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The interactions of atmosphere and ocean in the Georges Bank region mainly involve 
the exchange of momentum and heat. Momentum is principally imparted by the wind, 
which exerts a stress on the sea that serves both to generate waves and to affect 
the movement of surface water. Heat exchange occurs primarily because of tempera
ture differences between air and water. Wind and . heat exchange are important to the 
structure and circulation of water on the bank and, consequently, to the plants and 
animals that live there, but also these factors are of a more direct practical concern. 
Wind, waves, and currents and the prediction of these are important on a day-by-day 
basis to fishermen and others operating on the bank, and knowledge of long-term 
wave conditions-for both typical and extreme waves-is essential to the design of 
structures for the bank. Heat exchange affects visibility-summer is the time of fog 
on the bank, when warm air overlies cold water. 

Weather observations that are made so readily at stations ashore are made with 
difficulty at sea. Some-rainfall and solar radiation, for instance-have scarcely been 
measured at all. Most measurements have been made from transiting ships, a much 
lesser number from anchored buoys. But the former are wanting in uniformity of ob
servational techniques and are biased because ships follow lanes and avoid bad 
weather; and the latter are limited in both space and time-some measurements can
not be made from buoys at all. For such purposes as making air/sea heat-exchange 
budgets for Georges Bank, certain properties must be estimated from measurements 
made at nearby coastal stations-a none too satisfactory procedure. 

Because Georges Bank is shallow and well mixed, it responds to the addition or 
removal of heat from the atmosphere directly and in a way different from that of the 
deeper waters surrounding it, which are less well mixed. Because the air flow is pre
dominantly eastward over the bank, the air temperature follows the air temperature 
at adjacent shore stations, but with a reduced variance because of the "moderating" 
effect of the intervening waters. (Because air gets both hotter and colder than water 
does, overflowing continental air is almost always warmed or cooled-"moder-
ated" "'-by the water between shore and at-sea observation points.) The air tempera
ture over the land is usually lower than that over the bank for the roughly 6 months 
from late September to early April-the waters of the bank are losing heat to the 
atmosphere during this time. The reverse is true for the other 6 months of the year. 
Both shore and at-sea air temperatures begin to rise in March, but water lags air, 
and water temperature does not begin to rise until April. Water temperature reaches 
its maximum in late August and its minimum sometime in March, so that the cooling 
season is somewhat longer than the warming one. So far as annual average heat 
gain goes, Georges Bank is quite neutral; the net heat exchange with surrounding 
waters is small, and what it loses to the atmosphere at one time of year essentially 
equals what it gets back at another. 

The principal large-scale atmospheric disturbance affecting the bank is the kind 
of low-pressure storm system or cyclone called an extratropical storm, a good exam
ple of which is the "no'theaster." Hurricanes-intense tropical cyclones-though 
spectacular, only visit the bank during late summer about once every 5 years on the 
average. A study of the frequency of cyclones in winter for North America and the 
western Atlantic Ocean shows that no place is stormier than Georges Bank (together 
with adjacent Maine, New Brunswick, and Nova Scotia); the region has the highest 
cyclone frequency-14 on the average for October through March. 

Meteorologists recognize several distinct sorts of extratropical cyclones in the 
Georges Bank region, but a simple classification might divide them into two kinds: 
those that come to the bank from the west across the Great Lakes and those that 
come from the southwest, roughly paralleling the coast. Some of the latter show a 
phenomenon called "explosive cyclogenesis, " in which the storm deepens rapidly as 
cold continental air strikes warm water in or near the Gulf Stream. In some of these 
storms the barometric pressure has fallen as much as a millibar per hour for 24 
hours. How much such a storm will intensify has proved hard to predict. Sustained 
wind speeds of 40-60 knots (21....31 m/sec) are not unusual during these and other 
kinds of winter storms on the bank. 

Wind stress is calculated from observations of wind speed and direction, air den
sity, and a drag coefficient that depends upon the roughness of the sea surface. 
Long-period averages of wind stress for Georges Bank show generally southeast
ward stresses from September through April due to prevailing northwesterly winds 
and northeastward stresses from May through August due to prevailing southwes
terly winds. Summer wind stresses are roughly a fifth to a tenth the magnitude of 
those of winter. Spatial variations in the direction and magnitude of the wind stress 
at a given time can result in divergences and convergences of stress that have impor
tant consequences for the movement of water. Similar results come from variation in 
sea-surface roughness, which causes the drag coefficient to vary for a given wind 

speed. 
Visual observations of waves-made from ships-are lacking in accuracy, and 

sea (locally generated waves) is often not distinguished properly from swell (waves 
propagated from some distant region of generation). Wave measurements made from 
buoys are far superior, but like other buoy observations are restricted in time and 
space. However, several sets of wave data of about 4 years duration have been 
made from buoys in the Georges Bank region. Visual observations of waves show a 
close correspondence between the direction from which waves come and wind direc
tion. Tables showing the expected monthly wave height have been prepared from 
such observations. (The heights given in such tables are generally "significant" wave 
heights-significant wave height is defined as the average height of the highest third 
of all waves in a wave record.) For instance, on the southwest part of Georges Bank 
in July, the smoothest month, waves less than 1 m high can be expected more than 
half the time. In January, the roughest month, such waves can be expected only 
about a tenth of the time, while waves 4 m high or more are just as common. The 
most frequent waves for this month are in the 2-3-m class and are expected about a 
quarter of the time. 

Because wind measurements are much more extensive than wave measure
ments, predictions of typical and extreme waves are made by using wind data to
gether with models based on what is known of the relation between wind and waves 
for given locations. Thus computations of past wave conditions-wave "hind-
casts" -have been made and compiled month by month, year by year for Atlantic 
Ocean stations. Two such studies are available for Georges Bank for the period 
1956-1975. Due to the sparsity of actual wave measurements in the Georges Bank 
region, such hindcasts are essentially the only means of estimating extreme wave 
conditions. 

Extreme waves are often expressed in terms of recurrence intervals. For exam
ple, a hindcast that related extreme significant waves to wind during 14 hurricanes 

affecting Georges Bank between 1900 and 1975 gave a height of 9.8 m for a 25-year 
recurrence interval, 11.0 m for 50 years, and 12.2 m for 100 years. However, design-



ers of offshore structures generally want information on probable maximum wave 
height, which according to a rule of thumb is 1.86 times the extreme significant 
height. 

All of the Georges Bank wave summaries mentioned pertain to the deep water 
around the bank-water whose depth exceeds half the wavelength (the typical dis
tance between successive wave crests) of the longest of commonly encountered 
waves. When the half-length of a wave exceeds the water depth, the wave "feels the 
bottom" and shows what are called "finite-depth effects." The big waves of winter 
storms on Georges Bank often have wavelengths of 160 m or more; waves 160 m 
long begin to show finite-depth effects in water depths of about 80 m as they propa
gate onto the bank. Waves of shorter length feel the bottom at lesser depths. 

Among the finite-depth effects shown by waves are a decrease in length for a 
given wave period (the time between the passage of successive wave crests) and the 
bending (refraction) of the waves until the crests become aligned with the depth con
tours. Because the Georges Bank region is topographically complex, the refraction of 
deepwater waves coming onto the bank is a very important factor in determining 
wave conditions. Conditions at one site can be very different from those at a nearby 
site, and focusing of wave energy can take place, so that particularly severe condi
tions can be found in certain places. 

Another finite-depth effect relates to the motion of the water particles in the inte
rior of a wave. In deep water the trajectory of the pa~icles is circular, but as a wave 
begins to feel the bottom, the water particles begin to move back and forth over the 
bottom in and away from the direction of wave propagation. This motion can sus
pend sediment to an extent dependent upon the water-particle velocity, the rough
ness of the bottom, and the nature of the sediment. 
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The air/sea exchanges of momentum and heat are among 
the most important processes affecting the waters of 
Georges Bank. These occur over a range of scales from 
the synoptic-larger than the bank-to ones on the or
der of the height of a wave. The origin and intensity of 
synoptic weather systems determine the basic spatial and 
temporal structure for the wind and temperature fields 
over the bank; variations at smaller scales further influ
ence heat and momentum exchange. The succeeding sec
tions discuss the frequency, residence time, and inter- and 
intraannual variability of synoptic-scale disturbance, as 
well as the atmospheric variables controlling air/sea ex
change that such disturbance produces. This is followed 
by a short summary of data sources and other 
information. 

Synoptic-Scale Meteorologic Disturbance 

Traveling cyclones and anticyclones are the main synop
tic-scale disturbances in the Georges Bank area. Principal 
tracks for cyclones cross the area in winter; major anticy
clones cross in summer (Klein, 1956, 1957; Klein and 
Winston, 1958; Reed, 1960). Generally, passing cyclones 
are more intense in winter than in summer, except for 
hurricanes of tropical origin, which are of rare occur
rence-on the average, one can be expected every 6 years 
(Cry, 1965). Thus the passing cyclone is the dominant 
synoptic-scale disturbance for the area. 

Monthly frequencies of cyclones for the northeastern 
United States, based upon a 50-year (1905-1954) study 
by Hosler and Gamage (1956) and a 20-year (1951-
1970) study by Reitan (1974, 1979), are shown in figure 
7 .1. An increase in frequency was observed between the 
two time series. This is corroborated by Resio and Hay
den (1975), who found a 20% increase in cyclone fre
quency in comparing the 1920s and the 1960s. It is not 
known whether this is a trend or a cyclic change of long 
duration. Zishka and Smith (1980) studied the climatol
ogy of cyclones and anticyclones over all of North Amer-

. ica and adjacent oceans and found a decrease in their . 
number for the period 1950-1977. Whittaker and Hom 
(1981) attribute this decrease to a decline in cyclogenesis 
over Canada. Hayden (1981) analyzed cyclone frequency 
in the Middle Atlantic portion of the east coast of United 
States for the period 1885-1978 and showed an increase 
in frequency offshore. Increased storminess of the United 
States east coast since the early 1940s also has been re
ported by Mather, Adams, and Yoshioka (1964), Hayden 
(1975), and Dickson and Namias (1976). 

Miller (1946) studied 208 cyclones over the period 
1929-1939; he found two types forming along the Atlan
tic seaboard. One (type A) forms along the front of a 
cold outbreak due to waves in the jet stream. Usually, 
this kind of cyclogenesis occurs during winter; the result
ing cyclone originates over the ocean and moves in a north
easterly direction. Generally, the Georges Bank area lies 
in the path of such storms and experiences large swells 

and high winds as a consequence. The requisite features 
of the surface weather map during the cyclogenesis and 
intensification of storms of this type (figure 7 .2) are (1) a 
cold anticyclone east of the Rockies, (2) a continental air 
mass flowing off the eastern seaboard, (3) a southerly 
flow of warm, maritime air over the western Atlantic, 
and ( 4) a retardation of a part of the cold front, leading 
to distortion into a wave. 

The second type of cyclone (type B) originates near the 
coast to the southeast of an older, mature cyclone. Its 
point of origin is usually along the warm front of the 
older one. Type B also moves northeastward through the 
Georges Bank area, but closer to the coast than type A. 
The requisite synoptic-scale features for the formation of 
this type (figure 7.3) are (1) an occluding or occluded cy
clone over the Great Lakes region that is nearly station
ary or moving very slowly, (2)_ a cold anticyclone over 
eastern Canada, (3) a wedge of a sluggish, shallow, cold 
air mass east of the Appalachian Mountains, and ( 4) a 
warm, maritime air mass flowing northward so as to 
maintain a strong baroclinic zone. The frequency of oc
currence by month for the two types is given in figure 
7 .4, where it can be seen that the cyclones that affect the 
Georges Bank area are predominantly of type B. Cyclones 
that develop over central Canada affect the Georges Bank 
area only in that their cold fronts extend into the region. 

In general, three cyclone paths influence winds over 
Georges Bank-one across the northern United States, 
Great Lakes, and St. Lawrence Valley; a second from 
around Colorado across the southern Great Lakes; and a 
third across the southern states that turns to parallel the 
Atlantic coast. Residence time for these storms over 
Georges Bank is usually about 1-2 days. 

The paths of anticyclones are closely associated with 
the movement of cyclones, but with a tendency to run 
more to the south. The two places of origin of anticy
clones that affect the Georges Bank area are western 
Canada and the adjacent eastern Pacific Ocean. One of 
the two general paths of these high-pressure systems is . 
over the northeastern United States. Generally, summer 
anticyclones are less well defined and have a tendency to 
wander. Winter anticylones are better defined and move 
along straighter paths. 

The effect of these weather systems moving across 
Georges Bank is to increase the wind speed, sometimes to 
hurricane velocities (~75 mph), and to reverse the wind 
direction suddenly as the storm and front pass through. 
Wind direction ahead of and behind the storm depends 
on its track. For storms moving up the coast, the wind is 
usually from the southeast as the storm approaches, from 
the northwest after it passes. For cold-front passages, the 
wind ahead of the front is generally from the southwest, 
and from the northwest behind it. Long fetches of the 
wind ahead of the storm favor well-developed surface 
waves, which upon reversal of the wind contribute to 
greater wind stresses over the bank because of the surface 
roughness. 

Atmospheric Variables and 
Patterns 
Tom Sawyer Hopkins and Sethu Raman 
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Figure 7.1 
Monthly cyclone frequency for the 
New York Bight area. Key: solid 
curve, 1905-1954 {Hosler and 
Gamage, 1956); dashed curve, 
1951-1970 {Reitan, 1974). [Mooers, 
Fernandez-Partagas, and Price 
{1976)] 

Figure 7.2 
A type A cyclone at time of origin 
{a) and 24 hours later {b) {GMT is 
Greenwich Mean Time). Fronts are 
indicated by the conventional sym
bols: alternating spikes and semi
circles {black), occluded front; 
spikes, cold front; semicircles, 
warm front; triangles {white), show
ers; slanted lines, precipitation 
{areas of precipitation are marked 
whether the precipitation is inter
mittent or continuous); H, high
pressure system; L, low-pressure 
system. Isobars are labeled in milli
bars; 24-hourly positions of pres
sure ce.nters are marked by filled 
circles. [Miller { 1946)] 



Figure 7.3 
A type B cyclone at time of origin 
(a) and 24 hours later (b). For sym
bols, see the caption to figure 7.2. 
[Miller ( 1946)] 

Figure 7.4 
Average monthly frequency of cy
clones originating in the Atlantic 
coastal region. [Miller ( 1946)] 
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Atmospheric Variables 

Wind Stress 
Wind stress is probably the single most important input 
in the atmospheric forcing of ocean circulation. It differs 
from other atmospheric inputs, such as pressure and heat, 
in that it is a vector rather than a scalar quantity. Both 
direction and magnitude are important, and both must be 
specified to the desired accuracy in modeling the ocean's 
response to wind stress. Converting an observed wind 
vector r into a wind-stress value is a common problem in 
making such estimates. Conventionally, this is accom
plished through an empirical relation, 

where Pa is the density of air, Cd is a nondimensional 
drag coefficient, and W is the wind vector at 10 m above 
the sea surface (whose magnitude is I WI). The fact that 
this relation is inadequate is reflected in up to fivefold 
variation in the value of cd determined from field obser
vations. It is well understood that the value of Cd varies 
with wind speed, surface roughness, and air/sea tempera
ture differences. The reader can refer to Deacon and 
Webb (1962), SethuRaman and Raynor (1975), and Smith 
and Banke (197 6) for more detailed discussions. 

First-order wind information can be obtained from at
mospheric-pressure fields. This is done by converting at
mospheric pressure to surface wind through the thermal 
wind relation while providing for some boundary-layer 
veer, then converting the wind to a stress vector. Gener
ally, the method lacks accuracy and and does not give 
fine-scale information. Pressure fields are routinely inter
polated over the Georges Bank region--that is, between 
Massachusetts and Nova Scotia--and are available on a 
6-hourly basis; in spite of their shortcomings they offer 
valuable low-frequency, spatially synoptic information. 
Resultant monthly wind stresses have been computed 
from monthly average atmospheric-pressure fields accord
ing to a scheme by Bakun (1973) and have been assem
bled in the form of 31-year time series by Ingham 
(1978a) for locations east and west of Georges Bank--at 
42° N, 69° Wand at 42° N, 66° W. 

Another source of synoptic wind data is the U.S. Naval 
Weather Service Command Series of Surface Synoptic 
Meteorological Observations (SSMO). These consist of 
weather reports from ships of various registries taken 
while making transits of designated coastal areas. These 
data are notably variable due to inconsistencies among 
frequencies and methods of observation and are spatially 
or temporally biased because of the use of fixed routes 
and because ships at sea avoid storms. Morgan and An
thony (1977) have compiled the average monthly wind 
stress for coastal regions of the United States and Canada 
using the SSMO data, and following them, Ingham 
(1978b) has provided plots of these monthly averages for 
the period 1946-1975 for the Georges Bank area. Also, 
Bunker (1975) has compiled a 32-year composite, 
1941-1972, from marine weather observations, and 
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Joyce (1984) has made some further calculations usipg 
this composite. Furthermore, a time series of meteorol
ogic data of about 5 years, 1977- 1982, exists for NOAA 
Data Buoy Station (NDBO) 44003, moored on the 
southern flank of Georges Bank in a water depth of 
about 55 m. 

Monthly wind stresses provide little more than some 
indication of seasonality. In fact, monthly averages often 
obscure important information on events having time 
scales shorter than a month; for example, the spring and 
fall values of table 7.1 are low, not because these periods 
are calmer, but because during them the wind direction 
fluctuates between one seasonal regime and another, 
causing a lesser resultant wind. 

Changes in wind characteristics with time are often ex
pressed as spectra, such as the one shown in figure 7.5 
for wind speed at John F. Kennedy Airport (New York). 
This plot shows the relative importance of changes in 
wind speed expressed as fractions of a cycle of change 
that are accomplished in 1 day--a way of saying what 
the principal periodicities of change are. The low-fre
quency composition in figure 7.5 is considered to be 
characteristic of the latitude of Georges Bank, although it 
may differ in energy or at high frequencies because of 
overland boundary-layer effects. At temperate latitudes, 
considerable wind energy is found at a periodicity of 3 to 
5 days. The two prominent peaks in figure 7.5 are cen
tered at bands of 2 to 5 days (0.5 to 0.2 of a cycle of 
change accomplished per day, respectively) and 200 to 
500 days (0.005 to 0.002 of a cycle of change per day, 
respectively)~ The 2-5-day peak is attributable to passing 
weather systems. Again, monthly resultant winds do not 
well represent the energy of the 3-day band, unless they 
are unidirectional. The other, smaller peak is due to the 
annual cycle, but it is spread over a broad frequency 
range because the calm season (summer) is much shorter 
than the windy season (fall to spring). 

Because of the importance of the temporal variability 
of wind data, certain land-based wind records are more 
often used for the Georges Bank region than the ones 
mentioned. Weather stations at Portland Airport, Logan 
Airport (Boston), Nantucket Island, and Block Island sub
mit daily observations to the National Climatic Data Cen
ter, which then issues monthly weather summaries called 
Local Climatic Data. Coherence among these (that is, sta
tion-to-station agreement) is best for low-frequency (long
periodicity) changes in the wind; these are least affected 
by local meteorologic phenomena. Extrapolation of wind 
data from land stations to ones offshore cannot yet be 
done with any degree of rigor due to the various indeter
minate boundary-layer effects at both locations. How
ever, a useful scheme for this purpose is given for the 
Georges Bank area by Halliwell and Mooers (1980). 

A comparison between the Nantucket 30-year wind
stress average (table 7.1, second column) and those calcu
lated from atmospheric-pressure fields (third and fourth 
columns) shows reasonable agreement for monthly aver-
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Table 7.1 
Long-period averages of wind stress for the Georges Bank region• 

Georges Georges 
Nantucket 42° N 42° N Bank Bank Data Buoy 

Month (70° W)b 69° we 66° wd area< area£ 44003• 

January 0.033 0.045 0.039 0.198 0.32 0.112 
128 156 149 121 120 124 

February 0.032 0.034 0.028 0.136 0.31 0.058 
127 155 148 129 114 124 

March 0.023 0.031 0.031 0.091 0.28 0.071 
142 160 157 110 134 121 

April 0.015 0.014 0.013 0.054 0.17 0.054 
122 123 114 138 116 089 

May 0.007 0.010 0.011 0.017 0.12 0.029 
058 068 065 066 060 061 

June 0.012 0.019 0.023 0.025 0.08 0.020 
046 060 059 018 044 055 

July O.D15 6.022 0.031 0.030 0.06 0.017 
045 059 053 046 043 058 

August 0.007 0.010 0.014 0.023 0.06 0.018 
051 070 066 043 058 018 

September 0.004 0.003 0.003 0.004 0.11 0.037 
004 127 123 144 138 228 

October 0.013 0.008 0.007 0.070 0.17 0.057 
167 158 147 125 131 090 

November 0.018 0.017 0.013 0.024 0.23 0.071 
125 141 148 117 125 119 

December 0.029 0.033 0.026 0.155 0.32 0.090 
127 156 138 117 113 121 

a. For each entry the upper number is the amplitude in pascals (Pa), the lower number, the direction (0
) in 

which the stress is applied. 
b. Based on hourly or 3-hourly wind observations, January 1948-May 1977. Stress computed after Morgan and 
Anthony (1977). From Ingham (1979). 
c. Computed from monthly mean atmospheric-pressure fields after Bakun (1973), using a drag coefficient of 
2 x 10-3• From Ingham (1978b). 

· d. Computed from monthly mean atmospheric-pressure fields after Bakun (1973), using a drag coefficient of 
2 x 10- 3 • From Ingham (1977). 
e. Computed by Ingham (1978b) after Morgan and Anthony (1977) from NCC/ SSMO reports for the period 
1946-1975. 
f. Calculated from marine weather observations, 1941- 1972, for the block 41-42° N, 65-70° W by Joyce 
(1984) from Bunker (1975). 
g. Moored on southwestern Georges Bank in 40°48' N, 68°30' Win a water depth of about 55 m. Computed 
after Morgan and Anthony (1977) from monthly mean wind speeds and median directions, 1977-1982. From 
Gilhousen eta!. (1983). 
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Figure 7.5 
Smoothed spectrum, S(w), of wind 
speed at John F. Kennedy Airport 
(New York) versus frequency, w, 
based on instantaneous observa
tions at 3-hour intervals for 
1975-1982. In the smoothing pro
cess the diurnal and semidiurnal 
peaks, not necessarily pertinent to 
Georges Bank, were eliminated. 

ages. The two sets of averages derived from atmospheric 
pressure are in better agreement than is either one with 
the Nantucket data. The eastern station has stresses that 
are slightly higher in amplitude and that are veered 
slightly clockwise compared with the western station. 
This is less in summer and more in winter, reflecting the 
frequency of the passage of fronts. The Nantucket winds 
show a larger, opposite veer; that is, from Nantucket east . 
to 69 ° W there is a mean clockwise veer of about 24 °. 
This could be due to the difference in methods (observed 
versus derived) or due to boundary-layer effects (making 
the Nantucket winds appear to be veered counterclock
wise from the true wind). The monthly averages for the 
Georges Bank area given by Ingham (1978b) (fifth col
umn) are quite different from those obtained from the at
mospheric-pressure field, being about three times larger 
and veered as much as 50° counterclockwise, primarily 
due to differences in averaging. The averages given by 
Joyce (1984) (sixth column) are from monthly averages of 
marine weather observations for 32 years, 1941-1972, as 
compiled by Bunker (197 5). The buoy-station data (sev
enth column) are averaged differently from the other data 
in the table; the wind stress has been calculated using the 
mean wind speed and median direction for each month. 
Although this is not the same as a vector average, it does 
represent better the seasonally transitional months and is 
preferable from an oceanographic point of view. 

The buoy data are limited in temporal and spatial cov
erage in the sense of not providing the necessary wind
stress input to a comprehensive Georges Bank circulation 
model. Perhaps the greatest deficiency in this regard is 
the lack of information on the spatial variability of the 
wind, particularly over the band of periodicities from 1 
hour to 6 days. Over Georges Bank, the wind cannot set 
up or set down sea level by transporting water against or 
away from a land barrier, as it does at the coast. Sea
level gradients drive an important class of currents-bar
otropic geostrophic currents-that extend all the way to 
the bottom. However, over Georges Bank there are two 
less direct ways in which the wind can effect sea-level 
distortion. These are through spatial variations in the 
wind stress itself and through its frictional coupling with 
the water. 

We have already cited (table 7.1) some observed spatial 
variations in the wind stress at low frequency. The most 
obvious example occurs during the passage of a front. 
Magnitudes of about 15 dyne/ cm2 per 100 km are possi
ble and could generate strong divergences (convergences), 
causing transient motions. Slower-moving fronts residing 
over the bank for longer than the inertial period (about 
19 hours) will generate more stable barotropic gees
trophic currents. Saunders (1977) found a general off
shore increase in wind stress of about 0.25 dynel cm2 per 
100 km over the eastern continental shelf. Apparently~ 
this is characteristic of the northwesterlies, which acceler
ate by about 10% as they cross the bank, resulting in a 
stress divergence and thus contributing to the Georges 
Bank clockwise circulation. 

Variations in the transport that the wind drives by fric
tion occur through spatial variations in the drag coeffi
cient or in the efficiency of the vertical momentum 
transfer within the water column. For example, the drag 
coefficient might change threefold over a distance of 50 
km between the deep Gulf of Maine and the shoal water 
on the bank, where steeper waves would increase surface 
roughness (SethuRaman and Raynor, 1975). This would 
drive an appreciable local upwelling of about 10- 2 em/ 
sec into the surface Ekman layer. A more subtle effect 
can occur through the change in wind transport that ac
companies a change in the efficiency of the transfer of 
vertical momentum, as it does in the transition between 
the less turbulent off-bank and more turbulent on-bank 
water column. On the bank the shallower, more turbu
lent conditions cause some of the wind stress to reach 
the bottom and be dissipated there, resulting in a reduc
tion and a veer in the wind transport relative to that just 
off the bank. This mechanism can generate important 
surface-layer divergences (convergences) around the 
Georges Bank perimeter (Hopkins and Garfield, 1981). 

Heat and Water Exchange 
Because the water on Georges Bank is shallow and well 
mixed, it responds directly to the addition or extraction 
of buoyancy through the exchange of heat and water 
with the atmosphere. These exchanges primarily deter
mine the amount of heat and salt stored in the water of 
the bank over an annual cycle (see chapter 1 0). In terms 
of ocean circulation, the principal consequence of these 
exchanges relates to the difference between the amounts 
of heat and salt stored on the bank and those stored in 
adjacent surface waters. The causes for these differences 
can be oceanic or atmospheric. We deal here with the 
latter. 

The processes of buoyancy addition or extraction de
pend on a number of environmental parameters-air tem
perature, surface-water temperature, vapor pressure, cloud 
cover, insolation, precipitation, and air motion. Most of 
these are difficult to measure and are not available for 
offshore areas, such as Georges Bank. Many of the de
pendences, particularly those for sensible-heat exchange, 
evaporation, and back radiation, are expressed in empiri
cal formulas, aspects of which remain controversial. The 
empirical formulations make use of bulk-transfer coeffi
cients and averages of the parameters mentioned over 
daily to monthly intervals, while the actual fluxes that 
they approximate often occur at higher frequencies-with 
hourly or even shorter periodicities. 

We shall summarize these parameters for the Georges 
Bank region, briefly discussing the spatial and seasonal 
variability in the heat and water-vapor exchanges. 

Air Temperature 
Long records of air temperature exist for a number of 
coastal sites close to the latitude of Georges Bank. (For a 
summary see Godshall et al., 1980.) Data are submitted 
regularly to the climate center of NOAA from weather 
stations at Portland, Boston, Providence, and New York. 



At-sea data for the Georges Bank area come from the 
SSMO, weather buoys, and oceanographic vessels. SSMO 
air temperatures are prone to aliasing, since they are not 
frequent enough to resolve the marked diurnal cycle. The 
series from NDBO 44003 may be the only one giving re
liable information for Georges Bank in the important 
daily-to-seasonal band. Table 7.2 lists the 30-year 
monthly means of air temperature for Nantucket Island 
(Ingham, 1979), the 30-year monthly means from Port
land, the means from Data Buoy Station 44003, and the 
30-year monthly means from marine observations calcu
lated by Joyce (1984) from Bunker (197 5). The seaward 
moderation in the temperature cycle is obvious. From 
October through March the air over Georges Bank is 
warmer than that over the coast (Nantucket and Port
land), while from April through September the reverse is 
true. In April and September coastal and Georges Bank 
air temperatures are most similar. 

The variance of the air temperature over Georges Bank 
is suppressed essentially at all frequencies due to the 
modifying effect of the sea. The predominantly eastward 
airflow simply tends to advect air temperature fluctua
tions seaward. Thus for westerly to northerly winds 
rather good correlations between land and sea air temper
atures is expected, but with a damped variance to sea
ward. Because the common southwesterly airflow is 
wholly over water, air temperatures over Georges Bank 
would correlate well with Nantucket Island air tempera
tures (for example), where land effects are minimal, but 
less well with those at, say, Boston, where the exposure 
of the air mass to the land has been longer. 

Water Temperature 
Of the several properties under discussion, water tempera
ture has the least variance and can be estimated in in
complete data series with the greatest confidence. Three 
shipboard data sets are given in table 7 .2-two from 
SSMO for Georges Bank, the other from oceanographic 
records (Hopkins and Garfield, 1981). The last is a sea
sonal composite from averages of the top 40 m of what 
was taken to be Georges Bank water. Water temperatures 
from Texas Tower No. 2 and Data Buoy 44003 are also 
given. The last two sets are shorter, have different averag
ing intervals, and are differently located. The tower is 
more representative of Georges Bank water, having been 
located on Georges Shoal in a water depth of 37 m; the 
buoy is just off the bank to the south in 81 m. Of the 
shipboard data only the oceanographic data (fifth column 
of table 7 .2) is restricted to Georges Bank water. The 
others are from specified geographic regions, mostly cov
ering the bank, but also including some waters off the 
bank. Consequently, the minima and maxima of the 
oceanographic data and the tower data are less extreme 
than the other data, which include the more variable ad
jacent waters. Generally, there is a March minimum and 
a late August maximum in water temperature, making the 
heating cycle 2 months shorter than the cooling cycle. 
The Hopkins and Garfield data showed greater interan
nual variance during the cooling cycle than during the 
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Table 7.2 
Average air and sea temperatures for the Georges Bank region 

Air/sea temperature difference 

Air Sea Data Buoy 44003d 

Mean and 
Data Buoy Oceano- Texas Data Buoy standard Range 

Nantucket' Portlandb SSM0#1c 44003d graphic' · SSM0#2f SSM0#1c Tower" 44003d deviation of means Marine< 

January 0.2 -5.2 3.8 1.6 6.1 5.9 6.4 5.2 6.0 -4.4 ± 3.9 -17.4-5.8 -2.5 

February 0.1 -4.7 2.8 1.3 4.3 4.6 5.3 4.6 4.0 -2.7 ± 3.6 -11.1-6.8 -2.4 

March 2.7 0.2 4.1 3.7 3.4 4.5 5.0 4.1 4.2 -0.4 ± 2.5 -11.2-6.3 - 0.9 

April 6.7 6.0 6.2 6.3 3.4 5.4 5.5 7.1 5.5 0.8 ± 1.7 -5.5-7.0 0.7 

May 11.2 11.8 9.8 8.9 7.7 7.5 8.1 8.1 7.4 1.5 ± 1.3 -2.6-6.6 1.6 

June 16.1 16.9 13.4 11.9 10.9 10.5 11.2 10.9 9.8 2.1 ± 1.3 -1.3-8.6 2.2 

July 19.9 20.1 17.2 14.6 13.0 13.8 15.4 14.0 11.9 2.7 ± 1.3 -2.5-7.1 1.8 
August 19.9 19.2 18.5 16.3 14.4 15.7 17.5 16.0 14.2 2.1 ± 1.4 - 3.6-7.6 1.0 
September 17.2 15.2 17.1 16.1 14.3 15.2 17.0 16.2 15.4 0.7 ± 1.8 -5.6-6.3 0.0 
October 12.7 9.8 13.9 13.2 13.2 14.0 14.7 15.3 14.2 -1.1 ± 2.4 -7.6-4.8 - 0.8 

November 7.9 3.7 10.2 10.1 11.0 11.5 12.1 11.6 12.2 -2.1 ± 3.0 -10.4-4.5 - 1.9 

December 2.7 - 2.8 6.1 5.6 8.8 8.7 9.2 8.1 9.3 -3.7 ± 4.0 - 15.9-5.3 - 3.1 

a. Based on hourly or 3-hourly observations, January 1948-May 1977. From Ingham (1979). 
b. Based on 3-hourly observations, 1931-1966, at a station 9 km inland. From National Weather Records Center. 
c. Surface Synoptic Meteorological Observations (SSMO), based on shipboard weather reports, 1941-1972, for the block 41-42° N, 65-70° W. Calculated by Joyce (1984) from Bunker 
(1975). 
d. Data Buoy 44003 is at 40°48' N, 68°30' W. Based on 90-second averages for 1977-1981. From Gilhousen eta!. (1983). 
e. Oceanographic data, 1913-1978. From Hopkins and Garfield (1981). 
f. SSMO for the block 41-42° N, 67-68° W, 1946-1975. FromM. Ingham, National Marine Fisheries Service, Narragansett, RI. 
g. Texas Tower No.2 was at 41 °40' N, 67°47' W. From U.S. Coast and Geodetic Survey summary of mean and extreme temperatures, October 1958-0ctober 1961. 

heating cycle, presumably because the processes that ex
tract buoyancy from the water are more diverse than 
those that add. 

The air/sea temperature difference controls the sensi
ble-heat exchange directly and the water-vapor exchange 
indirectly. Using the SSMO data, Godshall et al. (1980) 
give the frequency of various air/sea temperature differ
ences for each month for the block 41-42° N, 68-69° 
W. These show that the air is more often colder than the 
water from October through March. The same is shown 
for Data Buoy Station 44003 in table 7 .2, where minima, 
maxima, and standard deviations are included. The air/ 
sea differences from marine observations Qoyce, 1984, 
from Bunker, 197 5) are also given and agree well with 
the buoy. As mentioned, none of these are entirely repre
sentative of Georges Bank water. The variabilility is great
est in the cooling season. Spring and summer are 
characterized by high incidence of dense fog as southwes
terly winds bring warm, vapor-saturated air over the cool 
bank. According to Godshall et al. (1980), visibility on 
Georges Bank is restricted to less than half a nautical 
mile for a quarter of the time during May and a third of 
the time during August. 

Relative Humidity 
The water-vapor pressure of the air is an important factor 
in the estimation of both evaporation and effective back 
radiation. In the case of the former, it is the difference 
between the saturation value and the actual value of the 
air just above the surface that controls the flux of vapor 

from the water. The vapor pressure of the air depends on 
the humidity and air temperature. In continental air 
masses these two parameters can differ greatly from sea
surface values. Flows of dry continental air are only asso
ciated with westerly to northerly winds. Southwesterlies 
often result in moist air with very little air/sea tempera
ture difference. The rate of equilibration of cold, dry air 
flowing over a warm sea is a function not only of the ini
tial difference but also of the vertical stability of the at
mospheric boundary layer. Convective motions in the 
boundary layer greatly increase the volume of air that 
comes into contact with the sea surface and therefore in
crease the distance required for the flowing air to reach 
equilibrium with the water. Bunker (1956) found little 
change in air turbulence 150 km downwind of Portland 
during cold-air outbreaks and in other cases little change 
as far offshore as 500 km. This suggests that Georges 
Bank lies within the atmospheric length scale required for 
air/sea equilibration and therefore has a more compli
cated heat exchange than if it were part of a purely 
oceanic region. We cannot trust air-temperature estimates 
based on land values or on Gulf of Maine surface-water 
values. During the fall, the Gulf of Maine cools more 
quickly than Georges Bank. Therefore, even were conti
nental air to become equilibrated on crossing the Gulf of 
Maine, it would still experience a temperature difference 
on reaching Georges Bank, and the local heat flux would 
be increased accordingly. 
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Insolation The evaporative heat loss, Qe, was computed from Table 7.3 

There are no long-term series of solar insolation observa- Heat-budget terms• 

tions for Georges Bank. This is offset somewhat by the 
Qe = 0.007L(ew - e.)W, Central 

fact that the total insolation is easily calculated from the where L is the latent heat of evaporation, ew the satu- Julian 

solar constant. The annual maximum and minimum for rated water-vapor pressure at sea-surface temperature, e. 
day or 
month Period Days Q Q, Q, Qb Qh E p 

total insolation for the latitude of Georges Bank are the water-vapor pressure of the air, and W the estimated 
-151.8 111.4 101.8 96.9 69.5 about 390 and about 100 W /m2, respectively. However, near-surface wind speed in knots (from Logan Airport Jan 

in order to obtain the net insolation at the sea surface, data). Since e. is difficult to determine, it was mathemati- 11 Dec 76-Feb 77 75 -108.4 83.2 85.7 77.9 28.1 2.99 235 

the total insolation must be corrected for atmospheric at- cally eliminated between the equations for Qe and that 25 Dec 65-Mar 66 80 - 81.8 92.4 88.1 72.6 13.6 3.07 2.11 

tenuation, for which there are no reliable observational for the back-radiation term, Qb: 28 Dec 64-Mar 65 92 -97.3 93.4 106.5 69.7 14.5 3.71 2.65 

data. An additional loss occurs at the sea surface due to 
Qh = 1.1365 X 10-784(0.39 - 0.05e.)(1 - 0.68C2) Feb -114.7 143.7 93.7 106.5 66.2 

reflection. Together atmospheric attenuation and surface 
34 Dec 73-Mar 74 105 - 70.8 93.4 86.2 63.4 14.0 2.99 2.48 

reflection are such that the insolation penetrating the sea {from Berliand and Berliand, 1952, and Huang and Park, 
surface is reduced by about 40%. Atmospheric attenua- 1975), where 8 is the water temperature (°K) and Cis the Mar -4.9 245.5 67.8 156.7 32.3 
tion is difficult to parameterize into easily observable cloud cover in tenths (from Block Island data). 3 Mar 66-Apr 66 34 31.5 154.9 47.4 61.5 14.5 1.65 0.39 
quantities, such as cloud cover or water vapor, and can- The sensible heat exchange, Qh, was computed from 93 Mar 78-Apr 78 15 59.0 192.6 57.1 68.7 7.7 1.98 0.09 
not be reliably extrapolated seaward from coastal obser-

Qh = 3.43 X 10-3LW(8w - 8.), vations. Nor can the incident radiation be easily observed Apr 113.1 311.7 30.7 174.4 1.6 
for long periods at sea, where buoy motions and salt resi- where Ow and 8. are the water and air temperatures (0 C}. 108 Mar 66-May 66 83 69.7 193.6 58.6 65.3 0 2.03 2.30 
due on sensors introduce errors. Because the foggy season -8. was taken as the temperature of the Gulf of Maine 109 Mar 65-May 65 79 78.4 191.7 48.4 64.9 0 1.69 1.76 
comes with the summer solistice, its effect on incident ra- surface water, an assumption that gives a lower bound 

111 Apr 78-May 78 23 107.0 234.7 57.6 66.3 3.9 2.00 1.39 

diation is maximized, although this is somewhat counter- 116 Feb 77-Jul 77 134 92.0 223.6 50.3 68.2 13.1 1.75 2.77 
for Qh. 

acted by the reduction in heat loss by back radiation The incoming solar radiation, Q,, was estimated from May 172.8 358.5 12.9 188.9 - 9.7 
from the sea surface that the fog causes. sunshine data from Logan Airport and the maximum 125 Apr 66-May 66 50 118.1 211.0 24.7 60.0 8.2 0.86 1.38 In the heat budget to be given, the incident radiation available surface radiation at 41 °30' N. The maximum in 153 May 78-Jul 78 61 166.5 256.5 26.6 63.4 0 0.93 2.80 
for Georges Bank was computed using sunshine values incoming solar radiation, Q,, clearly forces a correspond-
for Block Island on the assumption that its microclimate ing maximum in Q, the total heat change, but leads it by Jun 192.2 371.5 1.6 206.8 - 12.9 
is more marine and therefore a closer approximation to about 60 days. The maximum in Q, comes earlier by 162 May 70-Jun 70 26 145.7 255.5 43.1 66.7 0 1.51 2.41 
that of Georges Bank than the climate of most land about 1 month than the minimum in back radiation, Qb, 182 Jun 70-Jul 70 14 119.1 190.7 18.9 52.8 0 0.66 1.98 
stations. as a result of the aforementioned seasonal differences in 184 May 65-Aug 65 73 171.8 256.0 16.5 67.8 0 0.58 2.48 

Precipitation 
the atmospheric attenuation of the incoming and outgo-

Jul 174.4 352.1 4.9 200.3 -8.1 
ing radiation. The heat loss due to back radiation, Qb, 

This parameter is also not observed often at sea. Approx- has less seasonal variance than it might otherwise because 198 Jul 70-Jul 70 17 162.1 256.0 36.3 51.8 5.8 1.27 3.23 
imations can only be made using land data. Monthly av- it tends to be increased by a warmer sea surface and di- 200 Jun 65-Sep 65 104 139.4 236.7 35.3 62.0 0 1.23 2.03 
erages from Block Island were used in the following heat minished when the air has a greater water-vapor content, 

206 Jun 66-Sep 66 111 114.2 235.7 57.1 64.4 0 2.00 1.12 

budget. conditions that are seasonally correlated. Both evapora- Aug 134.1 311.7 24.2 171.2 - 1.6 

Heat Budget 
tive heat loss, Qe, and sensible heat exchange, Qh, have 236 Aug 65 -Sep 65 30 60.5 195.1 57.1 66.8 10.6 2.00 1.08 

It should be clear from the foregoing that there are many 
fall maxima and diminish gradually to early summer min- 239 Jul 78-0ct 78 110 39.2 186.8 82.3 65.3 0 2.88 3.14 
ima. The greatest Qh computed (36.8 W /m2) is consider- 245 Aug 58-Sep 58 24 85.7 188.3 49.9 52.8 0 1.75 5.98 

problems involved in getting a set of synoptic observa- ably less than what might occur over the interval of a day 
tions of the variables needed for making a heat budget. or less. For example, the maximum air/sea temperature Sep 56.5 253.6 58.1 142.2 6.5 
From an oceanographic point of view this deficiency is difference recorded from Data Buoy 44003 of -17 °C 261 Sep 65-Sep 65 20 -119.1 158.8 200.4 58.6 18.9 7.02 1.68 
mitigated by the fact that the heat content of the water is together with a 30-knot wind would give a Qh of about 
the property most readily observed. Furthermore, esti- 490 W /m2. Long-period averages of Qe give underesti- Oct -40.4 192.2 95.3 121.1 22.6 
mates for Georges Bank are facilitated because vertical mates because of the strong correlation between high 277 Sep 66-0ct 66 32 -50.3 132.1 74.1 71.6 36.8 2.60 2.47 

_ heat exchange with the subsurface is bathymetrically re- wind and low humidity, conditions that occur as a conse-
stricted and because advective heat input is minimized by quence of cold-air outbreaks, and values two and three Nov -127.6 137.3 113.1 108.2 43.6 
either a small horizontal temperature difference when the times the computed maximum (200.4 W /m2) are likely to 300 Sep 65-Dec 65 96 -136.5 109.4 148.1 75.0 22.7 5.18 1.14 
exchange can be large {late winter) or a small exchange occur for periods of several days throughout the cooling - 201.9 111.4 132.4 98.5 when the horizontal temperature difference is significant season (Hopkins and Garfield, 1979). The values of the 

Dec 80.8 

(late summer). heat terms as given by Joyce (1984) from Bunker (1975) a. Values with day number calculated from oceanographic and coastal weather data from Hopkins and Garfield 
Estimates of the various heat-budget terms have been (1981). Values with month calculated from marine weather observations, 1941-1972, for the block 41-42° N, 

also are included in table 7 .3. These are based on a 32- 65-70° W by Joyce (1984) from Bunker (1975). Q = total heat flux into ocean, Q, = solar radiation, Q, = 
made at various seasons by calculating them over inter- year composite of marine observations in the block evaporative heat loss, Qb = back radiation, Qh = sensible heat exchange, E = evaporation, and P = precipita-
vals between successive oceanographic cruises {table 7.3). 41-42° N, 65-70° W. tion. Heat terms are in W/m2

; E and Pare in mm/day. 
The total heat change, Q, was estimated from measure- The two sets of results are only roughly comparable 
lments of the temperature of Georges Bank water on the because of differences in averaging and methods of calcu-
sucesstve crutses. lation. The Hopkins and Garfield data are averages 1-3-



month intervals in specific years, while Joyce has com
puted 32-year means. The values of Q are similar to 
those of Hopkins and Garfield, showing slightly less sea
sonal variabililty (as expected), because they were derived 
exclusively from the less seasonally variable Georges Bank 
water. The Joyce results give significantly larger seasonal 
maxima for Q, and Qb, although their difference, Q, -
Qb, the net radiation, is approximately the same for the 
two sets. The discrepancy is probably due to different es
timations of the amount of water vapor-adsorption oc
curring over Georges Bank in summer. 

Climatology 

One of the long-term trends discussed previously was the 
increase in the frequency of cyclones on the east coast 
between 1950 and 1970 compared with the previous 50 
years. Such long-term anomalies and the interannual vari
ation in cyclone formation and their movements over the 
northeastern United States are very much affected by vari

.ations in wind pattern in layers of the atmosphere ex
tending from the surface to the midtroposphere (~5,000 
m). These varying patterns seem to be linked to large
scale ocean/atmosphere interactions. Namias (1966, 
1967), while studying the 1962-1965 drought in the 
northeastern United States, concluded that the persistence 
of a southward dip in the westerlies, favoring cyclogenesis 
offshore, was one of the causes of the drought. In this 
case cyclone tracks tend to have a path that is south and 
east of Georges Bank. 

Hayden and Smith (1982) tabulated means and stan
dard deviations of cyclone frequency for the years 
1885- 1980 for North America and the western North 
Atlantic. In general, frequency increased with latitude to
ward the Great Lakes, then decreased to the north. Max
imum frequency was found near the east coast of the 
United States in the vicinity of Georges Bank, with a 
mean of 14 for the winter season (figure 7 .6). The sum
mer mean for the Georges Bank area was about 8. The 
standard deviation of the seasonal frequency, which indi
c1tes long-term variability in synoptic-scale atmospheric 
motion, was about 4 for both seasons. 

Weather records for the northeastern United States are 
either too short or too incomplete for describing long
term climatologic trends (> 100 years) well. One of the 
longest air-temperature records for the region comes from 
New Haven, Connecticut, for 1780-1979 (Ingham, 
1983). This record (figure 7.7a) shows a year-to-year vari
ability of about 2 °F. During the nineteenth century there 

· appears to have been about a 15-year periodicity of 
about 5 °F amplitude. This gave way to a general warm
ing trend of about 4°F during the first half of the twen
tieth century, followed by about a 2 °F cooling during the 
1960s and a rapid warming of about 4°F during the 
1970s. Such air-temperature records are susceptible to 
microclimatic biases, but otherwise well represent re
gional variation. The annual means are more influenced 

by winter than by summer variability; summer weather is 
determined by the stability of marine air flow around the 
Bermuda high-pressure system. Thus there is more inter
annual variation in summer's duration than in its temper
ature. On the other hand, the coldness of winter is 
determined by the position of the Canadian cold-air 
front, which can vary considerably. 

Water temperature at shore stations generally reflects 
the air-temperature trend, although, as can be seen from 
figure 7.7, there is only a fair correlation between the air 
and water temperature extremes. Oceanographic data also 
show definite temperature trends in the waters adjacent 
to Georges Bank. Colton (1968), for example, noted a 
minimum in bottom temperature in the early 1940s, a 
maximum during the early 1950s, and another minimum 
in the mid-1960s. Recent data show another maximum 
during the mid-1970s (Hopkins and Garfield, 1979). 
Deeper waters, as in the Gulf of Maine basin, follow 
more the trends determined by the forces controlling ad
vective inputs, which may or may not be directly tied to 
local meteorologic forcing, whereas trends on Georges 
Bank are coupled directly to air/sea heat exchange be
cause of the relative insignificance of the advective heat 
input and lack of subsurface exchange. Recent water-tem
perature trends in the Georges Bank region are discussed 
by Mountain (1983). 

Long-term trends in wind stress are reflective of trends 
in the controlling synoptic-scale weather systems. Interan
nual variability in monthly mean wind stress can be very 
large for this reason-some extreme monthly means of 
wind speed are given in table 7.4. The sets of values 
listed come from three sources and are not comparable, 
but do permit some comment. The maximum speeds 
given in the table for 42° N, 69° W from the monthly 
mean atmospheric-pressure fields are weighted by their 
consistency during the month. The extremes from May 
through August show stresses several times greater and di
rections that are veered slightly clockwise compared with 
the long-period means given in table 7 .1. The seasonal 
trend in wind is preserved, that is, for stronger northerly 
winds in winter and weaker southwesterly winds in sum
mer. The November and December extremes are there
sult of strong westerly and northwesterly winds. The 
winter months show the increased influence of northeas
terlies. The windiest January had wind speeds five times 
the mean condition. 

Table 7.4 also gives the maxima observed at sea over 4 
years at NDBO 44003. These maxima are about twice 
the maxima of monthly means. The June and July max
ima were least, and were the only maxima with 
southwesterly directions. May and August-show strongest 
winds from the north and northeast, even though their 
monthly means are from the southwest. Finally, the table 
gives maximum speeds observed at Portland Airport dur
ing 1940-1966. The greatest maxima are considerably 
larger (34m/sec in March 1947 and November 1945) 
than the greatest maximum observed during the shorter 
period of observations at NDBO 44003 (20.4 m/ sec for 

u:-
:_ 

~ 
:::J a; 
Q; 
a. 
E 
<I> 

"" < 
a; 
:::J 
c 
c 
<( 

c 

"' <I> 
::;< 

(a) 

(c) 

56 

54 

44 

42 

1780 1820 

71 Atmospheric Variables and Patterns 

(b) 

(d) 

1880 1900 1940 

Year 

Figure 7.6 
Mean cyclone frequency 
1885-1959 for (a) winter (Octo· 
ber-March) and (b) summer 
(April-September), (c) standard de· 
viation of the mean for winter, and 
(d) standard deviation of the mean 
for summer. [Hayden and Smith 
(1982)] 

Figure 7.7 
Mean annual air temperature ("F) 
at New Haven, Connecticut, 
1780-1979. Arrow marks the 
1780-1975 mean. Data are from 
the National Climatic Center, 
NOAA, Asheville, North Carolina. 
[Ingham (1983)] 

1980 
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Table 7.4 
Extreme wind speeds• 

42° N, 69° W b Data Buoy 44003< Portland Airportd 

Maximum 
mean Direction Maximum Direction Maximum Direction 
(m/sec) (0) Year (m/ sec) (0) (m/sec) (0) Year 

January 2.20 171 1955 20.4 030 22 135 1951 
February 1.32 207 1969 18.4 090 27 360 1952 
March 1.45 184 1962 18.9 090 27 045 1947 
April 0.67 138 1963 14.8 030 23 180 1946 
May 0.56 048 1976 15.8 360 22 315 1950 
June 0.67 051 1961 11.2 240 18 090 1947 
July 0.59 041 1947 10.7 210 21 270 1941 
August 0.36 047 1967 13.8 030 20 090 1954 
September 0.23 180 1948 14.3 330 39 135 1960 
October 0.43 220 1948 15.8 270 21 360 1963 
November 0.89 111 1976 14.8 360 24 045 1945 
December 1.13 147 1947 18.4 300 22 135 1957 

a. Direction in all cases is the one from which the wind was coming. 
b. Maximum values between 1946 and 1976 as derived from monthly mean atmospheric-pressure fields. From Ingham (1978a). 
c. Maximum speed observed during an 8.5-minute averaging period. The buoy is moored on southwestern Georges Bank in 40°48' N, 68°30' Win a 
water depth of about 55 m. Computed after Morgan and Anthony (1977) from monthly mean wind speeds and median directions, 1977-1982. From 
Gilhousen et al. (1983). 
d. Speeds are the maxima observed over 1 minute. From Local Climatological Data, Portland, Maine, 1940-1966. 

January). These maximum winds are from the northeast 
and probably reflect once-in-a-decade storms. The August 
and September maxima exceed those for January and 
February, reflecting the important, though infrequent, ef
fect of hurricanes. 

Sources of Data and Other Information 

There are several published climatologic summaries that 
the reader may consult for a more detailed presentation 
of the meteorologic factors influencing the Georges Bank 
region. Lettau, Brower, and Quayle (1976) have compiled 
U.S. Coast Guard and National Weather Service meteo
rologic data pertaining to the marine climate of the New 
York Bight. Godshall et al. (1980) have summarized 
oceanographic and meteorologic data for the outer shelf 
of the Georges Bank region from the archives of the Na
tional Oceanographic Data Center. The meteorologic data 
come from coastal stations at Yarmouth, Nova Scotia, 
Brunswick, Maine, Portsmouth, New Hampshire, and 
Nantucket; platforms on Georges Shoal, Nantucket 
Shoals, and Nantucket Light Station; and the SSMO re
ports. Spatial summaries by 0.5° squares and temporal 
summaries by month and season are given. Halliwell and 
Mooers (1980) provide a compendium of all available 
meteorologic time series for coastal stations and offshore 
buoys and platforms, including an identification of peri
odicities and trends. Much of their work is devoted to a 
potentially useful hindcast scheme by which time series 
for meteorologic parameters can be extrapolated to any 
point offshore. Other relevant summaries are given by 
Morgan and Anthony (1977), Ingham (1983), and Moun
tain (1983). 

Primary sources for meteorologic data are the NOAA 
Data Buoy Center (Gilhousen et al., 1983) and the Na
tional Climatic Center, which archives the SSMO data 
and issues the Local Climatological Data summaries. 
Other data have been acquired in connection with spe
cific oceanographic programs, such as the Bureau of Land 
Management's program for New England outer-continen
tal-shelf physical oceanography. 

Reviewed by T errence M. joyce 
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The Effect of Winter Storms on 
the Bottom 

Bradford Butman 

Near-bottom observations made during two 
intense storms in January and February 1978 
clearly show that such storms mix (rework) 
and resuspend the surficial bottom sediments 
on Georges Bank and along the entire conti
nental shelf in the Middle Atlantic Bight (But-
man and Moody, 1983). One of the 1978 
storms formed over the Great Lakes on 26 
January and moved up the St. Lawrence Val-
ley on 27 January (figure 1 a). Winds over 
Georges Bank were from the south on 26 
January and from the southwest the next 
day. The second storm formed east of Cape 
Hatteras on 6 February, moved northeast 
along the coast on 7 February, and was east 
of Nova Scotia on 8 February (figure 1 b). 
Winds over Georges Bank were from the east 
and northeast on 6-7 February and from the (a) 

north on 8 February. The 6-8 February storm, 26 Jan 1978 

which has been called "the Blizzard of '78," 
caused record snowfall in Boston and severe 
coastal erosion. 

Observations were made with instruments 
mounted on a tripod (figure 2) that was 
placed on the bottom at two locations on the 
southern side of Georges Bank (station K, 
41 °04' N, 6r34' W, and station A, 40°51' N, 
6r24' W, in water depths of 64 and 85 m, 
respectively) and at two locations in the Mid
dle Atlantic Bight (station MB, 38°44' N, 
73°37' W, off Delaware Bay, and station ME, 
39°57' N, 72°36' W, north of Hudson Canyon, 
both in water depths of 60 m). Every 7.5 min 
instruments on the tripod measured current, 
temperature, pressure, and light transmission. 
Light transmission is a qualitative measure of 
suspended material, determined by an optical 
sensor that measures the amount of light 
passing through 1 m of water. A camera pho
tographed the seafloor every 4 hours. The 
current and pressure sensors were sampled 
every 4 sec for 48 sec every 7.5 min to mea
sure the high-frequency fluctuations associ
ated with surface waves. 

These observations (figures 3-5) show that 
(1) the effect of these storms was seen at all 
four observation points, (2) the net near-bot
tom currents associated with the storms were 
almost parallel to the depth contours of the 
shelf, (3) net storm-associated currents were 
stronger in the Middle Atlantic Bight than on 
Georges Bank, (4) bottom sediments were 
rapidly reworked and resuspended during the 
storms, and (5) sediment resuspension was 

Figure 1 
Weather maps showing the tracks 
of two major winter storms in 1978: 
(a) 26-27 January; (b) 6-8 Febru· 
ary. [NOAA (1978), redrawn] The 
tracks are characteristic of the two 
principal types of storms that af
fect the east coast of the United 
States and Canada. One type, illus
trated by the 26-27 January storm, 
forms over the Great Lakes. In this 
case, the counterclockwise flow of 
air around the storm center causes 
winds over Georges Bank to blow 
first from the south, then from the 
southwest as the storm moves 
northeast. The second type, illus
trated by the 6-8 February storm, 
forms east of Cape Hatteras. In this 
case, the counterclockwise airflow 
causes winds over Georges Bank 
to blow first from the northeast, 
then from the northwest as the 
storm moves northeast. The maps 
are for 0700 EST (Eastern Standard 
Time) on the day indicated. The 
open squares with arrows indicate 
the successive positions of the 
center of the low-pressure system 
at 6, 12, and 18 hours before map 
time. Pressure is in millibars. The 
wind is shown for Yarmouth (Nova 
Scotia), Boston, Nantucket, New 
York City, Cape Hatteras, and Envi
ronmental Buoy EB07. The wind 
stick points in the direction from 
which the wind blows; the number 
of ticks on the tail of the wind stick 
multiplied by 1 0 gives the wind 
speed in knots. For other symbols 
used, see the caption for figure 7 .2. 

27 Jan 1978 6 Feb 1978 

Figure 2 
The instrument tripod used to ob
serve near-bottom current and sed
iment movement. The tripod, which 
is 3.4 m tall, is lowered to the bot· 
tom and rests there. For recovering 
the tripod, an acoustic signal is 
sent through the water, releasing a 
float on the tripod that pulls a line 
to the surface. Such tripods are 
usually deployed for 2-6 months. 
Key: A, current sensor; B, pressure 
sensor; C, transmissometer; 0, 
camera (wrapped in a protective 
plastic bag); E, strobe light; F, 
camera's battery pack; G, elec
tronic control; H, battery pressure 
case; I, acoustic-release transpon
der; J, rope canister; K, recovery 
float; L, lead anchor feet; M, com· 
pass to orient the photographs. A 
temperature sensor is mounted in
side the pressure case. For details 
see Butman and Folger (1979). 

7 Feb 1978 8 Feb 1978 
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Figure 3 
Station A 
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6-8 February storm. The currents in concentration during the storms 
and the different response for each 
storm reflect the storm intensity, 
the local resuspension and settling 
of sediment caused by varying bot-
tom stress, the movement of sedi-
ment resuspended elsewhere on 
the shelf and carried past the tri-
pod by storm and tidal currents, 
and possibly the changes in the 
size and composition of the sus-
pended material. At station K on 
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(a) 

(b) 

(c) 

Figure 4 
Sequence of photographs at 
Georges Bank station K (water 
depth 64 m). The field of view is 
about 1.5 m x 2.0 m, and north is 
to the right. The current meter is 
visible at the left. A vane aligns a 
compass with the current and indi
cates current direction at the time 
of the photograph. Sediments at 
this station are reworked not only 
by intense storms but also con
stantly by the strong tidal current. 
Thus the seafloor is almost always 
rippled, the orientation and size of 
the ripples depending upon the di
rection and strength of the tidal 
current before and at the time of 
the photograph. The reworking and 
resuspension of sediment by 
·storms is much more intense than 
the daily reworking by the tidal cur
rent, and the strong storm-driven 
currents can cause a net transport 
of sediment, whereas transport by 
the tidal current is primarily oscilla
tory. (Although oscillatory, this con
tinual reworking is probably 
important in determining the sedi
ment distribution on the bank; see 
chapters 4 and 13.) At locations on 
Georges Bank where the tidal cur
rent is weaker than at station K, 
sediment reworking and resuspen
sion may occur only during major 
storms. (a) 6 February, 0039 EST; 
just before the start of the 6-6 
February storm and just after the 
maximum northward tidal current. 
Ripple crests are oriented approxi
mately east/west with steep faces 
toward the north. (b) 7 February, 
1234 EST; at the height of the 
storm. Because of the suspended 
sediment, the bottom is barely-visi
ble. In other photographs taken at 
times of maximum sediment con
centration as indicated by the 
transmissometer (figure 3, station 
K), the frame is completely black 
and the seafloor (and even the cur
rent meter) is obscured. (c) 12 
February, 0612 EST; one of the 
first photographs in which the bot
tom was visible after the passage 
of the storm was obtained during a 
brief period of moderate visibility 
(figure 3, station K). Note the redis
tribution of shells. This picture was 
taken when the tidal cur.rent was 
flowing toward the west. There are 
small ripples with north/south-ori
ented crests and steep fronts fac
ing west superimposed upon larger 
ripples with east/west-oriented 
crests. The larger ripples are the 
remains of ones formed by an ear
lier tidal current flowing south that 
was stronger than the current run
ning at the time of the photograph. 

primarily caused by the increase at the bot
tom in the oscillatory currents associated with 
surface waves. Other observations not re
ported here suggest that sediments are resus
pended up to at least 1 0 meters above the 
bottom. 

Laboratory calibration of the transmissometer 
and water samples collected in the field just 
after major storms (Bothner, Parmenter, and 
Milliman, 1981) indicate that suspended-sedi
ment concentrations typically increase at least 
by a factor of 1 0 and possibly by a factor of 
1 00 during these storms (from less than 1 to 
more than 1 0 mg/L, where L is the unit abbre
viation for liter). Although the dramatically 
dimmed photographs suggest heavy sus
pended-sediment concentrations, a concentra
tion of 1 0 mg/L is equivalent to about 0.004 
cm3 (less than 0.001 tablespoon) of sediment 
per liter of water! The upper few centimeters 
of sediment are reworked by the storms, but 
only a fraction of a millimeter of sediment is 
actually eroded and placed in suspension. 
Fine-grained silts and clays are presumably 
winnowed from the surficial sediments be
cause they are more easily kept in suspen
sion. However, sediment-trap samples at 
station K show that sediment as coarse as 
fine sand (0.125-mm diameter) is resuspended 
to at least 3 m above the bottom during 
storms (Parmenter, Bothner, and Butman, 
1983). 

· Storms strong enough to rework and resus
pend bottom sediment pass over Georges 
Bank and the Middle Atlantic Bight several 
times each winter. During a typical storm, 
which lasts for 1-3 days, water and resus
pended sediment can travel along the shelf on 
the order of 50 km. Although the storm of 
26-28 January was thought to be a lesser 
one than the Blizzard of 1978 by residents of 
eastern New England, it had similar effects on 
the continental shelf. Because the oscillatory 
currents associated with waves are appar
ently the major cause of sediment resuspen
sion (Smith, 1977; Grant and Madsen, 1979; 
see also chapters 8 and 13), resuspension 
should be more intense in shallow water near 
the coast and on the crest of Georges Bank 
and less intense in deeper water, where near
bottom currents from surface waves are 
weaker: 

The observations described here plainly show 
that storms move sediment first one way, 
then the other along the shelf. Although the 
net transport of sediment after many of these 
events cannot be determined from short-term 
observations such as those presented here, 
the surface-sediment distribution suggests a 
net westward transport of sediment from the 
southern flank of Georges Bank into the Mid
dle Atlantic Bight. It is unclear, however, 
whether this net westward transport is the re
sult of the cumulative effect of many storms 
or the result of transport by both storms and 
other processes (see chapters 4 and 13). In 
addition to the evident strong alongshelf 
transport of sediment, there may be a weaker 
cross-shelf transport, either out onto the con
tinental slope or toward the coast. The cross
shelf transport is of geologic and biologic sig
nificance because material that reaches the 
deeper parts of the slope is lost from the 
shelf system. Additional analysis is needed to 
define the direction and strength of any cross 
shelf component. 

Intense storms occur primarily from December 
through March (except for hurricanes, which 
come in late summer and fall); thus sediment 
resuspension and movement by storms is 
very seasonal. Ught organic material, which 
may accumulate on the seafloor during the 
tranquil summer months, may be placed in 
suspension by the first storms of winter. 
Probably strong storms will gradually rework 
and disperse material introduced onto the 
seafloor that is similar in density and erodabil
ity to naturally occurring fine sediment. 

Winter storms have not only geologic effects, 
but biologic and chemical ones as well. Ani
mals living on the seafloor must be adapted 
to these events that periodically alter their 
habitat and food supply. Hydrocarbons_ and 
trace metals in the water column may attach 
to sediment resuspended by storms and be 
carried to the bottom as the storm passes 
and the sediment settles. 
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Figure 5 
Sequence of bottom photographs 
at MB in the Middle Atlantic Bight 
(water depth 60 m). The field of 
view is about 1.5 m x 2.0 m. The 
cunent meter is on the right, and 
north is to the lower right. (a) 6 
February, 0656 EST; tranquil sea· 
floor just prior to the 6-8 February 
storm. (b) 6 February, 1055 EST; 
the stonn has quickly rippled the 
seafloor. The steep faces of the 
ripples are oriented toward the 
southwest, the direction of the 
strong alongshelf cunent. The sus
pended-sediment concentration did 
not increase markedly during the 
early part of the stonn. (c) 8 Febru· 
ary, 1444 EST; the concentration of 
suspended sediments has in· 
creased. That the increase oc
cuned after the most intense stonn 
waves and currents at the observa
tion point suggests that it was not 
caused by local resuspension, but 

by sediments resuspended else
where on the shelf and carried 
southwestward past the instrument 
by the stonn-generated currents. 
(d) 21 February, 0131 EST; tranquil 
seafloor after the stonn. The ripple 
marks have been degraded, and 
the appearance of the seafloor is 
not significantly different from that 
preceding the storm. Thus mea· 
surements made from a ship at 1 0-
day intervals might have suggested 
that the storm had had no effect on 
the seafloor at all. The large fish is 
a goosefish (Lophius americanus). 

(b) 

(d) 
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Waves, among all ocean phenomena, generally pose the 
greatest threat to offshore operations. This is so for 
Georges Bank, a place through which major extratropical 
storms pass and in which these storms rapidly intensify 
(see chapter 7) and a place also affected, although less 
frequently, by tropical storms and hurricanes. Knowledge 
of the extreme waves that accompany storms is needed 
for the design of offshore structures, but it is the typical 
conditions that are important in relation to structural fa
tigue and that affect day-to-day operations, such as ex
ploratory drilling, the installation of structures, and the 
containment of oil spills. Thus it is useful to describe 
wave climate both in terms of the most severe waves ex
pected to occur over the period of a few to many years 
and in terms of typical waves, which are representative of 
conditions expected during a given month or season. 

Knowledge of wave climate is not important to the en
gineering aspects of offshore operations alone, however. 
In shallow water, extreme waves can cause submarine 
landslides or changes in water depth that are hazardous 
to shipping and fishing. Waves also play an important 
role in many transport processes in the offshore environ
ment. Waves affect mixing processes, near-bottom sedi
ment transport, and the resistance that the bottom offers 
to currents. Breaking waves affect exchange processes 
across the sea surface and the mixing of near-surface 
waters. These few examples show that an adequate 
knowledge of wave climate is essential to a variety of 
ocean disciplines_:_on Georges Bank as elsewhere. 

Typical Waves 

Typical waves are caused by prevailing winds related to 
prevailing atmospheric-pressure systems. On Georges 
Bank during the summer, prevailing winds are from the 
southwestern quadrant due to the clockwise flow around 
the Bermuda high. During the winter, prevailing winds are 
from the westnorthwest and west due to flow between 
the Bermuda high and the Iceland low. During spring and 
fall, wind directions are more variable. The relation be
tween prevailing winds and primary wave direction is evi
dent from wave roses based on many years of visual 
observations from ships (figure 8.1). While individual ob
servations have large uncertainties, averages of large num
bers of observations provide useful information on the 
height, period, and direction of typical waves. Due to ex
tratropical storms, wind speeds and wave heights are con
siderably higher in winter than in summer. 

Table 8.1 (Naval Weather Service Detachment, 1976) 
provides probability distributions of wave height near 
Georges Bank for each month of the year based on visual 
wave observations and illustrates seasonal variations. A 
number of other publications (for example, U.S. Naval 
Oceanographic Office, 1963; NOAA Environmental Data 
Service, 1973; Naval Weather Service Detachment, 1974; 
Naval Weather Service Detachment, 1975; Neu, 1982) 
contain similar visual observations of wave height for 
larger regions or for regions not so close to Georges 

Bank. Most also contain information about period and 
direction. The heights approximately correspond to signif
icant wave height, which is defined as the average height 
of the highest third of all waves in a wave record. 

Visual wave observations only provide estimates of sig
nificant wave height, dominant wave period, and primary 
wave direction. While visual wave observations are usu
ally made for both sea and swell, the swell observations 
are notoriously poor, since few observers properly distin
guish between sea-locally generated waves-and 
swell-waves that have propagated from other generation 
reg10ns. 

In terms of accuracy, wave measurements are clearly 
superior to visual observations. Time series of wave mea
surements also permit the determination of spectra pro
viding the distribution of wave variance (often called 
energy and proportional to the square of the amplitude) 
with wave frequency. Spectra are needed for such appli
cations as analyses of vessel and platform responses. The 
largest quantity of wave measurements near Georges Bank 
has been collected by the National Atmospheric and 
Oceanic Administration (NOAA) Data Buoy Center 
(NDBC). These data consist of nondirectional wave spec
tra computed from measurements made by buoys instru
mented with accelerometers. The first NDBC 
measurements on Georges Bank were collected from late 
1977 through 1979 at 39° N, 70° W by a buoy 
equipped with a "wave spectrum analyzer." A similar sys
tem collected data at 42.7° N, 68.3° W from late 1978 
through mid-1979. These early NDBC systems (Remond, 
1976; Steele and Hananel, 1978) were replaced by more 
accurate "wave data analyzer" systems (for example, 
Steele and Earle, 1979). Measurements with the improved 
systems have been made at 39.9° N, 70.0° W, August 
1979-present; 42.7° N, 68.3° W, June 1979-present; 
and 40.8° N, 68.5° W, April 1979-present. NOAA Data 
Buoy Center (1978, 1979) describes the instrumentation 
and analysis methods. Meteorologic and oceanographic 
statistical summaries from data buoys with approximately 
3 or more years of data are available (NOAA Data Buoy 
Center and National Climatic Center, 1983). Joint proba
bility distributions of significant wave height and average 
wave period for summer, winter, and the year at 40.8° 
N, 68.5° W, the location of the buoy closest to the cen
ter of Georges Bank, are given in table 8.2. 

NOAA Data Buoy Center and National Climatic Cen
ter (1983) gives similar distributions for the other two lo
cations and other data analysis products, such as wave 
persistence and joint probabilities of wind speed and 
wave height. Summaries of NDBC meteorologic and 
oceanographic data, including wave data, are also pub
lished in the Mariners Weather Log (NOAA Environmen
tal Data Service). Meteorologic data and wave height and 
period data can be obtained on computer tape from the 
NOAA National Climatic Center. Wave spectra are avail
able from the NOAA National Oceanographic Data Cen
ter. Another source of wave data may be useful. To 
satisfy federal regulations, private industry monitors wave 
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Figure 8.1 
Roses showing the directions from 
which waves come based on visual 
wave observations for the 1 • quad
rangle on Georges Bank, 41 • -42 • 
N, 67"-&8· W, for January and July. 
[NOAA Environmental Data and In
formation Service ( 1980)] 
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Table 8.1 
Wave-height probability distribution near Georges Bank'·b 

Wave height (ft) 
Number of 

Month 2 3-4 5-6 7-9 10-12 2::13 observations 

Jan 11.4 20.3 20.4 26;1 10.5 11.2 964 
Feb 14.1 19.9 18.5 26.9 11.1 9.6 659 
Mar 25.0 22.3 18.9 20.5 9.0 4.2 2,122 
Apr 31.2 25.9 17.8 15.3 6.8 3.1 1,376 
May 48.8 23.3 12.4 10.5 3.9 1.1 2,015 
Jun 49.9 29.6 11.7 8.2 1.2 0.4 2,175 
Jul 54.6 25.9 12.3 6.2 0.8 0.3 2,160 
Aug 44.6 29.4 16.0 7.8 1.7 0.6 1,070 
Sep 33.4 28.8 17.7 13.8 4.7 1.6 951 
Oct 26.9 24.6 18.5 20.8 5.7 3.4 998 
Nov 17.3 23.5 21.2 24.7 7.6 5.6 773 
Dec 14.2 22.9 21.2 23.3 10.4 8.1 713 

a. Naval Weather Service Detachment (1976). 
b. Probabilities are in percentages and are for the region 40-41° N, 68-69° W. 



79 Wave Climate 

conditions during exploratory drilling for petroleum, and Table 8.2 
these data, or summaries of them, are submitted to the Joint probability distribution (percent) of significant wave height and average wave period for months representative of winter, months representative of summer, and 

U.S. Department of the Interior's Minerals Management annually at 40.8° N, 68.5° W (Data Buoy 44003)•,h,< 

Service. However, since drilling is intermittent and of Wave height (m) 

short duration, these data have gaps and do not cover 0.5- 1.5- . 2.5- 3.5- 4.5- ' 5.5- 6.5- 7.5- 8.5- 9.5-
very long periods. Wave period (sec) 00 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 >10 Total% Total N 

Existing measurements are inadequate for describing Dec, Jan, Feb 
typical conditions around Georges Bank with statistical >15.5 0.0 0.2 0.7 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 17 
confidence. Also, information on wave direction is re- 11.6-15.5 0.0 0.0 0.0 0.0 0.0 0.0 .0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 
quired for some applications, and this is lacking. How- 7.6-11.5 0.0 0.0 0.2 2.0 1.9 1.4 2.6 2.1 0.8 0.1 0.0 0.0 11.1 182 
ever, the development of numerical models of directional 6-7.5 0.0 0.6 9.8 16.9 12.9 5.1 1.2 0.1 0.0 0.0 0.0 0.0 46.5 763 
wave spectra over the last two decades allows the de- <6 0.0 10.5 23.5 7.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 41.3 678 
scription of typical wave conditions by continuous hind- Indet 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

casting over enough years to give statistical confidence. A Total% 0.0 11.3 34.2 26.0 15.1 6.5 3.8 2.1 0.8 0.1 0.0 0.0 100.0 

number of review papers (for example, Cardone and Total N 0 186 561 427 247 107 62 35 13 2 0 0 1,640 

Ross, 1979; Earle, 1981) describe such wave models. Jun, Jul, Aug 

The most comprehensive hindcast covering Georges >15.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

Bank has been made by the U.S. Army Corps of Engi- 11.6-15.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

neers (Corson et al., 1981). This hindcast, covering 7.6-11.5 0.0 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 3 

19 5 6-197 5, used an advanced numerical model of direc-
6-7.5 0.0 13.2 12.6 4.6 1.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 31.6 262 
<6 0.0 41.5 25.7 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 68.0 563 

tional wave spectra covering almost the entire North At- Indet 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 
lantic with key output stations off the Atlantic coast of Total% 0.0 54.7 38.4 5.4 1.3 0.1 0.0 0.0 0.0 0.0 0.0 0.0 100.0 
the United States, including a station (No. 2) near Total N 0 453 318 45 11 1 0 0 0 0 0 0 828 
Georges Bank. Special attention was paid to the specifica- Annually 
tion of model input winds that would affect conditions >15.5 0.0 0.1 0.2 * 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 17 
over the continental shelf of the United States and near- 11.6-15.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 
shore regions of main interest to the Corps of Engineers. 7.6-11.5 0.0 * 0.4 1.3 1.1 0.8 1.1 0.8 0.3 * 0.0 0.0 6.1 385 
Hindcast generation of waves over nearly the entire 6-7.5 0.0 5.1 12.0 13.5 7.5 2.8 0.8 * 0.0 o:o 0.0 0.0 41.8 2,635 
North Atlantic was necessary in order to consider swell <6 0.0 22.3 24.2 5.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 51.9 3,271 
from storms not in the vicinity of Georges Bank. These Indet 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 
hindcasts assume deepwater wave conditions and do not Total% 0.0 27.6 36.8 20.0 8.8 3.6 1.9 0.8 0.3 * 0.0 0.0 100.0 
account for finite-depth effects such as refraction and · Total N 0 1,736 2,322 1,264 555 230 121 53 22 3 0 0 6,308 

wave/bottom interactions. a. NOAA Data Buoy Center and National Climatic Center (1983). 

A 20-year, deepwater hindcast, also covering b. Percentages indicated by asterisk are less than 0.1% but nonzero. 

1956-1975, was made by the U.S. Navy with its Spectral 
c. Indet = Indeterminate; N = Number of observations. 

Ocean Wave Model (SOWM). Details of the model are 
Table 8.3 

described by Pierson (1982), and the hindcast data are Mean significant wave height (m) by month and year at 41.7° N, 68.1° W from a 20-year wave hindcast• 
available on magnetic tape from the NOAA National Cli-

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean 
matic Center (1982). The SOWM hindcast covers the 
northern hemisphere and, in keeping with its intended na- 1956 3.6 2.9 2.2 2.1 1.7 1.6 1.5 1.5 1.6 2.0 1.6 2.5 2.1 

val application, emphasis was not placed on specific near- 1957 2.7 2.4 2.4 2.0 1.6 0.7 1.3 1.0 0.9 1.3 1.8 2.8 1.8 

shore regions. While neither the hindcast of the Corps of 1958 2.6 2.7 2.4 2.2 1.1 1.2 1.0 1.1 1.2 1.7 2.0 2.1 1.8 

Engineers nor that of the Navy has been evaluated for 1959 2.8 2.4 2.6 1.5 0.7 0.9 0.8 1.0 0.7 1.7 1.9 2.4 1.6 

accuracy around Georges Bank, the nearshore emphasis 1960 1.7 2.9 2.4 1.6 1.0 1.1 0.9 0.6 1.2 1.7 1.6 2.2 1.6 
1961 3.1 2.7 2.8 2.6 2.1 1.0 0.8 0.7 1.8 2.1 2.3 2.8 2.1 

of the Corps of Engineers' hindcast likely makes it the 1962 3.0 2.8 3.8 1.8 1.0 0.8 1.0 1.2 1.4 1.6 2.6 2.6 2.0 
better one for use near Georges Bank. Mean significant 1963 2.3 2.3 2.1 1.7 1.4 0.8 0.9 0.9 1.4 1.5 2.5 2.6 1.7 
wave heights by month and year from the Corps of Engi- 1964 3.2 3.0 2.5 1.4 1.4 1.0 1.1 0.8 1;4 1.3 1.9 2.3 1.8 
neers hindcast are given for a station on the northern 1965 2.8 2.2 1.9 1.4 0.8 0.8 0.8 0.8 0.9 1.6 1.9 1.5 1.4 
edge of Georges Bank (table 8.3). Seasonal trends are 1966 3.5 2.6 . 2.4 1.8 1.8 1.4 1.5 1.3 1.8 2.1 3.2 2.9 2.2 
clear, and with 20 years of data the variability of the 1967 2.2 3.7 3.0 3.0 2.5 1.0 1.0 0.7 1.4 1.5 1.9 2.9 2.1 
monthly means can be quantified. The significant wave 1968 3.1 3.2 2.7 1.9 1.8 1.5 0.8 0.6 1.4 1.9 3.1 3.7 2.1 
heights were calculated from the total variance (energy) 1969 2.9 4.6 3.1 2.2 1.8 1.2 1.6 1.5 1.5 2.0 3.0 3.3 2.4 

for each hindcast wave spectrum. Joint probability distri- 1970 3.1 3.1 3.0 2.0 1.6 1.5 1.3 1.4 1.1 1.9 2.8 3.5 2.2 

butions of the significant height and period of the maxi- 1971 2.4 2.8 2.8 2.6 2.2 0.8 1.0 1.0 0.9 1.1 2.0 2.4 1.8 

mum wave variance, as well as individual probability 1972 2.5 3.2 2.6 1.6 1.5 1.3 . 0.8 0.8 1.4 1.9 2.5 2.6 1.9 
1973 3.5 2.8 3.0 2.1 1.3 1.0 1.2 1.0 1.0 1.9 3.4 4.0 2.2 

distributions of these parameters, are given for winter (ta- 1974 2.1 2.9 2.7 2.2 1.3 0.9 0.9 0.9 1.0 1.3 2.6 2.4 1.8 
ble 8.4) and summer (table 8.5). Similar tables for the 1975 2.3 2.0 2.5 2.2 0.8 1.2 1.5 0.7 1.1 1.4 2.2 2.8 1.7 
other seasons and as a function of wave direction are Mean 2.8 2.9 2.6 2.0 1.5 1.1 1.1 1.0 1.3 1.7 2.3 2.7 
given by Corson et al. (1981). The probability that the a. Corson eta!. (1981). 
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significant wave height will exceed certain values is 
shown in figure 8.2. The upper tail, with low probabili
ties and great heights, represents extreme conditions. The 
duration (mean and maximum) of waves exceeding speci
fied significant wave heights is given in table 8.6. Other 
information, including wave direction, is available from 
the Corps of Engineers hindcast, and the Corps of Engi
neers is preparing additional summaries of hindcast 
results. 

Extreme Waves 

Extreme waves on Georges Bank are primarily generated 
in winter by severe extratropical storms that move along 
tracks roughly paralleling the Atlantic coast (Naval 
Weather Service Detachment, 1974). Tropical storms 
(wind speeds of 34-63 knots) and hurricanes (tropical 
storms with wind speeds equal to or greater than 64 
knots) seldom pass near Georges Bank and have relatively 
high forward speeds and relatively small regions of high 
wind. 

The offshore region between Cape Hatteras and Nova 
Scotia is well-known as a region where atmospheric low
pressure systems intensify into severe extratropical storms. 
Storm intensification, or cyclogenesis, is mainly related to 
the flow of cooler continental air over the warmer ocean, 
particularly in the vicinity of the Gulf Stream, as low
pressure systems move offshore. Cyclogenesis can occur 
very rapidly, with severe storms developing in less than a 
day. Sanders and Gyakum (1980) show that explosive cy~ 
clogenesis can occur in the vicinity of Georges Bank in 
which pressure in the storm center decreases by a millibar 
or more per hour for 24 hours. Their analysis, which is 
based on three fall-to-spring seasons, shows that the ma
jority of severe extratropical storms likely undergo explo
sive cyclogenesis and that this may occur a few times per 
year near Georges Bank. Preferential regions of explosive 
cyclogenesis are near strong sea-surface temperature gra
dients, such as those close to the Gulf Stream. Potential 
rapid intensification of extratropical storms near Georges 
Bank causes a serious problem for offshore work of all 
types because present weather-prediction techniques often 
do not correctly foretell the extent of intensification, and 
past weather observations from ships are often not ade
quate for documenting the rapid intensification of past 
storms. Hence, there are significant difficulties in both 
forecasting and hindcasting extreme wave conditions near 
Georges Bank. 

Fall-to-spring extratropical storms that are of most im
portance for extreme waves typically have forward speeds 
of 20-30 knots, although a wide range of forward speeds 
can occur. Sustained wind speeds of 40-60 knots are not 
uncommon. A classic and well-documented example of 
the type of very severe storm that can affect Georges 
Bank is the March 1962 storm that caused major damage 
along the Atlantic coast (O'Brien and Johnson, 1962; 
Bretschneider, 1964; Cooperman and Rosendal, 1962). 

While wind speeds during hurricanes can be greater 
than in extratropical storms, few hurricanes pass near 

Table 8.4 
Joint probability distribution (percent X 100) of significant wave height and period of maximum' wave variance for January, February, 
and March at 41.7° N, 68.1° W from a 20-year wave hindcast'·b 

Period (sec) 

Wave height 0.0- 3.0- 5.0- 7:o- 9.0- . 11.0- 13.0- 15.0- 17.0- 19.0- 21.0- 23.0- 25.0- 27.0- 29.0-
(m) 2.9 4.9 6.9 8.9 10.9 12.9 14.9 16.9 18.9 20.9 22.9 24.9 26.9 28.9 30.9 

0-0.49 4 51 42 12 
0.50-0.99 259 54 304 209 20 4 5 1 
1.00-1.49 45 400 450 355 96 27 7 1 
1.50-1.99 368 418 344 149 19 5 2 
2.00-2.49 173 436 313 240 27 12 2 
2.50-2.99 18 689 245 224 40 13 
3.00-3.49 748 104 168 48 12 
3.50-3.99 643 108 74 39 14 
4.00-4.49 333 241 37 36 8 
4.50-4.99 162 240 11 29 10 
5.00-5.49 47 183 6 7 8 
5.50-5.99 41 141 6 . 
6.00-6.49 24 87 24 1 
6.50-6.99 11 36 38 2 
7.00-7.49 1 15 37 
7.50-7.99 11 23 
8.00-8.49 4 10 
8.50-8.99 3 8 
9.00-9.49 4 
9.50-9.99 1 2 2 
10.00-10.49 1 2 
10.50-10.99 
11.00-11.49 
11.50-11.99 2 
1i.00-12.49 
12.50-12.99 
13.00-13.49 
13.50-13.99 
14.00-14.49 
14.50-14.99 
Total 4 355 1,013 4,351 2,652 1,172 284 101 4 1 0 0 1 0 0 

a. Corson et a!. (1981). 
b. Station 2, average H5 (m) = 2.8, largest H , (m) = 12.2, total cases = 14,440, seasonal % = 24.7. (H5 = significant wave height.) 

Georges Bank. Neumann and Pryslak's (1981) analysis of 
data for 1899-1978 show that about 25 hurricanes af
fect Georges Bank every 100 years. Tracks of these hurri
canes are plotted in Neumann et al. (1978). Forward 
speeds of 20-50 knots, radii of less than 45 nautical 
miles for hurricane winds, and relatively low frequency of 
occurrence make hurricanes less important than extra
tropical storms for the generation of extreme waves on 
Georges Bank. 

The visual observations routinely reported by ships, 
while of value for typical waves, are of marginal value for 
extreme ones. In addition to the large uncertainties inher
ent in such observations, there are fewer observations of 
high waves than low waves because ships try to avoid 
bad weather and high seas. Observations from ships, 
which should be considered as very rough, indicate ex
treme significant wave heights ranging from 18 m for an 
interval of reccurrence of 10 years to 22 m for 1 00-year 
recurrence (NOAA Environmental Data and Information 
Service, 1980). (The recurrence interval for an event of a 

I -.<::: 
Cl ·a; 
I 
Q) 
> 

15 

10 

~ 5 

w-' 10- ' 1d' 10' 

Exceedance Probability (%) 

Total 

109 
856 

1,381 
1,305 
1,203 
1,229 
1,080 

878 
655 
452 
253 
188 
136 

87 
53 
34 
14 
11 
4 
5 
3 
0 
0 
2 
0 
0 
0 
0 
0 
0 

1o' 

Figure 8.2 
Probability (%) that a given signifi
cant wave height will be exceeded. 
From a 20-year hindcast, 
1956-1975. [Corsin et al. (1981 )] 



Table 8.5 
Joint probability distribution (percent X 100) of significant wave height and period of maximum wave variance for July, August, and 
September at 41.7° N, 68.1° W from a 20-year wave hindcast'·b 

Period (sec) 

Wave 
height (m) 

0.0- 3.0-
2.9 4.9 

5.0-
6.9 

7.0-
8.9 

9.0-
10.9 

11.0- 13.0- 15.0- 17.0- 19.0- 21.0- 23.0- 25.0- 27.0- 29.0-
12.9 14.9 16.9 18.9 20.9 22.9 24.9 26.9 28.9 30.9 Total 

87 727 
9 1,586 

105 
2 1 

254 
725 
278 

82 
4 

656 
1,429 

839 
425 
227 
202 

78 
39 
18 

6 
2 
3 

1 

139 
798 
355 
257 
168 

57 
14 
16 
13 

4 

2 
1 

2 

13 
41 
55 
46 
59 
63 
20 

3 
5 
4 
1 
1 

4 
6 
2 
8 
2 
2 
7 · 
4 

0-0.49 
0.50-0.99 
1.00-1.49 
1.50-1.99 
2.00-2.49 
2.50-2.99 
3.00-3.49 
3.50-3.99 
4.00-4.49 
4.50-4.99 
5.00-5.49 
5.50-5.99 
6.00-6.49 
6.50-6.99 
7.00-7.49 
7.50-7.99 
8.00-8.49 
8.50-8.99 
9.00-9.49 
9.50-9.99 
10.00-10.49 
10.50-10.99 
11.00-11.49 
11.50-11.99 
12.00-12.49 
12:50-12.99 
13.00-13.49 
13.50-13.99 
14.00-14.49 
14.50-14.99 
Total 98 2,419 1,34~ 3,925 1,826 311 35 

a. Corson et al. (1981). 
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544 
328 
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65 
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14 

3 
6 
1 
1 
2 
0 
0 
0 
0 
0 
0 

. 0 
0 
0 
0 
0 
0 
0 
0 
0 

b. Station 2, average H 5 (m) = 1.1, largest H, (m) ,;,. 7.3, total cases = 14,720, seasonal % = 25.2. 

specified magnitude is the average duration between 
events whose magnitudes are equal to or greater than the 
one specified.) Other shipboard estimates of extreme 
waves near Georges Bank have been reported by Neu 
(1976, 1982) and by Walker (1976), but these estimates 
have uncertainties because of the limitations of ship ob
servation just noted and because of the shortness of the 
data base compared with the lengths of the periods over 
which extremes occur (Earle and Baer, 1982). None of 
these visual observations should be used quantitatively, 
but they can be used for showing that very high waves do 
occasionally occur on and near Georges Bank. 

Simple approaches based on wind statistics have also 
been used to make rough estimates of e~ waves. 
One such study for offshore regions including Georges 
Bank (NOAA Environmental Data Service, 1973) used 
the unrealistic assumption that wave height is not limited 
by wind fetch and duration. Quayle and Fulbright (1975) 
converted distributions of extreme winds to distributions 

of extreme waves. Their method also neglected fetch and 
duration and resulted in high estimates. 

Because there are no very long time series of wave 
measurements for Georges Bank, extreme waves can only 
be estimated by using meteorologic data in wave models 
and hindcasting the extreme waves of the past. Few such 
hindcasts are available for Georges Bank aside from some 
proprietary studies conducted by private industry. Statisti
cal analysis of hindcasts gives the frequency of occurrence 
of extreme waves on the assumption that probabilities for 
past extreme. waves are similar to future probabilities. 
Ward, Evans, and Pompa (1978) used a model of signifi
cant wave height to hindcast waves during 14 hurricanes 
affecting Georges Bank between 1900 a'nd 1975. Ex
treme significant wave heights as a function of recurrence 
interval were found to be 9.8 m for 25 years, 11.0 m for 
50 years, and 12.2 m for 100 years. These are averages · 
of values computed at five sites near Georges Bank by 
Ward, Evans, and Pompa (1978). The same model was 
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Table 8.6 
Mean duration and maximum duration of significant wave 
heights over 20 years at 41.7° N, 68.1 o W• 

Significant 
wave heights 
greater than 
indicated values (m) 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

5.5 

6.0 

6.5 

7.0 

7.5 

8.0 

8.5 

9.0 

9.5 

10.0 

10.5 

11.0 

11.5 

12.0 

12.5 

a. After Corson et al. (1981). 

Mean duration 
(hr) 

215 

94 

65 

50 

34 

33 

29 

27 

22 

21 

20 

19 

15 

15 

15 

16 

14 

12 

11 

12 

18 

15 

12 

3 

0 

Maximum duration 
(hr) 

4,335 

1,611 

972 

690 

423 

351 

342 

171 

114 

102 

90 

78 

69 

63 

57 

48 

42 

33 

30 

24 

18 

15 

12 

3 

0 

used to hindcast waves for 23 extratropical storms be
tween 1941 and 1971 for a location near Georges Bank 
and resulted in the following extreme significant wave . 
heights: 11.3 m for 25 years, 12.2 m for 50 years, and 
13.1 m for 100 years. The extratropical storms that were 
hindcast were originally selected because of their poten
tial to generate high waves off Nova Scotia rather than 
off Georges Bank. 

The most detailed hindcast is the one carried out by 
the Corps of Engineers for the years 1956-1975 (see the 
discussion, given earlier, of typical waves by Corson et 
al., 1981). This hindcast used an advanced model for di
rectional wave spectra that gives wave energy as a func
tion of frequency and direction. Directional spectra, not 
just significant wave heights, are useful for calculating 
shallow-water effects and wave/ current interactions and 
for several engineering applications. Extreme significant 
wave heights from the Corps of Engineers hindcast for 
near Georges Bank are given in table 8.7 and the largest 
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significant wave heights by month and year for the 20-
year period in table 8.8. Information on period and direc
tion is also available from this hindcast, both in pub
lished and data-tape formats. Data from the U.S. Navy 
20-year wave hindcast noted earlier could also be used 
for estimating extreme waves. 

A review of the information described here for extreme 
waves shows relatively large differences from one body of 
data to the other. This poses problems particularly for 
offshore structural designs, which are usually based on 
probable maximum wave height rather than significant 
wave height. While the relation between probable maxi
mum wave height and significant wave height depends on 
the wave frequency spectrum and the variation of spec
trum with time, a rule of thumb (based on a Rayleigh 
distribution of wave heights) is that the probable maxi
mum wave height is the significant wave height multiplied 
by 1.86. Thus differences in significant wave heights of 
several feet can result in differences in probable maxi
mum wave heights of many feet. This can have serious 
economic and practical implications for such applications 
as the design of structures. 

For extreme waves, hindcast results presently have 
fairly large uncertainties. Problems with the hindcast of 
Ward, Evans, and Pompa (1978) are that it uses a rela
tively obsolete model of significant wave height and input 
wind fields for which documentation is not available. 
Problems with the Corps of Engineers hindcast are that it 
uses a 20-year data base that may be too short for the 
calculation of 100-year waves and excludes tropical 
storms and hurricanes. The coarse grid needed to cover a 
large part of the North Atlantic Ocean for the Corps of 
Engineers hindcast can decrease the resolution of rapidly 
developing storms and introduce artifical effects due to 
use of points very near the grid boundary. As a result of 
the rapid cyclogenesis that can occur near Georges Bank, 
more accurate results might be obtained if wind fields 
and hindcasts were developed with particular attention 
paid to the Georges Bank region rather than the use of 
techniques designed to provide results at numerous North 
Atlantic Ocean locations. 

Finite-Depth Effects 

Regardless of their quality and quantity, existing wave 
data for the Georges Bank region pertain to deep 
water-water in which the depth exceeds half the length 
of the surface waves. A deepwater wave has a wavelength 

Table 8.7 
Extreme significant wave height as a function of recurrence 
interval at 41.7° N, 68.1° W from a 20-year wave hindcast" 

Recurrence interval 
(yr) 

10 
25 
50 
100 

a. After Corson eta!. (1981). 

Significant wave height 
(m) 

10.7 
13.0 
13.9 
15.1 

Table 8.8 
Largest significant wave height (m) by month and year at 41.7° N, 68.1° W from a 20-year wave hindcast•·h 

Year Jan Feb Mar Apr May 

1956 9.9 7.2 5.9 4.5 3.1 
1957 5.5 5.7 5.3 6.4 3.3 
1958 5.0 6.0 5.9 6.7 5.0 
1959 7.8 5.5 6.5 3.7 2.1 
1960 4.0 6.8 7.6 4.9 2.4 
1961 7.7 7.2 5.4 5.4 5.6 
1962 5.6 5.8 10.5 5.4 3.1 
1963 6.4 5.7 6.0 5.6 4.5 
1964 7.6 7.0 6.1 4.8 3.5 
1965 6.3 6.3 4.3 3.2 1.8 
1966 8.6 8.1 6.3 3.8 3.2 
1967 5.6 7.4 6.5 8.8 5.7 
1968 8.3 7.3 10.1 4.5 3.2 
1969 7.8 12.2 6.5 4.2 4.3 
1970 7.7 6.5 4.8 6.2 3.9 
1971 5.8 6.7 9.1 5.4 3.7 
1972 5.6 7.7 5.3 3.9 5.3 
1973 7.8 7.6 8.8 5.0 3.3 
1974 5.0 8.1 6.6 4.4 3.2 
1975 5.8 6.2 7.3 6.6 4.2 
a. Corson et a!. (1981). 
b. Largest H 5 (m) in table = 12.2. 

roughly proportional to the square of its period. Thus a 
wave with a period of 10 sec has a deepwater wavelength 
of about 156 m, while a 14-sec wave has a deepwater 
wavelength almost twice that-306 m. Deepwater waves 
around Georges Bank (tables 8.4 and 8.5) often have pe
riods in excess of 10 sec, especially during winter storms. 
A 10-sec wave "feels the bottom" where the water depth 
is less than about 80 m. Because most of Georges Bank is 
shallower than 80 m, waves there necessarily show what 
are called " finite-depth effects." 

As a periodic wave propagates over a gently sloping 
bottom into water of decreasing depth, its period remains 
constant while its length and height change. For relatively 
small waves, the wavelength and phase velocity (length 
divided by period) decrease monotonically with decreas
ing water depth. In the absence of dissipation, energy 
conservation leads to constant energy flux-the product 
of wave energy (which is proportional to the square of 
wave height) and group velocity (the speed at which wave 
energy propagates). In deep water, phase velocity (the 
speed of the waveform) is twice the group velocity; and 
for waves superimposed on a current, the phase and 
group velocities may not even be in the same direction. 
Constancy of energy flux results in a wave height that de
creases until it reaches about 91% of its deepwater value. 
This minimum is reached in a water depth equal to about 
one-sixth of the length that the wave had in deep water. 
A further decrease in water depth results in a monotoni
cally increasing wave height, which once again reaches its 
deepwater value in a water depth about one-twentieth of 
the length that the wave had in deep water. These finite
depth effects as a wave climbs a beach are known as 

Jun Jul Aug Sep Oct Nov Dec 

3.0 3.2 4.5 3.6 4.0 3.9 8.8 
3.4 2.9 2.3 3.2 3.5 4.5 7.1 
2.9 3.2 2".7 4.0 4.4 4.9 5.4 
3.0 3.0 3.0 3.0 7.4 5.6 6.5 
3.5 3.9 2.3 4.6 5.3 4.8 6.6 
3.2 1.9 1.7 7.3 6.7 6.2 5.8 
2.7 2.6 4.4 5.8 5.1 8.3 7.8 
2.3 . 2.8 4.5 4.1 5.4 9.0 8.3 
2.9 3.4 3.1 5.7 3.3 4.8 6.8 
3.1 2.0 2.8 2.6 3.9 4.9 4.7 . 
2.7 2.7 2.9 4.2 5.4 5.3 7.6 
2.5 2.6 2.2 3.2 5.3 5.1 6.8 
3.3 1.9 2.0 4.6 5.6 8.0 7.1 
2.2 3.1 3.4 3.4 5.1 5.2 7.6 
3.1 2.9 4.1 3.9 5.1 5.5 7.0 
2.0 3.2 3.1 2.6 4.3 5.3 5.3 
3.9 2.2 2.5 7.2 5.8 5.8 7.5 
3.2 2.8 2.7 2.9 5.6 9.3 11.7 
2.6 2.6 2.9 3.7 3.2 6.3 5.6 
3.2 4.8 3.2 3.5 4.0 5.0 6.8 

"shoaling" and pertain to normally incident waves, that 
is, waves that propagate in a direction perpendicular to 
the depth contours. 

For a wave propagating in another direction-an 
obliquely incident wave-the part of it in shallower 
water will propagate at a slower phase velocity than the 
part in deeper water, resulting in its bending so as to 
align its wave crest more and more with the depth con
tour as it climbs the beach. The change in direction of 
wave propagation experienced by waves propagating in 
waters of finite and varying depth, known as "depth re
fraction," is analogous to the bending of light beams 
passing through media in which the speed of light varies. 
In fact, the equations governing depth refraction of water 
waves can be shown to be identical to the laws of geo
metrical optics (see, for example, Mei, 1983). 

Graphic methods, based on the laws of geometrical op
tics, were devised for the construction of wave-refraction 
diagrams in the 1940s (for example, Johnson, O'Brien, 
and Isaacs, 1948; U.S. Army Corps of Engineers, 1976). 
These consisted of the graphic construction of successive · 
positions of a wave crest or of wave orthogonals-lines 
perpendicular to the wave crests and hence representing 
the local direction of wave propagation. Once the or
thogonals were constructed, the variation of wave height 
along orthogonals was determined from energy-conserva
tion principles on the assumption that no wave energy 
was transported across orthogonals. In addition to the 
variation in wave height due to depth changes, this analy
sis results in a wave height inversely proportional to the 
square root of the distance between two adjacent orthog
onals that started out a unit distance apart in deep 



Figure 8.3 
Wave-refraction diagrams showing 
orthogonals for 1 O-see waves .from 
(a) the northeast and (b) the east, 
and for 15-sec waves from (c) the 
northeast and (d) the east. 

water-the orthogonal separation factor, a quantity ob
tained from the refraction diagram. 

With the advent of the digital computer came the de
velopment of several numerical algorithms for the general 
solution of wave refraction. Initial algorithms were little 
more than computerized versions of the previous graphic 
techniques (for example, Wilson, 1966), which solved 
and displayed the wave orthogonals graphically while 
leaving the determination of orthogonal separation, and 
hence the wave-height variation, as a task to be per
formed manually. Other versions (Griswold, 1963; Dob
son, 1967) took advantage of the work of Munk and 
Arthur (1952) and solved the differential equation for the 
orthogonal separation factor along individual orthogo
nals. This made it possible to present the results as com
puter-generated plots of orthogonals with wave heights 
relative to the deepwater wave height indicated along 
them. 

Computer-generated wave-refraction diagrams showing 
orthogonals for 1 O-see waves propagating across Georges 

Bank from the northeast and east are given in figures 
8.3a and 8.3b, respectively, while figures 8.3c and 8.3d 
show orthogonals for 15-sec waves. The latter show the 
greater complexity, since these waves are influenced by fi
nite-depth effects sooner and to a greater extent than the 
10-sec ones. These diagrams are for illustration only. For 
applications, a niuch finer resolution would be required, 
that is, much closer spacing of the orthogonals as they 
start 'out in deep water. 

Note that orthogonals cross one another in the vicinity 
of Georges Shoal (figure 8.3a) and in Georges Basin (fig
ure 8.3b). Since wave height along an orthogonal is in
versely proportional to the square root of the distance 
between neighboring orthogonals, the wave height should 
theoretically become infinite where rwo orthogonals 
cross. This impossibility is a consequence of our assump
tions. However, prior to reaching the point of crossing 
orthogonals, a wave would either break, violating the as
sumption of negligible energy dissipation, or the surface 
slope along its crest would become so large that the as-

(d) 
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sumption of negligible energy transport across orthogo
nals would be violated. The latter assumption can be 
relaxed by incorporating the effects of diffraction-en
ergy transfer along the wave crests-in the governing 
equations (Berkhoff, 1972; Chao, 1972; Jonsson and 
Skovgaard, 1979). 

The necessity of treating the propagation of waves over 
a complex bottom as the combined effect of refraction 
and diffraction in order to remove the unrealistic behav
ior of the solution at or near crossing orthogonals greatly 
increases the computational efforts involved in a wave-re
fraction analysis. If deepwater waves are represented by 
their directional energy spectra, then the apparent singu
larity associated with crossing orthogonals can be re
moved without the necessity of considering diffraction. In 
the absence of energy dissipation this procedure leads (as 
shown by Longuet-Higgins, 1957) to constancy along or
thogonals of the product of the phase velocity, group ve
locity, and energy density in the direction of the wave 
orthogonal. The energy density is the value obtained by 
considering the total wave energy to be distributed con
tinuously over a finite wave-frequency interval, with the 
energy of each narrow frequency band in turn being dis
tributed over a finite direction interval. 

In this manner one can select some point of interest in 
shallow water and for a given frequency compute a fan 
of wave orthogonals emanating from it. Figure 8.4 shows 
examples of orthogonal fans emanating from a point on 
Nantucket Shoals where the depth is about 25 m. The 
orthogonals in each fan are separated by 5° at the point 
of interest and correspond to wave periods of 10 sec (fig
ure 8.4a) and 15 sec (figure 8.4b). By tracing each or
thogonal out to deep water, the point where the 
orthogonal enters deep water and its direction in deep 
water can be obtained. If the directional wave spectrum 
is known at the point where the orthogonal enters deep 
water (for example, from a deepwater wind-wave model), 
the energy density in the deepwater direction of the or
thogonal is known. This energy density can be propa
gated along the orthogonal, as described, to yield the 
energy density in the direction of the orthogonal at the 
point for which the orthogonal fan was constructed. Pro
ceeding in this manner for all the orthogonals in the fan, 
one can now construct the directional spectrum for the 
given frequency at the point of interest. By repeating this 
procedure for several frequencies, one can construct, 
from knowledge of the deepwater directional spectrum, 
the directional spectrum at any point in water of finite 
depth. 

From the orthogonal fans shown (figure 8.4) it can be 
seen that a relatively large number of orthogonals end up 
having nearly identical directions as they reach deep 
water south of Georges Bank and Nantucket Shoals. This 
shows that swell from the South Atlantic, narrow banded 
in direction as well as in frequency, will focus at the 
point for which the orthogonal fan has been computed, 
possibly resulting in severe waves even in the absence of 
ones locally generated by the wind. 
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Prediction of the directional spectrum for 1 O-see waves 
(frequency 0.1 hertz) for the point for which the orthogo
nal fan in figure 8 .4a was constructed is illustrated by a 
simple example, in which the deepwater directional wave 
spectrum is assumed everywhere to be the same. The 
deepwater directional spread is assumed to follow the 
cosine-squared law (Hasselmann er al., 1973); that is, the 
energy density is distributed as the square of the cosine of · 
the angle of wave propagation to the mean direction in 
the interval of the mean direction ± 90 °. This deepwater 
distribution of wave-energy density as a function of direc
tion for a mean deepwater direction of wave propagation 
of due west is shown in figure 8.5 along with the pre
dicted distribution for the point in shallow water. For the 
particular location and frequency chosen, the height of 
the 1 O-see wave component, which is proportional to the 
square root of the area under the curve, is identical to 
the deepwater wave height of this component, but with 
about a 10° change in mean direction to the southwest. 
This identity is a coincidence. At another location or for 
a different mean frequency, refraction could either in
crease or decrease the wave height relative to its deepwa
ter value. we emphasize that, because of its shoals and 
complex bathymetry, the prediction of the local wave cli
mate on Georges Bank from given deepwater information 
is extremely site specific. Results for one location may 
not apply to a nearby place. · 

Wave Attenuation by Bottom Friction 

Where the water depth is finite, the actual water-particle 
velocities-the orbital velocities-in the interior of the 
fluid will be affected by the sea bottom. In particular, a 
near-horizontal solid bottom will keep near-bottom water 
particles from describing the essentially circular trajectory 
predicted by deepwater wave theory and force them to 
move back and forth in a path parallel to the bottom. 
For a water depth of half the deepwater wavelength, lin
ear wave theory (Eagleson and Dean, 1966) predicts a 
maximum near-bottom orbital velocity of about 8% of 
the near-surface velocity. This implies that waves, cus
tomarily considered to be deepwater waves, very well 
might feel the presence of the bottom, perhaps resulting 
in bottom sediments being transported. As the water 
depth becomes less and less relative to the deepwater 
wavelength, the near-bottom orbital velocity becomes 
larger and larger (Madsen, 1976). One result is that bot
tom sediments can be resuspended and made susceptible 
to transport by currents. 

Water is a viscous fluid, not the ideal inviscid one most 
often assumed in wave theories. The presence of a solid 
bottom imposes a real-fluid boundary condition-the 
fluid in direct contact with the bottom is unable to slide 
over it. This is the "no-slip" condition and is contrary to 
the prediction of a finite slip velocity between fluid and 
bottom given by inviscid theory. However, the inclusion 
of viscous effects changes the solution for the velocity 
field given by inviscid theory only for very thin layers
boundary layers-near the free surface and near the bot~ 

tom (Lamb, 1932). This accounts for the general success 
of inviscid theory in predicting such local characteristics 
of water waves as length, phase velocity, and group ve
locity and, for the major portion of the fluid, the velocity 
field. However, over distances that are large relative to 
the length of individual waves, boundary layers do affect 
the wave motion in that the viscous dissipation of wave 
energy within the boundary layers results in an attenua
tion of wave height that inviscid theory does not predict. 

For waves in finite water depth, energy dissipation in 
the bottom boundary layer is by far the dominant dissipa
tive mechanism in the absence of wave breaking (Mei, 
1983). The rate of dissipation of wave energy within the 
bottom boundary layer is calculated for a unit of bottom 
area and is the time-averaged product of the near-bottom 
orbital velocity and the bottom shear stress-the tangen
tial stress exerted on the bottom by the moving fluid 
above it. These quantities can be related through the con
cept of a "wave friction factor" Oonsson, 1966) by anal
ogy with the friction factor used in steady, turbulent 
boundary-layer flows (Schlichting, 1980). The wave fric
tion factor is a function of_ near-bottom orbital velocity 
and the length scale characterizing bottom roughness 
(Kajiura, 1964, 1968; Jonsson, 1966). 

The orbital velocity changes from zero at the bottom 
to the near-bottom velocity predicted by inviscid wave 
theory over the distance of the thin bottom boundary 
layer. For typical waves, this layer is a few centimeters 
thick. Thus it is evident that the wave's shear stress on 
the bottom, and hence the wave friction factor, far ex
ceeds the values normally encountered in steady turbulent 
flows of comparable magnitude (Madsen, 1976). This has 
important implications for sediment transport in wave
dominated environments (Madsen and Grant, 1976: 
Glenn, 1983; see also chapter 13) and for wave attenua
tion by bottom friction. 

When the 1 O-see component of deepwater waves was 
propagated over Nantucket Shoals and Georges Bank in 
order to establish the directional distribution of its energy 
density in shallow water (figure 8.5), it was assumed that 
energy dissipation was negligible. By taking the wave fric
tion factor to be everywhere constant, 0.05-a realistic 
value-and a deepwater wave condition corresponding to 
a significant wave height of 5 m, the inclusion of bottom 
friction in a manner similar to that used by Collins (1972) 
has a dramatic effect: the predicted wave height is re
duced by more than half (figure 8.5). This drastic atten
uation is to some extent the result of our simplifying 
assumptions-for example, no wind energy was added to 
the waves; nevertheless, the simple example shows that in 
places such as Georges Bank, where large waves propa
gate into shallow water, energy dissipation by bottom 
friction cannot be neglected. 

A prerequisite for the determination of the wave fric
tion factor, and hence the rate of energy dissipation by 
bottom friction, is knowledge of the characteristic bot
tom roughness. For a bottom consisting of movable ma
terial, bottom roughness is not a given constant, however; 
neither is the wave friction factor, as assumed for simplic-
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Figure 8.4 
Orthogonal fans for a point on Nan
tucket Shoals in a water depth of 
25m for (a) 10-sec and (b) 15-sec 
waves. 

Figure 8.5 
Directional energy-density distribu
tions for a 1 O-see period wave 
component in deep water and its 
predicted transformation at the 
point in shallow water for which the 
orthogonal fan in figure 8.4a was 
computed. The transformation for 
shallow water was computed with 
and without accounting for energy 
dissipation by bottom friction. Key: 
--· deep water; - - - , shal-
low water (no dissipation); ___ , 
shallow water (with dissipation). 



Figure 8.6 
The changing nature of wave/sedi
ment interaction under four condi
tions of waves. Typical values of 

. the wave friction factor, f., are 
given: (a) the bottom is flat and 
immobile, f. "=' 0.01; (b) sediment 
begins to move and ripples form, 
f. "' 0.25; (c) sediment transport 
increases, ripples partially washed 
out, f. "' 0.1 5; (d) bed flow of sedi
ment, ripples completely washed 
out, f. "' 0.05. [After Grant and 
Madsen (1982)] 
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ity in the preceding example. Bottom roughness and con
sequently the wave friction factor are in effect generated 
by wave/sediment interaction. The interrelations between 
the near-bottom velocity field and the charactenstic bot
tom roughness for a granular sediment-coarse silt or 
sand-are shown in figure 8.6. At low velocities, the 
flow is insufficient to move the sediment; the bottom re
mains flat and immobile, with a characteristic roughness 
given by the diameter of the sediments (figure 8.6a). As 
the velocity exceeds a certain threshold (Madsen and 
Grant, 197 6), sediment is set in motion. The movement 
of sediment particles along the bed affects the bottom 
roughness-momentum has to be transferred from the 
fluid to the sediment particles. However, for low trans
port rates a more important effect on the bottom rough
ness is the formation of ripples, whose geometry governs 
the bottom roughness (figure 8.6b). Further increase in 
the orbital velocity causes a partial washout of the rip
ples, while sediment transport increases (figure 8.6c). The 
decrease in ripple roughness dominates the increase in 
sediment transport. Finally, the bottom bedforms are 
completely washed out and the bottom roughness is en
tirely governed by the sediment transport-sheet flow 
(figure 8.6d). 

The danger of not realizing the wide range of wave
generated roughness and corresponding friction factors 
(typical values are shown in figure 8.6) can be illustrated 
by the following example. Imagine that wave characteris
tics are measured at two points far apart in the direction 
of wave propagation. The measured wave attenuation be
tween the two points can be used to establish an empiri..: 
cal value of the wave friction factor. Unknowingly, the 
experiment may have been carried out for bottom condi
tions resembling those depicted in figure 8.6b, and the 
danger of adopting the empirically determined value of 
the wave friction factor-on the order 0.25-for calcula~ 
tions of wave attenuation during storms, when the bot
tom conditions are likely to be represented by figure 
8.6d, is evident. 

The alternative to using numerical models for trans
forming deepwater waves into shallow-water ones is to 
use a data base of direct observations of the wave climate 
in shallow water; but while deepwater field data for the 
Georges Bank region are rather limited, a shallow-water 

data base is practically nonexistent. Until such a data 
base exists, the cautious use of empirical relations involv
ing near-bottom orbital velocity, sediment characteristics, 
and the bottom roughnesses determined from them (fig
ure 8.6; Grant and Madsen, 1982) appears to be the best 
approach for determining the wave climate in shallow 
waters such as Georges Bank. 

Wave/Current Interactions 

A slowly varying current affects a surface wave's length 
and height in much the same way as does a slowly vary
ing bottom. A wave propagating against a current experi
ences a decrease in wavelength, phase velocity, and group 
velocity, the last causing an increase in wave height. The 
effects of currents on waves-current refraction-can in 
principle be treated analogously to depth refraction. The 
necessary theoretical framework for the treatment of cur
rent refraction or combined depth/ current refraction has 
been developed (Peregrine, 1976; Mei, 1983), but effi
cient numerical algorithms for performing the calculations 
have not been developed. One difficulty is that the wave 
energy, for waves superposed on a slowly varying current, 
does not propagate in the direction of wave propagation 
as in the case of pure depth refraction. This necessitates 
the computation of two families of curves-the wave or
thogonals, which indicate the local direction of wave 
propagation, and the wave rays, which · indicate the local 
direction of wave energy propagation. Another difficulty 
is that the variation of wave height along wave rays is ob
tained from conservation of "wave action" -rather than 
wave energy (Bretherton and Garrett, 1968). Wave action 
is the product of wave energy and intrinsic wave period 
(the local wave period determined by an observer moving 
with the mean current). Thus to get the variation of wave 
height a "wave conservation equation" must be solved. 

Progress toward the development of a general numeri
cal depth/ current refraction routine appears to have been 
made recently (Christoffersen, 1982) under the assump
tion that the current field is steady, slowly varying, and 
known. The wave/ current interaction in water of finite 
depth is, however, a two-way street in that while currents 
affect waves through current refraction, waves affect the 
bottom resistance experienced by currents by changing 
bottom roughness and by causing high turbulence within 
the bottom boundary layer (Grant and Madsen, 1979). 
The completely general numerical solution of the prob
lem of combined depth/ current refraction of water waves 
must therefore proceed in an iterative manner. With its 
complex topography and strong currents, Georges Bank 
may require a complete model of depth/ current refrac
tion as part of an overall numerical model providing ac
curate estimates of both wave climate and current field. 
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How the Bank Got Its Name 

Barbara B. McCorkle 

Armelline Shoals (Armellini Sirtes), the first 
name attached to what we now call Georges 
Bank, was a bitter linkage of a dangerous 
man to dangerous waters. The reference was 
to Francisco Cardinal Armellini, a notoriously 
rapacious papal tax collector. The name was 
given by explorer Giovanni da Verrazzano in 
1524 (Wroth, 1970) and, in fact, applied to 
more than Georges itself, extending to Nan
tucket Shoals and the nearshore sandbanks 
between Nantucket and Cape Cod. It survived 
on only a few maps and soon passed from 
use. 

The specific feature that is the subject of this 
book was nameless until 1611, when "S. 
Georges Banck" appeared on a manuscript 
map prepared for King James I of England. 
The name is not hard to explain. In honor of 
their patron saint, Englishmen sprinkled the 
English-colonized world with "St. George"s. 
The words first appeared in New England in 
1605 soon after attempts at English coloniza
tion began there. The account of George 
Waymouth's search along the Maine coast for 
a suitable site for a colony says that an is
land, probably what we call "Monhegan" to
day, was "named by us St. George's Island" 
(Banks, 1976). In 1607 Sir Ferdinanda 
Gorges, "the father of English colonization in 
America," and his partner in the North Vir
ginia Company, Sir John Popham, sent ships 
that followed Waymouth's track, found St. 
George's Island, and established Fort St. 
George at the mouth of the Sagadahoc (Ken
nebec) River (Thayer, 1892, pp. 36-86; Lever
more, 1912, vol. 1, pp. 359-376). The colony 
lasted only one winter, but it further rooted 
the name in coastal Maine, where it lives to
day-in St. George River, which runs up to 
Thomaston from Muscongus Bay; in Georges 
Islands near the river mouth; and in the town
ship of St. George on the riverbank. 

The manuscript map upon which "S. Georges 
Banck" appears is known as the Velasco 
map. It was rediscovered in the 1880s at the 
archives in Simancas, Spain, together with a 
manuscript plan of Gorges and Popham's 
Fort St. George and a letter to the king of 
Spain from Don Alonso de Velasco, Spanish 
ambassador (and spy) to the court of King 
James. In the letter, dated 1611, Velasco 
mentions sending to the Spanish king a copy 
of a map made for King James, and it is gen
erally assumed that the map found with the 
letter and the plan of the fort is the one to 
which Velasco refers (Brown, 1890, vol. 1, pp. 
455-460; Cumming, Skelton, and Quinn, 
1972, p. 264). This connection between the 

Gorges/Popham colonists of Fort St. George 
and "S. Georges Banck" on the Velasco map 
makes it likely that the colonists were the 
ones who designated the bank, giving it the 
name of their short-lived settlement.1 

Another name for Georges Bank is Malabar 
Bank. Malabar (and its French and English 
variants Mallebare, Mallebarre, Malebarre, 
and Malabare), like St. George, made its first 
appearance in New England in 1605. That 
year Samuel de Champlain explored the coast 
of Massachusetts. Sailing but of Cape Cod 
Bay, he rounded the tip of the cape, sailed 
south along the cape's eastern shore, and 
sought anchorage among the sandbars of 
Nauset Inlet. This place he called "Mane
bare," by which he seems to have meant 
"bad sandbar." He entered the name on his 
manuscript map of 1607, which details the 
coast from Nova Scotia to Cape Cod, and it 

was adopted by many of the cartographers 
who followed him. It appears as Malebarre on 
a map of North America in the Hondius/Mer
cator atlas published in 1636, where it is ap
plied to the sand spit at the southeastern 
corner of Cape Cod now known as Monomoy 
Island. In the same year Sir Robert Dudley in
cluded "C. Malabare" on a manuscript map 
being prepared for his great atlas. For many 
years thereafter Malabar was applied indis
criminately to the southeastern extremity of 
Cape Cod,2 to the shoals southeast of Cape 
Cod, and to Georges Bank. The name was in 
use for Georges Bank at least as late as 
1825. It was defined in American gazetteers 
from 1797 to the mid-1830s as Monomoy. 

The majority of maps examined from the 
years 1524 to 1852 use the name St. 
George's Bank. The transformation of St. 
George's Bank to Georges Bank was gradual, 
a case of two steps forward and one step 
back. The name was first used in the short
ened form on a map by Cyprian Southack in 
1717. However, on his later maps Southack 
reverted to St. George's Bank. Matthew Clark 
titled his chart of 1790 "Chart of the Coast of 
America from George's Bank to Rhode Is
land," but the name engraved on the bank it
self is "St. George's." Paul Pinkham, on the 
first separate chart of the bank, 1797, used 
"George's Bank" consistently in the title and 
in all the notes and legends on the chart. The 
shortened name did not come into common 
use, however, until the second quarter of the 
nineteenth century, when it rapidly became 
the dominant form. St. George's Bank had 
quite disappeared from maps by 1850.3 

But old names die hard, and one standard 
reference work for geographic names, Lippin
cott's Gazetteer, continued to list St. 
George's Bank in editions from 1855 to 1931. 

Reviewed by Louis DeVorsey, Peter J. Guth
orn, Benjamin W. Labaree, and Ronald D. 
Tallman 

Notes 

1. Curiously, one sometimes sees the name of the bank 
derived from Sir Ferdinanda himself, as if it were "Gorges 
Bank," not "Georges Bank"; see, for instance, the article 
"This Is Georges Bank" by Evan Mcleod Wylie in Yankee, 
July 1975, pp. 64-71, 140-147. There is no support for 
this derivation, however; the name never appears on pub
lished maps, and further, the sound of the name begins 
with a hard G, not the soft one cif George. 

2. "Cape Cod is the bared and bended arm of Massachu
setts: ... the elbow, or crazy-bone, at Cape Mallebarre": 
H. D. Thoreau, "Cape Cod," Putnam's Monthly Magazine, 
June 1855. 

3. Cyprian Southack's chart of 1717 dropped the apos
trophe, and it was dropped or kept, seemingly according to 
whim, for many years. Current usage, in the case of 
Georges Bank, omits it, but in general, cartographers are 
still inconsistent about showing the possessive case in 
place-names, even on individual maps or charts. 
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