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[1] Observations from autumn 2000 near the shelfbreak front in the Middle Atlantic Bight
are used to describe the transition from stratified summer conditions to well-mixed winter
conditions over the shelf. During the observational period, the front differed dramatically
from climatological conditions, with buoyant Gulf Stream water found shoreward over
the subsurface shelfbreak front. Water mass analysis shows a large number of separate
water masses with shelf, slope, and Gulf Stream origins. The coolest shelf water was
located at the shelfbreak and may be related to ‘‘cold pool’’ water masses observed to the
north during summer. Shoreward of this shelfbreak water mass, a mid-shelf front was
present which intersected the bottom at the 50-m isobath. High-volume transports were
associated with both the shelfbreak and mid-shelf fronts. Transport estimates from the
cross-shelf sections were approximately 1 Sverdrup, which is large relative to previous
estimates of shelf transport. The foot of the front was near the 130-m isobath, much deeper
than the climatological position near the 75-m isobath; however, this is consistent with a
recent theory relating the magnitude of alongshelf transport to the depth at which the
front intersects the bottom.

Citation: Rasmussen, L. L., G. Gawarkiewicz, W. B. Owens, and M. S. Lozier (2005), Slope water, Gulf Stream, and seasonal

influences on southern Mid-Atlantic Bight circulation during the fall-winter transition, J. Geophys. Res., 110, C02009,

doi:10.1029/2004JC002311.

1. Methods

[2] Data were collected from the R/V Cape Hatteras in
the MAB between Delaware Bay and Chesapeake Bay,
approximately 300 km north of Cape Hatteras, on 3–
5 November 2000. Four 60- to 80-km cross-shelf sections
were occupied, centered on the shelfbreak, as well as
additional stations near the 1000-m isobath (Figure 1).
Conductivity, temperature, and depth were measured using
a SeaBird 911+ CTD at station intervals of 5 km in the
cross-shelf direction from approximately the 40-m isobath
to the 1500-m isobath. Velocity was measured using an
RDI 150-kHz ADCP with 8-m bin size, 8-m vertical
averaging, and an ensemble length of 3 min. One of the
four ADCP beams was not working, so the entire data
set uses three-beam solutions. No bottom tracking was
available for calibration. In this region the largest tidal
component is the M2 tide (2.4 cm/s at station WQ,
37.92�N, 74.93�W). Since this speed is small relative to

measured current velocities of over 60 cm/s, the ADCP data
were not detided [Moody et al., 1984]. Wind measurements
were taken from the nearest National Data Buoy Center
buoy, NDBC 44009, located 26 nmi southeast of Cape May,
New Jersey (approximately 30 km north-northwest of the
study area). Winds were predominantly from the northwest
preceding and during the survey. For the 4 days prior to the
cruise (30 October to 2 November), the average wind speed
was 10.0 m/s from 330�. During the cruise (3–6 November),
the average wind speed was 5.8 m/s from 320�. As will be
seen in the next section, the onshore Ekman transport
affected the distribution of water masses within the front.
[3] The coordinate system we will use for presenting the

hydrographic sections is rotated to be aligned with the
100-m isobath, and cross-shelf distance is also taken from
this isobath. In the rotated coordinate system, u is positive
to the northeast and v is positive to the northwest.

2. Frontal Structure

[4] Autumn is a particularly complicated time period over
the MAB shelf, as it is a transition from the highly stratified
summer conditions to the well-mixed conditions that prevail
over the shelf in winter. Lentz et al. [2003] have shown that
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this transition occurs primarily through storms with associ-
ated high wind stresses, as suggested earlier by Beardsley et
al. [1985]. Thus, autumn conditions are likely to be poorly
represented by climatology.
[5] Nonetheless, climatological temperature and salinity

fields from this season (S. Lentz, personal communication,
2003) show several important features in this region
(Figure 2). First, the seasonal thermocline is still evident,
with surface to bottom temperature differences ranging
between 2� and 6�C across the section. Second, there is a
distinct temperature minimum of 12�C over the outer shelf
between the 40- and 80-m isobaths, presumably the remnants
of a winter cold pool.
[6] Third, the strongest cross-shelf salinity gradient

(where the salinity increases from 33.5 to 35 psu) is
between the 60- and 100-m isobaths, in the vicinity of the
shelfbreak. (Note that in the averaged hydrography the
shelfbreak is at the 60-m isobath. The averaging included
all NODC data collected between September and November
over the shelf between Delaware and Chesapeake Bays.)
[7] Another climatology, one focused more directly on

the shelfbreak [Linder and Gawarkiewicz, 1998], shows the
strongest cross-shelf density gradients near the shelfbreak.
During the autumn, the Linder and Gawarkiewicz [1998]
climatology shows the foot of the front intersecting the
bottom at the 75-m isobath off New Jersey. The foot of the
front is the point at which the cross-shelf gradients are a
maximum along the bottom. It is thus the point at which the
frontal isopycnals intersect the bottom. For the shelfbreak
front, the location of the foot of the front is usually
independent of the choice of temperature, salinity, or
density, as the gradients of these properties are usually
coincident near the bottom. Additionally, using these cli-
matological fields the authors determined that the autumn
geostrophic currents were 0.18 m s�1 to the southwest.

[8] The cross-shelf sections from our survey differed in
a number of ways from the climatological structure. We
will now describe the water masses, mixed layer struc-
ture, and response of the front to wind forcing. Water
mass distributions from this cruise are complicated. As
Churchill et al. [1993] have shown, the northward trans-
port of Gulf Stream and South Atlantic Bight shelf water
masses, coupled with the southward transport of Middle
Atlantic Bight shelf and slope water masses, leads to
complex T/S characteristics. This is apparent in the T/S
diagrams from the northernmost (A) and southernmost
(D) of the four cross-shelf transects (Figure 3). In section
A, there is a notable intrusion of warm saline slope water
with a maximum temperature of 17�C and a maximum
salinity of 35 psu. The density of this intrusion is 25.2
sq, which is less dense than the coolest shelf water (12�C,
26.2 sq). The intrusion of slope water is also present in
section D along with Gulf Stream water with temperatures
greater than 20�C. Note that the coolest shelf water has a
salinity of 34 psu, and thus one might expect from the
climatology that this would be cold pool water concentrated
near the shelfbreak. Temperatures and salinity across each
transect are shown in Figures 4–7.
[9] These two sections have some features in common

with the climatology, but also contain several striking
differences (Figures 4 and 7). First, the frontal structure of
the sections is significantly different. The synoptic sections
exhibit enhanced salinity and density gradients near the
shelfbreak, as seen in the climatology, but, additionally,
enhanced salinity and density gradients are noted on the
shelf, near the 50-m isobath. Such enhancement is only
barely apparent in the climatological fields. Also, the
sections contain a temperature minimum near the shelfbreak
of 12�C, with warmer, relatively isothermal water shore-
ward of this offshore minimum.

Figure 1. Cruise track and station locations for R/V Cape Hatteras cruise 2300, 2–6 November 2000.
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[10] Another departure from the climatology is the depth
of the bottom intersection of the foot of the shelfbreak front.
In sections A and D, this occurs at the 140- and 120-m
isobaths, respectively. This is substantially deeper than the
isobath (75 m) of the foot of the front from the climatology.
In section 5, we will show how the anomalously deep foot
of the front is related to the large transport for this current
through the theory of Yankovsky and Chapman [1997].
[11] Second, there are striking differences in the thermo-

haline structure of the surface mixed layer relative to the
climatology. In the synoptic sections, warm saline slope
water overlies the temperature minimum at the shelfbreak.
Note that in section A, the surface water has a salinity of
35.0 psu and a temperature of 17�C. This is consistent with
the properties of the slope intrusion from Figure 3. Sections B
and C (Figures 5 and 6, respectively) show significant
shoreward penetration of surface slope water relative to the
offshore edge of the cold pool. In section D, however, there
is not as much onshore penetration, and the surface slope
water only appears near the offshore edge of the section.

[12] Local winds are the likely cause of some of the
surface slope water movement over the cool shelf water
near the shelfbreak. For the 2 days prior to the cruise (1–
2 November) the mean wind speed was 12 m/s from 327�
and decreased in magnitude over the course of the cruise,
with a mean of 4.3 m/s from 259� over 5–6 November. The
onshore Ekman transport could have driven surface slope
water onto the shelf during the first few days of November.
Assuming a two-layer flow [e.g., Fong, 1998], the distance
of an onshore excursion of slope water is given by

Lx ¼
Z t1

t0

ty
rhf

dt; ð1Þ

where h is the mixed layer thickness, ty is the northward
wind stress, r is the layer density, Lx is the eastward
distance the surface layer is advected by the Ekman
transport, and f is the Coriolis parameter. Figure 8 shows
the westward distance the surface slope water would
travel if exposed to the northward component of wind

Figure 2. Climatology of Mid-Atlantic Bight between Delaware and Chesapeake Bay. (a) Temperature,
and (b) salinity (S. Lentz, unpublished data, 2003).
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stress as observed at the nearest NDBC buoy. Three
different choices of mixed layer depth are shown. By the
midpoint of the cruise, 4 November, a surface mixed
layer 30 m deep, similar to that observed in section B
(Figure 5), would have moved westward approximately
25 km, while the 50-m surface mixed layers for sections A,
C, and D would have moved westward only about 15 km.
The onshore excursion distance is much smaller than the
westward distance, reaching a maximum of only 5 km
because the wind stress vector is primarily oriented across
shelf. It is unclear whether the wind stress vector was
oriented alongshelf at some time farther upstream or
whether mesoscale advective processes account for the
difference between the westward and cross-shelf compo-
nents. South of the study area the isobaths are oriented
primarily north-south and in this region the westward and
cross-shelf excursions would be equivalent.

[13] In order for the slope water to be transported
onshore above the cold pool water, the near-surface slope
water must be less dense than the shelf water at the
shelfbreak. Surface water from the slope or Gulf Stream,
for example, would be expected to flow over the less
saline outer shelf providing its temperature was high
enough. Given shelf conditions of 15�C and 34.0 psu, a
slope water mass with salinity � 35.0 would be less
dense than shelf water if the slope water temperature is at
least 3.5�C higher. Gulf Stream water with salinity of
36.0 psu would require a 6.7�C temperature difference.
AVHRR sea surface temperature imagery during this time
period (Figure 9) contains Gulf Stream surface temper-
atures up to 27�C midstream, and 20�–24�C in streamers
expelled from meander crests, sufficiently buoyant to
allow onshore penetration.
[14] In addition to the onshore movement of the surface

mixed layer, the foot of the front is up to 10 km farther
offshore and 50–70 m deeper than the climatological
average. While the lower half of the front in most
sections has a slope of 3–6 � 10�3, similar to those
reported by Gawarkiewicz et al. [1996] and Flagg and
Beardsley [1978], the isohalines are nearly vertical in the
upper 50–70 m of the water column. The horizontal
gradients in salinity are particularly strong near the foot
of the front directly over the shelfbreak at approximately
60–120 m depth. However, strong horizontal salinity
gradients in the surface mixed layer are compensated by
equally strong temperature gradients, thus creating weak
density gradients at the surface. An interesting similarity
between present observations and the Linder [1996]
climatology is that the mean October–November 34.5
isohaline also exhibits a shoreward trend at mid-depth,
raising the question of whether slopewater intrusions are
common late fall events.
[15] The slopewater mass in the surface mixed layer

extends along the entire alongshelf distance sampled during
our cruise, as seen in horizontal maps of temperature,
salinity, and density (Figure 10). A sharp front can be seen
near the 100-m isobath, and Gulf Stream water in the
southeast corner near the end of sections C and D is evident
from the high salinities. At the southern end of the survey,
shelf water extends farther offshore; the southern extent of
the shelf water extending onto the slope was not resolved in
our survey.

2.1. Gulf Stream Influence

[16] Gulf Stream water is found in a surface intrusion
between transects C and D which overlies the deeper slope
water mass (Figures 10 and 11). The vertical structure and
temperature-salinity properties of this layer distinguish it
from any of the other water masses in the survey, with
salinity exceeding 36.0 psu and temperature over 23�C at
the core. This layer is visible in the T-S diagram (Figure 3,
bottom) as the scattering of points along a 24.5 isopycnal at
the top of the image, far removed from any other mixing
line. The labels in the diagrams indicate the normal range of
Gulf Stream temperature and salinity. Like the Gulf Stream
water commonly found on the upper slope in the analysis by
Churchill and Cornillon [1991], this 24.5 st, 36 psu water
also has significantly lower density than the water mass that
surrounds it.

Figure 3. T-S diagrams for sections A and D. Red squares,
inshore station; blue diamonds, offshore station; green
circles, 100-m isobath station. The light dashed line in
Section A indicates a typical ‘‘inverted-V’’ property
distribution for the MAB shelf. The blue diamonds along
the 24.5 isopycnal in the bottom figure are from station 48,
offshore midway between sections C and D.

C02009 RASMUSSEN ET AL.: SLOPE AND GS INFLUENCE ON MAB CIRCULATION

4 of 16

C02009



[17] The vertical extent of the Gulf Stream intrusion
over the slope is approximately 25 m (Figure 11).
Between sections C and D, salinities were as high as
36.0 psu, and were larger than 35.4 psu over an along-
slope distance of at least 20 km. Within this alongslope
section, there is a salinity minimum of 34.4 psu which is
characteristic of water near the center of the shelfbreak
front (see dashed salinity contours in Figures 4–7) and
may be related to meandering of the frontal jet. The
temperature was 14�C. Near the surface, warm water

(22�C) extended over the upper 30 m of the water
column, consistent with the mixed layer depths noted
earlier in the cross-shelf transects.
[18] Sea surface temperature images during this time

period also suggest the influence of Gulf Stream water on
the outer shelf. The clearest image for this time period is
from 25 October (Figure 9), in which there are numerous
meanders with expelled Gulf Stream water extending to-
ward the shelf as far as the outer stations of the survey
transects.

Figure 4. Section A. (top) Temperature, salinity; (middle) density, geostrophic velocity; (bottom)
relative vorticity, normalized by f (Ro), ADCP velocity. Geostrophic velocity is initially estimated using
zero bottom velocity; it is then corrected with the 250-m ADCP reference velocity, or the depth-averaged
ADCP velocity for depths <250 m.

C02009 RASMUSSEN ET AL.: SLOPE AND GS INFLUENCE ON MAB CIRCULATION

5 of 16

C02009



2.2. Mid-Shelf Front

[19] In addition to the shelfbreak front, a mid-shelf
salinity and density front is present in all four transects.
The foot of this front is near the 50-m isobath, with
surface outcrops 10–20 km farther offshore, near the
75-m isobath (see Figures 4–7). Ullman and Cornillon
[1999] also observe mid-shelf fronts throughout the
Mid-Atlantic Bight in winter AVHRR sea surface tem-
perature imagery from 1985–1996. These temperature

fronts appear around early January, and have surface
outcroppings at the 50-m isobath. Prior to January a
separate temperature front occurs in this region 40 km
shoreward of the 50-m isobath and persists until early
February; the 50-m front appears to develop indepen-
dently, however, and no migration of frontal features is
apparent. Unlike these mid-shelf surface temperature fronts,
the fronts observed during this survey are slightly farther
offshore and do not have a corresponding temperature

Figure 5. Section B. (top) Temperature, salinity; (middle) density, geostrophic velocity; (bottom)
relative vorticity, normalized by f (Ro), ADCP velocity. Geostrophic velocity is initially estimated using
zero bottom velocity; it is then corrected with the 250-m ADCP reference velocity, or the depth-averaged
ADCP velocity for depths <250 m.
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gradient, and thus would not be detectable in AVHRR
imagery.

3. Velocity Structure

[20] Mean flow along the Mid-Atlantic Bight shelf is
to the southwest and is primarily barotropic, with flow
rates between 1 and 10 cm/s [Beardsley et al., 1985].
However, density gradients normally present across the

shelfbreak front result in a strong jet [Gawarkiewicz et
al., 1996] in the same direction as the mean flow. In the
climatology [Linder and Gawarkiewicz, 1998] the highest
jet velocity occurs in summer and fall in our study area,
with an average maximum velocity of approximately
0.18 m s�1 in October–November. The mean cross-shelf
position of the jet at this time is 2 km offshore of the
100-m isobath, and mean jet width and depth are 25 km
and 50 m, respectively [Linder, 1996]. It should be noted

Figure 6. Section C. (top) Temperature, salinity; (middle) density, geostrophic velocity; (bottom)
relative vorticity, normalized by f (Ro), ADCP velocity. Geostrophic velocity is initially estimated using
zero bottom velocity; it is then corrected with the 250-m ADCP reference velocity, or the depth-averaged
ADCP velocity for depths <250 m.
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that differences between the climatological and individual
measurements are partly due to smoothing effects of
climatological averaging, which Linder [1996] estimates
can alter dynamical results by a factor of 2–3 (tending
to decrease the magnitude of cross-shelf gradients and jet
core velocity and increase jet width, for example).
Smoothing will not affect the total volume transport,
but it can significantly alter computed heat and salt flux
values.

[21] Strong horizontal density gradients over the shelf-
break in our survey produce a shelfbreak jet. Velocities
measured by the shipboard ADCP, averaged over the upper
70 m of the water column, show a strong jet with a velocity
of approximately 0.60 m s�1 at the core. The jet flow is
predominantly along isobaths until the southern transect
(D), where there is a significant offshore component.
Alongshelf flow was also computed using the thermal wind
relation. The values were computed with zero bottom

Figure 7. Section D. (top) Temperature, salinity; (middle) density, geostrophic velocity; (bottom)
relative vorticity, normalized by f (Ro), ADCP velocity. Geostrophic velocity is initially estimated using
zero bottom velocity; it is then corrected with the 250-m ADCP reference velocity, or the depth-averaged
ADCP velocity for depths <250 m.
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velocity and adjusted for more realistic non-zero velocities
by subtracting a bottom reference value. The ADCP veloc-
ities from 250 m were used as the bottom reference values;
for water depths <250 m, the depth-averaged ADCP veloc-
ity was used as a reference. Next, the barotropic component
of the flow was included by adding in the difference
between the vertically integrated alongshelf component of
the ADCP velocity and the vertically integrated geostrophic
velocity. Figures 4–7 show geostrophic velocity for the four
cross-shelf sections. The mean magnitude of the barotropic
adjustment from the ADCP velocity, averaged over the four
sections, is 13 cm/s or approximately 20–25% of the
maximum jet velocity (Figure 12).
[22] The maximum velocity computed in the core of

the shelfbreak jet is over 60 cm/s in transect A, and
ranges from 50 to 60 cm/s on the other transects,
consistent with the ADCP measurements. This velocity
maximum is more than 3 times greater than that of the
climatological jet. The synoptic jet is also observed to be
quite deep (up to 100 m) with a cross-shelf width of
20–30 km. It is in the high-velocity core of the jet
below 50 m that we find the shelfbreak temperature
minima; in transect A the velocity in the temperature
minimum reaches 40–50 cm/s.
[23] Although the slope water intrusion in the surface

mixed layer has moved the surface front well inshore of its
mean climatological position 40 km beyond the 100-m
isobath [Linder and Gawarkiewicz, 1998], the jet cores
from the four sections are displaced 10–20 km offshore
of the 100-m isobath, much farther offshore than the

climatological mean (2 km offshore). Two features explain
this offset between the surface thermal front and the velocity
core.
[24] The large density gradients over the foot of the

front (between 50–150 m depth) are in thermal wind
balance with the strongly sheared velocity core. Within
the mixed layer, T and S compensate so that horizontal
density gradients near the surface thermal front are small,
such that the velocity shear is also small near the surface.
[25] The presence of the strongest density gradients at the

foot of the front and their apparent domination of jet
velocity and position are consistent with the climatological
fields [Linder and Gawarkiewicz, 1998]. One exception
occurs in transect B. A related scenario can be found in
the hydrographic survey farther south in the Mid-Atlantic
Bight where Gawarkiewicz et al. [1996] note that a pycno-
cline salinity intrusion split the shelfbreak jet into two by
creating two distinct horizontal density gradients, one above
and one below the pycnocline. A similar process appears to
be at work in transect B where horizontal density gradients
are present both below the surface mixed layer and within
the surface mixed layer, in agreement with two velocity
maxima. The resulting jet is double-lobed, with one velocity
maximum at the surface above the 100-m isobath and one
20 km past the 100-m isobath at 75 m depth. A similar split
front and double-lobed jet are seen in transect C, although
here the surface density gradient is weaker than that at the
foot of the front.
[26] Significant flow, with velocities of 30–40 cm/s, also

occurs at the mid-shelf front throughout the survey area.

Figure 8. Westward excursion of surface slope water over the front after local wind forcing for mixed
layers of 20 m, 30 m, and 50 m. Calculations are based on the north-south component of the wind from
NDBC 44009 (see Figure 1). Days start at 30 October 0000 GMT.
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Such flow rates rival those associated with a moderately
strong shelfbreak jet. Note that the mid-shelf front is almost
entirely a salinity front.
[27] The relative vorticity maxima within the front are

larger than climatological values. The maximum values
for both cyclonic and anticyclonic vorticities are 0.6 times
the local Coriolis parameter. This is about 3 times larger
than the value given by Linder and Gawarkiewicz [1998]
from climatology, but is comparable to other synoptic
measurements [Gawarkiewicz et al., 2004]. A recent
stability analysis of the Mid-Atlantic Bight front [Lozier
et al., 2002] suggests that the observed front would be
unstable, with e-folding timescales for growth on the
order of a day.

4. Volume and Mass Transport

[28] Volume and mass transport are controlled during
our survey not only by the high jet velocity in the study
area, but also by the vertical extent of the jet which is

larger than previous observations. The total alongshelf
transport is given in Table 1. The volume transport is
calculated in a variety of ways: for the shelfbreak jet, for
the barotropic component of the shelfbreak jet alone, for
the mid-shelf jet when present, and for the entire shelf
section that was sampled. The vertical boundary of the jet
is defined by the depth of the central isopycnal at the
foot of the density front; this ranges from 120 to 134 m.
Horizontal boundaries are defined by the distance at
which velocity drops below 20 cm/s, or by the local
velocity minimum in cases where the shelfbreak and mid-
shelf jets overlap. Along with each ‘‘whole section’’
estimate is the actual shelf width used in the calculation,
which varies depending on the cross-shelf data set(s)
used.
[29] For comparison, estimates of volume transport

from other studies of the Mid-Atlantic Bight are shown
[Burrage and Garvine, 1988; Biscaye et al., 1994;
Beardsley et al., 1985; Ramp et al., 1988; Linder and
Gawarkiewicz, 1998; Gawarkiewicz et al., 1996; Schlitz

Figure 9. AVHRR sea surface temperature for Northern GS region, 25 October 2000. Study area and
transect lines are indicated for reference only; image is from 1 week previous to survey dates. (From
Johns Hopkins Applied Physics Laboratory, Ocean Sensing Group.)
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et al., 2001]. The 0.7–1.3 Sv transport within the shelf-
break jet in the present study is comparable or far
exceeds other estimates for whole shelf transport. Trans-
port within the shelfbreak jet accounts for 61–77% of the
total transport over each section. Volume transport within

the mid-shelf jet is lower, but comparable to previous
estimates of transport over the entire shelf. In the trans-
port estimates from other studies, those derived from
shelf transects that resolve the shelfbreak jet are consid-
erably higher than those based on more widely spaced
moorings or sampling stations. The increased transport
seen here cannot be explained solely by the inclusion of
the barotropic velocities since the barotropic transport
represents only approximately 20% of the total.
[30] The large differences in transport between the sec-

tions we observed are largely due to differences in the total
cross-shelf distance of the separate cross-shelf sections.
Note that some of the differences in total transport may
also be due to the meandering of the shelfbreak jet across
the offshore boundary of the sections. To make the sections
more comparable, Table 2 presents transport for similar
shelf widths, integrated to a full depth of 250 m (or bottom
where the water column depth is less than 250 m). The total

Figure 10. Horizontal contours at 25 m depth for
(a) salinity, (b) temperature, and (c) density. CTD stations
are marked with crosses, and those nearest the 100-m
isobath are circled.

Figure 11. Vertical (top) salinity and (bottom) temperature
contours for an alongshelf section between transects C and
D. Orientation is looking shoreward, with transect D on the
left. Location of the section is near the 1500-m isobath, and
is shown on Figure 1 by the dashed line.
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transport in each section over the same width differs no
more than 4–12% from the mean.

5. Summary and Discussion

[31] During a short survey in the late fall of 2000 in the
southern Mid-Atlantic Bight shelfbreak region, we observed
hydrographic features that may be important in the sea-
sonal transition between fall and winter conditions. Gulf
Stream and slope water interaction with the front strongly
influenced the water mass and velocity structure at the
shelfbreak.
[32] High-resolution sampling during the survey was

crucial in identifying the complex structure of water masses

in this region, as well as for resolving the property gradients
that are associated with a complex velocity structure. The
spatial scale for many of these features, some of which were
subsurface, was relatively small (5–10 km). Mid-shelf
gradients could have been missed or underestimated by
coarser sampling, resulting in erroneous transport estimates.
Resolving strong subsurface lateral gradients, as deep as
120–140 m and as narrow as 5 km, was also critical in
calculating the baroclinic flow and for accurately estimating
the volume transports. These observations are relevant not
only to understanding the local circulation, but also to
understanding shelf circulation and transport along the
length of the Mid-Atlantic Bight.

5.1. Fall Transition Features

[33] A cold shelfbreak water mass was observed in the
area at the foot of the front with characteristics different from
the ‘‘cold pool’’ found under the pycnocline on the New
England shelf. The summertime cold pool has been under-
stood to result from isolation of the winter mixed layer after
summer stratification sets in. The features are assumed to
dissipate with the onset of fall and winter wind-driven
mixing. Houghton et al. [1982] found a positive association
between duration of cold pool isolation in a region and the
magnitude of the cross-sectional shelf area. They attribute
this to the wide shelf area effectively insulating the cold pool
on both sides, thereby minimizing the impact of heat transfer
from the adjacent shallow shelf on one side and warm slope
water on the other. Compared to the cross-sectional area of
the rest of the Mid-Atlantic Bight, this survey area is in the
lowest 25% of the range, with only the shelf to the south
toward Cape Hatteras smaller; therefore one would not
expect the local cold pool to persist into the fall. Houghton
et al. also saw a southward migration of minimum bottom
temperature on the shelf from the New York Bight toward
Delaware Bay over the course of May–October, with a
minimum bottom temperature of 9�–10�C reaching the
northern part of our study area by the end of October. Given
the observed migration of cold pool water from the north, as
well as the possibility of cold pool parcels becoming

Figure 12. Barotropic velocity for cross-shelf sections
(top) A and (bottom) D. The mean barotropic velocity
magnitude over the four sections is �13 cm/s.

Table 1. Volume Transport Comparison for Mid-Atlantic Bight Shelf/Slopea

Section
Baroclinic

Jet
Barotropic

Jet
Jet

Width
Mid-Shelf

Jet
Whole
Section

Section
Width

A 1.17 Sv 0.22 Sv 25 km . . . 1.51 Sv 70 kmb

B 0.69 Sv 0.15 Sv 20 km . . . 1.02 Sv 60 kmb

C 1.27 Sv 0.31 Sv 30 km 0.39 Sv 1.81 Sv 80 kmb

D 0.94 Sv 0.46 Sv 20 km 0.14 Sv 1.53 Sv 70 kmb

Mean 1.02 Sv 0.29 Sv 24 km

Voorhis et al. [1976]c 1 Sv
Beardsley et al. [1985] (M)d 0.38 Sv 70 km
Ramp et al. [1988] (M)d 0.22 ± 0.4 Sv 120 km
Burrage and Garvine [1988] 1.0 Sv
Biscaye et al. [1994] (M) 0.19 Sv
Schlitz et al. [2001] (M) 0.83 ± 0.2 Sv 70 km
Gawarkiewicz et al. [1996] 0.38 Sv 20 km
Linder and Gawarkiewicz [1998] 0.16 Sv 30 km

a(M) indicates estimates based on moored current meter observations; the remainder are based on geostrophic velocity from hydrographic sections.
bTransport is to depth of 100 m or bottom.
cVoorhis et al. [1976] transport is calculated from geostrophic velocity between 100- and 1000-m isobaths (0.7 Sv), plus the NSFE [Beardsley et al.,

1976] inner shelf transport.
dBeardsley et al. [1976] and Ramp et al. [1988] calculations are from same NSFE data set; the former extends only to the shelfbreak, while the latter

includes the upper slope and effects of warm core rings reversing normal flow.
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detached and transported into the upper slope [Houghton
and Marra, 1983], it seems reasonable to speculate that the
shelfbreak temperature minima in our sections, with veloc-
ities of 30–50 cm/s, could be cold pool water originally from
the northern MAB that has been entrained into the southward
flowing shelfbreak jet. Traveling at this rate from the New
York Bight, total transit time would be 6–10 days. One
interesting result of having a cold water mass located directly
over the foot of the salinity front is that the uniform
temperature enables the salinity front to create a strong
density gradient in the lower half of the water column; it is
this density gradient that is primarily responsible for the
strong shelfbreak jet observed during the survey.
[34] It is possible that the mid-shelf salinity fronts seen in

this area are also a late fall seasonal feature. The fronts are
within 10–20 km of the surface temperature fronts observed
by Ullman and Cornillon [1999] that develop 2 months
later, and may result from freshwater input from nearby
bays. Since freshwater input would persist into winter, while
the inner shelf cools, eventually the salinity fronts would
develop a temperature gradient as well. It would be inter-
esting to see the evolution of both surface temperature and
salinity fronts simultaneously to determine if their develop-
ment is related, or whether the salinity front remains
isolated enough to maintain the density gradient associated
with it. The density gradients associated with late fall mid-
shelf salinity fronts are responsible for transport rates
rivaling previous estimates of the entire shelf. If mid-shelf
density fronts persist for long periods of time, their transport
would be a significant contribution to annual shelf totals.

5.2. Gulf Stream and Slope Influence on Thermohaline
and Velocity Structures

[35] A high-velocity shelfbreak jet with maximum flow
rates of up to 60 cm/s was observed during our autumnal
survey. Data for climatological averaging in this region and
season are scarce, so comparisons to a mean shelfbreak jet
velocity can be tenuous; additionally, smoothing effects can
make means of dynamical features difficult to interpret.
Among the factors that could influence seasonal or interan-
nual changes in jet position and velocity is remote forcing
from the Gulf Stream, particularly in the southern Mid-
Atlantic Bight where the Gulf Stream is proximate enough
to have local as well as remote influence.
[36] The position of the north wall of the Gulf Stream

was anomalously far north during this period. Between
71�W and 73�W, the north wall of the Gulf Stream is
approximately 0.25� north of its mean position for the
year 2000, and the 2000 mean is itself 0.5� farther north
than the climatological average over the period 1973–
1997 (the second largest northward excursion since 1966)
[Drinkwater et al., 1994; Page et al., 2001]. Sea surface

temperature images from 2–7 November show that the Gulf
Stream has moved slightly north during the 2 weeks after the
25 October image. Given the proximity and structure of the
Gulf Stream in this region, it is likely that features such as
the observed saline intrusion and overlying warm water
mass are not isolated events and could have an important
impact on shelfbreak processes on timescales of weeks to
months. In particular, years in which there are significant
northward excursions of the Gulf Stream could be crucial in
affecting both the mean state of the shelfbreak front and
exchange between the shelf and slope.
[37] Bane et al. [1988] analyzed the potential effect of

Gulf Stream position relative to the shelf on shelfbreak
current velocity. Average Gulf Stream position during 2000
was at its second most northerly position since 1966, and
the location at the time of the survey was 50% farther north
from its long-term mean than the annual average. Measuring
from the Station B reference of Bane et al. [1988], approx-
imately 100 km upstream of the shelfbreak jet from our
transect A, the north wall of the Gulf Stream was 100 km
away during the survey period. Bane et al. [1988] observed
currents at Station B to be at their maximum velocity (30–
40 cm/s) when the Gulf Stream position was within 150 km,
which would put our observations at the extreme of GS
proximity and current velocity.
[38] In their study of mean shelfbreak jet dynamics,

Fratantoni et al. [2001] note that the Bane relationship
does not hold farther north in the Nantucket Shoals region.
However, the Gulf Stream is approximately twice as far
from the shelf there, compared to the southern Mid-Atlantic
Bight. Farther south, Savidge and Bane [2001] found no
correlation between Gulf Stream offshore position and
current velocity, but they did see a strong correlation
between Gulf Stream position and alongshelf velocity
convergence, suggesting some relationship between Gulf
Stream forcing and cross-shelf transport.
[39] Locally, AVHRR images from this time period show

Gulf Stream meanders close to the shelf, with water ejected
from meander crests reaching the study area. A high salinity
and very warm water mass closely related to Gulf Stream
surface water was observed in a thin layer overlying the
slopewater intrusion in the southern part of the survey. The
local surface salinity intrusions did not create density fronts
that affected shelfbreak jet velocity, however, which is
consistent with findings by Churchill and Cornillon
[1991], but the proximity of the north wall of the Gulf
Stream must be considered a factor in jet strength.
[40] Gulf Stream water in the surface mixed layer does

have potential significance for shelf-slope exchange, since
the buoyancy of this water mass relative to shelf water
would allow it to penetrate the front and carry saline water
onto the shelf. We note that Lentz [2003] identifies the
majority of high-salinity intrusions as being either in the
seasonal pycnocline or at the surface. Radiochemical prop-
erties that were measured during this survey also tie this
water mass closely to water from the north wall of the Gulf
Stream at Cape Hatteras.

5.3. Relationship Between Transport and
Thermohaline Structure

[41] The transports calculated for the survey area are
high, particularly for the southern Mid-Atlantic Bight where

Table 2. Volume Transport for Shelf Sections of Similar Length,

to Full Depth of 250 m or Bottoma

Section 80 km 70 km 60 km

A . . . 1.88 Sv 1.46 Sv
B . . . . . . 1.20 Sv
C 2.61 Sv 2.00 Sv 1.46 Sv
D . . . 1.92 Sv 1.30 Sv
Mean 1.36 Sv
aLarger lengths extend farther inshore.
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a portion of shelf flow is thought to be already detrained
onto the slope. In particular, shelf transport rates are
significantly higher than those calculated from lower reso-
lution data sets that do not adequately resolve the shelfbreak
jet. Transport within the jet in this survey accounts for 61–
77% of the total alongshelf transport.
[42] Are the anomalously large transports and depth of

the foot of the front related? Yankovsky and Chapman
[1997] developed a theory for buoyant coastal discharges
which includes a length scale for the bottom depth of the
plume attachment, hb, in which the depth of the foot of the
front is proportional to the transport and the density differ-
ence across the front:

hb ¼ 2Lvih0f =g
0ð Þ1=2; ð2Þ

where Lvih0 is the transport within the plume, f is the
Coriolis parameter, and g0 = gDr/r0. We use this to predict
the bottom depth of the front, given the jet transport and
density difference, Dr. Table 3 shows that this relationship
holds very well, particularly for the mean conditions seen
during the survey.
[43] Mean jet transport over the four sections was

1.02 Sv, with a mean density difference across the front of
1.2. This gives a predicted depth to the foot of the front of
130 m, compared to an observed mean depth of 125 m.
This is one of the first observational verifications of the
relationship between frontal position and jet transport. It
should be noted that because the position of the foot of the
front can be defined in a number of different ways and the
choice of bounds for the density difference across the front
is open to interpretation, these results are not precise. The
observed depth of the foot of the front is accurate to within
approximately ±10 m. The front over which the density
difference is calculated could be defined more narrowly or
broadly, resulting in D r ranging from approximately 0.8 to
1.4. Over these ranges the mean hb is 122–160 m, with
larger D r corresponding to smaller values of hb. The actual
mean depth of the foot of the front, with uncertainty, is
approximately 115–135 m.
[44] Figure 13 shows the general relationship between

density difference across the shelfbreak front and jet trans-
port. This relationship also works well for the climatology
of the nearby New Jersey shelf, with mean transport of

Table 3. Relationship Between Jet Transport, Tjet, Cross-Frontal

Density Difference, and Depth of the Bottom Intersection of the

Fronta

Section Tjet, Sv Dr hb, m z (Actual), m

A 1.17 1.2 143 134
B 0.69 1.2 109 126
C 1.27 1.2 148 120
D 0.94 1.4 118 120
Mean 1.02 1.25 130 125
aBottom depth predicted by the Yankovsky and Chapman [1997] relation,

hb, is given as well as the actual depth of the foot of the front.

Figure 13. Contours of shelfbreak front bottom attachment depth, as predicted by the Yankovsky and
Chapman [1997] model as a function of shelf transport and density gradient. Points are plotted for the
calculated bottom attachment depth for each of the four sections surveyed, plus their mean, as well as for
the climatology [Linder and Gawarkiewicz, 1998]. Actual bottom attachment depths (as given in Table 3)
are A, 134 m; B, 126 m; C, 120 m; D, 120 m; mean, 125 m; and climatology, 75 m.
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0.16 Sv and a density difference of 0.5 (based on a very
limited number of data sets). The mean depth to the foot
of the front is 75 m, compared to 82 m predicted by the
Yankovsky and Chapman [1997] theory.
[45] The thermohaline structure at the front is theoreti-

cally consistent with the large-volume transport measured
during the survey. It is unclear whether hydrographic
conditions during this survey are representative of this time
period, or if they are anomalous. However, a number of
other studies in the Mid-Atlantic Bight have seen slope
water intrusions during the fall. During the Nantucket
Shoals Flux Experiment [Beardsley et al., 1985], water over
the mid-shelf in November and December had higher than
normal salinity and was the warmest of the time series. The
climatology for the northern Mid-Atlantic Bight also shows
that the salinity front is at its most shoreward position
during October–November; however, the foot of the front
is also at its most shoreward and shallowest position.
[46] Earlier studies have also seen transport on the order

of 1 Sv in the Mid-Atlantic Bight [Voorhis et al., 1976;
Burrage and Garvine, 1988; Schlitz et al., 2001], while
others are in the range of 0.2–0.4 Sv [Beardsley et al.,
1985; Ramp et al., 1988; Biscaye et al., 1994]. It is
interesting to note that most of the former, including this
study, are based on geostrophic velocity calculated from
hydrographic sections, while the latter are all based on
moored current observations. While moored time series
observations might appear more reliable in some respects,
in that they can give us more than a short-term snapshot,
they are more subject to transport errors from resolution
problems. If moorings are not spaced closely enough to
resolve the jet (which is itself often meandering), much of
the high current activity will be missed. For example, the
Biscaye et al. [1994] transport is based on current measure-
ments from three SEEP II moorings spaced at 25- to 30-km
intervals between the 60-m and 130-m isobaths. The more
spatially resolved NSFE transport estimate is based on
current measurements from five moorings with approxi-
mately 20-km spacing between the 25-m and 200-m iso-
baths, and one with surface currents only at the 1000-m
isobath. With mean jet widths of 21 km [Linder and
Gawarkiewicz, 1998] and jet cores of �10 km, a major
portion of the transport may not be resolved by current
meters at 20- to 30-km intervals. The moorings in the
Schlitz et al. [2001] study were placed at the 60-, 100-,
and 320-m isobaths and had cross-shelf spacing of 40 and
20 km. However, the velocity data clearly show the pres-
ence of the shelfbreak jet at the 100-m mooring, with
velocities of up to 50 cm/s, and a mean surface velocity
of 27 cm/s.
[47] If higher transport estimates for the Mid-Atlantic

Bight are accurate, this would significantly affect transport
budgets for the northeastern North American coast. Present
estimates [Loder et al., 1998] for large-scale coastal trans-
port are based on regional transport estimates for seven
zones from the Labrador Shelf to Cape Hatteras. Differences
between upstream and downstream zones are balanced by
cross-shelf export (a ‘‘leaky current’’ model). The NSFE
transport estimate (0.38 Sv) is used in this budget for the
Mid-Atlantic Bight zone. Substituting one of the higher
estimates for MAB transport, 1–2 Sv, significantly alters
the balance between alongshore transport and cross-shelf

export. It also calls into question the upstream transport
estimate of 0.6 Sv for the Halifax section. Loder et al.
[1998] note that the low implied salinity for export
between Halifax and Nantucket shoals ‘‘probably reflects
an inadequate estimate of along-shelf transport,’’ and that
an additional 0.5 Sv across the Halifax section into the
Mid-Atlantic Bight would make the implied export salinity
more reasonable (32.9). This would bring the net transport
into the MAB to over 1 Sv, and requires either greater
transport inputs from upstream sources, or lower cross-
shelf export (a less leaky current).
[48] Little concrete evidence exists for the inferred cross-

shelf export of large quantities of shelf water. In light of the
lack of data suggesting direct cross-shelf transport, and with
increasing evidence of high alongshelf transport, it is
possible that a model such as the slope-sea gyre of Csanady
and Hamilton [1988], with limited direct cross-shelf ex-
change, may be more applicable. In this model, dominant
circulation is southwestward along coastal isobaths, and
northeastward along the Gulf Stream, with MAB shelf water
entering Gulf Stream circulation near Cape Hatteras, and
Gulf Stream water re-entering the slope in the northern Mid-
Atlantic Bight, primarily through the effects of warm-core
rings and streamers ejected from Gulf Stream meanders.
Radiochemical tracer evidence conducted concurrently with
this and other cross-shelf surveys of the region so far shows
no signs of cross-shelf export of surface shelf water on
timescales of weeks to months, but does support the Gulf
Stream recirculation pathway, as do several drifter studies
[Hare et al., 2002; Dragos et al., 1998]. This area of
inquiry, identified in the Loder et al. [1998] review as being
one of the ‘‘key research issues’’ in the region, still has
many unanswered questions.
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