
Stream eddies, the typical instantaneous appearance of
the fronts is wavy (figure 14.1). An infrared satellite image of surface temperature, appearing as figure 7 in. the
introduction "Physical Oceanography" by Butman and
Beardsley, illustrates the amplitude and wavelength of
frontal meanders and eddies even more clearly. Thus earlier remarks on the location of the boundary between
well-mixed and stratified water masses should be taken as
relating to mean or typical conditions that are subject to
considerable random fluctuation.
Tidal and Shelf-Edge Fronts
What physical processes maintain the distinctive hydrographic struct.ure of Georges Bank waters? Much can be
inferred from the property distributions already discussed,
together with evidence from direct current measurements
and tidal and meteorologic observations, and from a consideration of some basic dynamical principles that govern
the flow of a stratified fluid on a rotating earth. Some of
these inferences are tentative.
The hydrographic structure of the northern flank's
frontal zone in summer is typical of a tidally induced
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front, studied in considerable detail in recent years
around the British Isles (Simpson, 1981). Where the water
is sufficiently shallow, the turbulence in strong tidal currents is able to prevent the formation of a seasonal thermocline. In such a case surface heating raises the
temperature of the whole water column uniformly. The
quantitative criterion for this to occur is that the buoyancy flux B associated with surface heating be less than a
critical value that is proportional to the tidal energy dissipation rate:

B ::S constant

X

(1)

(U 3 /H),

where B = o:gQI(pcP), with a the thermal expansion coefficient, g the acceleration of gravity, Q the surface heat
flux, p the density, cP the specific heat, U the tidal velocity amplitude, and H the depth. Garrett, Keeley, and .
Greenberg (1978) discuss this criterion in greater detail
and demonstrate its applicability to Georges Bank. Within
the region on the bank enclosed by the 40-60-m isobath,
equation (1) is satisfied and the water column remains
well mixed throughout the year.
Over the southern flank in summer the inner portion
of the compound frontal zone has the characteristics of a
tidally induced front. The outer portion (deeper than 100
m) behaves as a shelf-edge front, a phenomenon studied
in some detail in the Middle Atlantic Bight (Cresswell,
1967; Beardsley and Flagg, 197 6; Flagg, 1977; Csanady,
1978). The shelf-edge front is a "surface-to-bottom
front," separating fresher shelf waters from more saline
Slope Water. So far, a dynamical criterion similar to
equation (1) for explaining its location near the 100-m
isobath has not been discovered.
Beyond the inner frontal zone (the tidally induced
front) in summer and outside the shelf-edge front
throughout the year, the water column is stratified, the
vertical density gradients being particularly strong in the
seasonal thermocline (:::::::30 m deep) and the permanent
thermocline in Slope Water or in the Gulf of Maine
(:~200m; see chapter 10).
Strong stratification implies tha. the laminae of water
of different densities seen in the previous illustrations
slide over each other with little internal friction and less
mixing. In such motions potential vorticity is conserved in
a first approximation, so that for a lamina of depth h,

f+

w

.

- h - = constant,
where f is the Coriolis parameter and w

(2)
=

(avl ax) - (au/

ay), the vertical component of vorticity. It has been

pointed out that large cross-isobath gradients of h occur
at the edge of the well-mixed region on the top of the
bank .and at the cold band. If the fluid within a given
lamina crossed such a gradient, its vorticity would have
to change by a quantity on the order of f to satisfy equation (2). For displacements on the order of several kilometers, this would involve large changes in velocity, that
is, in kinetic energy, and would require some specific
driving mechanism. In the absence of such a mechanism

the elements of a lamina are constrained to move along
h = constant contours. Over the flanks of Georges Bank
these contours coincide with the isobaths in the mean.
Steady, frictionless geostrophic flow therefore approximately follows these isobaths on the average. Being directed (nearly) along constant property surfaces, such
flow does not contribute to property transfer.
"Bolus" Transfer
One specific mechanism leading to the release of kinetic
energy is a certain type of hydrodynamic (baroclinic) inst·ability that draws upon the available potential energy of a
stratified fluid not in hydrostatic equilibrium. Geostrophic
flow along h = constant contours in a frontal zone is
subject to such instability and spontaneously develops
meanders that sometimes roll up into boluses of light or
heavy fluid and separate from their parent fluid mass.
Satellite pictures clearly show the development of such
meanders along fronts bordering tidally mixed regions
(Pingree 1978, 1979; see also figure 7 in the introduction
"Physical Oceanography" by Butman and Beardsley) as
well as along shelf-edge fronts (Halliwell and Mooers,
1979). The length scale of these eddies is the internal radius of deformation R;, which for a single light layer lying
over heavier fluid is
(3)

where h is the light layer thickness; £ = !J.p/ p is the proportionate density defect; and g is the acceleration of
gravity. A typical value is R; = 5 km, or a wavelength of
27rR; ~ 30 km for the meanders, a radius of 5 km for a
separated bolus. The rate at which boluses detach themselves from the parent pool depends, however, on factors
not fully understood, so that the cross-isobath transfer of
any property due to episodic bolus separation cannot be
predicted with confidence. A formula derived from the
atmospheric analogy (poleward heat transfer across the
jet stream frontal system) is (Green, 1970; Pingree, 1979;
Garrett and Loder, 1981)
(4)

where QH is the horizontal heat transfer rate per unit area
(depth X length) of a front and !J.T is the cross-front
temperature change. The nondimensional constant {3 is
about 0.0055 in the troposphere.
Detaching boluses transfer any scalar property at the
same normalized rate, so that horizontal salt transfer SH
(kg/ m 2 /sec), for example, can be written as
SH

-

p

= {3(R; !J.s,

(5)

where !J.s is the salinity change across the front as a mass
fraction. When applied to the shelf-edge front of the
Middle Atlantic Bight and using the figures of Ketchum
and Keen (1955) for salt (freshwater) transfer, with
(R = 0.5 m/sec, a value for {3 of 0.01 or so is required

for bolus transfer to accomplish all of the freshwater
transport. This value of {3 is about twice Green's (1970)
figure for the atmosphere. Garrett and Loder (1981) also
state that the observed frequency of eddies along Georges
Bank fronts suggests a {3 slightly higher than Green's
value. In a discussion of the bolus separation process
south of Cape Cod, Wright (1976) has pointed out that it
may account for all or most of the cross-frontal salt
transfer. However, as will be seen, bolus separation is not
the only process with this potential, and one can only say
with certainty that it is responsible for a fraction, possibly
a large fraction, of the total transfer.
At any given location, bolus separation is an infrequent
event, following which the front presumably readjusts to
geostrophic equilibrium. The readjustment can be visualized by imagining a membrane separating mixed, intermediate density fluid from a two-layer fluid (figure 14.2). As
the membrane is withdrawn, adjustment to geostrophic
equilibrium generates the typical appearance of the tidally
mixed front. Light fluid intrudes at the top into the wellmixed region and heavy fluid at the bottom, while the
fluid of intermediate density in the well-mixed region intrudes iri the opposite direction at the pycnocline. The
Coriolis force associated with cross-frontal motion accelerates the fluid in the along-front direction, so that in the
absence of any other driving mechanism the along-front
velocity v after adjustment is
at point A:
at point B:
at point C:

v =
fa,
v = -fb,
v =
{c,

(6)

where the positive direction points out of the plane of
the drawing (applied to the front at the edge of Georges
Bank in the counterclockwise direction). (For similar calculations at the shelf-edge front, see Csanady, 197 8.)
These velocities are generally on the order of (R;, where
R; is some effective value of the internal radius of deformation, which is also the cross-frontal scale of the adjustment region.
Frontal currents are also affected by tidal rectification,
wind stress, and internal friction. The results given previously for currents generated by geostrophic adjustment
are therefore best regarded as tendencies. The evidence
on bottom water intrusions up Georges Bank (chapter 10)
suggests, however, that here the adjustment process is
weakly dominant near the bottom, that is, there is weak
counterclockwise mean flow where the fronts intersect
the bottom.
In a bolus detachment event the intruding " nose" of
any or all of the three layers separates from its parent
mass, forming boluses at the surface, thermocline, or bottom. The boluses moving into the well-mixed region become rapidly incorporated into the intermediate-density
water. Through the intrusion of both light and heavy bal. uses into the mixed region on top of Georges Bank and
· through other thermodynamic processes, the bank's intermediate density is maintained. Boluses of intermediate
density moving away from the bank into the thermocline
may well maintain their identity for long periods (as sug-
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Figure 14.2
Adjustment to geostrophic balance
in a three-layer system. The initial
·configuration is at the top left. The
mixed layer at the right of the
membrane 0-0 has a density intermediate between those of the
layers at the left. Upon withdrawal
of the membrane, intruding noses
acquire velocities -fa, fb, and - fc
at points A, B, and C, respectively,
in a direction perpendicular to the
plane of the drawing, positive away
from the reader.
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gested by the case discussed by Dugan et al., 1982), but
should eventually be assimilated into their environment to
complete the cycle of water-mass exchange.
Cross-Front Exchange Due to Warm-Core Gulf Stream
Rings
Cross-front exchange due to warm-core Gulf Stream rings
is potentially as important as exchange due to boluses associated with hydrodynamic instability. As a warm-core
Gulf Stream ring approaches the front, it draws off shelf
water in substantial quantities (see also chapter 10). This
exchange is difficult to quantify, since the process is intermittent in time and space. Satellite images clearly show
long, narrow filaments of shelf water being drawn off the
bank on the trailing edge of the rings. These filaments retain their thermal identity over long periods, and indeed
the filaments are frequently seen to wind completely
around the ring. Smith (1978) has estimated that ring-induced exchange constitutes a significant fraction of the
yearly cross-front transfer off Nova Scotia.
Flagg et al. (1982) quantified the cross-front transfer
due to rings acting on Georges Bank using drogue, hydro~
graphic, and satellite temperature data. The trajectories of
satellite-tracked drogues (at a depth of 10 m) were examined for instances when the drogues (which were initially
deployed on the bank) became entrained in Gulf Stream
rings or meanders. Temperatures sensed by these drogues
were compared to shelf, slope, and Gulf Stream temperatures to determine which of them remained in shelf water
as they became entrained. The velocity of each drogue
was assumed to represent the velocity of a shelf-water filament. Advective velocities at 10 m ranged from 20 to
50 em/sec. Satellite thermal images were used to verify
that the drogue was indeed embedded in a filament and
to measure the filament width. Filament widths, although
variable in space and time, averaged 20-24 km. Earlier,

Saunders (1971) had found horizontal filament scales up
to 50 km. Hydrographic sections across the trailing edges
of rings were examined for typical filament depth. Most
filaments observed off Georges Bank had a typical vertical scale for the entrained shelf water of about 100 m,
consistent with earlier estimates from Saunders (1971)
and Halliwell and Mooers (1979) of 50 and 170 m,
respectively.
With these data, cross-shelf transports of shelf water
were estimated to be about 0.5- 1.25 X 106 m 3 / sec per
ring. To put this number in perspective, the volume of
water on Georges Bank within the 180-m (100-fathom)
contour is about 3.5 X 10 12 m 3 • Thus the daily volume
of shelf water drawn off by these rings during the periods
of observation ranged from about 1.5 to 3%) of the total
volume of the bank. These numbers are surprisingly high
and suggest that rings can result in massive short-term exchange of Georges Bank water and that they are significant on a yearly basis as well.
The percentage of the entrained water in the filaments
that is shelf water is not well known, but temperatures
recorded as the drogues moved around the rings suggest
that the near-surface water is about 80% shelf water
(Flagg et a!., 1982).
The incidence of rings in the waters south of Georges
Bank varies from year to year, but there are typically between 3 and 9 per year (Bisagni, 1976; EOFA, 1979;
Halliwell and Mooers, 1979). In 1979, for example,
seven rings were observed to entrain waters actively off
the shelf near Georges Bank. On average, each ring remained in the vicinity of the bank for about 7 weeks.
The length of time for which rings remain between the
Northeast Channel and the Great South Channel was also
estimated by Halliwell and Mooers (1979) to be 7 weeks,
averaged over 7 years.
Combining these somewhat rough estimates, Flagg et
a!. (1982) estimate an average yearly off-bank transport
· due to rings of between 0.22 and 0.54 x 106 m 3 / sec.
This corresponds, as will be shown, to an average advective residence time for Georges Bank water of only
80-150 days. The accuracy of the ring transport estimates is low, since they are based on limited data, but
the values are unlikely to be an order of magnitude too
high. For comparison, the total westward transport of
shelf water due to the mean flow past Nantucket Shoals
is estimated to be of about the same magnitude (Beardsley, Boicourt, and Hansen, 197 6); thus exchange due to
rings is clearly a major factor in property transfer to and
from Georges Bank.
Wind Events
A third mechanism of cross-front transfer-wind-induced
frontal relaxation and vertical mixing-is known to be
potentially as important as transfer by boluses and warmcore rings. The importance of such "wind events" for the
cross-front transfer of nutrients in the Middle Atlantic
Bight has been convincingly demonstrated by Walsh et a!.
(1978). A 'strong wind opposing the geostrophic current
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above the shelf-edge front causes a relaxation (that is,
flattening) of the front, thereby extending the contact
surface between shelf water and Slope Water. Turbulence
due to wind stress and bottom stress erodes the pycnocline, incorporating lower-layer fluid into the upper water
mass and vice versa. The result is similar to bolus transfer, but has of course a different driving mechanism and
requires a different parameterization.
The influence of along-front winds on the shape of the
frontal zone has been documented by Beardsley and
Flagg (1976) and Flagg (1977). A simple geostrophic-adjustment model of such events (Csanady, 1978) showed
that the flattening of a front is proportional to the I, impulse {time integral) of the wind stress r(t) in the course
of the event:
I =

rT r(t) dt. '

Jo

p

{7)

.

A crude parameterization based on this simple model
for the volume exchanged per wind event (and per unit
length of front) is
·
I
V =a-

f

(8)

(in units of m2), where a is rather less than unity, perhaps
on the order of 0.3. No quantitative verification is available for this result at present. The quantity II{ is what
one would calculate for transfer by the conventional Ekman drift formula. The conventional formula, however,
does not apply in a frontal zone (Niiler, 1969). As equation (8) suggests, cross-front transfer during strong wind
events is presumably only a fraction of the classical Ekman transport. In weaker winds the transport may even
become negligible. Further investigation of this question
is necessary for a reliable quantitative assessment of the
cross-front exchange in wind events.
To obtain an estimate of the yearly (or other longerterm) average cross-front transfer rate due to wind events,
the volume V must be multiplied by the frequency v of
wind events strong enough to flatten the front. At most,
this is once every ten days: v = 10- 6 / sec. The cross-front
mass transfer coefficient (transfer or "detrainment" velocity u,) is then
aiv
u, = (H"

(9)

A typical value of I is 20 m 2 / sec, so that using
~ = 0.3, v = 10- 6 / sec, f = t0 - 4 / sec, and H = 100 m,
one arrives at the estimate u, = 6 x t0- 4 m/ sec. This is
rather smaller than the estimated transfer velocity {3(Ri of
the bolus transfer mechanism, which, with {3 = 0.005,
(Ri = 0.5 m/ sec, is 25 X 10- 4 m/ sec. Given the uncertainty of the various estimates, however, one cannot rule
out the possibility that wind events contribute a fairly
large fraction of the total mass exchange. They may be
especially important for nutrient transfer because differences in nutrient concentration across the front only exist
at seasons of high biologic demand on the shelf. Walsh
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et al. (1978; see also chapter 22) suggest that spring
storms can produce greater injections of nutrients onto
the shelf than does bolus transfer associated with the hydrodynamic instability of the front and Gulf Stream rings,
which may not be there at the time when nutrient injection is critical.
Boundary Layers
The along-isobath geostrophic flow associated with the
density field of a front exhibits strong velocity gradients
(calculated from the thermal wind equation) that may
give rise to significant internal friction. If so, an internal
boundary layer would form along the sloping pycnocline
constituting the front with Ekman transport of light fluid
above the front upward and of heavy fluid below the
front downward (Csanady, 1972; Garrett and Loder,
1981). Although this along-isopycnal transport does not
directly contribute to cross-front transfer, it acts as a relaxation mechanism for the front and leads to its eventual flattening (Csanady, 1980; Garrett and Loder, 1981).
Then wind stress and bottom stress might erode the long
flattened front, much as in a wind-mixing event.
Although the idea of internal boundary layers has been
around for some time, no observational evidence confirming their existence has come to light. This may be because such layers can only be expected to be thin, of a
depth
(10)
where A. is the magnitude of the eddy viscosity at the
core of the pycnocline. The relaxation time of the front
was calculated by Garrett and Loder (1981) to be

(2U
T,

=

N 2A'

(11)

v

where N is the Vaisala frequency and L is the horizontal
scale of density variations. Typical values for tidal or
shelf-edge fronts are ( 2 / N 2 = 10-4 and L = 10 km, with
the value of the eddy viscosity uncertain. In the core of a
pycnocline, Av should be much less than the typical value
on a well-mixed shelf (Av ~ 10- 2 m 2 /sec). Yet even this
value yields 8; ~ 14 m, T, ~ 106 sec, or about 10 days,
which is already fairly long.
The available observational evidence on eddy viscosity
in a stably stratified atmospheric boundary layer has recently been summarized by Ueda, Mitsumoto, and Komori (1981). A stratified shallow sea subject to strong
tidal currents is in many ways similar, and the results of
Ueda, Mitsumoto, and Komori should be relevant. In the
center of an inclined front their empirical relations between eddy viscosity and Richardson number yield Av on
the order of 3 X 10- 4 m2 /sec and a frontal frictional relaxation time on the order of months-much longer than
the typical period between bolus-formation events. This
would suggest that frictional effects should be too slow
to develop to compete with bolus formation (on account

of hydrodynamic instability) or even with wind events.
The absence of observational evidence in favor of internal Ekman layers strongly supports this notion.
.
Also somewhat uncertain is the precise role of the bottom boundary (Ekman) layer in cross-front transport.
There is no question about the existence or importance
of near-bottom cross-isobath transport by such a layer.
However, as in the case of the surface frictional layer, it
is not known how the cross-front transport behaves
where the front intersects the bottom. There is reason to
believe that the intersection region is a zone of convergent flow, bottom boundary-layer transports possibly
being toward the front from both sides. This would be
the case if the direction of flow changed across the front
from clockwise in the light fluid onshore to weakly counterclockwise in the heavier fluid just offshore of the
front. Hydrographic data suggest such a flow field (Flagg
et al., 1982), and it is reasonable to accept it tentatively.
The converging boundary-layer transports can be supposed to mix eventually and contribute in a minor way to
cross-front transfer. More important from a practical
point of view is the probability that near-bottom advection just offshore from the front is up the slope toward
the well-mixed region.
Further Effects of Tidal Currents
In addition to their indirect effects through bottom stress
and the production of turbulence, tidal currents drive a
concentrated steady clockwise current around Georges
Bank (Loder 1980a,b; see also chapter 11). The rectified
current combines with the thermohaline motions (figure
14.2), reinforcing the flow in the mixed fluid (B) and
largely overcoming the tendency to opposite motion in
the surface and bottom layers. As far as property transfer
is concerned, the result is rapid advection from the Gulf
of Maine onto the southern flank of the bank.
Over the top of the bank, tidal currents are responsible
for horizontal, as well as vertical, mixing via a mechanism
akin to Taylor's (1954) ''shear dispersion" as it applies to
oscillating flow (Bowden, 1965). The mechanism operates
in regions of strong tidal currents over irregular topography and has been analyzed by Zimmerman (1976, 1980).
Tidal currents, nonuniform on account of local ridges
and valleys, transport a scalar property across smoothed
mean isobaths faster in some locations than in others.
Along-isobath mixing tends to equalize the differences,
and the result is particularly effective cross-isobath property transfer. A generalized representation of Zimmerman's result on horizontal eddy diffusivity KH is (Garrett,
private communication)
(12)
where U is tidal velocity amplitude, w is the tidal frequency, H is the average water depth, cf> is a function depending on the pattern of topographic irregularity, h is
the root-mean-square height of the same, and l is its hori-

zontal scale. Over Georges Bank both U and h!H are
large, and KH can be expected to be correspondingly
high. It does not seem, however, that the resultant horizontal eddy diffusivity (due to wind events and other
transient phenomena, as well as tidal currents) is much
higher over Georges Bank than in the Middle Atlantic
Bight (see later quantitative estimates).
Calculation of Dispersion and Transfer
The practical purpose of analyzing advection and mixing
processes is to make predictions of the dispersal of a contaminant, the transfer of a scalar property (such as nutrient concentration) to and from the bank, or the
distribution of such a property over the bank. The above
discussion has highlighted many gaps in our knowledge,
and as can be expected, these limit the scope and accuracy of such predictions. Little can be done about the details of dispersion within the highly stratified water
columns of the southern and northern flanks in winter.
However, horizontal dispersion within the well-mixed
waters of the top of the bank can be handled fairly effectively with the qualifications that follow.
As usual in turbulent-diffusion problems, careful distinction must be made between dispersion at short and at
long· time scales. Short time scales are often important ·
when a contaminant disperses from a point source. Regions near such a source are exposed to batches of nearly
undiluted contaminant, as irregularly varying currents adveer the batches along more or less direct paths to points
within what might be called an "extended" source (Csanady, 1983). Two questions are of principal interest in
short-term dispersion: (a) how rapidly does the contaminant disperse as the batch moves along with whatever
current happens to be transporting it, and (b) with what
frequency are points within the extended source visited
by fresh batches of contaminant? Question (a) can be answered using standard methods of estimating " relative"
diffusion (see, for example, Csanady, 1973), given empirical information on the spreading of dye or drifter clouds.
In making such estimates on Georges Bank, both information on drifter dispersion collected over the bank
(Flagg et a!., 1982) and general information on oceanic
dispersion (Okubo, 1971) can be used. Question (b) requires statistical information on short-term Lagrangian
displacements, which can be approximately inferred from
current-meter data and to some extent from the limited
drifter information available. Dispersion problems of
short time scale over Georges Bank are not in principle
different from such problems elsewhere and are not discussed further here.
Dispersion of long time scale from point sources or
from large line and area sources (such as the dispersion of
fresh water coming from land, up-the-bank transport of
nutrients, or seasonal changes of heat content due to solar heating) can be treated on the hypothesis that over
such time scales water particles execute a random walk in
the course of many episodes of tidal and wind-driven
flow. The result can be described by an advection/ diffu-
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sion equation with Lagrangian mean velocities characterizing long-term advection and an effective or "eddy"
diffusivity tensor characterizing diffusion:

ax + uax
at

'ax;

=

j__(K.ax),
ax; ''axj .

An approach even simpler than that of Loder et al.
(1982) is to use an integrated or "box" model for the entire well-mixed top of the bank. The integrated form of
equation (13) is

resenting the seasonal heating cycle, for example), the expanded form of equation (18) has the solution

(16)

Apart from the decay of the initial temperature perturbation on the time scale k- 1 , the result shows a delayed
response to heating and storage of heat over a period of
order k- 1 •
To illustrate the effects of the advection of a water
mass with properties different from the average surrounding the top of Georges Bank, let the excess concentration
of a property at the top of the bank be x in the advected
water mass Xu, while the average in the surrounding water
mass is taken to be zero. The diffusive exchange then is
still proportional to '-- kx, as in equation (18), while the
advective flux is, from (17),

(} = Ooe-k'

(13)

where x is the concentration of a scalar, the summation
convention holds, the U; are components of a Lagrangian
mean velocity, and the K;i are components of an effective
diffusivity. Distributed sources or sinks have not been
explicity shown, but may be added to equation (13). Surface and bottom boundary conditions are often of the
type
(x 3 = 0, ~H),
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(14)

where x 3 is the vertical direction and v, a surface property
transfer coefficient (for example, a deposition velocity at
the seafloor). Appropriate conditions at horizontal
boundaries must also be imposed-for example, freshwater inflow rate at a coast or a bulk transfer relation similar to equation (14) at the shelf edge [equation (4) above
is such a relation].
The problem in the general form stated here is too difficult to treat at present, mainly because information on
Lagrangian mean velocities and effective diffusivity components is limited. However, Loder et al. (1982) have
been able to model the seasonal temperature cycle at the
top of Georges Bank quite satisfactorily by an approximate application of equation (13). Advection was neglected, the vertical distribution of temperature was
supposed uniform, the horizontal diffusivity
KH = K 11 = K 22 was taken to be constant, and a timedependent temperature was prescribed at the perimeter.
The latter boundary condition could presumably be improved by substituting a bulk transfer formula,
(15)
where .llx is the property (in this case, temperature)
change across the shelf-edge front and v, is a transfer
coefficient. The effective horizontal diffusivity required in
such calculations was found to be of order KH = 300
m 2 /sec (within a factor of two or so), or very much as
the values deduced for the Middle Atlantic Bight by Ketchum and Keen (1955). It should be remembered that a
model bas~d on these approximations can only resolve
some gross features of the property distribution in question. When vertical gradients are important (for example,
in the distribution of planktonic organisms over the
bank), it is crucial to take into account differences in
cross-front transfer between the top and the bottom of
the water column. Near the seafloor within the frontal
zone (as already pointed out), motions associated with
up-the-bank intrusions of denser waters presumably dominate and result in a significant cross-isobath Lagrangian
mean velocity up the bank tending to keep planktonic organisms over the bank.

where M is the total mass of the substance of interest,
A 1, A,, and Ab are the area of the front at the perimeter
and the areas of the surface and the bottom, respectively,
while Fn, F,, Fb are average fluxes. Property transport
across the perimeter involves advective as well as diffusive
flux:
(17)
The advective transport (first term on the right) contains the product of the Lagrangian cross-isobath velocity
un and the concentration, and its sign can be positive or
negative, regardless of the gradient of X· For example,
wind drift over the northern flank of Georges Bank is
typically negative (on bank), and it can be coupled with a
higher concentration of fresh water, say, than the average
concentration of the same property over the bank. Butman's (1975) description of freshwater lenses floating in
the Gulf of Maine suggests that such a scenario is a distinct possibility. As another example, un near the bottom
is presumably negative (on bank) also, and can carry
planktonic organisms onto the bank even when their average concentration over the bank is greater than outside.
The compensatory off-bank Lagrangian flow presumably
occurs at intermediate depths, where the concentration of
fresh water and plankton· is less than in the incoming
fluid at the surface and bottom, respectively.
A similar net up-gradient advective transfer mechanism
does not seem to operate on heat, and the diffusive offbank flux can be taken to be described by a bulk transfer
formula similar to equation (15). In applying these equations to heat transfer, temperature is written in place of
concentration, and "kinematic" heat flux Q/ peP in place
of flux. According to the bulk transfer laws (14) and
(15), the diffusive fluxes are proportional to the concentration of a property within the well-mixed region. Equation (16) for temperature excess (} or another property
similarly subject only to diffusive exchange across the
boundary can then be written
(18)

where V is the volume of the mixed region and k is a
quantity of dimension (time)- 1 • The solution for constant
k is
(19)
where 00 is the initial temperature excess of the bank
over its surroundings. In this formulation of the heat balance, no internal sources or sinks have been considered.
When a time-dependent source term u(t) is included (rep-

+

l'

u(t')e-k(<-n dt'.

(20)

(21)

where A 1 and u 1 are the area occupied by inflow and the
average inflow velocity, respectively, and A 2 and u2 are
the area occupied by outflow and the average outflow
velocity, respectively. By continuity,
(22)

where u. is an advective transfer velocity defined by this
relation. Adding the advective transport to the mass balance, equation (16), gives

ax

at = k.(xu- x) - kx,

(23)

where k. = A 1u/V is a reciprocal advective time scale.
The equilibrium concentration is then
X= k

k.
a

+ kXu·

(24)

If Xu is time variable, the advective contribution k.xu to
equation (23) can be considered a source term and a solution similar to equation (20) written down:
(25)

with Xo an initial concentration. The delay in response is
now of order (k. + k)-r, and the inflowing property is
stored for a similar period. The reciprocal time scales of
diffusive and advective exchange are additive, the resultant time scale-or "residence time" -being, of course,
shorter than that due to either diffusion or advection
alone.
Residence-Time Estimates
The concept of residence time constitutes an appealing
parameterization of complex exchange processes and is
used frequently by the biologic community in assessing
productivity and by the regulatory community in assessing
the impact of pollutant discharges. Residence time is a
simple concept in the case of a lake or other body of
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water having impermeable boundaries and a well-defined
inflow and outflow that "flushes out" a contaminant or
other material. However, the concept must be used with
care in the case of Georges Bank, since the bank is a
shallow region of relatively small volume embedded in a
much larger ocean. The bank has no impermeable
boundaries, only frontal zones, to separate it from the
surrounding ocean, and resideace time is affected by the
"diffusive" exchange across the fronts as well as by advection, that is, by the mean inflow and outflow. In the
previous section these processes were discussed quantitatively with the aid of the advection/ diffusion equation.
Here a simpler version of the results is given in terms of
residence time. Rigorously, " residence time" T, will be
taken to be the reciprocal of the decay constant k discussed in the last section. It is the length of time in
which the excess concentration of any property within
the bank drops e- 1 , that is, to 37% of its initial value,
and corresponds exactly to volume divided by flushing
rate (m 3 /sec) for a lake emptied by a river.
The previous section discussed "diffusive" exchange in
some detail. This occurs through irregular back and forth
motions across the same boundary. For the case where
the exchange is solely diffusive and confined to the perimeter of the bank, the residence time is

T rd -

1-

-

k -

Ar
v,V'

(26)

where v, is the mass transfer velocity, Ar is the area across
which the transfer takes place, and V is the volume over
the bank per meter.
Writing v, = 0.0025 m/sec for bolus transfer alone,
[equation (4), (3 = 0.005, R; = 5 km] and with the estimate for Georges Bank of A/ V = 1/35 km, one finds
T,d = 1.4 X 107 sec, which is about 6 months. By changing (3 from 0.005 to 0.01 (which is the value required to
account for total exchange across the shelf-edge front in
the Middle Atlantic Bight), this reduces to 3 months.
"Advective" exchange occurs when there is inflow over
one segment of the boundary surface, outflow over another, and the concentration of the property of interest in
the inflow is different from that in the outflow. If the
volume flow rate of inflow (or outflow, which is the
same) is q (m 3 /sec), the advective residence time is

v

T,. = - ,
q

(27)

where V is again the volume contained over the bank.
One inflow-outflow mechanism is the movement of the
surface water onto Georges Bank, mostly from the Gulf
of Maine, and its departure mostly via the southern
flank. This particular advective transfer mechanism has
been investigated by Flagg et al. (1982), who were able
to determine residence time directly from the behavior of
drogues (at a depth of 10 m) simply by noting how long
the drogues remained inside the boundaries of what they
defined as the "Georges Bank region" (Flagg et al., 1982,
figure 7).

The drogue data were collected over all seasons, and
the drogues were initially deployed at various locations
around the bank. In general, once a drogue passed these
boundaries, it did not return to the bank. A total of 20
drogues were deployed during four seasons. Of these, 15
provided useful data, the remainder having failed or been
recovered early by fishermen. The mean residence time of
the 15 drogues was 54 days, with a standard deviation of
26 days and a range of 3-113 days. Deleting the shortest
and longest times again yielded 54 days. Only about 10%
of the drogues left the bank region before 40 days, while
more than 90% had left after 80 days. There was no no- ·
ticeable seasonal or geographic (according to location of
deployment) variation.
The residence time determined with the aid of drogues
presumably characterizes advective exchanges in the surface layer, for example, the import of fresh water from
the Gulf of Maine and the loss of surface-dwelling organisms produced over the bank. It is also an additional exchange mechanism for properties with a uniform
distribution in the vertical, subject to diffusive exchange.
For the latter kind of property, the resultant residence
time T, is computed from the diffusive andadvective residence times T dr and T ., according to
1

1

1

-=-+
- .
T,
Td,
T.,

(28)

One should be careful in applying this relation. For
properties with significant concentration gradients only
near the surface or near the bottom, the diffusive residence time is much longer than for those distributed over
the entire water column. Reference to equation (26) demonstrates this; given a smaller exchange surface than Af,
the residence time is longer.
In any case, it should be remembered that such bulk
balances often obscure important details. Also, the estimate of v, and other quantitative parameters in the sample calculations are at present little more than informed
guesses. Therefore the exchange rate of any property can
only be determined as to its order of magnitude. Further
work on the parameterization of the various exchange
processes is clearly needed.
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