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Abstract. Description of the shelfbreak front in the Middle Atlantic Bight 
is hampered by the extreme variability of the front. In order to gain insight 
into both the seasonal variability and regional variations in the mean frontal 
structure and associated baroclinic jet, historical data are used to produce two- 
dimensional climatological fields of temperature and salinity for the region south 
of Nantucket shoals, along the south flank of Georges Bank, and off the coast of 
New Jersey. Associated cross-shelf fields of density and geostrophic velocity are 
also computed. The climatological temperature and salinity are consistent with 
previous descriptions of the frontal hydrography. The temperature contrast across 
the front varies seasonally between 2 ø and 6øC. The salinity contrast is 1.5-2, with 
little seasonal variation. The near-surface density gradients are strongest during 
the winter and weakest during the summer, when the seasonal thermocline is 
established. The cross-frontal density gradients are strongest near the foot of the 
front. Despite the inherent smearing of frontal gradients incurred by averaging over 
large temporal and spatial scales, the geostrophic velocity field south of Nantucket 
shows a strong (0.2-0.3 m s -•) baroclinic jet associated with the frontal density 
gradients. The core of the jet, having a width of 15-20 kin, is located near the 
150-m isobath. Transport calculations for the flow over the outer shelf and slope 
are in the range of 0.2-0.3 Sverdrups (Sv) to the west. This is comparable to the 
estimated transport (0.4 Sv) shoreward of the 100-m isobath. 

1. Introduction 

The shelfbreak front in the Middle Atlantic Bight is 
the water mass boundary between the cool, fresh water 
of the continental shelf and the warm, saline water of 
the continental slope. The front has been described in 
numerous studies dating back to Bigelow [1933] and is 
important in many of the commercial fisheries of the 
Middle Atlantic Bight because of the enhanced primary 
productivity associated with the front [Marva et al., 
19901 . 

In addition to the numerous theoretical studies of the 

front, observational studies of the front have fallen into 
three broad categories: intensive hydrographic surveys, 
typically with numerous cross-frontal transects; long- 
term mooring arrays with current meters and thermis- 
tors; and climatologies. 

Each of these methods has its strengths and weak- 
nesses in describing the front. Intensive hydrographic 
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surveys, such as those by Beardsley and Flagg [1976] and 
Burrage and Garvin, e [1988], offer synoptic snapshots 
which generally resolve the thermohaline structure of 
the front but are subject to the limitation of the station 
spacing and the larger question of how representative 
such short-term observations actually are. Long-term 
mooring arrays, such as the Nantucket Shoals Flux Ex- 
periment (NSFE) [Beardsley et al., 1985] and the Shelf 
Edge Exchange Processes experiments (SEEP I [Aik- 
man et al., 1988; Houghton et al., 1988]; and SEEP II 
[Houghton et al., 1994; Flagg eta/.]), 1994, address the 
longer-term statistics of the velocity and temperature 
structure of the front but have been limited by the hor- 
izontal and vertical scales which have been resolved. 

Climatologies are useful in describing the "mean" 
frontal conditions. Several studies have examined the 

front and its motions in terms of climatologies. The 
most comprehensive study to date is that of Wright 
[1976], who examined primarily temperature data to 
define the mean frontal position and its seasonal vari- 
ations. Using the 10øC isotherm as a criterion for the 
position of he front, he found that the surface outcrop 
of the front varied seasonally, extending much farther 
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offshore during the summer than in the winter. He also 
found that the surface outi:rop of the front was much 
more variable than the position of the foot of the front, 
which was generally within 10 km of the 100-m isobath. 
Halliwell and Mooers [1979], using surface thermal im- 
agery, described the mean position and variability of 
the surface thermal front. 

More recently, Naimie et al. [1994] used a three- 
dimensional climatology of the density field along with 
the tidal residual flow field over Georges Bank and 
the Gulf of Maine to produce bimonthly averaged flow 
fields. They found that near the shelfbreak, a jet 
with typical maximum velocities of 0.2-0.25 rn s -• was 
present. Their domain, however, only extended seaward 
to the 200-m isobath. 

In order to compensate for the scarcity of data, we 
have used a method similar to Pickart [1992] for col- 
lapsing widely scattered three-dimensional data into an 
"average" two-dimensional section. Fields of tempera- 
ture, salinity, density, and alongshelf geostrophic veloc- 
ity for the outer shelf and upper slope in the Middle 
Atlantic Bight are computed. Fields of relative and po- 
tential vorticity are then computed from the velocity 
and density fields. Our primary motivation to perform 
this study has been to contrast climatological fields with 
recent shipboard measurements of the front in which 
the frontal jet has velocities as large as 0.5 m s -• and 
widths as small as 10 km [Gawarkiewicz et al., 1996]. 
Thus we will concentrate on establishing the seasonal 
variation in the climatological velocity structure as well 
as the potential vorticity distribution of the jet. 

The outline of this paper is as follows. In section 
2, the historical data and the methods for averaging 
are described. The thermohaline and density fields are 
presented in section 3, while the seasonal progression of 
the front appears in section 4. The geostrophic velocity 
fields and jet structure are described in section 5, and 
the relative and potential vorticity fields are described 
in section 6. The results are discussed in section 7, and 
the conclusions are presented in section 8. 

2. Methods 

The focus of this climatological study is the New Eng- 
land continent• shelf south of Nantucket Shoals (39 ø- 
41øN, 690-72 ø W, hereinafter referred to as NS). The 
region is convenient for a climatological study because 
there are few major bathymetric features, the station 
density is relatively high, and it encompasses almost a 
quarter of the area of the Middle Atlantic Bight (MAB) 
[Wright, 1976]. To illustrate interregional comparisons, 
climatological mean fields have also been computed for 
the south flank of Georges Bank (GB)(39.5ø-41.5 ø N, 
65.50-68.5 ø W), and a section of the MAB east of New 
Jersey (NJ)(37-39.5 ø N, 72.50-75.5 ø W). These regions 
and selected isobaths are shown in Figure 1. 

Curry's [1996] HydroBase database is the data source 
for this climatology. HydroBase is a database of hy- 

44 

z 

ß z9 Georges Bank .. 
•, Nantucket Shoals 

34 
76 74 72 70 68 66 64 

Longitude øW 

Figure 1. The bathymetry and chosen study areas 
for averaging hydrographic data within the Middle At- 
lantic Bight. The primary region of interest is Nan- 
tucket Shoals (NS), along with Georges Bank (GB)and 
New Jersey (N J). 

drographic profiles obtained from the National Oceano- 
graphic Data Center (NODC) collected from the early 
1900s to April 1990. Deep-water stations (200 m or 
greater water depth) were subjected to a vigorous qual- 
ity control process in which realizations with tempera- 
ture and salinity characteristics more than 2.3 standard 
deviations away from the mean were discarded [Curry, 
1996]. The extreme variability of coastal hydrography 
precluded quality control based on standard deviations 
in shallow (<200 m depth) regions. 

Figure 2 shows the histogram of HydroBase stations 
in the NS region plotted by year. A total of 3240 sta- 
tions were extracted for NS. This is more than double 

the hydrographic stations used in the [Wright 1976] cli- 
matology, although he also included 19,000 bathyther- 
mograms measuring only temperature. Generklly, more 
stations were occupied during the summer (820 for 
the NS August-September time period versus 432 for 
December-January). The station distributions for GB 
and NJ are both similar seasonally to NS, although 
smaller in magnitude (2150 total stations for GB and 
2765 for N J). 

For the small scales and shallow water of the region 
of interest here, both three-dimensional isopycnal av- 
eraging [Curry, 1996; Lozier et al., 1994] and three- 
dimensional spatial averaging were insufficient for cre- 
ating a statistically significant mean field. Instead, a 
depth bin averaging method was implemented to max- 
imize the number of contributions to the mean and to 

minimize averaging water masses with different prop- 
erties. A similar method was used by Pickart [1992] 
to compare 12 hydrographic sections through the Gulf 
Stream. Pickart [1992] converted each of the sections to 
a height above bottom versus bottom depth coordinate 
system to allow for comparison of sections from differ- 
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Figure 2. The yearly distribution of hydrographic sta- 
tions used for producing the NS fields. 

ent hydrographic regions. He then regridded each of the 
sections onto a regular grid, facilitating easy comparison 
of the sections from each region. Finally, he computed 
a mean field by averaging the 12 gridded sections. 

Depth bin averaging, using a simple procedure, cre- 
ates a single two-dimensional cross-shelf transect of 
properties based On hydrocasts from a three-dimensional 
ocean volume. First, the NODC data were extr.acted in 
bimonthly groups from HydroBase for the study region 
[Curry, 1996]. Next, an average bathymetric profile 
aligned perpendicular to the local isobaths was com- 
puted for the region based on ETOPO5 bathymetry 
data. Then; a set of depth bins in which to segregate 
the casts was selected. The number and size of the 

bins were chosen based on the total number of casts 

per bin and the cross-shelf spacing of the bins. This 
resulted in a small number of widely spaced bins over 
the shelf and a concentration of bins near the shelf- 

break. This selection allowed for peak cross-shelf reso- 
lution near the shelfbreak, where the strongest gradients 
typically occur. After selecting the bins, the data were 
sorted into the bins based on their echo sounder depth 
values. Casts without echo sounder depths (roughly 
16% for NS) were discarded. Then, the data were seg- 
regated further into vertical bins, 10 m over the shelf 
and 50 m in the deep slope waters. An arithmetic mean 
of each vertical bin was then computed. Finally, the 
mean data were transformed to a cross-shelf distance 

versus depth profile by assigning a cross-shelf distance 
to each depth bin. The cross-shelf distances in this cli- 
matology were found by linearly interpolating the av- 
erage bathymetric profile and are all measured in km 
from the 100-m isobath, with positive distance denot- 
ing the offshore direction. Figure 3 shows the location of 
the averaged points for NS, clearly illustrating the con- 
centration of bins near the shelfbreak (four cross-shelf 
grid points within 20 kin). Figure 4 shows the cross- 
shelf distribution of stations for each seasonal period 

and echo sounder depth bin, revealing the high number 
of stations in the shelfbreak bins. The station density 
is relatively constant seasonally and spatially, although 
sampling increased slightly during the summer months. 
The depth bin method allows a large number of data 
points to be included (across three degrees of longitude 
for NS). 

There is a potential bias using this method if sta- 
tions within a depth bin are systematically located at 
one edge of the bin. Therefore, at an early stage of the 
processing, the spatial distribution of the stations was 
examined to determine whether or not the distribution 

of stations was affected by repeated sampling at specific 
positions or along particular isobaths. The station po- 
sitions were not clustered or otherwise distributed in a 

manner to suggest that such biases were present within 
the data set. 

The geostrophic velocity calculations presented here 
have been computed from statically stable density fields. 
The fields were calculated using the UNESCO 1983 
polynomial [Fofonoff and Millard, 1983]. In the cases 
where hydrostatic instabilities existed in the raw den- 
sity, the two vertical data points were replaced by the 
mean of the two points, weighted by the volume of the 
vertical bin. Multiple iterations were performed until 
the fields achieved stability. Usually no more than two 
iterations were required. 

The geostrophic velocities were computed by inte- 
grating the thermal wind relation upward from a level 
of no motion at the bottom. A near-bottom current 

was used instead of the default zero-bottom velocity 
for the winter (February-March) and summer (August- 
September) NS fields. Figure 5 shows the averaged 
near-bottom current meter values taken from the NSFE 

experiment for summer and winter [Beardsley et al., 
1985]. It is important to note that the barotropic cur- 
rent is only significant over the shelf and is relatively 
weak near the shelfbreak. In all comparisons between 
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Figure 3. An averaged cross-shelf section (i.e., aver- 
aged bathymetric profile) showing the locations of the 
raw output grid points for the NS region. 
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Figure 4. The cross-shelf and seasonal distribution of 
hydrographic stations used within the NS region. 

the bimonthly time periods, a zero velocity was used at 
the bottom for all time periods. 

3. Nantucket Shoals Thermohaline 

and Density Fields 

We will now present the thermohaline and density 
fields for the NS region and compare them with the 
Wright [1976] climatology and some of the synoptic 
studies which have appeared previously. The temper- 
ature, salinity, and density fields by bimonthly period 
appear in Figures 6a, 6b, and 6c. Bold contours indi- 
cate the nominal frontal boundary chosen in previous 
works: the 10øC isotherm [Wright, 1976], the 34.5 iso- 
haline [Beardsley and Flagg, 1976], and the eft=26.5 kg 
m -3 isopycnal. 

The temperature fields exhibit the greatest seasonal 
variability because the shallow shelf waters are strongly 
affected by the seasonal cycle of insolation. During the 
winter months, the temperature over the shelf becomes 
nearly homogeneous, presumably due to enhanced ver- 
tical mixing caused by storm activity and convective 
overturning at the surface [Beardsley and Flagg, 1976]. 
Figure 6a shows that this homogenization is most com- 
plete during February-March. The shelf waters vary 
between 4 ø and 6øC. Beardsley and Flagg [1976] show 
that seaward of the 80-m isobath the temperature in- 
creased more than 5øC over 5-25 km in the horizontal 

and 5-30 m in the vertical. The climatological tempera- 
ture front is also particularly narrow and strong during 
this time period, increasing from 6 ø to 12øC over 20 
km. Over the upper slope, there is a relatively homo- 
geneous water mass outlined in Figure 6a by the 12øC 
isotherm, which corresponds to the "upper slope wa- 
ter pycnostad" defined by Wright and Parker [1976]. 
This feature is clearly evident in every time period ex- 
cept October-November. It appears most clearly dur- 
ing February-March, where it is slightly thicker (150 m) 

and is centered slightly deeper (150 m) than Wright and 
Parker's [1976] observations. 

The April-May fields show the initiation of surface 
stratification, associated with decreasing storm activ- 
ity and increasing insolation. The frontal boundary 
defined by the 10øC isotherm now intersects the sur- 
face about 10 km seaward of the shelf break. A strat- 

ified layer, approximately 25 m deep, has formed over 
the winter remnant of shelf water, also known as the 
"cold pool" [Beardsley and Flagg, 1976; Houghton et 
al., 1982]. During June-July, the cold pool, defined by 
the 10øC isotherm, extends over the shelf and termi- 
nates close to the 90-m isobath, near the shelfbreak. 
As summer progresses (August-September), the ther- 
mocline deepens to almost 40 m. By August-September 
the areal extent of water with temperatures less than 
10øC has significantly decreased in size. The cold pool 
is only about 20 m thick over the shelf and extends only 
to about the 80-m isobath in the cross-shelf direction. 

Convective overturning in late fall (October-November) 
acts to return the shelf to a homogenized state. 

Figure 6b shows the seasonal evolution of the NS 
salinity structure. The qualitative salinity field charac- 
teristics remain relatively constant throughout the year 
despite variations in the local seasonal freshwater in- 
put cycle [Bue, 1970]. Beardsley and Flagg [1976] have 
observed that the salinity front, centered on the 34.5 
isohaline, coincides with the temperature front during 
the winter. Figures 6a and 6b confirm this, especially 
during February-March. They also found that the salin- 
ity difference across the front was roughly 1-2 over 10-40 
km in the horizontal and 20-35 m in the vertical. The 

climatological salinity gradient is comparable: roughly 
i over 20 km in the horizontal and 40 m in the vertical. 

Over the upper slope in the region of the upper slope 
pycnostad, the salinities are as high as 35.5 for many of 
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Figure 5. The cross-shelf distribution of seasonally 
averaged near-bottom velocities near Nantucket Shoals 
from the Nantucket Shoals Flux Experiment (NSFE) 
[Beardsley et al., 1985]. 
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Figure 6. The bimonthly averaged fields for the NS region for (a) temperature, (b) salinity, and 
(c) density. The contour intervals are 2øC (Figure 6a),0.5 (Figure 6b), and 0.5 kg m -3 (Figure 

the time periods, which probably reflects the presence 
of warm core ring water mixing with the slope water. 

The density fields are shown in Figure 6c. Since the 
salinity fields change little seasonally, the seasonal vari- 
ations in the density field tend to be similar to the 
variability of the temperature fields. B eavdsle•] et al. 
[1985] observed that during the winter months the den- 
sity front has a well-defined surface outcrop and foot 
(bottom intersection) due to the homogeneity of the wa- 
ter masses. This is reflected in the December-January 
climatological density field and is somewhat evident in 
February-March. The low winter temperatures create 
a dense shelf water mass with densities greater than 
crt-26.0 kg m -3. However, the high salinity of the 
slope waters leads to slope water densities greater than 
crt=26.5 kg m -3. 

The development of the seasonal pycnocline is evi- 
dent as early as April-May, when surface densities de- 
crease below at=26 kg m -3. By June-July, the upper 
pycnocline is fully developed, with a vertical density 

difference of over 2 kg m -3 over 25 m (N • = 0.76 x 
10 -3 s-2). In the upper pycnocline, the slope of the 
front, defined by the crt=26.5 isopycnal, has decreased 
significantly. Now a common density surface connects 
the shelf and slope waters, as Aikman[1984] has shown. 
The August-September period shows a "typical" sum- 
mer density field. The vertical stratification in the sur- 
face pycnocline has now strengthened to a vertical den- 
sity difference of 3 kg m -3 (N • = 1.1 x 10 -3 s-a), 
which is within the range of 3.0-4.0 kg m -3 observed 
by Beardsley and Flagg [1976]. Increased storm activ- 
ity and convective cooling weaken the pycnocline during 
autumn(October-November), giving a similar structure 
to that computed for the spring months (April-May). It 
is important to note that although the upper level ther- 
mocline causes the near surface isopycnals in the frontal 
region to fiatten, they retain a positive slope near the 
shelfbreak throughout the year beneath the seasonal py- 
cnocline and are particularly strong near the foot of the 
front. 
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Figure 6. (continued) 

The cross-shelf density contrast is useful in quantify- 
ing the strength of the front and the associated baro- 
clinic current shear. Beardsley and Fla## (1976) found 
that for March 1974, the average cross-frontal density 
contrast was 0.5 kg m -3. They did not specify the 
horizontal or vertical intervals over which the densities 

were averaged. To better quantify this cross-shelf den- 
sity difference, the onshore density (averaged over a 10- 
km interval from 30 to 20 km shoreward of the 100-m 

isobath) has been subtracted from the offshore density 
(averaged over a 10-kin horizontal interval from 20 to 
30 km seaward of the 100-m isobath) using the regu- 
larly gridded field. This has been repeated for three 
different depth intervals (5-15 m, 25-35 m, and 45-55 
m), to illustrate the depth dependence. Figure 7 shows 
the results of these calculations for the NS subset, plot- 
ted as a function of time. During December-January, 
the density difference is approximately 0.3 kg m -3 and 
is nearly independent of depth, reflecting the lack of 
vertical stratification over the shelf and slope. Dur- 
ing February-March, the surface density contrast drops 
to 0.23 kg m -3, while the deep (45-55 m) density con- 

trast increases to 0.47 kg m -3. As the spring progresses 
into summer, the density contrasts diverge further with 
depth. The maximum range in temperature contrast 
occurs in August-September, corresponding to the pe- 
riod of most intense stratification. During this time 
period, the extremes in density contrast are approxi- 
mately 0 kg m -3 in the surface waters (5-15 m) and 0.5 
kg m -3 beneath the seasonal pycnocline (45-55 m). The 
extremely low density contrast in the surface waters is 
primary due to surface heating [Aikman, 1984], using 
a one-dimensional, two-layer bulk-mixing model). By 
October-November the density contrast becomes more 
uniform with depth. 

The density gradients near the foot of the front are 
particularly important for the thermal wind shear. The 
typical density gradients near the foot of the front 
are 0.2 kg m -3 over 10 km, which gives a value of 
M 2 - (g)/(Po) (Op)/(Ox)--l.9 X10-7s -2 or M - 4.4 x 
10-4s -t. This remains relatively constant throughout 
the bimonthly time periods, although the cross-shelf po- 
sition of the foot of the front varies throughout the time 
periods. 
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Figure 6. (continued) 

The standard deviations of the temperature fields linearized stability analysis performed by Gawarkiewicz 
for the winter (February-March) and summer (August- [1991] corresponding to the pycnocline-trapped mode. 
September) time periods appear in Figure 8. The The spatial structure of the standard deviations of 
largest values of the standard deviations occur within salinity in winter (Figure 8c) is similar to that of tern- 
the frontal zone. (Note that in addition to the in- perature, with larger values in the vicinity of the front 
herent physical variability, these standard deviations as well as near the surface over the continental slope. 
also include possible contributions from sampling bias Values within the front are 0.6, double those on the shelf 
and data sparseness.) During the winter, the standard and over the slope beneath the front. Near the surface 
deviation is less than 1.5øC shoreward of the frontal over the slope, the standard deviation is as large as 1.5. 
zone and over the continental slope beneath the frontal The spatial structure of the salinity variability in sum- 
zone. However, within the frontal zone this is as large met differs from that of temperature (Figure 8d). The 
as 2.5øC. The maximum values are over 3.5øC near maximum value of 1.3 occurs over the slope near the 
the surface over the upper slope. During the summer, surface and decreases moving both shoreward near the 
the largest standard deviations are roughly 4.5øC and surface and beneath the maximum. There is no mid- 
are located near the seasonal thermocline at the off- depth maximum as in the temperature field. 
shore edge of the cold pool. This is the position where The effects of these temperature and salinity changes 
Houghton et al. [1988] measured the largest cross-shelf on the density field are shown in Figure 9 for both tern- 
heat fluxes from the SEEP I mooring array and where perature and salinity separately. The standard devia- 
Gatvine et al. [1989] measured the largest cross-shelf tion of density was obtained by adding to the mean field 
heat fluxes from a series of synoptic hydrographic sur- either temperature or salinity of i standard deviation 
veys during the summer. This is also the position of and holding the other property fixed. The density field 
maximum isopycnal motion for the summer case of the was then computed using the equation of state. Then 
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Figure 7. The seasonal variation of the cross-shelf den- 
sity difference for NS at various depths. 

the density value from the original mean field was sub- 
tracted to give the standard devialion of the density. 

During winter, the temperature variations result in 
density standard deviations of 0.3-0.4 kg m -3 in the 
frontal zone, with values as large as 0.5 kg m -3 near 
the surface over the slope (Figure 9a) 0.9 kg m -3, in 
the vicinity of the seasonal thermocline near the off- 
shore edge of the cold pool. The values in other areas 
are largest in the vicinity of the seasonal thermocline 
(depths of 10-30 m), with values of 0.5-0.7 kg m -3. 
Density standard deviations due to salinity during the 
winter (Figure 9c) are 0.4-0.6 kg m -3 within the frontal 
zone and up to 1.0 kg m -3 near the surface over the 
continental slope. Maximum summer values of the stan- 
dard deviation of density due to the salinity variations 
(Figure 9d) are 0.9 kg m -3 on the surface over the con- 
tinental slope. 

A comparison of the frontal structure from the cli- 
matology with typical synoptic sections (thai is unper- 
turbed by warm-core rings or large frontal instabilities) 

a) . / ø 
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Figure 8. Variability of the temperature and salinity fields from the NS region. (a) Tempera- 
ture standard deviations during winter (February-March). (b) Temperature standard deviations 
during summer (August-September). (c) Salinity standard deviations during winter (February- 
March). (d) Salinity deviations during summer (August-September). 
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Figure 9. Variability of the density field in the NS region. (a) Density standard deviations 
based on temperature during winter. (b) Density standard deviations based on temperature 
during summer. (c) Density variations based on salinity during winter. (d) Density variations 
based on salinity during summer. 

shows a relatively good agreement. Figure 10 shows 
the climatology in February-March from a depth of 5- 
15 m (upper panels) and 45-55 m (lower panels) as well 
as a winter section taken from the SEEP-I program 
[Houghton et al., 1988]. (The error bars in Figure 10 
indicate plus and minus one standard deviation of the 
climatological temperature and salinity fields.) The sur- 
face values of the climatology do not extend offshore far 
enough to reach typical slope values of 12øC and 35.0 
salinity but show cross-shelf values of temperature and 
salinity which are comparable in magnitude, although 
displaced slightly in cross-shelf position. The salinities 
from the synoptic section are lower than the climatol- 
ogy, which may be due to the large interannual salinity 
variations [e.g., Manning, 1991]. At middepth (lower 
panels), the curves are very similar, with the salinity 
values again being slightly lower than the climatology. 
Comparisons for the summer (Figure 11) show even bet- 
ter similarity in cross-shelf structure between the clima- 
tology and a synoptic section from SEEP I at both the 
surface and middepth. 

Thus, as anticipated, the thermohaline fields evolve 
seasonally in a manner consistent with previous descrip- 
tions of the shelf and slope. Let us now concentrate on 
the seasonal evolution of the frontal position. 

4. Seasonal Progression 

We will now present the evolution of the shelfbreak 
front as it is defined by the 34.5 isohaline. The mean 
position and seasonal progression of the shelfbreak front 
have been studied using advanced very high resolution 
radiometer (AVHRR) satellite measurements of the sea 
surface temperature (SST) [Halliwell and Mooers, 1979; 
Drinkwater et al., 1994] and on mean fields of the hy- 
drography [Wright, 1976; Flagg et al., 1982]. A sum- 
mary of mean frontal position and slope estimates is 
given in Table i for selected authors. 

The bimonthly position of the NS 34.5 isohaline is 
shown in Figure 12a. The isohaline intersects the bot- 
tom between the 85- and 105-m isobaths throughout the 
year. This range of isobaths corresponds to a cross-shelf 
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distance of about 10 km. The isohaline generally slopes 
upward and offshore from the shelfbreak throughout 
the year but with a distinct seasonal transition. Dur- 
ing October-November, when the stratification over the 
shelf is weakening, the mean frontal slope is a maximum 
and intersects the surface only 20 km away from the 
bottom outcrop (giving a slope of roughly 5 x 10-3). 
However, this slope decreases to roughly half (2-3 x 
10 -3) during December-January, as the surface posi- 

tion of the front moves offshore. The 34.5 isohaline does 

not intersect the surface (within the cross-shelf extent 
of the climatology, out to 40 km seaward of the shelf- 
break) during any other time period. While all of the 
34.5 isohalines have roughly the same slope near the 
bottom outcrop of the front, the isohaline fiattens out 
during the other time periods in the upper portion of 
the water column. Thus the front may be characterized 
by two frontal slopes: a relatively constant slope in the 
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Table 1. Recent Examples of Frontal Outcrop and Slope Measurements 

Reference 

Surface (s) 
Bottom (b) Mean 

Region/ Frontal Frontal 
Season Method Position Slope Miscellaneous 

Beardsley and 
Flagg [19761 

Voorhis et al. 

[19761 

Wright [1976] 

Halliwell and 

Mooers [ 1979 ] 

Flagg et al. 
11982] 

Burrage and 
Gatvine 

119881 
Houghton et 
al. 119881 

New England field experiment 80-m isobath 
shelf, winter (b) 

New England 
shelf, late 
spring 
New England 
shelf, all sea- 
sons 

Entire Middle 

Atlantic Bight 
all seasons 

Georges 
Bank, all sea- 
sons 

New Jersey 
shelf, summer 

New England 
shelf, full 
year 

Drinkwater Entire Middle 

et al. [1994] Atlantic Bight 
all seasons 

field experiment 100-m isobath 
(b) 

2x10 -a 

not given 

climatological 100-m isobath not given 
1941-1972 (b) 

climatological, 80 km sea- not given 
based on satellite ward of shelf- 

sea surface breaks (s) 
temperature 
climatological 100-m isobath 2.8 x 10 -a 
1975-1979 (b) 

synthesis of 12 -• 80-m iso- 
transects bath (estimated 

from plot) 
field experiment 100-m isobath 

(b) 

-• 40 km sea- 

ward of shelf- 

break at 70øW (s) 

climatological, 
based on satellite 

sea surface 

temperature 
1972-1994 

not given 

2.2 x 10 -3 

(winter) 
1.3 x 10 -a 

(summer) 
not given 

westward currents 

observed over 

shelf 

0.7 Sv transport in 
baroclinic jet 

analyzed mostly 
thermograms 

based on surface 

temperature 

2 km/month sum- 
mer frontal migra- 
tion 

computed stan- 
dard deviation of 

T structure 

focused on cross- 

shelf exchange 

also found q- 20- 

km interannual 

deviation 

lower half of the water column and a seasonally variable 
slope in the upper half of the water column. We refer 
to this break in the slope of the frontal isohalines as the 
inflection point of the front. 

Although the slope of the front near the shelfbreak 
remains relatively constant, the mean position of the 
frontal bottom outcrop exhibits a slight seasonal migra- 
tion. During October-November and December-January 
the front is at its extreme onshore position. The front 
reaches its maximum offshore position in June-July. 
The August-September bottom outcrop is displaced sig- 
nificantly shoreward (3-4 km horizontally or 10-15 m 
vertically). This onshore retreat continues through the 
winter, when the front reaches its most shoreward posi- 
tion. This is consistent with both the previous observa- 
tion of freshest shelf water during June-July (Figure 6b) 
and Manning's [1991] observations from the National 
Marine Fisheries Service's (NMFS) Marine Resources, 
Monitoring, And Prediction (MARMAP) hydrographic 
surveys. Manning showed that during the summer, the 
isohalines exhibit a change in slope at middepth (20-40 

m), qualitatively matching the NS climatological data 
shown in Figures 6b and 12a. 

Some contradictions can be found between this cli- 

matology and Wright's [1976] conclusions. Wright es- 
timated the mean position of the foot of the front to 
be at its extreme offshore location during the winter. 
Wright's [1976] plot of the surface expression agrees well 
with the climatology, showing the front at its maximum 
offshore position during July and its minimum onshore 
position during the winter. 

This analysis has been repeated for GB and NJ. The 
GB isohalines, shown in Figure 12b, differ from the NS 
positions. The GB isohalines in the region near the 
shelfbreak in the lower portion of the water column 
have a smaller slope than NS (roughly 2 x 10-3), and 
no isohalines physically intersect the surface within the 
domain at any time of the year. The inflection point 
between the isohaline slopes occurs higher in the water 
column (between 40 and 50 m). The foot of the front 
occurs at a minimum depth of 110 m from October- 
November through December-January. The maximum 
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depth of the foot, at about 130 rn depth, occurs during 
February-March and April-May. During the summer 
months the front moves onshore to roughly the 110 m 
isobath again. Flagg et al. [1982] also showed an on- 
shore frontal migration during the summer. However, 
the climatology shows an offshore adjustment during 
the winter (February-March), while Flagg et al. [1982] 
observed this movement in late fall.' The seasonal cy- 
cle is much less clearly defined compared with NS, and 
the average position of the foot of the front, at the 120- 
m isobath, is deeper, most likely corresponding to the 
deeper average shelfbreak depth in this region. Man- 
ning's [1991] Great South Channel mean salinity pro- 
files show a slightly shallower frontal bottom outcrop 
(roughly the 100-m isobath). They also show very little 
seasonal variability, as is shown for GB in Figure 12b. 

In contrast to both GB and NS, the NJ isohalines, 
shown in Figure 12c, exhibit a surface expression for this 
given cross-shelf range in every time period except June- 
July and August-September. The December-January 
curve is anomalous because it is almost 20 km shore- 

ward of every other bimonthly curve. This may be due 
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Figure 12. The bimonthly averaged position of the 
34.5 isohaline for (a) NS, (b) GB, and (c) NJ regions. 

to the increased coarseness of the cross-shelf bin spacing 
(compared with NS) or a result of data scarcity in the 
NJ regional subset. From February through November, 
though, the isohaline intersects the bottom very close 
to the shelfbreak. The slope of the isohalines near the 
shelfbreak is steeper than either of the other two regions 
(excepting October-November in NS, when it is greater 
than 3 x 10-3). The average position of the bottom 
outcrop, the shallowest of the three regions, is roughly 
the 75-m isobath. 

Figure 13 summarizes the seasonal migration of the 
foot of the front for each of the three regions. Clearly, 
the foot of the front is shoaling as the flow progresses 
to the southwest. It is important to note that although 
the annual mean position of the bottom outcrop varies 
substantially by region, the bathymetry also changes 
substantially. The overriding trend is for the shelf- 
break front, marked by the 34.5 isohaline, to manifest 
itself on or near the shelfbreak (Table 2). Wang [1984], 
Chapman [1986], Gawarkiewicz and Chapman [1992], 
and Condie [1993] have also studied this characteristic 
through different models using different assumptions. 

Figure 13 also reveals a spatial lag in the frontal mi- 
gration. This is most readily apparent when considering 
the time period of extreme offshore frontal position (the 
deepest foot of the front). The front is at its maximum 
offshore position during February-March for GB, April- 
May or June-July for NS, and June-July for NJ. Despite 
the coarse temporal scale of the study, it is tempting 
to consider a seasonal freshwater pulse traveling south- 
ward through the MAB, displacing the frontal bound- 
ary seaward. This would imply an alongshelf advection 
rate of roughly 0.08 m s -•. This would be consistent 
with Chapman et al. [1986] and Chapman and Beards- 
ley [1989] circulation schemes, which show the continu- 
ity of the shelf flow from the Scotian Shelf through the 
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Table 2. Frontal Jet Characteristics (Annual Average) 

Region 

Isobath 

With Vertical Maximum 

Shelfbreak Foot of Maximum Scale Jet Jet Jet 

Depth m, Front, rn Jet Velocity, m of Jet, m Width, km Transport, Sv Velocity, m s -1 

Georges Bank 125 120 
Nantucket Shoals 100 95 

New Jersey 75 75 

275 75 47 0.45 0.16 

145 62 21 0.24 0.22 

162 56 19 0.16 0.15 

Gulf of Maine and the Middle Atlantic Bight. However, 
Mountain [1991] has shown that the variability in the 
interannual signal of the freshwater content of the shelf 
is at least as strong as the seasonal signal, and so it is 
difficult to establish the seasonal cycle of the freshwater 
content. 

5. Geostrophic Velocity Structure 
and Associated Transports 

Using the density field described in section 2, we 
will now use the thermal wind relation to calculate the 

geostrophic velocity field associated with the front. The 
thermal wind relation is 

-g Op 
= (1) 

Pof Ox 

where v is the along-isobath velocity, g is the gravita- 
tional acceleration, p0=1026 kg m -a is the mean den- 
sity, f is the Coriolis parameter (10 -4 s -1), and the sub- 
script z represents differentiation with respect to depth. 
The offshore coordinate is x. 

Figure 14 shows regularly gridded sections of the 
alongshelf geostrophic velocity, computed for winter 
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Figure 13. The seasonal variations of the bottom out- 
crop of the front, as determined by the 34.5 isohaline, 
for the three regions. 

(February-March) and summer (August-September) us- 
ing the thermal wind relation. Barotropic currents de- 
rived from mean near-bottom current meter observa- 

tions (taken from Beardsley et al., [1985]) have been 
added to provide a nonzero velocity at the bottom; the 
bottom values are taken from Figure 5. The geostrophic 
velocity calculations indicate a mean westward shelf 
flow of greater than 0.05 rn s -t to the west during 
both seasons. Flow over the shelf is predominantly 
barotropic, since horizontal density gradients are weak 
on the shelf throughout the year. The dominant feature 
is the baroclinic frontal jet. The jet width is 15 km at 
the surface, with a core velocity in excess of 0.15 m s -t 
during winter and 0.25 m s -t in summer. 

The maximum jet velocity in the NS region varies 
seasonally by a factor of roughly 2, with the strongest 
velocities in the spring and the weakest in the winter 
(temporarily assuming a level of no motion along the 
bottom). The strength of the NS surface jet is a mini- 
mum, 0.17 m s -t during December-January and a max- 
imum, 0.30 m s -t, during April-May. (From Figure 7, 
the maximum density contrast is during the summer, 
but this is limited to the lower half of the water col- 

umn. During spring, the full depth-integrated density 
contrast is stronger than in summer, even though the 
horizontal density gradients are larger in summer near 
the bottom.) The maximum jet velocity ranges between 
0.17 and 0.23 m s -t for the other time periods. The an- 
nual mean maximum jet velocity is 0.22 m s -t to the 
west. 

The maximum jet velocity is weaker in the GB and 
NJ regions (see Table 2). The GB maximum jet veloc- 
ity, averaged over the six time periods, is 0.15 m s -t 
to the west. During December-January, the jet is at its 
peak strength of 0.23 m s -t. The jet strength reaches a 
minimum of 0.07 m s-t during August-September. The 
NJ maximum jet velocity averaged over the six time pe- 
riods is comparable to GB. 

The offshore position of the jet core varies season- 
ally in all three regions, migrating onshore through the 
spring and summer with a large offshore translation be- 
tween late fall and winter. The NS jet core ranges from 
between 12 km offshore (December-January) to 3 km 
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Figure 14. Winter and summer geostrophic velocity sections in the NS region. The bottom 
reference velocities from Figure 5 (the NSFE experiment) have been added. The contour interval 
is 0.05 m s-•. 

onshore (October-November) of the 100-m isobath. The 
annual mean position of the NS jet core is 5 km offshore 
of the 100-m isobath or above the 125-m isobath. The 

GB and NJ jet cores have similar seasonal trends. The 
annual mean location of the G B jet is 14 km offshore 
of the 100-m isobath or above the 275-m isobath, while 
the annual mean location of the NJ jet is 7 km offshore 
of the 100-m isobath or above the 150-m isobath. 

We have computed frontal jet widths based on the 
contour of half of the maximum surface velocity. The 
results showed very little seasonal variability for any re- 
gion. The NS jet is approximately 15-20 km wide except 
for December-January, when it is roughly 40 km wide. 
The annual mean width of the NS jet is approximately 
21 km. The NJ jet is consistently 10-20 km wide, while 
the GB jet is generally double this width. 

The vertical scale of the baroclinic jet, again defined 
by half the maximum velocity, did not vary seasonally 
for NS, being roughly 60 m throughout the year. On 
average, the G B jet extended an extra 15 m deeper 
than NS, also with little seasonal variation. The aver- 
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Figure 15. Seasonal variations of the baroclinic jet 
transport (defined by either half of the velocity maxi- 
mum or 0.05 m s -•, whichever is greater), for each of 
the time periods from the three regions. The bottom 
velocity is assumed to be zero for all three regions. 

age depth of the NJ jet is 55 m, with more substantial 
seasonal variability. In each region, the baroclinic jets 
reach their peak depths during December-January, cor- 
responding to the period of weakest horizontal density 
gradients. 

The transport within the baroclinic jet has been cal- 
culated, defining the horizontal extents by the points at 
which the surface velocity decreases to 0.05 m s -• to the 
west. This corresponds to roughly 15 km across-shelf for 
NS. Should this criteria not be satisfied, a maximum ex- 
tent of 30 km in either direction from the core of the 

surface jet is used. Once the horizontal scale has been 
established, the transport is integrated over the entire 
water column between these two points. The results 
are shown in Figure 15 . For NS, the jet transport re- 
mained between 0.20 and 0.32 Sv to the west. The NS 

annual mean jet transport is 0.24 plus or minus 0.12 
Sv. (Errors are estimated using one standard devia- 
tion of temperature and its effect on the density field 
from Figure 10 and then using the revised density field 
to compute a new baroclinic jet transport.) Transport 
within the NJ jet was slightly smaller in magnitude (an- 
nual mean of 0.16 plus or minus 0.16 Sv). The GB jet 
transport is about twice the NS transport due primarily 
to the larger jet size and peaks in December-January at 
0.65 Sv. The rest of the year it remained fairly constant 
at 0.42 Sv to the west, however, giving an annual mean 
westward transport of 0.45 plus or minus 0.17 Sv. It is 
likely that this decrease in transport to the southwest 
implies a loss of shelf or frontal water to the continen- 
tal slope region, but this cannot be ascertained from 
the climatology. This would be consistent with the re- 
sults of Biscaye et al. [1994] from SEEP II, who found 
that the shelf transport in the southern portion of the 
Middle Atlantic Bight was only 0.19 Sv. This implies 
that the shelf transport had been reduced by half from 
Nantucket Shoals down to the Chesapeake Bay region. 

6. Potential Vorticity Structure 

With the fields of stratification and geostrophic veloc- 
ity, we can now compute the inviscid potential vorticity 
distribution within the frontal region. This is defined 
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Figure 16. The cross-shelf variation of the relative vorticity in the 5- to 25-m depth range for 
each time period in the NS region. The relative vorticity is scaled by the Coriolis parameter, 
f=l x 10 -4 s -I. 
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where q is the potential vorticity in units of m -t s -t, 
p0 is the mean density, f is the Coriolis parameter, and 

x and z are the offshore and vertical coordinates. The 

potential vorticity is obtained by finite differencing the 
density and velocity fields. Similarly, the relative vor- 

ticity, Ov (3) •- Ox 
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September The colorbar indicates the value of the potential vorticity 
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is obtained from the geostrophic velocity field using a 
finite difference method. 

The dominant feature in the relative vorticity is the 
baroclinic jet. Because of the velocity maximum just 
seaward of the shelfbreak, there is a region of cyclonic 
shear seaward of the jet core, as the along-shelf de- 
creases offshore, and a region of anticyclonic shear shore- 
ward of the jet core. This is evident in Figure 16, which 
shows the relative vorticity averaged between depths of 
5 and 25 m for each of the bimonthly time periods. The 
maximum cyclonic shear occurs during the April-lV•ay 
time period, when the jet velocity is a maximum, and 
reaches a value of •/f=0.4. During the other time pe- 
riods, the maximum cyclonic shear ranges from 0.2 to 
0.4. On the shoreward side of the jet, the magnitude of 
the anticyclonic shear is roughly half this value, rang- 
ing from •/f=-0.1 to-0.2. These relative vorticities are 
about half of those measured by Gawarkiewicz et al. 
[1996] in July in the NJ region. (The NJ value of •/f 
for June-July is 0.15.) 

The potential vorticity during the summer is domi- 
nated by the seasonal stratification. Plate 1 shows the 
potential vorticity from the August-September time pe- 
riod in the Nantucket Shoals region. The maximum 

values of 7-10 m -• s -• are in the seasonal pycnocline, 
between depths of 10 and 30 m. 

During the winter (Plate 2), the largest value of the 
potential vorticity is near the foot of the front, with a 
value of 3 x 10 -9 m -• s -•. This is more than triple 
the value of the ambient value over the shelf in win- 

ter. The potential vorticity maximum slopes upward 
and offshore along the frontal boundary over the up- 
per slope. During the summer, this local maximum is 
still present but has a value that is more typically 2 x 
10 -9 m -• s -•. The potential vorticity values near the 
bottom must, of course, be viewed skeptically because 
frictional effects are likely to affect the local dynamics. 

These results show that the cycle of seasonal heating 
and cooling largely dominates the potential vorticity 
structure, with contributions from the relative vorticity 
of the baroclinic jet near the shelfbreak. The asymme- 
try between the cyclonic and anticyclonic shear is con- 
sistent with that of open ocean fronts [e.g., Bleck et al., 
19881, where cross-frontal (in this case offshore) flows 
of buoyant fluid are balanced by return flows of more 
dense fluid at depth through vigorous vertical circula- 
tions. However, the shelfbreak front is quite different 
from these open-ocean fronts because the frontal isopy- 
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Plate 2. A cross-shelf section of the inviscid potential vorticity from the NS region for February- 
March Note that the colorbar differs from Plate 1. 
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cnals intersect the bottom, and thus both bottom to- 
pography and bottom boundary layer transports must 
affect the frontal structure. 

7. Discussion 

This climatology has synthesized over 90 years of hy- 
drographic measurements in the Middle Atlantic Bight 
using a depth bin averaging method. The products of 
this climatology have shown close agreement with pre- 
viously published climatologies, modeling efforts, and 
synoptic observations. However, this climatology suf- 
fers from several limitations. First, an assumption in- 
herent to any seasonal climatology is that interannual 
variability is minimal compared with the seasonal cycle. 
Although the temperature follows a well-regulated sea- 
sonal cycle, Manning [1991] showed that for the MAB 
salinity, large interannual fluctuations are superimposed 
on the seasonal cycle. He attributed 70% of this in- 
terannual variation to local river runoff and precipi- 
tation. Second, slope water averaging results should 
be interpreted with caution. The continental slope re- 
gion experiences large temperature and salinity fluctu- 
ations associated with the interaction of slope water, 
warm core rings, and the Gulf Stream. Ideally, further 
attention should be placed on the cross-isobath gradi- 
ents within the continental slope region. However, the 
limited amount of data points, accentuated beyond the 
500-m isobath, prohibits a study of this nature at this 
time. Third, this study was limited by assuming a two- 
dimensional cross-shelf section in each region. Chapman 
and Beardsley's [1989] oxygen isotope and salinity anal- 
ysis has shown how the mean flow through the MAB is 
part of a large-scale coastal current system. Ideally, 
a three-dimensional climatology, such as that provided 
by Naimie et al. [1994] for the Gulf of Maine, would 
be useful in also establishing the along-isobath gradi- 
ents. However, the limited number of stations again is 
a severe constraint. 

Despite its limitations, the climatology is useful in 
defining the characteristic velocity and length scales as- 
sociated with the frontal jet and defining the transport 
associated with the jet. The shelf transport (defined 
from the 40-m isobath to the onshore edge of the jet) 
and jet transport (defined previously) have been cal- 
culated for the February-March and/•ugust-September 
NS cases, with the NSFE [Beardsley et al., 1983] bot- 
tom values included (see Figure 5). The shelf trans- 
port is westward, with a value of 0.29 Sv for February- 
March and 0.18 Sv for August-September. Beardsley et 
al. [1985] observed a higher annual mean shelf trans- 
port of 0.383 Sv, which included the shelf transport as 
well as the frontal jet. The associated westward jet 
transports were 0.30 Sv (February-March) and 0.28 Sv 
(August-September). These values are about half of 
those estimated from two synop*ic sections by Voorhis 
et al. [1976] in this region, but are more nearly compa- 
rable with Gawarkiewicz et al. [1996], who computed 

a jet transport of 0.38 Sv from their synoptic acoustic 
doppler current profiler (ADCP) section. (The latter 
however, was in the NJ region). The total shelf and 
jet transports are 0.59 Sv (February-March) and 0.46 
Sv (August-September). Thus the jet comprises 51% of 
the total (shelf plus jet) transport for February-March 
and 61% for August-September, based on these esti- 
mates. It is clear that the transport within the jet is of 
roughly the same order as the transport over the entire 
shelf. 

While the climatology cannot be used to estimate 
transport losses from the shelf and jet onto the slope, 
we reiterate that the decreasing transport from the G B 
to NS to NJ regions is consistent with the estimate of 
Biscaye et al. [1994] that half of the shelf transport is 
lost offshore between Nantucket Shoals and the vicin- 

ity of Chesapeake Bay in the southern portion of the 
Middle Atlantic Bight. This ratio is similar to the de- 
creasing jet transport from NS or GB to NJ. Further 
work is necessary to relate shelf and jet transport along 
the Middle Atlantic Bight to shelf losses to the conti- 
nental slope region. 

The jet transport has important implications when 
considering processes by which shelf water is carried out 
onto the slope, in particular on streamers of shelf water 
ejected onto the slope by warm core rings [e.g., Bis- 
agni, 1983; Joyce et al., 1992]. The transport estimate 
by Joyce et al. [1992] for the offshore transport of shelf 
water onto the slope in a streamer was 0.4 Sv, which 
is comparable to the entire shelf transport between the 
40- and 100-m isobaths measured by B eardsley et al. 
[1985]. More recently, R. J. Schlitz (The interaction of 
shelf water with warm-core rings, submitted to Jour- 
nal of Geophysical Research, 1997) has shown a range 
of streamer transports varying from 0.5 Sv in the di- 
rection of the ring to 0.35 Sv in the direction opposite 
to the ring. It is a distinct possibility that the large 
transports within the streamers result from an offshore 
diversion of the frontal jet, as forced by the proximity 
of a warm-core ring. Further work is necessary to clar- 
ify this issue; however, Schlitz has shown that much of 
the water within the streamers appears from the frontal 
region, which is consistent with this speculation. 

The cross-frontal distribution of potential vorticity in 
the surface layer shows quite clearly that there is a local 
maximum associated with the surface expression of the 
jet. Near the maximum, the sign of the potential vortic- 
ity gradient reverses, which is a necessary condition for 
instability. Thus the climatological mean frontal state 
allows for the possibility of instabilities. 

Finally, it is interesting to note that the strongest 
cross-shelf density gradients occur near the foot of the 
front. This leads to large vertical velocity shear near the 
foot of the front and, in the NS region, a jet which is 
located relatively close to the shelfbreak, as opposed to 
the location of the surface outcrop of the front. This is 
interesting in that it confirms the dynamical importance 
of the foot of the front, as Gawarkiewicz and Chap- 
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man [1992] suggested in an idealized numerical mod- 
elling study. Subsequent work by Chapman and Lentz 
[1994, 1997] has shown how thermal wind shear within 
the bottom boundary layer may act to inhibit the off- 
shore flow of water carried within the bottom boundary 
layer. This climatology strongly suggests that the cross- 
frontal density gradients near the foot of the front are 
strong enough to allow the thermal wind shear to af- 
fect the offshore transport within the bottom boundary 
layer. 

8. Conclusions 

Using historical hydrographical data which we have 
collapsed onto two-dimensional cross-shelf sections, we 
have investigated the seasonal evolution of the shelf- 
break front and its associated frontal jet. Typical ve- 
locity scales which emerge from this study are 0.2-0.3 
rn s -• maximum jet velocities and widths of roughly 
20 km. Comparison with previously reported synoptic 
sections gives climatological velocity scales and widths 
which are roughly half as large in velocity and about 
double the width relative to synoptic sections. Relative 
vorCicities are greater on the seaward, cyclonic side of 
the jet, ranging from 0.2 to 0.4 f. The relative vor•ic- 
ity on the shoreward side of the jet is roughly half this 
value. 

Much of the vertical velocity shear in the core of the 
jet is concentrated near the foot of the front, where the 
cross-shelf density gradients are the greatest. In the 
Nantucket Shoals region, the mean annual position of 
the core of the jet is 5 km seaward of the 100-m isobath, 
with a seasonal drift of 15 km. Much more work is 

necessary to clarify the structure and dynamics of the 
front. 
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