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ABSTRACT

Using a collection of high-resolution shipboard acoustic Doppler current profiler (ADCP) velocity sections
that cross the Middle Atlantic Bight shelfbreak jet near 708W, the mean structure of the frontal jet is described
and the dominant modes of variability of the jet are examined. A mean section is constructed in a translating
coordinate frame whose origin tracks the instantaneous position of the core of the jet, thereby minimizing
variability associated with the lateral meandering of the current. The mean jet so constructed extends to the
bottom, tilting onshore with depth, with near-bottom flow exceeding 0.10 m s21. The corresponding cross-stream
flow reveals a clear pattern of convergence that extends along the tilted axis of the jet, with enhanced convergence
both near the surface and near the bottom. This convergence is largely attributed to the locally convergent
topography and is shown to drive an ageostrophic circulation dominated by downwelling at, and offshore of,
the jet core. The collection of ADCP sections also suggests a previously undetected mode of variability, whereby
the jet systematically fluctuates between a convergent, bottom-reaching state and a surface-trapped state with
weaker cross-stream velocities. This variability is associated with significant variations in the southwestward
transport of the jet and does not seem to be related to simple meandering of the current.

1. Introduction

The shelfbreak front of the Middle Atlantic Bight
(MAB) is a persistent thermohaline front that separates
relatively cold and fresh shelf waters from warm, salty
waters on the continental slope. Coincident with the
front is a narrow jet, which has been estimated to trans-
port approximately 0.2–0.3 (Sv [ 106 m2 s21) of water
equatorward south of New England (Linder and Ga-
warkiewicz 1998). This shelfbreak frontal jet is part of
a larger-scale buoyancy driven coastal current system
that originates in the Nordic domain as the East Green-
land Current, winds cyclonically around the perimeter
of the Labrador Basin, exiting the basin as the Labrador
Current, and flows adjacent to the Grand Banks of New-
foundland before entering the subtropical domain
(Chapman and Beardsley 1989). Throughout its path the
current is subject to different sources and sinks, though
overall it experiences a loss of transport (Loder et al.
1998). The shelfbreak jet is an important component of
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the coastal environment in the northwest Atlantic. The
front and jet represent a semipermeable barrier that lim-
its the exchange of waters between the shelf and open
ocean. The cross-shelf exchange that does occur strong-
ly impacts the spreading of coastal contaminants and is
of leading importance in the freshwater budget on the
shelf. Hence, in order to quantify the shelf/slope ex-
change of mass and tracers, we need to understand fully
both the mean and time-varying aspects of the jet.

The MAB shelfbreak front and current have been de-
scribed in numerous studies over the past 50 years, uti-
lizing a combination of observations which include re-
peat hydrographic surveys (e.g., Beardsley and Flagg
1976), historic climatologies (Linder and Gawarkiewicz
1998), and long-term moored current meter and therm-
istor arrays [e.g., Nantucket Shoals Flux Experiment
(NSFE), Beardsley et al. 1985; Shelf Edge Exchange
Processes (SEEP-I), Aikman et al. 1988]. Results from
these studies have illustrated the sensitivity of the shelf-
break jet and front to a large number of forcing mech-
anisms, all of which can result in different jet config-
urations. In general, hydrographic sections are limited
to the cross-transect component of the flow, can be sub-
ject to severe aliasing [e.g., internal waves, Burrage and
Garvine (1987)], and provide only the baroclinic geo-
strophic contribution. By comparison, moored velocity
arrays provide absolute velocity measurements with
high temporal resolution but have been unable to resolve
completely the horizontal current structure. Therefore,



2136 VOLUME 31J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y

the jet has yet to be simultaneously fully resolved in
(cross-stream) space and time.

The most comprehensive description of the mean
structure of the MAB shelfbreak front and jet is given
by Linder and Gawarkiewicz (1998), who created a two-
dimensional climatology of the shelfbreak front for the
winter and summer seasons. Their results nicely illus-
trate the seasonal progression of the density front from
a top to bottom feature in winter to a front that is isolated
from the surface in summer by a seasonal pycnocline.
The geostrophic jet associated with these frontal gra-
dients is on the order of 0.15–0.20 m s21. However, this
is a long-term average representation of the jet, using
data over a 90-yr period, and it uses nonconcurrent ve-
locity data for referencing.

The shelfbreak jet is influenced by both external and
internal forcing mechanisms. Theoretical studies (Flagg
and Beardsley 1978; Gawarkiewicz 1991; Lozier et al.
2001, manuscript submitted to J. Phys. Oceanogr.) and
observations (Linder and Gawarkiewicz 1998) have
shown that the jet structure is inherently baroclinically
unstable. This internal forcing may lead to finite-am-
plitude meanders that propagate along the axis of the
jet (Halliwell and Mooers 1979) and occasionally de-
velop into frontal eddies (Houghton et al. 1986; Garvine
et al. 1988). In addition, the jet may be influenced by
external forcing mechanisms such as local winds
(Houghton et al. 1988) and upstream variations in the
source water (Chapman and Beardsley 1989; Petrie and
Drinkwater 1993). Another important external influence
on the jet is due to the circulation of the adjacent slope
water. For instance, the close proximity of the Gulf
Stream south of New England results in a fair number
of anticyclonic Gulf Stream rings impinging on the con-
tinental slope in the MAB. It remains unclear what role
Gulf Stream rings play in the variability at the shelf
break. Beardsley et al. (1985) report that subtidal fluc-
tuations forced by the passage of Gulf Stream rings over
the upper continental slope are not correlated with fluc-
tuations observed over the shelf, suggesting that the
shelf break can be a transition region for forcing. Ramp
et al. (1983) demonstrated that the presence of Gulf
Stream rings enhances cross-shelf velocity gradients in
the vicinity of the shelfbreak jet and can lead to the
excitation of waves due to horizontal shear instabilities.
Observations also suggest that the interaction of Gulf
Stream rings with the shelfbreak jet may transport sig-
nificant volumes of shelf water into the slope region
(Joyce et al. 1992). However, it is still unclear how often
rings simply alter the path of the shelfbreak jet (e.g.,
Pickart et al. 1999b) versus permanently exporting water
from the shelf.

Until recently there were no direct high-resolution
velocity measurements of the shelfbreak jet. Instead,
information about the structure of the jet was derived
from current meters, which were limited in spatial res-
olution, or from hydrographic data, which provide only
the cross-transect component of the baroclinic flow

field. Using long-term moored arrays, two observational
programs (SEEP-I and NSFE) significantly advanced
our understanding of the long-term statistics of the ve-
locity and temperature structure over the shelf and slope.
The results demonstrated that the mean flow field in-
cluded a surface-intensified westward flowing jet at the
shelf break (Aikman et al. 1988). It was also demon-
strated that the shelfbreak density front, as well as the
overall currents, were sensitive to seasonal changes in
the strength of the wind forcing (Beardsley et al. 1985;
Aikman et al. 1988; Houghton et al. 1988). More re-
cently, vessel-mounted acoustic Doppler current profil-
ers (ADCPs) have provided high-resolution, two-di-
mensional velocity sections of the shelfbreak current
(e.g., Gawarkiewicz et al. 1996; Barth et al. 1998; Pick-
art et al. 1999b). While these observations are still sim-
ply snapshots in the ever-changing evolution of the
shelfbreak current, they have provided the first detailed
information on both the primary (alongstream) and sec-
ondary (cross-stream) circulation associated with the jet.

In this paper, a collection of highly resolved shipboard
ADCP velocity sections, taken across the shelfbreak jet
over a period of two years, has been combined into a
two-dimensional mean description of the shelfbreak jet.
We have limited our analysis to winter and fall because
of the apparent changes in jet structure and variability
that result from the formation of a seasonal pycnocline.
In order to describe the structure of the jet in isolation
from spatial variations due to the meandering of the
current, we have adopted a methodology previously ap-
plied to velocity observations in the Gulf Stream (Halk-
in and Rossby 1985). In this method, the velocity sec-
tions are averaged with respect to a translating coor-
dinate system that is aligned with the high velocity core
of the jet, the so-called streamwise coordinate method.
This minimizes any smoothing due to lateral translations
of the jet. The result is a first glimpse of the detailed
mean structure of the shelfbreak jet in the MAB during
the winter and fall. Results indicate that the local to-
pography plays a major role in dictating the structure
of the jet, as well as in the dynamics of its secondary
circulation.

By analyzing the ensemble of velocity sections in
streamwise coordinates, we are also able to quantify the
variability associated with the cross-stream structure of
the jet over the 2-yr period. Employing the method of
empirical orthogonal function analysis, a heretofore un-
detected mode of variability emerges which appears to
be associated with significant changes in the transport
of the jet. Although previous studies indicate that cur-
rent meandering (be it internally or externally forced)
is prevalent throughout the MAB, the characteristics of
the variability observed here suggest that simple me-
andering is not the cause.

2. ADCP data and methods
As part of the recent Shelfbreak PRIMER Experiment

to investigate the shelf/slope circulation in the MAB
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FIG. 1. (a) The study region south of Nantucket, Massachusetts. The TOPEX altimeter subtrack C126 is shown. (b) The heavy black line
shows the location and horizontal extent of the repeat shipboard ADCP surveys. The inverted triangles denote the location of three current
meter moorings whose velocity records were used, together with velocity observations from two upward-facing ADCPs (squares), to predict
the barotropic tide along the survey line.

south of New England (see Pickart et al. 1999b for
details), a repeat survey line was established across the
shelfbreak jet coincident with the TOPEX altimeter sub-
track near 708W (Fig. 1). The orientation of the survey
line was chosen to compliment the remote sensing com-
ponent of the PRIMER experiment (namely the long-
term monitoring of the shelfbreak frontal jet and slo-
pewater currents) with hopes that in situ observations
could be used to ground truth the altimetric data. How-
ever, to date, the sea surface height data at the shelf

break has proven elusive to interpret and therefore will
not be addressed in this paper. Two upward-looking
ADCPs were moored near the shelf break on the survey
line for most of the shipboard survey period (Fig. 1).
The line was occupied numerous times over the course
of two years between December 1995 and December
1997, resulting in ten separate highly resolved shipboard
ADCP velocity realizations of the shelfbreak jet (Table
1).

The velocity data spanned all of the seasons, but only
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TABLE 1. Shipboard ADCP surveys crossing the shelfbreak jet.
Coincident temperature (T ) and salinity (S) measurements are denoted
in the right column.

Jet
cross-

ing
Survey
dates Season

Resolution (m)

Vertical
Horizon-

tal
Hydro-
graphy

1
2
3
4
5

5–6 Dec 1995
9 Dec 1995
5–6 May 1996
5–6 Aug 1996
2–3 Nov 1996

Winter
Winter
Spring
Summer
Fall

8
4
4
8
8

1500
500
270
340
680

T
T, S
T, S
T, S
—

6
7
8
9
10

3 Nov 1996
21–28 Feb 1997
13–14 Jun 1997
14 Jun 1997
5–6 Dec 1997

Fall
Winter
Summer
Summer
Winter

8
8
4
4
8

400
540
650

1300
680

T, S
T, S
—
T, S
—

three of the sections were occupied during the summer.
In summer, the regional stratification is significantly al-
tered by the development of a seasonal pycnocline, and
while much is known about the winter to summer tran-
sition of the shelfbreak property front, very little is
known about any corresponding changes in the jet struc-
ture and variability. In the three summer shipboard
ADCP crossings, the jet had a subsurface core centered
around 40-m depth, quite different than the nonsummer
surface-intensified core. While the Linder and Gawar-
kiewicz (1998) climatology shows no such seasonally
varying structure, the summertime jet core observed
here is consistent with observations from multiple
ADCP crossings completed just downstream of our sur-
vey line during the PRIMER experiment (G. Gawar-
kiewicz 2000, personal communication). Additionally,
model results indicate that the stability characteristics
of the shelfbreak jet are significantly altered by the in-
clusion of a seasonal pycnocline (Gawarkiewicz 1991),
with the most unstable wave being surface-trapped dur-
ing winter conditions and pycnocline-trapped during
summer stratified conditions. These observations and
model results suggest that the development of a seasonal
pycnocline may significantly alter the basic structure
and variability of the jet. For this reason, only the non-
summer realizations of the jet are included in the present
study. Since the conclusion of the PRIMER experiment,
we have obtained 12 more ‘‘ship of opportunity’’ sum-
mertime reoccupations of the survey line; hence a future
study will investigate the summer structure and vari-
ability of the shelfbreak jet.

Before individual velocity sections could be com-
bined to form a mean shelfbreak section, several sam-
pling issues needed to be addressed. First, the shipboard
ADCP measures both the ageostrophic and the geo-
strophic components of the flow. Because the shelfbreak
jet resides in the upper 200 m of the water column, the
velocity measurements include potentially significant
contributions from the tides and inertial oscillations. Al-
though it has been shown that the barotropic tidal am-
plitudes in this region are typically only 10%–15% of

the core speed of the shelfbreak jet (Pickart et al. 1999b),
such tidal amplitudes and inertial amplitudes can be of
the same order as the secondary circulation in the jet
(cross-stream flow). Efforts to remove the barotropic
tides from the velocity sections and to estimate the effect
of the baroclinic tides and inertial oscillations are dis-
cussed in section 2a. Second, although the velocity sec-
tions were all occupied along the same TOPEX line,
this line is not oriented normal to the local isobaths and
hence not normal to the expected mean direction of the
shelfbreak jet. For this reason, a rotated coordinate sys-
tem was defined for each occupation based on the di-
rection of the shelfbreak jet at the time of the survey.
The methodology for this is described in section 2b.
Finally, when using a shipboard ADCP, acoustic inter-
ference near the bottom limits the vertical current profile
to a maximum range of 85% of the total water column
depth. Therefore, the reader should keep in mind that
‘‘near-bottom’’ is intended to mean approximately 15
m off of the bottom.1 We do not resolve the bottom
boundary layer with these measurements. Similarly,
acoustic interference near the hull of the ship contam-
inates velocity observations within 17 m of the surface.
Therefore, in the results to follow, we limit the current
profiles to depths greater than 20 m.

a. Tides and inertial oscillations

One of the difficulties inherent in working with in
situ velocity measurements of the shelfbreak jet is that
they are subject to potentially strong tidal and inertial
oscillations. Fortunately, this part of the MAB corre-
sponds to a regional minimum in the semidiurnal bar-
otropic tidal energy (Twichell et al. 1981; Moody et al.
1984), decreasing the likelihood of tidal interaction, and
hence resulting in similarly small baroclinic tides and
mixing. Both to the east and west of our site the com-
bination of coastline geometry and shelf width make
the tidal system more resonant at the semidiurnal fre-
quencies, resulting in significantly larger tidal ampli-
tudes (e.g., Garrett 1972). Hence, in this respect, our
survey line is optimally located.

The relative strengths of the barotropic and baroclinic
tides were estimated using the yearlong velocity time
series from the shelfbreak ADCP moorings. The veloc-
ity time series were high-pass filtered using a second-
order Butterworth filter with a 40-h cutoff and decom-
posed into their barotropic and baroclinic components.
The filtered velocities from each mooring were verti-
cally averaged to create a time series of barotropic ve-
locities. It should be noted that because the range of the
moored ADCP is limited by acoustic interference near
the surface, what we are calling the barotropic com-
ponent of the flow is only representative of the true

1 Because of the robust signals at depth, we have in fact extrap-
olated velocities into this region (indicated by the shaded area in all
figures).
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FIG. 2. The relative amplitude of the barotropic (heavy line) and
baroclinic (light line) components for the M2 tidal constituent as
determined from the moored shelfbreak ADCPs in Fig. 1.

barotropic flow determined using a full water-column
average. The barotropic velocities were subtracted from
the original record to obtain a time series of baroclinic
velocities. The coefficients for the dominant tidal con-
stituents were calculated using a simple least squares
technique and tidal ellipses were constructed to deter-
mine the amplitude and phase of each tidal constituent.
The relative amplitudes of the barotropic and baroclinic
components of the M2 tidal constituent (which domi-
nates the local tidal currents) are compared in Fig. 2.
The vertical structure of the amplitude of the M2 bar-
oclinic tide has a first mode character with the surface
layer 1808 out of phase with the lower layer (not shown).
More importantly, however, the amplitude of the M2

baroclinic tide, ranging between 0.01–0.03 m s21 in this
region, is up to an order of magnitude smaller than the
barotropic tide, which ranges between 0.07–0.11 m s21.
These results suggest that the baroclinic tide is small
compared with the barotropic tide in this region of the
MAB. Further, the amplitude of the baroclinic tide is
small enough, compared with the amplitudes of the
alongstream and cross-stream velocities in the shelf-
break jet, that the general flow patterns of the jet are
robust (i.e., flow reversals and convergent/divergent pat-
terns; cf. Fig. 3).

Although the barotropic tides are relatively small in
this region, we are able to reduce their effects even more
by utilizing velocity records from a collection of long-

term moorings spanning the TOPEX line. In addition
to the two moored shelfbreak PRIMER ADCPs, two
heavily instrumented current meter moorings were de-
ployed along the inshore portion of the TOPEX line as
part of a concurrent program (The Coastal Mixing and
Optics Experiment; Galbraith et al. 1999). These
moored velocity measurements, together with historical
velocity observations collected during NSFE, encom-
pass the horizontal domain sampled by the shipboard
ADCPs, affording us the opportunity to accurately pre-
dict and remove the barotropic tide from each of our
shipboard velocity sections (Fig. 1). These time series
have been used to predict the amplitude of the 13 dom-
inant barotropic tidal constituents across the domain and
to remove the barotropic tidal signal from each of the
shipboard sections (see appendix). The tidal prediction
algorithm results in the removal of a significant portion
of the energy at the dominant tidal frequencies. For
example, detiding the moored shelfbreak PRIMER
ADCP velocity time series resulted in an 80% reduction
in the energy contained in the semidiurnal frequency
band. The amplitude of the residual currents in the M2

frequency band was 0.02 m s21, small with respect to
the velocities in the shelfbreak jet.

Figure 3 illustrates the effects of detiding on a single
velocity section, the third occupation in Table 1. As one
might expect, the structure of the alongstream compo-
nent of the jet is not significantly altered by the removal
of the barotropic tides (Fig. 3, left).2 In the case shown,
the shelfbreak jet has been sharpened by the detiding
into a well-defined region of westward flow that extends
all the way to the bottom. The detiding has a greater
impact on the structure of the cross-stream velocity field
(Fig. 3, right). In the example presented here, the detided
cross-stream velocity field reveals a convergent pattern
centered along the vertical axis of the alongstream jet.
Overall, the detiding resulted in sharpened velocity gra-
dients, intensified alongstream velocities, and more or-
ganized cross-stream flow patterns.

Inertial oscillations represent another source of error
in the analysis of in situ velocity measurements of the
shelfbreak jet. The strength of the inertial oscillations
along the TOPEX line was estimated using the velocity
time series from the deeper of the two shelfbreak PRIM-
ER ADCPs, as its record was longer and contained no
interruptions unlike the shallower ADCP (Fig. 1). First,
the moored velocity time series was detided using the
tidal coefficients from the prediction algorithm described
in the appendix. Complex demodulation was then applied
to the detided time series in order to estimate the am-
plitude and phase of the velocity fluctuations at the in-
ertial frequency (18.8 h) as a function of time. The mean
amplitude profile (calculated over the yearlong deploy-
ment) was surface and bottom intensified (Fig. 4a). The

2 The velocity fields are presented in a rotated coordinate frame
whose alongstream component is parallel to the flow at the core of
the shelfbreak jet (see section 2b).
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FIG. 3. Comparison of a single absolute alongstream and cross-stream velocity section as measured by the shipboard ADCP (middle) with
the corresponding detided velocity section (bottom) after the barotropic tides have been removed. The velocity fields are presented in a
rotated coordinate frame whose alongstream component is parallel to the flow at the core of the shelfbreak jet (see section 2b). The section
shown is the third occupation in Table 1. The solid contours represent equatorward flow in the alongstream fields and offshore flow in the
cross-stream fields. The amplitude of the barotropic tide, which was removed across each section is also shown (top). The shaded region
near the bottom represents the region where no data exist and velocities are extrapolated. There is a blanked region near the surface due to
the acoustic interference near the hull of the ship.

mean amplitude was approximately 0.06 m s21 near the
surface and bottom and decreased to a minimum ampli-
tude of 0.04 m s21 at roughly 80 m. These magnitudes
are consistent with the inertial amplitudes reported by
Beardsley et al. (1985). The strength of the inertial os-

cillations was also estimated from the amplitude time
series during each of the shipboard ADCP occupations
and compared to the magnitude of the alongstream and
cross-stream velocities in the shelfbreak jet at that time.
In general, the inertial amplitudes were significantly less
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FIG. 4. (a) The deployment mean amplitude of the inertial oscillations as measured by the offshore shelfbreak ADCP. (b) The mean
amplitude of the inertial oscillations calculated over the period coinciding with the third shipboard survey (Fig. 3). The solid lines represent
the east–west component while the dotted lines represent the north–south component of the flow.

than the alongstream and cross-stream velocity signals
of interest. For example, during the third occupation (Ta-
ble 1, Fig. 4b) the average inertial amplitudes were 0.03–
0.04 m s21 within the upper 100 m where the alongstream
and cross-stream jet amplitudes exceed 0.30 m s21 and
0.15 m s21, respectively (Fig. 3).

In summary, the moored ADCP time series revealed
that the baroclinic tides, inertial oscillations, and resid-
ual barotropic tides (after detiding) are smaller than the
primary and secondary jet amplitudes over most of the
water column. In general, flow patterns, specifically
flow reversals associated with convergent/divergent
flow regimes, are robust in the face of tides and inertial
oscillations. Without exception, the removal of the bar-
otropic tides from each of the shipboard velocity sec-
tions resulted in a more plausible jet structure. Hence,
we are confident that this collection of shipboard ADCP
sections accurately captures the subtidal velocity signal
of the MAB shelfbreak jet.

b. Coordinate frames

Halkin and Rossby (1985) developed a method for
diagnosing the mean structure, transport, and variability
of the Gulf Stream while minimizing the influence of
lateral meandering of the current. They accomplished
this by transforming the velocity observations into a
translating coordinate system whose origin tracks the

core position of the current. In this streamwise coor-
dinate system, the major axis is aligned parallel to the
overall downstream direction of the current while the
origin of the coordinate system is defined so that its
geographical position varies with the position of the core
of the current. Here, a similar method is employed to
describe the mean structure of the shelfbreak jet and to
diagnose its variability while minimizing the effects of
cross-shelf meandering. The ensemble of velocity sec-
tions is also analyzed in fixed geographic coordinates
in order to examine the impact of the meandering on
the structure and variability of the shelfbreak current.

Our sampling occurred along a line that is not oriented
directly normal to the isobaths (Fig. 1) and hence not
perpendicular to the expected mean direction of the
shelfbreak jet. Before analyzing the velocity observa-
tions in either geographic or stream coordinates, the
velocities were first rotated into an along- and cross-
stream coordinate system and the station locations were
projected onto the new cross-stream axis. This ensures
that the following analysis is unaffected by changes in
the orientation of the current relative to the survey line.
The alongstream direction of the jet was determined for
each realization by the mean (20–50 m) transport vector
averaged over the e-folding width of the jet (Fig. 5a).
Inherent in this methodology is the assumption that the
structure of the shelfbreak jet remains largely the same
over the alongstream distance sampled in each reali-
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FIG. 5. (a) The velocity integrated over the upper 50 m of the water column from the first shipboard survey. The gray shaded arrow
represents the location and orientation of the mean transport vector averaged over the e-folding width of the jet (denoted by the gray shading
along the survey line). The streamwise coordinate system is overlaid (dashed vectors) with the origin defined by the maximum transport
vector. The gray circles on the cross-stream coordinate axis represent the projection of the station positions as a result of the coordinate
rotation (the stations projected south of the mean jet axis are not shown). The inset panel (b) illustrates the alongstream distance that is
sampled while crossing the e-folding width of the jet.

zation (inset Fig. 5b). The degree to which this is not
true represents a source of error that is dependent on
the width of the jet and the angle at which the jet in-
tersects the survey line. This alongstream distance has
been estimated for each jet crossing based on the width
of the instantaneous jet and the intersecting angle of the
jet with respect to the survey line. The majority of the
realizations sample a distance less than 15 km in the

alongstream direction. By comparison, the alongstream
length scale associated with frontal meanders and eddies
in the shelfbreak jet range from 20 to 35 km (Garvine
et al. 1988; Ramp et al. 1983). While our sampling
distance is smaller than the scales of observed alongs-
lope variability, it is nonetheless a source of ambiguity
and should be kept in mind when interpreting the ve-
locity fields to follow. In the rotated coordinate system
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FIG. 6. The position, velocity, and orientation of the jet core for
the collection of shipboard surveys (black vectors). The mean jet
position and orientation is denoted by the thicker gray vector.

and subsequent results, the positive x axis is aligned
parallel to the downstream direction of the jet (equa-
torward) while the y axis is positive in the offshore
direction.

The only difference between the geographic coordi-
nate system and the stream coordinate system is the
location of the origin of the coordinate axes. In the
former, the origin is fixed at a given location. For the
geographic frame of reference we used a bottom-depth
versus height above bottom coordinate system. After
the transformation to bottom-depth coordinates, each
velocity section was gridded using Laplacian-spline in-
terpolation onto a regular grid with 10-m spacing in
bottom depth and 4-m spacing in height above bottom.
In this way, the different sections could be quantitatively
compared on the same grid. In the following results, the
geographic velocity sections have been transformed
back into the traditional cross-stream versus depth co-
ordinate system after calculations were complete. In the
stream coordinate system, the origin of the coordinate
axes is variable, changing based on the position of the
core of the jet (Fig. 5a). The core has been identified
in each section by the maximum transport per unit width
over the upper 50 m of the water column. To facilitate
quantitative comparisons, the individual velocity sec-
tions were gridded onto a standard grid with 2-km spac-
ing in the cross-stream direction and 4-m spacing in the
vertical. One of the artifacts of the stream coordinate
system is that the data density decreases near the edges
of the common grid. A threshold was set so that only
the portion of the domain containing at least six of the
seven velocity realizations is to be considered in the
calculations to follow.

3. Mean jet structure

Over the 2-yr survey period, the jet remained close
to the shelf break (Fig. 6). With one exception, the core
of the current was located between the 100-m isobath
and the true shelf break at 180 m. This agrees with
Linder and Gawarkiewicz (1998), who report a clima-
tological jet position in this area near the 125-m isobath.
The jet axis meandered over a lateral range of 30 km,
consistent with the range 10–20 km reported by Hough-
ton et al. (1988) for the position of the foot of the
shelfbreak property front over a 6-month period. The
jet’s direction fluctuated between 2458 and 3088 true
(between 48 and 678 off the perpendicular to the survey
line), but on average it flowed parallel to the local iso-
baths (Fig. 6). The jet’s width (based on half the core
velocity; Linder and Gawarkiewicz 1998) was 25 6 6
km where the uncertainty represents the standard error.

a. Mean jet in geographic coordinates

The seven nonsummer velocity sections have been
averaged in the geographic coordinate system and the
resulting mean shelfbreak jet is shown in Fig. 7. The

geographic mean shelfbreak jet is broader than the ma-
jority of the individual jet realizations, a result of the
smoothing due to the nonstationarity of the shelfbreak
jet (Fig. 7a). Despite the averaging process, near-surface
velocities within the core of the mean jet exceed 0.30
m s21. The alongstream jet axis tilts onshore with depth,
approaching the bottom with velocities exceeding 0.10
m s21. The effect of the lateral meandering of the shelf-
break jet is evident in the reduced horizontal velocity
gradients relative to the individual sections and is il-
lustrated by the distribution of the standard error of
alongstream velocities (Fig. 8a). The variability about
the alongstream mean is maximized along the cyclonic
(seaward) edge of the shelfbreak jet and near the bottom
at the base of the mean alongstream jet core. The cause
of the near-bottom variability, which was unexpected,
is discussed in section 4. The cross-stream component
of the geographic mean jet indicates that there is con-
vergent flow near the surface within the core of the
current (Fig. 7b). However, the standard error of the
cross-stream velocity field over the remainder of the
water column (Fig. 8b) is approximately equal to the
mean cross-stream velocity within the jet core (Fig. 7b),
indicating that the average cross-stream section in geo-
graphic coordinates is only marginally significant.

b. Mean jet in streamwise coordinates

When viewed in the streamwise coordinate frame the
mean shelfbreak jet is more robust and its secondary
circulation is more organized, owing to the fact that a
significant amount of variability has been removed by
working in stream coordinates. By combining the indi-
vidual velocity sections in such a manner, we have min-
imized the variability associated with the meandering of
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FIG. 7. The mean jet calculated in geographic coordinates for the
(a) alongstream and (b) cross-stream components of the flow (cm
s21). The solid contours represent (a) equatorward flow and (b) off-
shore flow. The shaded region near the bottom corresponds to the
extrapolated region in Fig. 3. The arrow denotes the position of the
alongstream jet core.

FIG. 8. The standard error (cm s21) of the mean velocities in Fig.
7. The arrow denotes the position of the alongstream jet core. Standard
errors greater than 0.05 m s21 are shaded to highlight regions of
maximum variability.

the jet and are left with a highly resolved description of
the jet’s mean structure (Fig. 9). Without the smoothing
that is a consequence of averaging in the geographic
coordinate system, the mean shelfbreak jet is narrower
and contains more horizontal and vertical shear than its
geographic counterpart (compare Figs. 9 and 7). The
alongstream jet extends through the water column with
its axis tilting onshore with depth (Fig. 9a). The corre-
sponding mean cross-stream flow (Fig. 9b) reveals a clear
pattern of convergence that extends along the tilted axis

of the shelfbreak jet, with enhanced convergence both
near the surface and near the bottom. This robust double-
celled pattern is not evident in the geographic mean sec-
tion. Despite that we have minimized the variability as-
sociated with the meandering of the jet, it is obvious that
some variability remains in the system. In particular, the
standard error of the alongstream velocity is largest near
the bottom. Note however, that the error velocities are
smaller than the mean near-bottom velocities (cf. Figs.
9a and 10a) indicating that the mean section in Fig. 9
provides an accurate description of the mean structure of
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FIG. 9. The mean jet calculated in streamwise coordinates for the
(a) alongstream and (b) cross-stream components of the flow. The
solid contours represent (a) equatorward flow and (b) offshore flow.
The lightly shaded region near the bottom represents the region where
less than six (out of the seven) observations contributed to the mean.
Velocities in both sections that fall within this region are extrapolated.

FIG. 10. The standard error (cm s21) of the mean velocities in Fig.
9. The arrow denotes the position of the alongstream jet core. Standard
errors greater than 0.05 m s21 are shaded to highlight regions of
maximum variability. The blanked region near the bottom corre-
sponds to the extrapolated region in Fig. 9.

the shelfbreak jet throughout the water column. By con-
trast, the mean cross-stream velocities are only slightly
larger than the standard error shown in Fig. 10b, indi-
cating that the secondary circulation, even in stream co-
ordinates, is highly variable. This variability is examined
in detail in section 4.

The mean nonsummer shelfbreak jet observed here
is surface intensified, in agreement with historical ob-
servations. However, unlike previous descriptions, the
alongstream flow is not confined to the near-surface lay-

er. Rather, mean alongstream velocities exceed 0.10 m
s21 near the bottom of the jet axis, located approximately
20 km inshore of the maximum surface velocities. In-
terestingly, the near-bottom position of the jet core co-
incides with a ‘‘mini–shelf break’’ located near the 105-
m isobath, approximately 25 km inshore of the true shelf
break (Fig. 9). This is also true for several of the in-
dividual velocity sections and for the position of the
bottom intersection of the mean shelfbreak density front
(as determined from a smaller number of sections), sug-
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FIG. 11. The cross-stream component of the relative vorticity (]u/
]y) scaled by the Coriolis parameter for the mean shelfbreak jet shown
in Fig. 9. The solid contours denote cyclonic shear (]u/]y . 0). The
arrow denotes the position of the alongstream jet core.

gesting that the mini–shelf break may be dynamically
important to the circulation in this region.

Due in part to the significant westward flow near the
bottom, the mean jet transports a surprisingly large
amount of fluid equatorward. Here, the equatorward
transport of the jet has been computed over a depth-
dependent lateral e-folding width in order to accom-
modate the tilted axis of the jet. The transport calcu-
lation excludes the velocities within the extrapolated
region near the bottom (shaded region in Fig. 9). Further,
our transport estimate may be considered a lower bound
on the westward transport of the mean jet since it does
not include the westward flow within the upper 20 m
of the water column where velocity data were not avail-
able. The resultant mean transport, 0.46 6 0.32 Sv, is
nearly a factor of 2 larger than previous estimates (Lin-
der and Gawarkiewicz 1998).3 The variability about this
mean, however, is quite large. Taking this into account,
our transport estimate is within historical ranges, falling
between 0.2 and 0.38 Sv (Beardsley et al. 1985; Linder
and Gawarkiewicz 1998). We note that this mean trans-
port, computed in streamwise coordinates, is compa-
rable to the average transport of the collection of in-
dividual jet occupations. It should also be noted that
most of the earlier transport estimates were based on
either geostrophic velocity sections derived from hy-
drography, which have referencing ambiguities (Linder
and Gawarkiewicz 1998), or on direct velocity obser-
vations from current meter arrays that were unable to
resolve the jet (Beardsley et al. 1985).

c. Dynamics of the mean jet

The width of the mean jet is approximately 25 km,
with maximum lateral velocity gradients located on the
cyclonic (offshore) side of the jet (Fig. 11). This is con-
sistent with previous observations of the instantaneous
and climatological shelfbreak jet (Gawarkiewicz et al.
2001; Linder and Gawarkiewicz 1998). With the single
repeat survey line, we are unable to estimate the com-
ponent of relative vorticity corresponding to ]y/]x. How-
ever, direct estimates of this term from observations im-
mediately downstream of our location during the same
time period indicate that this component is less than 10%
of ]u/]y in the shelfbreak jet (G. Gawarkiewicz 2000,
personal communication). The Rossby number of the
mean jet, thus defined as (]u/]y)/ f , peaks at 0.2 implying
that the alongstream flow is nearly linear. It is difficult
to determine whether the mean jet shown in Fig. 9 is
in thermal wind balance because coincident hydrograph-
ic data were collected during only four of the seven
velocity surveys (Table 1). However, the mean alongs-
tream jet as calculated from this smaller subset of ADCP
occupations is in geostrophic balance with the hydro-
graphic structure of the mean front, leading us to con-

3 Extrapolating over the upper 20 m of the water column, the trans-
port of the jet increases to 0.63 6 0.39 Sv.

clude that the average jet in Fig. 9 is, to first order,
geostrophic.

The shelfbreak jet has been described in the historical
literature as a ‘‘leaky’’ coastal current that loses trans-
port as it flows equatorward through the MAB (Loder
et al. 1998). However, the mean jet in Fig. 9 is con-
vergent throughout the water column, in contrast to the
divergent pattern suggested by large-scale transport es-
timates. This apparent contradiction is likely due to the
fact that the jet, which occasionally extends all the way
to the bottom along our survey line, is responding to
local bathymetry that is convergent near 708W. For in-
stance, Pickart (2000) demonstrated that the cross-
stream convergence required by the local isobath con-
figuration, under the constraint of alongshelf continuity
of transport, accounts for much of the observed cross-
stream convergence in a single jet crossing. Figure 12
shows the cross-stream convergence (]y/]y) calculated
from the mean jet in Fig. 9b. The convergent flow is
centered along the tilted axis of the alongstream jet with
maximum convergence occurring slightly inshore of the
jet core. The cross-stream convergence is enhanced near
the surface (20 m) and near the bottom, with amplitudes
of 1.3 3 1025 and 1.0 3 1025 s21, respectively. Note
that these two convergent cells are separated by a region
of minimum convergence near 70 m.

We now investigate the mass balance in this system
using a simple one-dimensional model representing the
convergent flow observed at the core of the jet. For
simplicity we ignore the shoreward tilt of the jet axis
and consider that the profile of ]y/]y, measured along
the axis of the jet in Fig. 12, is vertically aligned. We
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FIG. 12. The cross-stream component of the divergence (]y/]y)
(31025 s21) for the mean shelfbreak jet shown in Fig. 9. The solid
contours denote convergent flow (]y/]y , 0). The arrow denotes the
position of the alongstream jet core.

FIG. 13. (a) The residual vertical velocity at the top and bottom
boundaries (relative to zero) as a function of the alongstream diver-
gence ]u/]x. The residual w is defined as the vertical velocity at the
surface when integrating upward, averaged with the velocity at the
bottom when integrating downward. The heavy vertical line marks
the estimate of the observed ]u/]x, based on the convergence of the
100-m and 170-m isobaths and assuming a jet speed of u 5 0.25 m
s21. (b) The profile of vertical velocity for the one-dimensional jet
based on ]u/]x 5 0.9 3 1025 s21. The solid line results from the
integration of the continuity equation originating at the surface and
the dotted line results from the integration originating at the bottom.
The shaded region is where ]y/]y is based on extrapolated velocities
(Fig. 12).

further simplify by assuming that ]u/]x is independent
of depth, a reasonable assumption since we are hypoth-
esizing that the jet responds to the locally convergent
topography during a period when the stratification is
relatively weak (fall/winter). We are justified in consid-
ering this single-layer response based on the arguments
of Pickart et al. (1999b), who showed that the penetra-
tion height of the jet, defined as H 5 fL/N where L is
the width of the jet, f is the Coriolis parameter, and N
is the buoyancy frequency during winter, is greater than
the water depth within the vicinity of the shelfbreak jet.
The vertical velocity is taken to be zero at both the
bottom and top of our one-dimensional jet. In general,
vertical velocities at the bottom are driven by 1) Ekman
pumping in the bottom boundary layer, which in this
case is predominantly driven by the cross-stream gra-
dient in the alongstream jet velocity, ]u/]y (since ]y/]x
is comparatively small, #10%, as discussed earlier), and
by 2) cross-stream flow (y) over the sloping topography
(e.g., see Pickart 2000). We are confining our one-di-
mensional model to the axis of the mean jet, where both
]u/]y (Fig. 11) and y (Fig. 9b) are identically zero.
Taking (the depth independent) ]u/]x as an unknown,
we integrate the continuity equation from the surface to
the bottom and vice versa in an iterative fashion, ob-
jectively searching for a value of ]u/]x that causes the
vertical velocity to vanish at both the top and bottom
boundaries, thereby balancing mass in the interior. We
find that the vertical velocity is so minimized at the
surface and bottom for ]u/]x 5 0.9 3 1025 s21. Re-
assuringly, taking a jet speed of 0.25 m s21 and using
the observed topographic convergence of the 100 and

170 m isobaths where the mean jet is centered, we come
up with an estimate for ]u/]x of 0.95 3 1025 s21, nearly
identical to the objectively determined convergence re-
quired to balance mass in the one-dimensional model
(Fig. 13a). Thus to leading order, our mean jet balances
mass in response to the local convergence of the iso-
baths. By comparison, the divergence expected due to
the larger scale alongstream transport changes [based
on transport estimates by Loder et al. (1998) west of
the Grand Banks] is only on the order of 0.01 3 1025

s21, two orders of magnitude less than the convergence
forced here by the local isobath configuration. There-
fore, it is probable that in locations where the topog-
raphy is convergent and when the jet extends to the
bottom, the resultant convergent flow pattern will dom-
inate over the divergence expected due to the large-scale
loss of transport by the jet.

Interestingly, the jet’s cross-stream flow (presumably
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in response to the convergent topography) is not uniform
with depth. Instead it is intensified near both the surface
and the bottom, with weakly convergent flow at mid-
depth. Our simple model suggests that much of the con-
vergent fluid near the surface and bottom directly feeds
the downstream acceleration of the jet, while the im-
balance results in downwelling near the surface and up-
welling near the bottom (Fig. 13b). At middepth, ]w/]z
must balance the alongstream acceleration of the jet as
]y/]y is not sufficient to balance the downstream ac-
celeration. As a result, w passes through zero and the
downwelled/upwelled water turns downstream, closing
the secondary cell (Fig. 13b). One wonders why the
jet’s response to the convergent topography might be
nonuniform in the vertical and what drives the down-
welling/upwelling cells. Near-surface downwelling cells
have been inferred from observations in association with
both open ocean fronts (Pollard and Regier 1992) and
more recently in the shelfbreak jet (Barth et al. 1998;
Gawarkiewicz et al. 2001). Pollard and Regier (1992)
demonstrated that vertical velocities result from the re-
quirement that potential vorticity is conserved within a
confluent flow in the vicinity of the frontal jet. Specif-
ically, water parcels are transported by the confluent
flow (in Pollard and Regier’s case by transient baroclinic
eddies) into regions of increasing (or decreasing) rela-
tive vorticity, while conservation of potential vorticity
requires that the parcels adjust their thickness to com-
pensate, resulting in the vertical velocities. For a simple
jet this implies that there will be downwelling to the
right and upwelling to the left of the jet axis, looking
upstream.

Formally, the details of the ageostrophic circulation
can be described by applying the quasigeostrophic ap-
proximation to the nonlinear equations of motion. Fol-
lowing Gill (1982):

]y ]y ]yg g g
f u 5 2byu 2 1 u 1 y (1)o a g g g1 2]t ]x ]y

]u ]u ]ug g g
f y 5 2byy 1 1 u 1 y , (2)o a g g g1 2]t ]x ]y

(a) (b) · · · · · (c) · · · · ·

where b is the meridional gradient of the Coriolis pa-
rameter, (ua, y a) represent the ageostrophic component
of the flow, and (ug, y g) denote the geostrophic part of
the flow so that (u, y) 5 (ug, yg) 1 (ua, ya). There are
three components to the ageostrophic flow: (a) the b
term results in ageostrophic flow driven by the advection
of planetary vorticity, (b) the time-dependence of the
geostrophic flow, and (c) the nonlinear advection, re-
sulting in ageostrophic flow driven by the advection of
relative vorticity. Pollard and Regier (1992) considered
terms (b) and (c) in their diagnosis of the ageostrophic
flow near an open ocean front. In their case, the con-
fluent flow was associated with transient eddies in the
vicinity of the front.

We have shown that the convergent topography in
this region likely results in the downstream acceleration
of the mean shelfbreak jet, driving a large portion of
the convergent mean cross-stream flow in Fig. 9b. One
wonders if this convergence could have the same effect
as the confluent flow of the transient eddies examined
by Pollard and Regier (1992), setting up an ageostrophic
secondary circulation. The mean flow in Fig. 9 is a zonal
jet and is presumably in steady-state balance, therefore
the first two terms on the right-hand side in Eqs. (1)
and (2) do not contribute to ageostrophic flow. Because
we are interested in the secondary circulation in the
cross-stream plane, we concentrate on Eq. (2), which
reduces to

]u ]u1 g g
y 5 u 1 y . (3)a g g[ ]f ]x ]yo

This assumes that the observed alongstream flow, u, is
primarily geostrophic. This is reasonable based on the
small Rossby number of the mean jet (Pickart et al.
1999b) and based on the thermal wind agreement dis-
cussed above. Therefore, ug is taken as the observed
mean alongstream velocity. The divergence term, ]ug/
]x, is taken to be 0.9 3 1025 s21 as predicted by the
one-dimensional model and confirmed by considering
the acceleration of the jet confined between the 100-m
and 170-m isobaths. The vorticity term, ]ug/]y, is taken
from Fig. 11. Finally, y g is the geostrophic part of the
mean cross-stream velocity (as yet undetermined). We
assume that y g is driven by the converging isobaths, and
therefore it satisfies ]yg/]y 5 2]ug/]x 5 20.9 3 1025

s21. Thus we can determine y g up to a constant of in-
tegration, y g 5 2(]ug/]x)y 1 Depending on they .go

choice of we produce different magnitudes of yay ,go

according to Eq. (3). To determine the optimal choice
of we used the constraint yobs 5 yg 1 ya, where yobsy ,go

is the mean cross-stream velocity shown in Fig. 9b. Note
that in general this constraint cannot be satisfied every-
where (specifically it is not possible to satisfy this at
the edges of the jet where the value of y g increases
without bound, see Fig. 14b). For this reason, we con-
fined ourselves to the central portion of the jet and de-
termined the value of which minimized the rmsy ,go

difference between yobs and (yg 1 y a).
We evaluate Eq. (3) at each depth but vertically av-

erage the resulting values of y g and y a to simplify their
comparison in Fig. 14. It is important to note that each
of the terms contributing to the calculation of the ageos-
trophic flow in Eq. (3) is based on a variable in which
we have confidence. For instance, the calculations were
limited to the upper 50 m where the mean alongstream
velocity is most robust (compare Figs. 9a and 10a) and
all other terms are based on our estimate for the alongs-
tream acceleration of the jet in response to the con-
verging isobaths. Although the mean cross-stream ve-
locity field in Fig. 9b is less robust, this was used only
to constrain the value of the integration constant y .go
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FIG. 14. (a) Vertically averaged (20–50 m) alongstream velocity
(uobs) from Fig. 9a. (b) Comparison of the vertically averaged (20–
50 m) observed cross-stream velocity (yobs) the geostrophic compo-
nent of the cross-stream velocity (y g), the calculated ageostrophic
cross-stream velocity (y a), and the sum (y g 1 y a). The shaded region,
corresponding to the central portion of the jet, indicates the region
over which y g was optimized (see text).

FIG. 15. (a) Ageostrophic velocity calculated over the upper 50 m
of the water column. Solid contours denote offshore flow in cm s21.
(b) Divergence of ageostrophic velocity in (a). Solid contours rep-
resent convergent flow. The arrows denote the location of the mean
jet core as shown in Fig. 9. The shaded region denotes the central
portion of the jet.

Note that the cross-stream gradient in y a (which is the
quantity that determines the distribution of vertical ve-
locity) is independent of this integration constant.
Hence, we believe that y a so calculated represents an
accurate measure of the ageostrophic secondary circu-
lation of the mean jet.

The vertical section of ageostrophic flow computed
using Eq. (3) is shown in Fig. 15a. The ageostrophic
velocity is directed offshore over the majority of the
section with maximum flow located just inshore of the
mean jet core. The divergence of the ageostrophic ve-

locity (]y a/]y) is shown in Fig. 15b. Interestingly, the
ageostrophic cell is not symmetric about the mean core
of the jet. Instead, the magnitude of the convergence on
the seaward side is twice that of the divergence on the
shoreward side. This asymmetry in the ageostrophic
flow is a direct consequence of the asymmetry of the
jet: as mentioned earlier, the lateral shear is greater on
the cyclonic side (Fig. 11). Although the maximum con-
vergence is located offshore of the jet core, the region
of convergent flow extends inshore of the core with
magnitudes of 0.3 3 1025 s21 at the jet core. As a
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consistency check, we can compare this value to the
residual computed between the observed cross-stream
convergence, from Fig. 12, and the geostrophic con-
vergence predicted based on the downstream conver-
gence of the isobaths in this region, ]yobs/]y 2 ]y g/]y.
The residual, 0.4 3 1025 s21 at the jet core, is in good
agreement with the ageostrophic convergence in Fig.
15b.

This analysis suggests that the downstream acceler-
ation of the mean jet, in response to the converging
isobaths, does indeed modify the momentum balance so
that a secondary ageostrophic circulation results. In this
way, the convergent topography induces a confluent
flow similar to that set up by the transient eddies ex-
amined by Pollard and Regier (1992), which resulted
in an ageostrophic circulation cell in their open-ocean
front case. The ageostrophic circulation at the shelf
break deduced here is an asymmetric cell with conver-
gence and downwelling at the jet core, extending off-
shore, and weaker divergence and upwelling inshore of
the jet core. For computational purposes, our calculation
is limited to the upper 50 m where the alongstream mean
velocity field is significantly greater than the standard
error, and hence the results are robust. Obviously, if the
topography is responsible for modifying the momentum
balance as we have suggested, we would not expect the
ageostrophic circulation to be limited to the upper water
column. However, both the magnitude of the mean
alongstream flow and its lateral gradients decrease near
the bottom indicating that the ageostrophic flow should
also decrease.

We note that the ageostrophic circulation determined
here has been diagnosed in an inviscid framework, al-
though it has been shown that frictional effects play an
important role in the maintenance of the shelfbreak front
(Gawarkiewicz and Chapman 1992; Chapman and Lentz
1994). In the presence of friction, an Ekman layer is
established in the bottom boundary layer, which drives
upwelling within the frontal zone (Chapman and Lentz
1994; Pickart 2000). This upwelling occurs a bit inshore
of the foot of the front and is responsible for the initial
detachment of the bottom boundary layer at the base of
the shelfbreak front (Chapman and Lentz 1994). The
dye release experiments of Houghton (1997) and
Houghton and Visbeck (1998) were the first to directly
observe this detachment process in the shelfbreak jet.
Although we do not resolve the bottom boundary layer
with the ADCP velocity sections, it has been demon-
strated that strong cross-stream convergence at depth
(above the bottom boundary layer) can lead to upwell-
ing, which enhances the upward advection of the de-
tached bottom boundary layer (Pickart 2000). This is
consistent with the enhanced near-bottom convergence
seen in Fig. 9b.

4. Jet variability
The distribution of the standard error in stream co-

ordinates reflects the variability associated with the

change in the shape, vertical orientation, and intensity
of the shelfbreak jet (Fig. 10). The variability about
the alongstream mean jet in stream coordinates is larg-
est near the bottom, where the jet axis encounters the
mini–shelf break. To investigate this variability further,
we applied an empirical orthogonal function (EOF)
analysis to the ensemble of velocity sections in stream
coordinates. The EOF technique computes the eigen-
values and eigenfunctions of the velocity covariance
(or correlation) matrix to objectively identify the dom-
inant modes of variability associated with the collec-
tion of velocity sections. As in the mean calculation,
only the portion of the domain containing at least six
of the seven velocity realizations is considered in the
EOF analysis. Hence, this EOF is similar to the sparse
EOF invoked by Pickart et al. (1999a). Admittedly we
are working with a very small number of velocity sec-
tions for an EOF analysis, but the well-behaved nature
of the results and the significance of the dominant
modes lends credibility to the present application of
the method. With so few sections, it is possible for a
single realization to dominate the EOF structure if the
magnitude of the signal in question is significantly
larger and more anomalous than the surrounding ve-
locities in space and time. Indeed, the presence of a
nearby Gulf Stream ring during one of our jet crossings
resulted in anomalously strong poleward flow over the
edge of the continental slope, immediately seaward of
the shelfbreak jet. This signal unduly influenced the
results from our initial EOF, by focusing the structure
of the dominant modes entirely over the slope region
and dominating the principal component amplitude
time series. As this was the only section in our col-
lection that was obviously impacted by a Gulf Stream
ring, we objectively removed the anomalous poleward
slopewater velocities from this section using the co-
incident temperature and salinity data to define the slo-
pewater boundary, leaving the velocities within the
shelfbreak jet untouched. An EOF analysis was then
performed on the two components of velocity (along-
and cross-stream) separately, followed by a bivariate
EOF on u and y simultaneously. The results of the two
calculations were largely similar, indicating that the
variability described by the EOFs for the along- and
cross-stream fields are directly related. The results
from the uncoupled calculation are presented here, as
they are a bit cleaner.

The first EOF describes the dominant mode of var-
iability, containing four times (twice) the variance of
the next dominant mode in the alongstream (cross-
stream) case. The first mode amplitude time series and
vertical structure are presented in Fig. 16. The ampli-
tude time series is normalized so that the vertical struc-
ture of the EOF represents the maximum dimensional
value of the mode. The vertical structure of the first
EOF suggests acceleration/deceleration of the alongs-
tream velocity across the entire section, while the
cross-stream velocity varies out of phase inshore and
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FIG. 16. The vertical structure of the dominant EOF mode as calculated for the alongstream (lower left) and cross-stream (lower right)
velocity fields. The percent variance explained by the mode is indicated. The normalized ‘‘time series’’ (upper panels) of the modal amplitudes
(the abscissa is labeled based on the shipboard survey numbers from Table 1). The vertical structure fields are dimensional and represent
the maximum value of the mode. The mean position of the jet core (not shown) is located at x 5 0 km near the surface, corresponding to
the origin of the stream coordinate system (Fig. 5).

offshore of the jet axis (Fig. 16). The alongstream var-
iability is maximized within a tongue of relatively high
amplitudes extending from the bottom along the axis
of the mean jet (Fig. 9a). Because the vertical structure
of the alongstream EOF is of the same sign over the
entire section, this mode can be interpreted as a ‘‘trans-
port mode.’’ By contrast, the cross-stream variability
is largely symmetric about the core of the mean jet,
although amplitudes are slightly higher on the inshore
side. In order to visualize the effect of this variability
on the structure of the shelfbreak jet, we have added
the mean fields back into the first EOF and compared
the structure of the resulting extreme minimum and
maximum states (Fig. 17). This suggests that the shelf-
break jet systematically fluctuates between a conver-
gent, bottom-reaching state and a more surface-trapped
state with weaker cross-stream velocities. The surface-
trapped jet is much broader and weaker than the bot-
tom-reaching jet (as evidenced by the differences in
the relative vorticity in Fig. 17) and is associated with
a deep alongstream flow reversal (poleward flow) rem-

iniscent of the Chapman and Lentz (1994) model jet.
Except for the third realization, the alongstream and
cross-stream modal amplitude time series vary in phase
with each other (Fig. 16), confirming that these fluc-
tuations are coupled, as the results from our bivariate
EOF had already suggested. The third occupation of
the shelfbreak jet revealed a jet structure that could be
fairly well described by either state in Fig. 17. During
this occupation, the jet was convergent and its axis
extended to the bottom with an onshore tilt at depth.
However, offshore of the deep core of the jet, the
alongstream flow reversed. This poleward flow reversal
is likely the reason for the disagreement between the
alongstream and cross-stream modal amplitudes at this
time.

In summary, the dominant mode of variability re-
vealed by the EOF analysis is one in which the shelf-
break jet periodically retracts off the bottom (with weak
cross-stream flow) and then extends to the bottom (with
strong convergence). The former state seems to be as-
sociated with a deep alongstream flow reversal. These
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FIG. 17. Minimum (left) and maximum (right) values of the EOF mode shown in Fig. 16 with the mean included. The two lower panels
show the relative vorticity (]u/]y) corresponding to the alongstream flow in the top panels, scaled by the Coriolis parameter.
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FIG. 18. Comparison of the modal amplitude ‘‘time series’’ (solid line) with the fluctuations in equatorward transport (dotted line). The
abscissa is labeled as in Fig. 16.

two states are identifiable in the individual velocity sec-
tions, indicating that these patterns are representative of
the true variability during the 2-yr survey period. That
the jet is strongly convergent in its bottom-reaching state
lends credence to the idea that it is responding in part
to the locally convergent topography as previously dis-
cussed.

Causes of variability

The fluctuations in the structure of the shelfbreak jet
that are described by this EOF have not been seen in
previous studies. This is not surprising since it took a
collection of high-resolution, direct velocity observa-
tions viewed in streamwise coordinates to identify the
variability. It is well known that the shelfbreak jet fluc-
tuates in response to various types of forcing. However,
little is known about the relative importance of these
forcing mechanisms and even less is known about their
effect on the detailed structure of the shelfbreak jet. In
view of the sensitivity of the jet to these different mech-
anisms, one wonders why the variability at our survey
line seems to be dominated by a single mode. Further-
more, can one unambiguously attribute this observed
jet variability to one or several of the possible forcing
mechanisms (e.g., winds, internal instabilities, anticy-
clonic rings)? Although it is beyond the scope of this
work to identify the precise causes of the variability
described by the first EOF, it is instructive to explore
some of the possible candidates.

Lozier and Gawarkiewicz (2001) have demonstrated
that cross-shelf meandering of the shelfbreak jet axis is
apparently ubiquitous throughout this region, suggesting
that perhaps the variability described by the EOF is
forced internally by instabilities in the current. However,
the fluctuations in the EOF modal amplitude are not
correlated with the cross-slope position of the jet core
or with its orientation, both of which are indices of the
meandering of the jet. Instead, the EOF is interpreted
as a transport mode whereby fluctuations in jet structure
are significantly correlated with substantial changes
(nearly an order of magnitude) in westward transport
(Fig. 18). This further suggests that the variability ob-

served here is not simply due to the meandering of the
jet.

Perhaps the most dominant external influence on the
shelfbreak jet is the circulation in the adjacent slope
water. For instance, Gawarkiewicz et al. (2001) ob-
served structural changes in the shelfbreak jet reminis-
cent of those described here over an alongslope distance
of approximately 30 km and over the course of two
days. Interestingly, they also observed significant
changes in westward transport. They attribute the struc-
tural differences to the presence of an anticyclonic eddy
that was observed over the upper continental slope.
They argue that the onshore (offshore) flow associated
with the slope eddy forced alongslope variations in the
jet by steepening (flattening) the surface outcrop of the
front. In a similar manner, it is possible for this type of
near-surface, frontal variability to be forced by synoptic
wind events (Houghton et al. 1988). In general, the
transport fluctuations that we observe are caused pri-
marily by fluctuations in the near-bottom velocities. For
instance, we find no significant correlation between the
Rossby numbers calculated for each jet realization and
the fluctuations in westward transport. This implies that
the fluctuations in transport are not a result of the
strengthening (or weakening) of the core jet velocity,
which should result in larger (or smaller) Rossby num-
bers. Instead, it is the width and the penetration depth
of the jet that predominantly control the transport fluc-
tuations. Hence, the scenario described by Gawarkiew-
icz et al. (2001) does not appear to apply to the fluc-
tuations that we observe here.

As previous studies have illustrated, the shelfbreak
jet is sensitive to both internal and external influences,
making it difficult to identify the relative influence of
one forcing mechanism over another. With our limited
dataset we are unable to attribute easily the observed
variability to any one of the possible forcing mecha-
nisms described above—although, the characteristics of
the variability imply that simple meandering alone is
not the cause. A much greater ensemble of velocity
sections, which are highly resolved in time, will be nec-
essary to definitively determine the nature of the shelf-
break jet variability revealed here.
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5. Summary

Making use of a collection of shipboard ADCP ve-
locity observations, taken along a section that crosses
the shelf break near 708W, we have produced a highly
resolved description of the structure of the shelfbreak
jet during the winter and fall in the Middle Atlantic
Bight (MAB). Because high frequency tidal and inertial
oscillations are easily aliased into such shipboard ADCP
velocity observations, a tidal prediction algorithm was
developed to successfully predict and minimize the bar-
otropic tide in the individual velocity sections. Further,
it was determined that the amplitude of both the baro-
clinic tide and episodic inertial oscillations was small
compared with the signals of the jet in this region. A
mean velocity section was computed with respect to a
stream wise coordinate system that, by definition, elim-
inates the differences in position and orientation of the
jet’s axis between sections. This has resulted in the first-
ever, high-resolution mean description of both the pri-
mary and secondary structure of the shelfbreak jet in
the MAB.

The mean shelfbreak jet constructed as such occupies
the full water column with alongstream velocities ex-
ceeding 0.10 m s21 just above the bottom. Our velocity
measurements indicate that the mean jet transports 0.46
6 0.32 Sv equatorward over 70% of the water depth.
By extrapolating over the upper 20 m where velocities
are large but ADCP observations are not available, the
transport increases to 0.63 6 0.39 Sv. While the vari-
ability in observed transport is large, the measured trans-
port is at the upper limit of historical estimates. The
jet’s axis is tilted onshore with depth and approaches
the bottom near a mini–shelf break, inshore of the true
shelf break. The cross-stream flow reveals that the mean
jet is convergent along the tilted axis of the current,
with enhanced convergence near the surface and the
bottom. We have shown that a majority of the conver-
gent flow feeds the downstream acceleration of the mean
jet, which is responding to the locally convergent to-
pography in this region. This topographically driven
confluent flow modifies the momentum balance so that
a secondary ageostrophic circulation results, which we
diagnosed using the mean velocity data. The ageos-
trophic circulation is characterized by an asymmetric
cell that is dominated by convergence and downwelling
in the upper layer at, and offshore of, the jet core.

An EOF analysis was applied to the ensemble of ve-
locity sections in order to identify the dominant mode
of variability associated with the structure of the jet.
The jet appears to systematically fluctuate between a
bottom-reaching, convergent state (similar to the mean
structure) and a more surface-trapped state with weaker,
cross-stream velocities. Presumably the shelfbreak jet is
responding to the convergent topography when it ex-
tends to the bottom. Historical observations have shown
that the shelfbreak jet is sensitive to a large number of
forcing mechanisms, though it is not clear which mech-

anism is responsible for the systematic variability ob-
served here. As might be expected, the transition be-
tween the bottom-reaching and surface-trapped jet is
correlated with a significant change in equatorward
transport. However, these fluctuations are not coherent
with either the cross-shelf jet position or with jet ori-
entation. This evidence suggests that the variability de-
scribed by the EOF analysis is not simply due to the
meandering the jet; further measurements will be nec-
essary to sort this out.
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APPENDIX

Barotropic Tidal Correction Scheme

In order to predict the barotropic tide at any given time
along the survey line, we constructed a local model based
on long-term current measurements taken at moorings
deployed along the TOPEX line (Fig. 1). Table A1 lists
the positions of the five moorings, together with the water
depth and the length of the record. From the data at each
mooring we constructed a time series of the barotropic
(vertically averaged) component of the flow. The tidal
component of the signal can be written as

(u, y)(t) 5 (cu , cy ) cos(v t 1 f )O i i i i
i51, . . . ,n

1 (su , sy ) sin(v t 1 f ), (A1)i i i i

where v i are the frequencies of the tidal constituents
(which are known), (cui, cy i) and (sui, sy i) the ampli-
tudes, and fi the phases, which are computed using the
Foreman method (Foreman 1978) at each site. Table A2
lists the tidal constituents that have been included in the
model for each mooring. This choice of constituents was
made according to the following criteria:

1) The Raleigh criterion restricts the number of con-
stituents that can be extracted from a signal of finite
length, T. Specifically, if a constituent of frequency
vi is extracted from a signal, then the constituent
with frequency vj can be extracted without aliasing
errors if and only if | vi 2 vj | T . 1.

2) We exclude tidal constituents whose amplitude is
smaller than the amount of signal variance not ac-
counted for by the tidal harmonic decomposition.

3) The tidal constituents whose ellipses show large var-
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FIG. A1. Tidal ellipses for the M2 component at each mooring location. The vectors denote the current direction at a given time during
the tidal cycle. The solid line denotes the repeat survey line.

TABLE A1. Position and characteristics of the moored velocity observations used in constructing the tidal model. The instruments include
upward-facing acoustic Doppler current profilers (ADCP), vector averaging current meters (VACMs), and vector measuring current meters
(VMCMs).

Site Position Depth (m) Length (h) Instrument

PRIMER (deep)
PRIMER (shallow)
NSFE
CMOA
CMOI

40.0008N, 70.0108W
40.1408N, 70.1008W
40.3548N, 70.2688W
40.4758N, 70.3338W
40.5838N, 70.4588W

168
125

88
70
64

5239
4879
1113

737
5373

ADCP
ADCP
VACMs
VMCMs
VMCMs

TABLE A2. Tidal constituents included at each site. The amplitude (cm s21) of the major (top) and minor (bottom) axes are indicated for
each constituent included in the tidal model.

Site Q1 O1 t 1 K1 f1 N2 M2 S2 MSN2 M3 MN4 M4 MS4

Period (h) 26.87 25.82 25.67 23.93 23.80 12.66 12.42 12.00 11.79 8.28 6.27 6.21 6.21

PRIMER (deep) 0.35
0.24

2.14
1.52

0.28
0.18

3.44
2.65

0.40
0.35

1.51
1.22

7.13
5.36

0.84
0.70

0.49
0.40

0.11
0.04

0.01
0.00

0.24
0.04

0.06
0.03

PRIMER (shallow) 0.39
0.24

2.88
2.11

0.44
0.18

4.31
3.52

0.65
0.06

2.15
1.74

9.89
7.29

1.10
0.83

0.17
0.02

0.20
0.05

0.20
0.06

0.34
0.06

0.08
0.00

NSFE 1.27
0.45

3.25
2.70

4.29
3.09

3.01
2.03

11.4
8.92

1.34
1.06

0.25
0.04

0.47
0.00

0.40
0.14

0.21
0.08

CMOA 2.65
2.13

4.83
3.46

10.47
9.00

1.14
0.95

CMOI 0.24
0.10

2.84
1.81

0.43
0.14

4.63
3.35

0.54
0.26

3.04
2.76

12.66
10.86

2.00
1.76

0.11
0.04

0.19
0.09

0.26
0.03

0.60
0.12

0.11
0.06
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iations in orientation and phase from one mooring
site to the next have been discarded.

As was to be expected, the tide is dominated by the M2

component, whose ellipses, calculated from measure-
ments taken both along the survey line as well as away
from it, are shown in Fig. A1. The coherency of the
dominant tidal constituent (M2: Fig. A1) in the area
justifies our choice of using only information along the
survey line.

To model the tide at a given time and location along
the path joining the moorings, we first compute the pre-
dicted current at each mooring site using Eq. (A1). Since
the water depth changes dramatically along the survey
line, we assume mass continuity and convert the pre-
dicted tidal velocities to transport, multiplying by the
water depth at each mooring site. In this way, the tidal
transport can be interpolated to the desired position
along the survey line without being affected by the large
changes in tidal velocity across the section. Cubic
splines are used for the spatial interpolation. Finally, to
obtain the tidal current one simply divides the transport
by the local depth.
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