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[1] In order to examine spatial and temporal variability of the shelfbreak front during
peak stratification, repeated surveys using a towed undulating vehicle (SeaSoar) are used
to describe the evolution of shelfbreak frontal structure during 26 July to 1 August 1996
south of New England. Spatial correlation (e-folding) scales for the upper 60 m of the
water column were generally between 8 and 15 km for temperature, salinity, and velocity.
Temporal correlation scales were about 1 day. The frontal variability was dominated by the
passage of a westward propagating meander that had a wavelength of 40 km, a
propagation speed of 0.11 m s�1, and an amplitude of 15 km (30 km from crest to trough).
Along-front geostrophic velocities (referenced to a shipboard acoustic Doppler current
profilers) were as large as 0.45 m s�1, although subject to significant along-front
variations. The relative vorticity within the jet was large, with a maximum 0.6 of the local
value of the Coriolis parameter. Seaward of the front, a small detached eddy consisting of
shelf water was present with a diameter of approximately 15 km. Ageostrophic
contributions to the velocity field are estimated to be as large as 0.3 m s�1 in regions of
sharp curvature within the meander. These observations strongly suggest that during at
least some time periods, shelfbreak exchange is nonlinear (large Rossby number) and
dominated by features on a horizontal scale of order 10 km. INDEX TERMS: 4528

Oceanography: Physical: Fronts and jets; 4520 Oceanography: Physical: Eddies and mesoscale processes;

4219 Oceanography: General: Continental shelf processes; 4536 Oceanography: Physical: Hydrography;
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1. Introduction

[2] The shelfbreak front in the Middle Atlantic Bight
remains a problematic feature to study. Collections of
individual cross-frontal transects reveal considerable variety
in the shape of the front, the interleaving of shelf and
slope water masses, and possible processes that might be
modulating exchange across the front. While there have
been numerous studies of the front including long-term
moored arrays [e.g., Houghton et al., 1988], intensive
hydrographic surveys [e.g., Garvine et al., 1988], and
drifter studies [e.g., Lozier and Gawarkiewicz, 2001], the
difficulty of studying the front is highlighted by the short
temporal decorrelation scales (order of days) identified by
Garvine et al. [1989]. The short temporal scales create a

difficult sampling problem in that individual transects
show extreme variations in frontal structure over very
short time periods [see Pickart et al., 1999], and it is
rarely possible to determine which process, or combination
of processes, creates the variations in frontal structure.
Similarly, the along-shelf scales of variability in the
vicinity of the shelfbreak are also a complicating factor.
While instability of the shelfbreak front has long been
recognized as an important process in creating frontal
variability [e.g., Flagg and Beardsley, 1978; Ramp et al.,
1983; Gawarkiewicz, 1991], observations also suggest
that offshore forcing due to eddies over the continental
slope contributes to frontal variability and cross-frontal
exchange. While not focusing on shelfbreak fronts, the
recent review of spiral eddies by Munk et al. [2000]
provides a nice framework for seeing the effect of eddies
near fronts and the generation of filamentary structures
visible in sunglint photographs taken from space.
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[3] Despite numerous hydrographic surveys and mooring
arrays in this region, only a few studies have dealt with
correlation scales within the front and ageostrophic flow
within the front. The only prior study to consider correlation
scales within the front south of New England was Garvine et
al. [1989], who used drifter trajectories to estimate Lagrang-
ian temporal correlation scales for velocity. A single mooring
at the 80 m isobath was also used to estimate the Eulerian
temporal correlation scale, but this mooring was located
shoreward of the foot of the front and did not measure any
of the velocity field associated with a vigorous shelfbreak
eddy field immediately offshore. Houghton et al. [1988] did
not discuss correlation scales for summer, but found that in
winter the velocity was coherent over along-shelf scales of at
least 75 km in the along-shelf direction because of strong
wind forcing. No work to date has examined correlation
scales for temperature, salinity and density within the front.
[4] Similarly, few studies have examined ageostrophic

flows within the shelfbreak front south of New England.
Pickart et al. [1999] inferred the effects of curvature on the
front by using the gradient wind with an estimate for frontal
curvature derived from the sea surface temperature field.
They did not resolve the along-shelf variability of the front
beneath the surface. Fratantoni et al. [2001] did estimate
ageostrophic flow within the front due to topographic
convergence, but did not resolve any frontal meanders.
[5] The primary goal of this experiment was to resolve

the temporal and spatial correlation scales within the front
over a one week period in order to examine day to day
variability within the fronts, and to determine how frontal
variability affected sound propagation between the conti-
nental shelf and slope on a daily basis [Lynch et al., 2001].
[6] The paper is organized as follows. A general descrip-

tion of the field program appears in section 2, along with a
brief description of the data processing. The decorrelation
scales and a brief description of the thermal wind shears
appear in section 3. The structure of the frontal meander and
the associated salt fluxes are discussed in section 4. The
spatial structure of ageostrophic motions due to flow cur-
vature are treated in section 5. Recent stability studies of the
front and their relation to the meander scales observed here
are discussed in section 6, along with implications of these
results for the horizontal scales of shelf/slope exchange.
Conclusions are briefly summarized in section 7.

2. Overview and Data Processing

[7] The Shelfbreak PRIMER field program took place
during July and August 1996 along the continental shelf
and slope south of New England. In addition to the
hydrographic observations described here, acoustic mea-
surements [Lynch et al., 2001] and individual transects
across the continental slope using traditional CTD casts
were also taken [Pickart et al., 1999; Fratantoni et al.,
2001]. The internal tides and the generation of internal
‘‘solibores’’ were reported by Colosi et al. [2001].
[8] The study area is shown in Figure 1. A bottom-mounted

acoustic Doppler current profiler (ADCP) was deployed for
11 days at the 147 m isobath. From 26 July to 1 August, a
four-leg grid was surveyed with a SeaSoar, extending from
40.33�N to 39.92�N, a distance of 47 km. The legswere along
71.16�W, 71.04�W, 70.92�W, and 70.79�W, with a 10 km

spacing. This sampling plan was motivated by previous
estimates of the length and timescales for frontal variability
[Garvine et al., 1989]. The grids generally took 12 to 14 hours
to occupy. During the night, an abundance of fishing gear
precluded crossing the shelfbreak towing SeaSoar. The first
two nights, along-slope sections at roughly the 1000 m
isobath were occupied (along 39.83�N). However, the
remaining nights were spent in shallow waters. Six complete
grids were sampled, and on the final day only the two
easternmost transects were completed.
[9] The SeaSoar was towed through the water at a speed

of about 8 knots. The vehicle typically cycled between
depths of 2 and 120 m or 7–10 m above the bottom,
whichever was shallower. The primary instrument was a
SeaBird 911+ CTD. Comparison of precruise and post-
cruise sensor calibrations indicate that the accuracy of the
instrument is 0.001 degrees C in temperature and 0.005 for
salinity. Processing of SeaSoar data was similar to that
described by Gawarkiewicz et al. [2001]. The data from the
CTD were ultimately averaged into two meter bins in the
vertical and 6 min in time. This is equivalent to averaging
the upward and downward portions of an undulation
offshore, on the deepest dives, into a single vertical profile.
In shallower water, the temporal averaging was equivalent
to averaging two cycles into a single vertical profile. The
typical distance between the 6 min averaged profiles was
approximately one kilometer, but varied depending on ship
speed. These averaged profiles will be referred to as ‘‘raw’’
in the subsequent text to distinguish them from the objec-
tively mapped data. The coordinate system we use is x
oriented to the east and y oriented to the north, as the slope
topography is aligned in an east-west axis in this region.
[10] Underway velocity measurements were obtained

from the 150 kHz narrowband RD Instruments Acoustic
Doppler Current Profiler (ADCP) on board the R/V
Endeavor. The ADCP was configured to collect data in
3 min ensembles using depth bins of 8 meters. A Differen-
tial Global Positioning System (GPS) was used for naviga-
tion, and raw data were processed with the Common
Oceanographic Data Access System (CODAS) [Firing et
al., 1995]. The barotropic tides were removed using data
from the bottom-mounted ADCP in 147 m of water. The
phase was assumed to be constant within the survey region,
and the amplitudes of the semidiurnal velocity components
(M2, N2, and S2) were scaled by the ratio of the depth at the
ADCP divided by the local water depth. The diurnal tidal
components (K1 and O1) were assumed to have a constant
amplitude throughout the study area as they are primarily
oriented along isobaths [Daifuku and Beardsley, 1983]. The
largest component was the M2 semidiurnal tide, with a
maximum amplitude of 0.06 m s�1. The detailed structure
of the baroclinic tide is given by Colosi et al. [2001].

3. Statistical Properties

3.1. Means

[11] Before discussing the variability within the fields, we
will briefly describe the mean frontal structure (Figure 2).
Mean sections were computed by averaging raw observa-
tions from all four cross-shelf transects from all surveys at a
given latitude in 2 km bins. The vertical bin size is 2 m for
hydrographic variables and 8 m for the velocities measured
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by the shipboard ADCP. Since correlation timescales were
typically 1 day and the transect spacing was comparable to
the spatial correlation scale (see below), each section can
usually be treated as independent so there were typically
28 degrees of freedom in each bin.
[12] The mean density structure shows a strong seasonal

pycnocline between depths of 10 to 30 m. The density front
is predominantly below 40 m depth. The front is more
evident in salinity, which increases monotonically offshore.
Below 50 m depth, there is a salinity difference of 2.0 across
the front (33.0 for shelf water and 35.0 for slope water). The
mean along-shelf flow measured by the shipboard ADCP is
slightly over 0.2 m s�1 to the west, and concentrated in the
upper 50 m of the water column at 39.95�N. Mean north-
ward flow is not significantly different than zero over most
of the section and so is not presented here.
[13] Salinity variability is greatest within the front

(Figure 2b). The maximum standard deviation (0.8) is near

the offshore edge of the section at a depth of 40 m, where the
cross-shelf gradients are strongest. The maximum variability
in density is located within the seasonal pycnocline at a
depth of 30 m at 40.1�N, with a maximum standard deviation
of 0.4 kg m�3. For the along-shelf velocity, the standard
deviations are largest on the shoreward and seaward edges of
the mean jet. This pattern is consistent with frontal jet
meandering. Thus, in general, the cross-shelf transects
captured both the core of the jet and the main structure of
the front beneath the seasonal pycnocline, but did not, on
average, resolve the surface outcrop of the isohalines.

3.2. Space Scales and Timescales

[14] With an irregularly spaced data set, it is necessary to
use objective mapping techniques [e.g., Bretherton et al.,
1976] either to display the data set or to create regularly
gridded fields to compare one survey to the next. In order to
create these objective maps, it is critical to use time and

Figure 1. A map of the Shelfbreak PRIMER study region. The general area of the study is denoted by
the inset map. The heavy lines denote the SeaSoar track from 26 July 1996. The location of the bottom-
mounted ADCP is indicated by the cross. Each of the cross-shelf legs was repeated over 6 days along the
same tracks.
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length scales, as well as noise variance estimates, that
accurately reflect the data set at hand. The scales also reflect
the adequacy of the sampling design for the processes that are
present.
[15] For analytical convenience, the space-time autoco-

variance function Cqq for variable q will be approximated by

Cqq ¼ Aq 1� �ð Þ cos
�

Dx=bxð Þ þ Dy=by
� �

þ Dt=btð Þ
� �

:

� exp � Dx=axð Þ2� Dy=ay
� �2� Dt=atð Þ2

�h i�
; ð1Þ

where Aq is the variance of the measured q, � is the fraction
of this variance that is noise, and a and b are length (x, y) or
time (t) scales chosen to fit the observed autocorrelation
functions. The scales and noise levels are taken to be
different for each variable and at each depth. The scales
were calculated by first computing the structure function Sq
(binned at typically 0.5 to 1.0 day for time-lagged
correlations and 2 km for space-lagged correlations) for
separations in x, y, and t (holding the other variables fixed
within some tolerance) as, for example,

Sq Dxð Þ ¼ N�1S q xð Þ � q xþ Dxð Þ½ �2; ð2Þ

where the sum is over all N pairs of q that are separated by
Dx. In computing the spatial structure functions, only

samples made within two hours of each other were used for
the computations. This avoided any confusion of spatial and
temporal correlations.
[16] The temporal structure functions were computed by

choosing a sequence of positions (every sixth averaged
profile of the first survey) that were generally separated
by more than 6 km and that were repeated on each survey.
All measurements made within 1 km of these points
throughout the 7 day survey period were then found. The
values from all of the points were used in the summation of
equation (2) to compute the temporal structure function. The
structure function is thus representative of the entire sam-
pling region, and a large number of degrees of freedom
results.
[17] Once the structure function and variance are known,

the autocorrelation function can readily be found. The
correlation functions were then fit to equation (1) in order
to find the length scales. The noise value � was found by
extrapolating the correlation function (which is not com-
puted for zero lag because of the finite bin size for
calculating equation (2)) to zero lag, and then taking � to
represent the difference between the extrapolation and unity.
This approach is consistent with the reasonable assumption
that the noise has extremely short scales (much less than 1
day or a few kilometers), and that the signal has longer

Figure 2. Mean fields of (a) salinity, (c) density, and (e) along-shelf velocity (positive eastward).
(b), (d), and (f ) Standard deviations of the fields in Figures 2a, 2c, and 2e, respectively. The contour
intervals are 0.5 for the mean and 0.2 for the standard deviation of salinity, 0.5 and 0.2 kg m�3 for
density, and 0.05 m s�1 and 0.04 m s�1 for along-shelf velocity.
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scales. Often, a different value was obtained for the space
and time fits. In these cases, the larger value was chosen.
[18] Some representative scales are presented in Table 1.

Since the cosine scale b is always much greater (typically
100 days or 100 km) than the exponential scale a, the latter
scale is taken to be representative for purposes of the
following discussion. We checked our estimates of correla-
tion scales by comparing the residual between the objec-
tively analyzed and raw data to see if the residual was white
noise with the correct amplitude. On the basis of these tests,
we believe our estimates to be accurate to within 2 km for
hydrographic fields and 4 km for velocity. Errors are mainly
due to the limited number of realizations. If a larger domain
were used, different scales would likely result because of
the red spectrum. Similarly, scales oriented along local
streamlines might reveal more local anisotropy.
[19] A few results stand out from these calculations.
[20] 1. The timescales at are roughly similar for all

variables at 54–57 m depth. Near the surface, the scales
vary more widely between variables.
[21] 2. Length scales ax and ay tend to vary considerably

with depth in the water column, as is the case for r where
spatial scales are much shorter near the surface. Different
variables at the same depth tend to have widely varying
length scales. This is perhaps intuitive in that we might
expect, for example, velocity to have a scale similar to the
spatial derivative of density (because of the thermal wind
equation), hence shorter than density.
[22] 3. Ideas about two-dimensional turbulence [e.g.,

Batchelor, 1960] would suggest that the correlation scales
for velocity ought to be longer in the direction of separation
(x direction for u or y direction for v) than in the transverse
(y direction for u, x direction for v) direction. This is rarely
the case, in that the scales here tend to be isotropic. This is
very likely a sampling (insufficient data to obtain high
confidence) problem, since the constraint on length scales
is quite strong.
[23] 4. One might expect, in coastal regions, to detect a

substantial anisotropy, given traditional scalings used for
coastal theories [e.g., Gill and Schumann, 1974]. The
observed correlation scales, however, are strikingly isotro-
pic. Presumably, this relative isotropy is restricted to the
area near to, and offshore of, the shelfbreak. Further, it is
possible that scale estimates made using larger sampling
domains might become more anisotropic. It appears suffi-
cient, however, to note that the variables are relatively
isotropic in this area. One implication of this lack of a

preferred direction, however, is that it implies that there is
no justification to treating shelfbreak structures as two
dimensional (y, z) (as has been done until the recent past),
since two dimensionality would imply infinite correlation
scales in the alongshore direction. Alongshore variability is
thus important at lowest order. This conclusion is confirmed
by estimates of along-shelf and cross-shelf convergence,
and of density advection components (not shown): both
show a tendency for variance to be isotropic.
[24] The sampling pattern used (e.g., Figure 1) was

chosen on the basis of qualitative a priori knowledge about
scales near the shelfbreak front [e.g., Garvine et al., 1989].
along-shelf spacing between cross-shelf transects was taken
to be 10 km, and the repeat time was planned to be 1 day. In
light of the present results, it is worth asking of the sampling
was indeed adequate. Since at is typically 1 day or longer,
the correlation of the signal (as opposed to the total
variance, which is greater than the signal variance by a
factor of [1 � �]�1]) from 1 day to the next was about 0.37
or greater. It thus seems reasonable to conclude that the
signal variance was sampled well enough in time, and that
our individual 1 day surveys were each synoptic. This is not
to say, however, that the sampling was good enough to
estimate time derivatives with confidence, since differenc-
ing enhances the noise level. Spatial scales present a
different issue, since some quantities such as density at 18
m depth have shorter scales (8 km), while others, such as
density at 54 m depth, have longer scales (20 km). From
this, one could conclude that density at 18 m is barely well
enough sampled to draw a crude map, but that density
at 54 m was well enough resolved to compute spatial
derivatives with some confidence. What defines adequate
sampling, of course, depends on the scientific question
which is addressed.
[25] Maps were produced for each survey of the four leg

cross-shelf grid shown in Figure 1. The time interval between
maps was 24 hours. The method for objective mapping [Le
Traon, 1990] uses spatial decorrelation scales which may
differ in the along-shelf and cross-shelf directions. As a
compromise between the shorter (4–12 km) decorrelation
scales near the surface versus the larger (7–20 km) scales
below 50m, a value of 12 kmwas used in both the cross-shelf
and along-shelf directions. Error maps of the objective
mapping indicate that maximum expected error values within
the sampling grid were less than 10 per cent of the total
variance from the mapping of individual variables.

3.3. Geostrophic Velocity Estimates

[26] We wish to obtain the geostrophic velocity field
within the meander to estimate cross-shelf salt fluxes and
also to quantify the ageostrophic velocity due to flow
curvature. Previous examination of the velocity field
[Colosi et al., 2001] shows that baroclinic tides are large,
making direct usage of the shipboard ADCP problematical.
The choice of referencing for geostrophic currents is im-
portant in shelfbreak regions because of the large changes in
water depth over short cross-shelf distances. In order to test
the choice of referencing, the detided shipboard ADCP
velocities were compared to the low-pass-filtered velocity
from the bottom-mounted ADCP (using a second-order
Butterworth filter with a half-power point of 36 hours).
This comparison thus gives an indication of how well

Table 1. Correlation Scales

Variable Depth, m ax, km
a ay, km

a at, days
a e

T 18 7 9 1.5 0.15
T 54 7 7 1.1 0.20
S 18 4 12 1.7 0.20
S 54 7 8 1.1 0.10
r 18 8 7 1.4 0.20
r 54 20 20 1.1 0.21
u 18 17 12 0.6 0.20
u 41 11 12 0.9 0.10
u 57 9 9 1.0 0.02
v 18 8 9 1.4 0.20
v 41 9 9 0.8 0.09
v 57 12 12 1.0 0.04

aHere (ax, ay, at) = Gaussian length scales in x, y directions and time.
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instantaneous velocities (measured by the shipboard ADCP)
compare to the subtidal motions. At individual 8 m bins,
the comparisons were poor, with differences as large as
0.3 m s�1. However, averaging over 40 to 120 m depth
resulted in an RMS difference of 0.02 m s�1 between the
shipboard ADCP and the low-pass-filtered time series from
the bottom-mounted ADCP for the six times that the ship
passed within 2 km of the moored ADCP (Figure 3). This
improvement with vertical averaging is presumably due to
the cancellation of the internal tide. Thus, in all referenced
geostrophic velocities presented in subsequent sections, the
geostrophic velocities are referenced to the shipboard
ADCP velocities averaged between 40 and 120 m.
[27] In order to test how well the thermal wind relation

held for individual sections, the raw SeaSoar data from
individual sections was bin averaged onto a 2 km grid and
the density field was then used to compute the thermal wind
shear. The cross-shelf sections allow us to compare the
vertical velocity shear of the along-shelf current directly
with the shipboard ADCP measurements. In general, for
individual sections, the comparison between the thermal
wind velocity relative to 80 m and the along-shelf (west-
ward) component of the ADCP velocity is poor. While
certain sections contained correlations as high as 0.95, other
sections even had negative correlations. It will be shown in
section 5 that both time dependence and flow curvature are
large perturbations to the geostrophic balance within the
study region. Simply increasing the spatial bin size to 4 km,
but without averaging sections as well (i.e., smoothing only
in y but not in x or t) yields only modest improvements in
the thermal wind/ADCP agreement.
[28] With sufficient averaging over time and space, the

along-shelf flow becomes predominantly geostrophic.
Averaging over all 28 sections for both the thermal wind
calculation as well as the shipboard ADCP velocity mea-
surements, the regression of thermal wind velocity with the

direct measurements using the detided shipboard ADCP is
within error of unity. Using a 2 km grid mapping, the
correlation between the thermal wind velocity relative to
80 m and the ADCP velocity relative to 80 m was 0.86. The
slope of the regression line was 0.76 (i.e., times the thermal
wind shear) but well within error of unity. The correlation
rises to 0.96 when the density is averaged over 4 km bins in
the cross-shelf direction, and the slope of the regression line
is 0.95 times the thermal wind shear.
[29] We will present the referenced geostrophic velocities

in the following sections. Examination of the vertical shear
of the horizontal velocity between 19 m (the shallowest
ADCP bin) and 43 m from the bottom-mounted ADCP
suggests that the velocity shear was primarily due to the
internal tides, so we believe that the referenced geostrophic
velocities are more useful for our present purposes. Geo-
strophic shears in the upper 40 m should still be viewed
with caution because of tidal and high-frequency motion of
the seasonal pycnocline.

4. Meander Structure and Ageostrophic
Velocities

[30] During the study period, the shelfbreak region
appears to have been affected by a dipole eddy pair over
the continental slope which entrained warm water from the
Gulf Stream (Figure 4a). Satellite thermal imagery shows the
offshore transport of cool shelf water east of this dipole pair
on 21 July. Other images over the following two weeks
indicate the presence of relatively warm water over the
continental slope which may have originated within the Gulf
Stream (Figures 4b, 4c, and 4d). During the SeaSoar obser-
vations, the wind stresses were weak, less than 0.1 N m�2.
Thus the observations presented here provide a nearly ideal
setting for considering frontal structure in the absence of
wind forcing.

Figure 3. A comparison of the low-pass-filtered northward and eastward velocity components at the
bottom-mounted ADCP (dashed line) and from the shipboard ADCP velocities averaged between depths
of 40 and 120 m depth for the six times that the ship passed within 2 km of the bottom-mounted ADCP.
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[31] The frontal structure during the SeaSoar observations
was dominated by the propagation of a large amplitude
meander through the study region. This is most obvious in
objective maps of 50 m salinity between 29 and 30 July
(Figure 5). Typical cross-frontal density differences were in
the range of 0.5 to 0.8 kg m�3 (Figure 6). The meander was
propagating to the west at 0.11 m s�1. Temperature and
salinity fields at selected days (26, 29, and 31 July) reveal
several features contributing to shelf-slope exchange asso-
ciated with the meander (Figures 7 and 8). At the northern
edge of the grid on 26 and 27 July, the front is displaced
shoreward, and there is a local maximum in temperature
(15�C) and salinity (34.5) along the northern boundary. The
along-shelf scale for this feature is approximately 16 km.
Bottom intrusions of high-salinity water have also been
observed by Lentz et al. [2003] at the Coastal Mixing and
Optics moored array located nearby at the 70 m isobath, as
well as by J. Barth (Oregon State University) in his SeaSoar
observations later in the summer.
[32] Seaward of the front, a detached eddy of shelf water

(minimum temperature of 6�C and minimum salinity of
32.8) is located near 70.9�W and 39.9�N on 26 July. The
meander was of large amplitude in the cross-isobath direc-
tion relative to the wavelength. The amplitude of the
meander was 30 km based on the maximum excursion of
the 34.0 isohaline on 29 July. This was comparable to the
wavelength which was approximately 40 km.

[33] The cross-shelf structure of the frontal jet varied
significantly along the meander. In the trough of the
meander (maximum onshore frontal position) the referenced
geostrophic flow has two separate areas with strong bar-
oclinic shear; at the foot of the front (near the 100 m
isobath) along with a surface-trapped zoned near the surface
salinity front outcrop (Figure 9). The maximum velocity
near the foot of the front is 0.4 m s�1. The shears above
40 m must be viewed with caution because of the aliasing of
the baroclinic tide.
[34] In contrast, the meander crest (maximum offshore

frontal position) contains a somewhat weaker jet near
the surface (with a maximum along-shelf velocity of
0.25 m s�1; Figure 10). Near the foot of the front, both
the isopycnals and isohalines are relatively flat, in strong
contrast to the trough of the meander. The strongest jet
velocities overall are present at the westernmost section on
26 July (Figure 11). Maximum jet velocities are 0.42 m s�1

for the referenced geostrophic velocities. Maximum east-
ward velocities over the continental slope are as large as
0.3 m s�1 (at latitude 39.8�N, not shown in Figure 10),
which is presumably induced by the anticyclonic eddy from
the vortex pair visible in the thermal imagery.
[35] We will use the gradient wind relationship to look at

the influence of the centrifugal force on the development of
ageostrophic velocities. Recent work by Shearman et al.
[2000] and Watts et al. [1995] provides a framework for

Figure 4. Surface thermal imagery from the study area on (a) 21 July (b) 24 July, (c) 27 July, and (d) 6
August 1996. The color bar on the right indicates the surface temperature in �C. The SeaSoar grid pattern
from 26 July is also indicated.
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investigating the effects of large curvature on ageostrophic
flows. The magnitude of inertial effects on the flow within
the shelfbreak frontal jet has previously been estimated by
Pickart et al. [1999].

[36] The gradient wind relationship can be expressed as

V 2=Rþ fV ¼ fVg; ð3Þ

where V is the magnitude of the velocity, or speed, Vg is the

Figure 6. Plan views of the density field at 50 m depth for (a) 26, (b) 27, (c) 28, (d) 29, (e) 30, and
(f ) 31 July. The contour interval is 0.1 kg m�3. The velocity vectors from the referenced geostrophic field
are overlaid.

Figure 5. Salinity along 40�N on 29 (solid line) and 30 (dashed line) July, showing the westward
propagation of the meander. The westward translation averaged 0.11 m s�1 for the 6 days.
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geostrophic velocity, and R is the radius of curvature. If the
water parcel trajectories are assumed to be coincident with
streamlines in an (assumed) steady state, then the gradient
wind velocity Vgw is

Vgw ¼ 2Vg

1þ 1þ 4�Rð Þ1=2
: ð4Þ

The term �R is a Rossby number defined as

�R ¼ Vg

fR
ð5Þ

with the local radius of curvature defined as

R x; yð Þ ¼ u2 þ v2ð Þ3=2

u2vx � uv ux � vy
� �

� v2uy
: ð6Þ

Thus �R is equivalent to a traditional Rossby number using
the radius of curvature as the length scale in the
denominator, with the velocities estimated using the

referenced geostrophic velocities. The nomenclature is that
provided by Shearman et al. [2000]. Cyclonic curvature is
defined to be positive, and results in gradient wind
velocities which are smaller than the geostrophic velocities,
while anticyclonic curvature leads to negative values of �R
and thus gradient wind velocities which are larger than the
geostrophic values.
[37] The maximum values for the cyclonic (positive) term

for �R is 0.6, while the minimum value (anticyclonic curva-
ture) is �0.4 (Figure 12). The minimum values (hence
maximum enhancements of the geostrophic velocities) are
associated with the eastern side of the meander crest. This is
particularly evident along 39.95�N from 29 to 31 July. The
westward propagation of the local minimum is also apparent.
[38] The ageostrophic corrections using the gradient

wind relation are a maximum of 0.32 m s�1 increase and
0.15 m s�1 decrease (Figure 13). The maximum increase
occurs on the eastern side of the meander crest. As the
meander propagates to the west, the maximum velocity

Figure 8. Plan views of the salinity field at 50 m depth from (a) 26, (b) 29, and (c) 31 July.

Figure 7. Plan views of the potential temperature field at 50 m depth from (a) 26, (b) 29, and (c) 31 July.
The red lines indicate the 100 and 200 m isobaths.
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increase along 39.95�N goes from 0.23 m s�1 on 29 July to
0.32 m s�1 on 31 July. The increase in magnitude is primarily
due to an acceleration in the geostrophic velocity as the
radius of curvature does not change substantially. Because
the temporal evolution is not accounted for the nonlinear
modifications must be regarded as first corrections.
[39] In addition to the flow curvature, however, the time

dependence is also important. The magnitude of the time
derivative of the velocity is shown in Figure 14, where it is
scaled by f times the standard deviation of the magnitude of
the velocity vector. This is the temporal equivalent of a
Rossby number. The time derivative is estimated by finite
differencing velocity maps 1 day apart in time. Two maps
are shown, between 28–29 July and 30–31 July. For the
first case, the maximum nondimensional value is 0.42 near
the trough of the meander ( y = 40.25�N). This corresponds
to a day-to-day difference of 0.41 m s�1. The mean
temporal Rossby number over the entire field on this day
is 0.19. As the crest propagates through the study region,
the maximum value (0.29) shifts offshore to the crest ( y =
39.95�N). This corresponds to a maximum day-to-day
difference in speed of 0.28 m s�1. For this case, the mean

temporal Rossby number over the entire region is 0.15.
The standard deviations for the two cases, respectively are
0.11 m s�1 and 0.11 m s�1, which correspond to the
standard deviation of the speed difference over the entire
study region.
[40] Thus, in addition to the nonlinearities from flow

curvature, the time dependence is also important and is
likely to contribute to the poor comparison between the
thermal wind shears and ADCP velocities in the individual
sections.

5. Cross-Shelf Fluxes

[41] We will now consider the cross-shelf fluxes of salt
both seaward and shoreward of the front. These are not
true salt fluxes since they are only across individual sections
and do not enclose control volumes (which would remove
the need for reference temperature and salinities). To
date, the best estimate of fluxes across the shelfbreak front
is contained by Garvine et al. [1989]. We will initially
follow their methodology in order to compare the numbers
quantitatively.

Figure 9. (a) Cross-shelf sections of density and referenced geostrophic velocity from the westernmost
section on 29 July. The contour interval for the potential density is 0.5 kg m�3 and is 0.1 m s�1 for the
along-shelf velocity. Negative values for along-shelf velocity denote westward flow. (b) The salinity field
from this section with contour intervals of 0.2.
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[42] The flux computation performed by Garvine et al.
[1989] was

F zð Þ ¼ 1

DzDx

Z zþDz
2

z�Dz
2

Z x2

x1

f x; z1ð Þdxdz1: ð7Þ

For F equivalent to the salt flux,

f ¼ r
1000

S � Smð Þ v� vmð Þ; ð8Þ

where Sm is the mean salinity over the entire section and vm
is the mean cross-shelf velocity. The overall mean salinity
from all six sections was 32.45, although different means
were used from the sections on each of the 6 days. The
horizontal extent was 37.2 km.
[43] The section we will use is the onshore section along

40.33�N, inshore of the typical frontal location. The mean
salt flux is onshore (averaged over 6 days) with a value of
0.0067 kg m�2 s�1. The range on individual days was
between 0.0195 and �0.0018 kg m�2 s�1 on 26 and
28 July, respectively. The largest values were associated
with the near bottom intrusion of warm saline water. The

95 per cent confidence interval for this is 0.0033 kg m�2 s�1,
so that the onshore salt fluxes are significantly different than
zero. (The confidence intervals were computed assuming the
degrees of freedom from the total track length over the
6 days).
[44] The salt fluxes were also computed along the slope

transect from 26 July (along 39.83�N). This section is about
20 km south of the mean position of the front. The section
was 57 km long, and thus had roughly 4 degrees of freedom
based on the along-shelf correlation scale of 7 km. The flux
was similar in magnitude and was directed onshore, with a
value of 0.0072 kg m�2 s�1. However, the 95% confidence
interval was large compared to this value, 0.035 kg m�2 s�1.
[45] The salt fluxes are similar in magnitude to that

reported by Garvine et al. [1989], who had a value of
�0.0048 kg m�2 s�1. However, their salt flux was directed
offshore. The expected climatological value, based on
oxygen isotopes (and quoted by Garvine et al. [1989]), is
0.0022 kg m�2 s�1 onshore, so that the values reported here
are roughly three times larger than the climatological value
[Houghton et al., 1988; Fairbanks, 1982].
[46] The heat flux at the onshore section was also

onshore, with a mean value of 0.16 	 105 W m�2. The

Figure 10. Easternmost section from 29 July showing (a) density and referenced geostrophic velocity
and (b) salinity. Contour intervals are the same as in Figure 9.
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section average temperature was 9.974 degrees C. The
values on individual days ranged between �1.99 and
4.69 	 105 W m�2, with a standard deviation of 2.55 	
105Wm�2. The 95%confidence interval is 1.2	 105Wm�2,
so that the heat fluxes are not significantly different than zero.
[47] The cross-shelf fluxes can also be broken into the

more familiar mean and eddy fluxes as a function of cross-
shelf position. Using a binning approach similar to that for
computing means and standard deviations (section 3), we
computed variances and covariances among variables. The
covariance of northward velocity v with salinity is then the
eddy salinity flux, and this is normalized to compute a
correlation. In order to obtain 95% confidence, a correlation
magnitude has to reach at least 0.37, although this threshold
varies depending on the variable, given the difference in
correlation scales. Further, it is also straightforward to
compute the product of mean velocity with, say, mean
salinity to compute a mean salinity flux.
[48] The northward fluxes associated with the mean flow

are not significant at the 95% confidence because the
variations in the northward flow are much greater than the
mean, so that the mean northward velocity itself is never
significantly different than zero. Only a small fraction of the
eddy flux estimates are significantly nonzero, and these tend

to lie in the upper 40 m near the front. For salinity and
temperature, they both represent down-gradient fluxes in the
sense of warm, saline slope water moving northward. The
density flux is upgradient, in that buoyant water is trans-
ported northward, but this is only significant in the upper
30 m where the isopyncnals are relatively flat. This is the
opposite of what we would expect from finite amplitude
baroclinic instability, but given our inability to compute
statistically significant vertically and horizontally integrated
fluxes, it is unclear how important the fluxes are above the
seasonal pycnocline.

6. Discussion

[49] We will briefly discuss the following implications
raised by these observations: horizontal scales of cross-
frontal exchange, meander characteristics relative to recent
stability studies of shelfbreak fronts, and limitations and
difficulties of cross-shelf flux measurements.

6.1. Horizontal Scales of Cross-Shelf Exchange

[50] The observations on 26 July provide an interesting
case in which to consider the horizontal scales of cross-shelf
exchange. The presence of both a detached eddy seaward of

Figure 11. Westernmost section from 26 July showing (a) density and referenced geostrophic velocity
and (b) salinity. Contour intervals are the same as in Figure 9.
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the front as well as a bottom-trapped intrusion of slope
water onto the continental shelf gives some insight into
possible scales over which exchange occurs in the absence
of significant wind forcing.
[51] The along-shelf scale of the shelf water eddy is 16 km

at a depth of 30 m (using the 33.4 isohaline, which is
halfway between the minimum salinity in the eddy and the
ambient salinity in the section). The vertical scale of the
eddy is approximately 60 m (using the vertical displacement
of the 34.0 isohaline).
[52] How does this compare to the baroclinic Rossby

radius within the front? During the summertime, there are a
number of possible ways to compute the baroclinic Rossby
radius. Because of the buoyant water within the surface
mixed layer, three different possibilities can be identified
[Gawarkiewicz, 1991] on the basis of density differences
between the surface layer, the shelf water, and the slope
water. If we use the density difference between the shelf and
slope water as the primary scale, we can define the scale as

r12 ¼
ffiffiffiffiffiffiffiffi
g0H

p
=f ; ð9Þ

where g0 is the reduced gravity due to the difference
between shelf and slope waters (0.5 kg m�3) divided by the
mean density (1025 kg m�3) times g. The vertical scale H is
the water depth 100 m, at the foot of the front, and f is the
Coriolis parameter (0.94 	 10�4 s�1). This gives a

baroclinic Rossby radius of 7.4 km. Thus the eddy radius
is comparable to the baroclinic Rossby radius r12.
[53] Similarly, the horizontal scale for the bottom intru-

sion at 80 m depth is 16 km. The vertical scale of this
feature is approximately 40 m (using the 33.5 isohaline).
The maximum salinity 10 m above the bottom on the shelf
is 34.2. In the horizontal maps of temperature and salinity
presented earlier (Figures 7 and 8), this feature occurs at the
trough of the meander where the isohalines reach their
maximum shoreward extent. Further evidence for the rela-
tionship between the meander and the shoreward intrusion
of the slope water is the westward propagation of the
density anomaly between 26 and 27 July at 10 km day�1,
which is roughly the phase speed of the meander. Thus the
length scales of the primary features associated with
exchange are on scales comparable to the baroclinic Rossby
radius.
[54] An interesting aspect of these horizontal scales is

their relation to that of spiral eddies observed in sunglint
photographs taken from space shuttle missions [Munk et al.,
2000]. The spiral eddies horizontal scales (10–25 km),
timescales (order 1 day), and relative vorticity (0.3 f, with
predominantly cyclonic shear) are all similar to the scales
observed here. It is quite possible that the shelfbreak front
serves as a significant source for these eddies. We note that
Scully Power’s sketch of a sheet of vortices south of Long
Island [Munk et al., 2000, Figure 35] may very well have

Figure 12. A plan view of �R at 50 m depth for (a) 26, (b) 27, (c) 28, (d) 29, (e) 30, and (f ) 31 July. The
color bar indicates the value. The referenced geostrophic velocities are also indicated. Note the band of
anticyclonic curvature (blue) translating westward on 29–31 July, with a local extrema near 39.95�N.
The dots indicate the locations of the initial raw vertical profiles which went into the objective maps.
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been along the shelfbreak front. Surface thermal imagery
[e.g., Garvine et al., 1988, Figure 4] frequently indicates
eddies in vortex sheets along the front. However, the Gulf
Stream and related features (warm outflows, warm core
rings) may also serve as a potential source for spiral eddies.

6.2. Meander Characteristics and Frontal Stability

[55] There have been a number of studies concentrating
on the stability of shelfbreak fronts. The most relevant
recent studies are Gawarkiewicz [1991], who used a model
with three homogeneous layers to examine the stability of
the front in summer, and Lozier et al. [2002], who included
continuous vertical and horizontal velocity shears. In gen-
eral, both models produce unstable waves over a broad
range of wavelengths between 10 and 50 km. Thus theo-
retical studies suggest that the front is potentially unstable at
the observed wavelength (40 km), although each of these
studies has some limitation in the application to this case.
[56] The three-layer model of Gawarkiewicz [1991] was

used with a density difference of 0.5 kg m�3 across the
subsurface front. Shelf and slope water densities were
chosen to be 1026.0 and 1026.5 kg m�3, while the surface
layer density was chosen to be 1024.0 kg m�3. Using shelf
and slope velocities of 0.32 and 0.02 m s�1, respectively,
and a bottom slope of 0.005, the most unstable wave at
a wavelength of 40 km has a period of 3.4 days and an

e-folding timescale for growth of 1.86 days. The phase
velocity of this wave is 0.15 m s�1 to the west, in the
direction of the mean flow. The most unstable wave had a
wavelength of 35 km. Thus the meander characteristics are
consistent with expected scales produced by this simple
(infinitesimal amplitude) model.
[57] The more complicated (but still assuming infinitesi-

mal amplitude) model of Lozier et al. [2002] uses a
background state with continuous stratification so that
arbitrary horizontal and vertical velocity shears can be
specified in the background state. However, there was no
seasonal pycnocline present in their model runs. The closest
case used a maximum jet velocity of 0.3 m s�1 and had a
Rossby number of 0.3. For this case [see Lozier et al., 2002,
Figure 10a], phase speeds were between 0.08 and 0.15 m s�1

and e-folding timescales for growth were 3–4 days for a
wavelength of 40 km. The range of values is due to
systematic changes in ambient linear stratification added
to the frontal structure. Thus this more complicated model
also suggests that frontal instabilities are possible for the
observed wavelength.
[58] The wavelength observed here is slightly longer than

previously observed. Garvine et al. [1988] observed a
frontal wave with a wavelength of 33 km in this area, while
Ramp et al. [1983] used surface thermal imagery to observe
a frontal wave with a wavelength of 23 km along the front

Figure 13. Plan views of the correction for the geostrophic velocities by flow curvature using the
gradient wind relation for (a) 26, (b) 27, (c) 28, (d) 29, (e) 30, and (f ) 31 July. The color bar indicates the
values, which are in m s�1. The largest increases are on the eastern side of the meanders. Note the local
minima near 39.95�N on 29–31 July, which propagates westward. The referenced geostrophic velocity
vectors are also indicated.
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in the vicinity of a warm-core ring. Both satellite thermal
imagery and the theoretical stability studies suggest a wide
range of wavelengths is possible for instabilities near the
front.
[59] Future work will be necessary to understand how the

infinitesimal disturbances progress into large amplitude
features. Lermusiaux [1999] and Sloan [1996] have studied
the finite amplitude behavior of shelfbreak frontal meanders
using the Harvard Ocean Prediction System and feature
models of the front, but further study is necessary in this
area.

6.3. Limitations on Observing Cross-Shelf Fluxes

[60] The cross-shelf fluxes of heat and salt presented in
the previous section appear to be sensible in magnitude in
that they are several times above the climatological values
and are of similar magnitude (though not necessarily direc-
tion) as Garvine et al. [1989]. We will briefly discuss some
of the limitations of our measurements.
[61] The primary advantage of the fluxes computed both

shoreward and seaward of the front is that the estimates are
less noisy because the sections do not intersect the mean-
dering frontal jet. As Garvine et al. [1989] note, their net
fluxes were an order of magnitude smaller than the fluxes of
the individual onshore and offshore components of the
frontal meander which they observed. By taking the fluxes

seaward of the front, there is less potential aliasing of the
along-shelf fluxes. In addition, the Rossby numbers are
fairly high relative to the Coriolis parameter and flow
curvature can be large, so that the flows near the jet are
subject to greater nonlinearity and uncertainty as to the
actual velocity.
[62] A big limitation in estimating the fluxes is the large

value of the standard deviation of v0T 0 and v0S 0 relative to
the mean values. In order to reduce the 95 per cent
confidence interval seaward of the front (along 39.83�N)
to a size comparable to the mean value, the degrees of
freedom must be increased by a factor of 25. Assuming that
the spatial decorrelation scale is 7 km, this implies that a
track length of 1400 km would be necessary. Alternatively,
assuming a temporal decorrelation scale of 1 day, 200 days
of observations at a single point would be necessary. This
highlights the extreme difficulty of obtaining statistically
significant cross-slope fluxes over the upper slope. Shore-
ward of the front, however, the onshore salt flux was
significantly different than zero, and was consistent with
the value seaward of the front.

7. Conclusions

[63] High-resolution hydrographic observations from the
shelfbreak front during July 1996 reveal the passage of a

a b

Figure 14. The nondimensionalized magnitude of the time derivative for the velocity vectors between
successive days, with (a) 28–29 July and (b) 30–31 July. The derivative is nondimensionalized by f
times the standard deviation of the total velocity, which is 0.11 m s�1 for the two cases. The dots indicate
the locations of the raw vertical profiles that went into the objective mapping.
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large-amplitude frontal meander. The meander had a wave-
length of 40 km and a peak-to-trough amplitude of 30 km.
Jet velocities using referenced geostrophic values were
typically 0.3 m s�1 with maximum values of 0.45 m s�1.
Maximum relative vorticities (with a 12 km spatial smooth-
ing) were as large as 0.6 of the Coriolis parameter. Ageo-
strophic velocities estimated using the gradient wind
relation were as large as 0.3 m s�1, respectively, indicating
that flow curvature was important in the frontal dynamics.
Estimates of cross-shelf fluxes of salt indicate onshore
transport with a value three times larger than expected from
climatological values. Important features contributing to
cross-shore fluxes included a detached eddy of shelf water
present over the upper slope and a near-bottom intrusion of
slope water onto the continental shelf. These observations
suggest that cross-shelf exchange in the vicinity of the
shelfbreak occurs over relatively small space and time-
scales.
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