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ABSTRACT

Two years of direct current and temperature observations from an array of 13 current meter moorings deployed
near 55°W as part of the SYNOP (Synoptic Ocean Prediction) Experiment have been used to explore the spatial
and temporal variability of the Gulf Stream from three points of view. In the geographic reference frame, mean
eastward velocities were observed from the surface to 4000 m. There was no evidence of westward flow south
of the eastward jet, suggesting that the Worthington recirculation gyre was located south of the array during this
time period. Westward flow was observed north of the jet only at 4000 m, where it had a magnitude comparable
to the mean Gulf Stream (5-10 cm s™'). These data also indicate that the mean eastward jet is much more
vertically aligned than was depicted in an earlier picture constructed from noncontemporaneous observations.
In the Lagrangian, or streamwise, reference frame, it was found that, at the thermocline level, the width of the
“‘average synoptic’’ Gulf Stream and the velocity structure remain virtually unchanged between Cape Hatteras
(73°W) and 55°W, in spite of large amplitude meandering. The barotropic velocity component of the average
synoptic stream increases fivefold over this distance, and the baroclinic component weakens. The northern
recirculation appears more clearly in the stream coordinate frame as a 130-km wide barotropic flow with peak
westward velocities of about 8 cm s™'. South of the stream, there was no evidence of westward flow, even in
the stream coordinate system. Finally, a consideration of eddy—mean flow interactions in terms of the eddy
energy equations shows that at the thermocline level, there were no significant cross-gradient fluxes of heat or
momentum, supporting the notion that 55°W is at a maximum in eddy energy. At 4000 m, there was some
indication of upgradient heat and momentum fluxes in the Gulf Stream, consistent with decreasing eddy energy
following the mean flow to the east. These results point to the region between 55°W and the Tail of the Grand
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Banks (50°W) as the site of eddy energy decay in the Gulf Stream system.

1. Introduction

In the three decades that have passed since Stom-
mel’s comprehensive review of the Gulf Stream in
19635, our description of the basic structure of this en-
ergetic current has been significantly refined. This is
due in large part to the many new observations that
have been made with increasingly sophisticated instru-
mentation. But these observations have also revealed
the complexities of the Gulf Stream’s spatial and tem-
poral variability, especially in the region between Cape
Hatteras and the Grand Banks of Newfoundland. This
is where meanders in the Gulf Stream’s path grow to
large amplitude, often pinching off to form warm and
cold core rings. These meanders represent the major
source of variability in the western North Atlantic
(Halkin and Rossby 1985; Kelly 1991) and are prob-
ably responsible, at least in part, for the dissipation of
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potential vorticity gained in the wind-driven interior
(Holland and Rhines 1980; Lozier and Riser 1990).
In the late 1980s, a large, multi-institutional program
was undertaken to further improve our description of
the Gulf Stream and, ultimately, our understanding of
the dynamics controlling its variability. This effort,
called SYNOP (Synoptic Ocean Prediction), consisted
of theoretical, numerical, and observational studies of
the Gulf Stream and its recirculations east of Cape Hat-
teras. As part of the observational component, four
moored current meter arrays were maintained for two
years: one near the separation point at Cape Hatteras
(the Inlet Array), one upstream of the New England
Seamount Chain (NESC) near 68°W (the Central Ar-
ray ), a third downstream of the NESC near 55°W (the
Eastern Array), and the fourth at the Tail of the Grand
Banks (the 50°W Array) (Fig. 1). In this work, we
have analyzed the data from the Eastern Array to pro-
duce a comprehensive description of the velocity and
temperature structure of the Gulf Stream and its recir-
culations near 55°W. These results are then compared
to descriptions of the Gulf Stream at upstream locations
in order to examine changes in Gulf Stream structure.
This paper can be considered to be a companion to
Hogg (1992), which used the Eastern Array data and
direct velocity observations from three upstream loca-
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tions to examine the transport of the Gulf Stream and
its recirculations between Cape Hatteras and the Grand
Banks.

In what follows, we present three views of the Gulf
Stream structure at 55°W. First, we have analyzed the
data in a fixed, geographic coordinate system in order
to compare the mean structure during SYNOP to a pre-
vious description by Richardson (1985) at this loca-
tion. He used a combination of current meter, float, and
surface drifter data from the 1970s and 1980s to pro-
duce sections of mean zonal velocity and eddy kinetic
energy. The SYNOP data, which represent the first si-
multaneous velocity observations at both the thermo-
cline and abyssal levels in this region, reveal some sub-
stantial differences related to interannual variability in
the mean path of the Gulf Stream. The SYNOP data
are also used to reexamine the estimates of total volume
transport across 55°W by Niiler et al. (1985).

Second, we consider the structure of the Gulf Stream
in a Lagrangian, or streamwise, coordinate system. Pre-
vious studies of the Gulf Stream structure in such a
coordinate system at upstream locations have indicated
that the current maintains a relatively fixed structure in
spite of the lateral movements associated with mean-
dering of the jet. Halkin and Rossby (1985, hereafter
HRS8S5) transformed 16 sections of absolute velocity
and temperature made along a transect near 73°W into
a coordinate system aligned with the instantaneous flow

direction. They found that 1) the structure of the mean
jet in stream coordinates was narrower and had higher
downstream velocities than the geographical average
section; 2) eddy kinetic energy in the streamwise co-
ordinate system was one-third of that calculated in the
fixed frame, indicating that most of the variability ob-
served at 73°W is associated with meandering of a rel-
atively fixed structure; and 3) a pattern of inflow from
both sides of the stream, not apparent in the geographic
average section, supports an increase in Gulf Stream
transport in the downstream direction.

Johns et al. (1995; hereafter J95) have recently ex-
amined the velocity, temperature, and transport struc-
ture at 68°W based on the SYNOP Central Array data.
Like HRS8S5, they produced average sections of down-
stream and cross-stream velocity in stream coordinates.
The mean downstream velocity sections from 68° and
73°W are shown in Fig. 2. As J95 point out, the simi-
larity of the horizontal and vertical scales and peak
downstream velocities at the two locations is remark-
able. Both sections show the Gulf Stream to have about
the same width, with higher shear on the cyclonic side
of the current. The maximum in downstream velocity
shifts offshore with depth, and there is a subsurface
maximum in velocity on the offshore side at both lo-
cations. These results suggest that, at least as far east
as 68°W, the average structure of the Gulf Stream
viewed in stream coordinates remains relatively stable
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FIG. 2. Mean downstream velocity of the Gulf Stream (cm s™') at
(a) 68°W (from J95), and (b) 73°W (from HR8S). Negative velocity
is indicated by dashed contours.

in spite of large amplitude meandering (the ‘‘wiggly
“hose’” concept). The cross-stream velocity pattern at
68°W showed a significant inflow from the north,
which J95 related to the influence of the Northern Re-
circulation Gyre (Hogg et al. 1986).
With the Eastern Array current meter-data, we are in
a position to extend the study of the ‘‘average synop-
tic’” structure of the Gulf Stream farther downstream.
By ‘‘average synoptic’’ structure, we mean the struc-
ture that is representative of the instantaneous Gulf
Stream independent of its location. In an analysis of
satellite altimeter data collected during the Geosat Ex-
act Repeat Mission, Kelly (1991) found that the width
of the average synoptic Gulf Stream at the surface is
relatively constant between Cape Hatteras and the
Grand Banks, while the sea surface height difference
across the stream and the peak downstream velocity are
greatest near 64°W and decrease east of that longitude.
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Here we examine the subsurface average synoptic
structure and include an examination of the adjacent
recirculation gyres in stream coordinates. We will also
examine the pattern of cross-stream velocity and com-
pare it to what has been observed upstream. Hogg
(1992) has found that the mean transport of the Gulf
Stream reaches a maximum, ~150 Sv (Sv = 10°
m®s™"), at 60°W that is maintained to at least 55°W.
This suggests that there may be no net inflow or outflow
to the stream in this region.

The third view of the Gulf Stream at 55°W is the
structure of eddy—mean flow interactions. Previous
studies of transformations between the mean and eddy
energy in the Gulf Stream have been restricted to lo-
cations upstream of the NESC, where the eddy energy
is increasing rapidly in the downstream direction and
where conversion of mean energy to eddy energy is
expected (Rossby 1987; Dewar and Bane 1989; Hall
1986; Cronin and Watts 1996). In most of these stud-
ies, downgradient heat fluxes were observed and inter-
preted as the signature of baroclinic instability. Mar-
shall and Shutts (1981 ) have pointed out, however, that
in regions of strong advection of eddy potential energy
(or equivalently, temperature variance), only the di-
vergent part of the downgradient heat flux is related to
the conversion of energy through baroclinic instability.
The other, dynamically inert, part balances the down-
stream advection of eddy potential energy. Marshall
and Shutts also point out that upgradient fluxes ob-
served in regions of eddy decay do not necessarily in-
dicate transfer of energy from the eddies to the mean
at that location, but rather these fluxes balance the de-
crease in eddy energy following the mean flow.

Earlier observations at 55°W indicate that eddy en-
ergy is at a maximum, or perhaps decreasing in the
downstream direction, depending on what depth is
considered. Figure 3 shows the horizontal distribu-
tion of surface and abyssal eddy kinetic energy in the
western North Atlantic. At the surface, the maximum
in eddy kinetic energy appears to be upstream of
55°W, while at depth, the maximum, as well as it is
resolved, includes the site at 55°W. In either case, a
different signature of energy conversion is expected
compared to upstream locations. If the Eastern Array
is at the maximum in eddy energy, we anticipate no
substantial cross-gradient fluxes or energy transfor-
mations. If this location is in a region of decreasing
eddy energy, upgradient fluxes may be observed. The
direction of the eddy heat and momentum fluxes can
thus be used to determine where 55°W is in relation
to the large-scale cycle of eddy growth and decay in
the Gulf Stream.

In the next section, the basic experiment and the
data processing methods are described. The three
views of the Gulf Stream at 55°W based on the
SYNOP data are presented and compared to other
descriptions in sections 3—5. The results are sum-
marized in section 6.
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2. Data and methods
a. Experiment description

In October 1987, an array of 13 vector-averaging
current meter (VACM ) moorings were installed across
the Gulf Stream near 55°W from the R/V Knorr as part
of SYNOP. The array was recovered nearly two years
later from the RRS Charles Darwin and approximately
half redeployed for an additional two years, until finally
recovered in July 1991 from the R/V Oceanus. In our
analysis, we use data from the first setting only due to

its broader geographic coverage. Data return from this
setting was generally very good (see Table 1 for per-
formance summary or Tarbell et al. 1993).

A plan view of the array is shown in Fig. 4. At 500
and 4000 m, there were current meters on all moorings.
The moorings along the central north—south line, with
the exception of the two extremes, had additional in-
struments at 1000 and 1500 m. The three moorings at
each of the north and south extremes (numbers 1, 2, 3,
10, 11, 12) had extra instruments at 250 m to investi-
gate the near surface structure of baroclinically unsta-
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TABLE 1. Velocity and temperature data return rates.

Depth Velocity Temperature

(m) (%) (%)

250 96 99

500 89 89 -
1000 72 92
1500 85 85
4000 94 94

ble disturbances believed to exist in the westward re-
circulations (Hogg 1985). Finally, the 500-m instru-
ments on the central line had Seabird salinometers
connected to the VACMs.

b. Data manipulation

After routine editing, the time series were filtered
using a two-pole Butterworth filter with 40-hour half-
power point and then subsampled once a day. The data
were run through the filter both forward and backward
to nullify any phase shifts.

The moorings were equipped with faring in the upper
400-500 m, and syntactic foam spheres at the top pro-
vided most of the buoyancy. Consequently, the down-
ward movement of the topmost instrument was at most
250 m when the Gulf Stream passed over. Data from
the 500-m level were corrected for this motion to a
fixed depth of 550 m, and the 250-m data were also
corrected using a scheme developed by Hogg (1991).
The other depths were left unchanged.

Average spacing between the moorings was approx-
imately 85 km, which is somewhat less than the ex-
pected eddy scale or the Gulf Stream width. Conse-
quently, the array is marginally eddy resolving, and we
have used the method of objective analysis (e.g., see
Bretherton et al. 1976 or Daley 1991) to provide daily
maps of the various property fields. With the additional
assumptions that the spatial correlation function is ho-
mogeneous and isotropic and that the motions are qua-
sigeostrophic, it is possible to incorporate all the mea-
sured variables, at a single level, into this mapping pro-
cedure (Bretherton et al. 1976; Hogg 1992). This has
the advantage of reducing the formal mapping errors
and allowing the temperature field to improve the ve-
locity estimation between moorings (via the thermal
wind relation) and vice versa.

¢. Stream coordinate transformation

The methods used to determine the mean synoptic
velocity structure of the Gulf Stream are similar to
those described by J95. There are essentially three steps
to the process. First, the location of the Gulf Stream
axis must be defined for each day. Second, the down-
stream direction must be deteimined at each mooring
site for every day, and third, the east and north velocity
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observations must be transformed into downstream and
cross-stream components and along with temperature,
binned according to cross-stream position (distance
from the axis) and averaged. '

In J95 and the present study, the Gulf Stream axis is
defined to be coincident with the location of the 12°C
isotherm at a specified depth, but the method used to
determine the location of the axis was slightly different
in the two studies. At 68°W, the current meter array
was augmented by an extensive set of Inverted Echo
Sounders (1IESs) that was used to map the depth of the
12°C surface throughout the Central Array on a daily
basis. J95 used these maps to locate the Gulf Stream
axis, defined as the 400-m contour of these maps. An
array of IESs was also installed at 55°W by the Naval
Oceanographic and Atmospheric Research Laboratory
as part of their Regional Energetics Experiment (REX)
(Hallock 1992). Unfortunately, this array was only in
place for the first nine months of the two-year current
meter deployment and therefore cannot be used to map
the Gulf Stream path during the full two years. How-
ever, as described in the previous subsection, daily ob-
jective maps of the temperature field at 550 m were
produced using the velocity and temperature data from
the current meters, and these maps were used to locate
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FIG. 4. Detailed chart of the current meter mooring locations in the
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the Gulf Stream axis, defined in this case as the 12°C
contour at 550 m. This axis lies slightly seaward of the
axis defined by J95 owing to the slope of the thermo-
cline across the Gulf Stream, but in both cases, the axis
is located near the middle of the strong temperature
gradient associated with the Gulf Stream’s baroclinic
front.

Most of the remaining steps in the coordinate trans-
formation process are quite similar to those used by
J95, and the reader is referred to that reference for more
details. It is worth discussing briefly, however, the
method for defining the downstream direction at each
mooring site. The exact choice of the downstream di-
rection has relatively little effect on the structure of the
mean downstream velocity in stream coordinates, but
the impact on the cross-stream component, and the in-
terpretation of that component in terms of transport in-
crease or decrease in the downstream direction, is more
significant. HR85 defined the downstream direction
along each of the Pegasus sections at 73°W to be par-
allel to the vector average of the three largest transport/
unit width vectors in the center of the Gulf Stream.
When the observed velocities were rotated into down-
stream and cross-stream components and averaged to-
gether, a mean flow toward the axis of the stream from
both sides was found, which HR85 interpreted as in-
dicative of a convergence of transport streamlines and
increasing transport in the downstream direction.

At about the same time, Hall (1986) developed a
method for examining the average synoptic structure of
the Gulf Stream with a single current meter mooring,
In her study, the downstream direction was defined
daily to be parallel to the vertical shear between current
meters spanning the thermocline. For geostrophic flow,
this is the direction of the ‘‘thermal wind’> and is par-
allel to contours of dynamic height integrated between
the observation levels. Hall used this method to ex-
amine the structure of downstream velocity. The hori-
zontal structure of the cross-stream component was not
explored.

In their analysis of the SYNOP Central Array data,
JO5 also used this method (which we will refer to as
the shear method) to define the downstream direction
locally (at each mooring site ) on each day for moorings
that were clearly in the strongly sheared flow of the
Gulf Stream. To extend the analysis outside the jet it-
self, however, J95 used a different method, where the
downstream direction at each mooring site was defined
to be perpendicular to a line drawn between the site
and the closest point on the axis (12°C at 400 m). This
is referred to as the mapping method because it depends
on the use of the objective maps of temperature. J95
attempted to use the mapping method throughout, but
they found it produced noisier results than the shear
method within the jet itself. The result of their com-
bined shear and mapping methods indicated a strong
inflow to the Gulf Stream from the north, which they
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interpreted as a concentrated flow from the northern
recirculation gyre.

We have explored both mapping and shear methods
for defining the downstream direction at the mooring
sites in the Eastern Array. Although we too find that
the shear method gives a smoother pattern of cross-
stream velocity, it appears that the two methods are not
measuring the same thing, and in particular, the shear
method may not be suitable for estimating inflows or
outflows associated with increasing or decreasing Gulf
Stream transport. This will be discussed in more detail
in the results section.

To remove data in warm and cold core rings, J95
used a hand-editing procedure based on the IES maps
to flag observations associated with rings, while we
have used a more automated approach. The best indi-
cator of the presence of a ring in the data is temperature
at 550 m. This is illustrated in the top panel of Fig. 5,
which shows the scatterplot of temperature at 550 m
from all moorings as a function of cross-stream dis-
tance. In the lower two panels, the corresponding stan-
dard deviation and the number of observations in each
20-km bin are shown by the solid white lines. The
strong cross-stream temperature gradient associated
with the Gulf Stream front is clearly evident between
+50 km from the center. The standard deviation indi-
cates a minimum at the center of the jet, which is ex-
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F1G. 5. (a) Scatterplot of temperature at 550 m in the stream co-
ordinate system before ring observations were removed. White lines
indicate 20-km binned means before (solid) and after (dashed) ring
data were removed; (b) standard deviation of temperature before
(solid) and after (dashed) rings were removed; (c) as in (b) but show-
ing the number of observations per 20-km bin.
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pected since the axis (y = O km) is defined in terms of
temperature to be where the 12°C isotherm is at 550 m.
If it were not for the fact that the objective analysis
smooths the temperature field slightly, the standard de-
viation at the origin would be zero by definition.

The standard deviation is almost twice as large to the
north and south of the stream as it is near the center,
and the scatterplot clearly indicates the influence of
rings in producing this elevated variability. On the
south side of the axis, for example, the points cluster
around 16°C, but there are many points at significantly
colder temperature. These are temperatures measured
in cold core rings. Likewise on the north side, large
anomalies are all positive (warm), indicative of warm
core rings there. To eliminate the influence of rings on
the mean structure, velocity and temperature data as-
sociated with these outliers were removed from the
analysis. On the north side of the stream, data from a
mooring was flagged on days when the temperature at
550 m was more than 1.5°C warmer than the mean, and
similarly for the moorings south of the stream, data
were not used on days when the temperature at 550 m
was more than 1.5°C colder than the mean. The dashed
lines in Figs. 5b,c show that the standard deviation has
a more uniform distribution after the rings were re-
moved and that the number of points eliminated by this
process 1s not significant. This method is effective at
removing data from near the center of rings, where the
temperature anomaly is largest. Some observations
from near the edges of rings, where the temperature
anomaly is small but the velocity anomaly is large,
were probably missed by this editing procedure.

3. Geographic coordinate analysis
a. Horizontal structure at 550 and 4000 m

Since the 500-m and 4000-m levels were the most
heavily instrumented, we first present the mean velocity
vectors and mean temperature (average of daily objec-
tive maps) at these depths (Fig. 6). The boxes around
each velocity vector in Figs. 6a,c indicate the 95% con-
fidence level using a decorrelation timescale of 7.5 days
(J95). Note that both temperature and velocity obser-
vations and information on their errors have been ob-
jectively analyzed in a dynamically consistent way to
produce the contoured maps of mean temperature, re-
sulting in some small differences between the measured
mean temperatures at each mooring site and the mean
of the objective maps (e.g., see Fig. 6d, southern moor-
ings).

The mean eastward flow of the Gulf Stream is the
most prominent feature at 550 m, Fig. 6a, with maxi-
mum speed of about 30 cm s~' in the center of the
array. The flow field is not purely zonal but has some
cyclonic curvature that is statistically significant. North
of the mean stream, there is little evidence of a west-
ward flow associated with the northern recirculation
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gyre in this coordinate system; only one mooring
(number 3) shows a westward mean velocity vector
and it is not significantly different from zero. Imme-
diately south of the mean Gulf Stream (y = —200 km),
there is no significant mean flow to the west that would
be indicative of a southern recirculation there, although
the ridge of higher temperatures at y = —200 km is
consistent with the presence of a westward geostrophic
flow south of that latitude (assuming a deep level of no
motion). The marginally significant southward com-
ponent of the mean flow at the southern most mooring
is probably a small-scale feature associated with a mi-
nor seamount near the mooring site (see location of
mooring number 12 in Fig. 4 and in Fig. 7 below).

At 4000 m, Figs. 6¢.d, the eastward flowing Gulf
Stream no longer dominates the circulation as it did at
the thermocline level. Maximum eastward speed near
the center of the array is about 5-6 cm s ™', but mean
westward speeds up to 8 cm s~ are found north of the
stream. The strong and significant northward compo-
nent at mooring 6 is suggestive of a continuous cy-
clonic circulation feeding into the westward flow. To
the south of the eastward jet, the dominant feature is
the southeast flow at mooring 12, which appears to be
steered and enhanced locally by the presence of the
seamount mentioned above. As at 550 m, there is no
evidence of westward recirculation in the velocity field
south of the Gulf Stream, but there is a ridge of higher
temperatures at moorings 9, 10, 11, and 13 compared
to mooring 12.

b. Vertical structure

The mean zonal velocity distributions at 550-m and
4000-m depths have been combined with the results
from 250, 1000, and 1500 m to produce a meridional
section of eastward velocity, Fig. 7a. Also iricluded in
this section are the mean surface velocity observations
at 54.5°W reported by Kelly (1991), which were in-
ferred from sea surface height measured during the 2.5-
year Exact Repeat Mission of Geosat. These observa-
tions of the mean cross-track speed in the direction
072°T, taken between November 1986 and April 1989,
overlap substantially with the deployment of the East-
ern Array current meters.

To examine the section of mean zonal velocity in the
context of previous observations, the section of mean
eastward velocity from Richardson (1985) is shown to
the same scale in Fig. 7b. It is important to point out
that the Richardson section was constructed using a -
variety of data types collected over a seven year time
span, including surface drifters (1977-1980), SOFAR
floats at 700 and 2000 m (1980~-1982), and current
meters from the POLYMODE Array II experiment
(1975-1977). Note that Richardson estimated the
wind drift at the surface and removed it from this mean
section.

The SYNOP data reveal a mean zonal jet that is gen-
erally narrower, stronger, and more vertically aligned
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than that in the Richardson section. The width of the
eastward flowing jet at the surface is about 400 km
during SYNOP, compared to about 800 km in the ear-
lier section. At depth, there is no significant mean west-
ward flow south of the eastward jet during the SYNOP
time frame: the mean flow is eastward all the way to
the southern limit of the array (37°N). The Richardson
section, which extends farther to the south, shows east-
ward flow to about the same latitude, flanked by a west-
ward return flow south of about 37°N. The peak veloc-
ity at the surface was between 35 and 40 cm s ! during
SYNOP (from GEOSAT), about 10 cm s~ greater
than in the Richardson section (from surface drifters).

Furthermore, the 10 cm s ™! contour reaches to 1000 m
during SYNOP and only 700 m in the Richardson sec-
tion.

The SYNOP section also indicates a jet that is much
more vertically aligned than in the Richardson section. At
both surface and 4000 m, the velocity maximum during
SYNORP is located between 39° and 40°N. In the Rich-
ardson section, the surface maximum is found at about
the same latitude, but the deep maximum is displaced
more than 1° to the south relative to the surface maximum.
Since the current meter data used by Richardson to esti-
mate mean velocity at 4000 m was collected during the
two years prior to the time of the surface drifter mea-
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current meter data; (d) eddy kinetic energy from Richardson (1985).

surements, it seems plausible that this large shift of the
velocity maximum with depth is the result of low-fre-
quency temporal variability in the mean path of the Gulf
Stream. In fact, Richardson (1985) shows the cross-
stream profiles of eastward velocity for each of the three
9-month settings of the POLYMODE Array II moorings,
and the peak velocity at 4000 m shifts from 39°N in the
first setting to 38°N in the second setting and 37°N during
the third setting. In light of the fact that the SYNOP ob-
servations, which were collected simultaneously at the
thermocline and abyssal levels, show a vertically aligned
jet, we conclude that the shift in the velocity maximum
in the Richardson section is most likely an artifact of the
non-contemporaneous nature of the data used at the dif-
ferent levels.

The structure of eddy kinetic energy (EKE) is sim-
ilar in the two realizations (Figs. 7¢,d). Maximum val-
ues of 1000 cm? s 2 are indicated near the surface. At
4000 m, EKE exceeds 100 cm? s 2 in both sections,
although the extent of these maximum values is greater
in the Richardson section. Again, this is most likely due
to the more southerly positions occupied by the Gulf
Stream during the POLYMODE Experiment.

c. Total transport across 55°W

Niiler et al. (1985) used the POLYMODE current
meter data, along with contemporaneous hydrographic
data, to estimate the total volume flux across 55°W be-
tween 33° and 42°N. Relative to the bottom two different
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FIG. 8. Mean zonal velocity at 550 and 4000 m from a combination
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hydrographic sections gave nearly identical estimates of
about 31 Sv. To obtain the absolute transport, the PO-
LYMODE current meter data at 4000 m were used. A
trapezoidal integration of the mean zonal velocity com-
ponent at this depth gave them —1.3 *= 0.6 Sv/100 m.
When applied to the whole water column, this gives a
depth-integrated total transport of —47 = 36 Sv (i.e., to
the west), in apparent disagreement with a value of 10
Sv to the east that they obtain from the Sverdrup relation
using Leetmaa and Bunker (1978) wind stress data to the
east of the 55°W section. They speculate that the Sverdrup
relation may be inappropriate or that the mean flow was
not adequately resolved by the moorings.

Using the combined SYNOP-POLYMODE dataset,
we have more information with which to reference the
hydrographic sections. Figure 8 shows the zonal cur-
rent component at 550-m and 4000-m depths averaged
over bins of 1° in latitude. The Gulf Stream and its
recirculations are obvious. However, in using all the
available data, a strong westward flow exists at both
depths near 36°N. Owens and Hogg (1980) suggested
that a small seamount located near 36°N, 55°W has a
strong influence on the local currents through the pro-
duction of an anticyclonic Taylor column. Therefore,
we have calculated the mean zonal speed distribution
both with (solid line, Fig. 8) and without (dashed line)
data from the single mooring closest to the seamount.
The distribution without these data is smoother and
more visually compelling. The two estimates of trans-
port per unit depth that result from integrating the mean
zonal component at 4000 m are —0.54 = 0.67 Sv/100
m (with POLYMODE mooring 1) and 0.35 + 0.79 Sv/
100 m (without POLYMODE mooring 1). Both of
these are more positive than the Niiler et al. estimate,
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although only the latter is significantly so (based on the
standard error estimates).

In Fig. 9, we add these estimates to the figure from
Niiler et al., which shows the vertical distribution of
the latitudinally integrated baroclinic transport using
the Niiler et al. estimate of the 4000-m velocity (solid
line). The combination of the 550-m and 4000-m direct
current estimates from SYNOP and POLYMODE
would suggest a shift to the right (dashed line). Con-
sistent with this, we calculate a mean transport across
55°W of 3 + 35 Sv (with mooring 1) or 49 * 41 Sv
(without mooring 1), neither of which is now incon-
sistent with the 10 Sv estimated from the Sverdrup re-
lation. We conclude that the Sverdrup relation cannot
be questioned based on this combined dataset.

4. Stream coordinate analysis
a. Downstream velocity

Figure 10 shows all observations of the downstream
velocity component at 550 (Fig. 10b) and 4000 m (Fig.
10d) after transforming the east and north velocity
components into stream coordinates and applying the
quality control criteria discussed in section 2 (e.g.,
rings have been removed). The mean profiles after av-
eraging in 20-km bins are shown by the solid lines, and
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FiG. 9. Transport per unit width from Niiler et al. (1985) (solid
line), with correction based on SYNOP/POLYMODE current meter
data (dashed line). The correction is determined by adjusting the
velocity profile, which was based on the dynamic method, to the
average velocity determined by direct velocity measurements at 550-
and 4000-m depths (horizontal error bars), using the combined PO-
LYMODE and SYNOP East datasets, with (thin error bars) and with-
out (thick error bars) POLYMODE mooring 1 (see text). At 4000 m
the leftmost error bar is the one based on the POLYMODE measure-
ments alone, as given by Niiler et al. (1985).



1012

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 26

150

)

—_
o
o

50

velocity (cm/s

-100 —

s
.

3 2 1 0 -1 -2

-3 3 2 1 0-1 -2 -3
Cross-stream dist. (100 km)

Cross-stream dist (100 km)

Fic. 10. (a) Scatterplot of downstream velocity at 550 m after data from rings were removed,
with (b) standard deviation about the mean in each 20-km bin and (¢) number of observations per

bin. (d—f) Same as in (a—c) but for 4000 m.

the cross-stream distributions of standard deviation and
the number of observations for each bin are shown in
the lower panels. The number of observations per bin
is typically between 200 and 300. At 550 m, the stan-
dard deviation is about 10 cm s~ north of the stream
axis, increasing to a maximum of 20 cm s ! in the cen-
ter of the jet and then returning to values between 10~
15 cm s~ to the south. At 4000 m, the rms variability
is more uniform across the jet, with typical values of
about 10 cm ™", ‘

The mean velocity profiles in stream coordinates
from all four depths are shown on the left in Fig. 11
(solid lines), along with the profiles of mean eastward
velocity in the geographic frame (dashed lines). The
maximum downstream velocity in stream coordinates
was found to be about 75 cm s ™! at 550 m, decreasing
to about 15 cm s~! at 4000 m. At all levels, the maxi-
mum in stream coordinates is about two times larger
than that in the fixed frame. The average synoptic jet
at 550 m appears to be symmetric about the axis, with
a total width of about 200 km. The northern edge of
the jet shifts to the right with increasing depth, produc-
ing a more asymmetric jet structure at 4000 m com-
pared to 550 m. The total width is approximately the
same at all depths.

The stream coordinate analysis reveals a counterflow
north of the Gulf Stream at all four depths that is quite
barotropic and has peak velocities of about 8 cm s ™',

This feature was completely absent at 550 m in the
geographic frame. At 550 and 4000 m, the full width
of the counterflow, about 130 km, is resolved. South of
the Gulf Stream, the mean counterflow is much weaker,
with slight surface intensification.

The panels on the right in this figure show eddy ki-
netic energy in the two coordinate systems. At 550 m,
EKE in the center of the average synoptic jet (solid
line) is five times less than EKE measured in the geo-
graphic frame (dashed line). At the deeper levels, the
decrease in EKE achieved by the transformation to
stream coordinates is less. Because the external eddy
field is more depth independent than is the Gulf Stream,
the transformation to stream coordinates has more im-
pact at 550 m than 4000 m.

The velocity profiles from all four depths are
combined in one plot, Fig. 12a, to emphasize the
vertical structure of downstream velocity. Note that
there is no resolvable shift of the velocity maximum
with depth: the maximum is observed in the same
cross-stream bin at all depths. At 73° and 68°W,
most of the offshore shift in the velocity maximum
(~30 km) was observed between the surface and
500 m (see Fig. 2). Below that depth, the maxi-
mum shifts only about 10 km further offshore.
With the 20-km bin size at $5°W, we would be un-
able to detect a shift of the velocity maximum of
this size.
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FiG. 11. Mean velocity (left-hand panels) and eddy kinetic energy (right-hand panels)
at four measurement levels in stream (solid) and geographic (dashed) coordinates.

The transport of the average synoptic Gulf Stream at
55°W has already been estimated by Hogg (1992) to
be about 150 Sv, based on the same data being analyzed
here. He combined this estimate with others from var-
ious locations in the Gulf Stream system to develop a
picture of the total transport streamfunction for the
northwestern North Atlantic. To conserve mass, he in-
ferred that the transport of the northern recirculation
gyre (NRG) was about 60 Sv, which included 15 Sv
associated with the deep western boundary current
(DWBC) that flows westward along the continental
slope at the northern edge of the gyre (see his Fig. 13).
The present stream coordinate analysis, using the map-
ping method, allows us to estimate the transport of this
recirculation directly. If we average the counterflow
north of the Gulf Stream at 550 and 4000 m (the two
levels that fully resolved the return flow), integrate in

the cross-stream direction to include all the counterflow
north of the stream, and multiply by 5000 m (which
assumes the flow is barotropic), we obtain a transport
of about 32 Sv. This estimate probably does not include
the flow of the DWBC, since all the observations were
made seaward of the main core of that current, which
is typically centered over the 3500-m isobath (Pickart
1992).

This estimate of the return flow transport north of
the stream is surprisingly low compared to what is ex-
pected from Hogg’s (1992) inferred estimate of 45 Sv
(60-15 Sv of DWBC). It is even lower than Richard-
son’s (1985) estimate of 41 Sv, which, as he points
out, is probably biased low by the Eulerian averaging
technique used to make the estimate. The apparent dis-
crepancy can be explained if one considers what ex-
actly our estimate of 32 Sv represents. It is the average
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transport associated with the flow that is opposite but
parallel to the Gulf Stream direction. If the direction
of the flow of the NRG is in general to the west, rather
than parallel to the instantaneous direction of the Gulf
Stream, the stream coordinate technique will underes-
timate the transport associated with the NRG. If we
integrate the mean zonal velocity, rather than the
alongstream velocity, including all the westward flow
north of the downstream flow of the Gulf Stream, we
obtain a transport of 42 Sv, which is more in line with
Hogg’s and Richardson’s estimates. The conclusion is
that the counterflow north of the stream is not, on av-
erage, parallel to the instantaneous path of the Gulf
Stream, but rather flows generally westward, parallel
to the topography.

b. Cross-stream velocity

The cross-stream velocity computed via the mapping
method, Fig. 12b, has a lower signal to noise ratio than
the downstream velocity. In Fig. 13 (left panels), the
cross-stream structure of mean cross-stream velocity is
shown for each observation level with 95% confidence
intervals about the mean, and it is apparent most of the
estimates are not significantly different from zero at the
95% confidence level. However, there is some evidence
of a consistent pattern at the 1000-m level and below,
with negative cross-stream velocity on the north flank
of the jet, between about +75 and O km, and positive
velocity on the southern side between 0 and —150 km.
This is indicative of cross-stream flow toward the Gulf
Stream axis from both sides, but with the large error
bars, one must question the significance of this pattern.
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Johns et al. (1995) also found that cross-stream ve-
locity at 68°W was noisy when the mapping method
was employed, a result, they claim, of the smoothing
inherent in the objective analysis of the temperature
maps. They found that when the shear method was used
to determine downstream direction at the mooring sites,

- the noise in cross-stream velocity was substantially re-

duced. With the hope of a similar improvement in the
signal to noise ratio, the shear method was applied to
the Eastern Array data, and the results are illustrated in
Fig. 13 (right panels). This method can only be used
in the main downstream jet, where there is measurable
vertical shear, so the cross-stream extent of the esti-
mates is reduced using this method. Also, since the
downstream direction is defined to be parallel to the
shear between 550 and 1500 m, the mean cross-stream
velocity structure at these two depths is identical.

A relatively consistent pattern of inflow on both
sides of the stream appears at all depths using the shear
method, and it is somewhat smoother across the jet than
what was found using the mapping method, but the
error bars still indicate that most of the estimates of the
mean are not significantly different from zero. But the
relatively smooth pattern of cross-stream velocity has
compelled us to examine it in more detail. When either
the shear method or the mapping method is used, cross-
stream velocity is related to the turning of the current
vectors with respect to some definition of the down-
stream direction. In the shear method, the downstream
direction is defined as parallel to the direction of ver-
tical shear between the 550-m and 1500-m levels. If
these vectors are parallel, cross-stream velocity is iden-
tically zero at both of these depths.

Turning of the current with depth is a common fea-
ture of Gulf Stream velocity observations. Most re-
cently, Lindstrom and Watts (1994) have documented
it in the Central Array data and shown that the direction
of turning is related to the dynamics of meander phase
propagation, with currents turning counterclockwise
with increasing depth between meander troughs and
crests, and vice versa between crests and troughs. A
similar pattern is apparent in the Eastern Array data. In
Fig. 14, the direction of the velocity vector at 1500 m
is plotted as a function of the flow direction at 550 m
for all the observations used in the shear method. If the
flow at these two depths was always parallel, all the
points would fall on the y = x line shown in the figure.
But, in fact, the points fall off the line in a somewhat
systematic pattern. When the current direction at 550
m is between east and north (between trough and
crest), the current direction at 1500 m is in general
more positive than that at 550 m, or the current turns
counterclockwise with depth (see Fig. 15). When the
flow at 550 m is between east and south (between crest
and trough), the direction of the flow at 1500 m has a
tendency to be more toward the south; that is, the cur-
rent turns clockwise with depth, although there are
more exceptions in this case than for the northeast flow.
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FiG. 13. Mean cross-stream velocity at four depths using the mapping method (left panels)
and the shear method (right panels). Error bars indicate 95% confidence intervals.

Using our definitions, the counterclockwise turning
with depth that is predominantly observed when the
current is flowing toward the northeast implies a posi-
tive cross-stream velocity (to the left facing down-
stream), while clockwise turning, observed mostly
when the flow was southeast, implies negative cross-
stream velocity. This relationship between cross-stream
velocity and meander phase is illustrated in Fig. 15,
where the observations of cross-stream velocity have
been divided by direction of flow at 550 m and side of
the stream. The mean values, 95% confidence intervals,
and number of observations are shown for each quad-
rant. The significant positive values on both sides of
the stream in the northeast flow reflect the consistent
pattern of counterclockwise turning with depth shown
in the previous figure for this flow direction. Negative
cross-stream velocity (inflow) of about the same mag-
nitude (within the uncertainty) is indicated between
crest and tough on the north side of the stream axis,

while the direction of flow south of the axis is indistin-
guishable from zero based on the large variability in
this quadrant.

These results indicate, especially in the flow from
trough to crest, that cross-stream velocities calculated
using the shear method are correlated with meander
phase, with positive velocity between troughs and
crests, and negative velocity between crests and
troughs. This leads us to question the appropriateness
of using this method to estimate the inflow or outflow
associated with transport increase or decrease. To de-
tect such an inflow or outflow, one must measure the
component of flow toward (or away from) the axis of
the stream, which should be defined in terms of the
transport vector, such as was done by HR85. The shear
method calculates the component of flow perpendicular
to a local definition of ‘‘downstream,’’ namely, the di-
rection of vertical shear at that mooring site. The map-
ping method, which uses the objective maps to define
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the axis and estimates cross-stream velocities relative
to that axis, represents a better method for exploring
inflow and outflow as it relates to transport changes.
Therefore, considering the results only from the map-
ping method, we conclude that there is no evidence of
inflow to or outflow from the Gulf Stream at 55°W,
consistent with Hogg’s (1992) finding that Gulf Stream
transport is at a maximum at 55°W.

¢. Downstream development of the average synoptic
structure of the Gulf Stream

In Fig. 16, a vertical section of the average down-
stream velocity at 55°W is shown to examine the
changes in the average synoptic Gulf Stream in the
downstream direction between 73° and 55°W (compare
this figure with Fig. 2). At the thermocline level, the
width of the downstream flow is about the same at all
three site (175-~200 km), and the peak velocities are
comparable. Below the thermocline, the width of the
anticyclonic side of the jet appears to increase at 68°
and 55°W, where the zero velocity point is beyond the

. measurement area. The most striking difference be-
tween the sections, however, is the significantly larger
downstream velocities found at depth at 55°W com-
pared to the upstream locations. This is most apparent
in the location of the 10 cm s ' contour, which extends
to 4000 m at 55°W and only to 2000 m at 68°W. This
feature was also noted by Hogg (1992) in terms of
barotropic transport increases between Cape Hatteras
and 55°W.

In Fig. 17, we have plotted downstream velocity at
550, 1000, and 1500 m at 73° (dashed lines) and 55°W
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FiG. 15. Schematic diagram of a Gulf Stream meander showing
turning of the current with depth (solid vectors) between meander
extrema and pattern of cross-stream velocity observed using the shear
method (outlined vectors). Mean cross-stream velocity in each quad-
rant is shown (in cm s™") with 95% confidence intervals. Number of
observations used in each estimate of the mean is given in parenthe-
ses.

(solid lines) with the 95% confidence intervals for the
Eastern Array estimates. The origin of the cross-stream
coordinate at 73°W had to be shifted 7 km to the left
to line up with the axis as it has been defined at 55°W.
At 550 m, the peak velocities and the jet width are the
same within the 95% confidence interval of the mean
at 55°W, although the jet at 55°W is more symmetric
than at 73°W. These results suggest that the same peak
velocity is maintained in the thermocline as far east as
55°W. This is a somewhat different result than what
was reported by Shaw and Rossby (1984 ). They noted
an approximate 25% decrease in the peak velocity in
the Gulf Stream at the thermocline level east of about
58°W, but this was based on a small number of SOFAR
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(solid) at (a) 550 m; (b) 1000 m; (c) 1500 m; and (d) 4000 m, with
95% confidence intervals for 55°W.

float observations and thus is probably not as accurate
as what we have calculated with the current meter data.

At 1000 m, the two velocity profiles are similar but
with the 73°W profile offset somewhat to the south. At
the deepest common level, 1500 m, the downstream
velocity at 55°W is significantly larger than that at

73°W all across the jet.

To illustrate the change in vertical structure, vertical
profiles of downstream velocity near the center of the
jet at each location are superimposed in Fig. 18. The
most striking difference is the decrease in the vertical
shear between the thermocline and abyssal levels at
55°W, caused mostly by a substantial increase in the
mean flow in the deep water. At 3500 m, the down-
stream velocity is only 0-3 cms™' at the upstream
locations and about 15 cm s™* at 55°W. The average
synoptic Gulf Stream at 55°W has a much larger baro-
tropic component than at locations upstream of the
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Fic. 18. Vertical profiles of méan downstream velocity from near
the center of the jet at 73°W (solid line), 68°W (dashed), and 55°W
(dash—dotted).

New England Seamount Chain, but since the total ve-
locity at the thermocline is comparable, the baroclinic
component at 55°W is weaker. If we consider the Gulf
Stream as a two-layer system, where the thermocline
represents the interface between the layers, such a re-
duction in the baroclinic component should be reflected
in the slope of the thermocline. Figure 19 shows the
cross-stream distribution of temperature at 550 m at 73°
(solid) and 55°W (dashed). The weaker cross-stream
gradient at 55°W is brought about not by a substantial
widening of the mean synoptic jet but by a change in

Temperature (d

4 i
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Cross-stream dist. (km)

-100 ~-150

FIG 19. Cross-stream structure of mean temperature
at 73°W (solid) and 55°W (dash— —dotted) at 550 m.
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the temperature at the edges of the jet, particularly on
the north side, where temperature increases by about
1°C in the downstream direction. In order to nullify the
effect of this temperature change on density, a salinity
increase of about 0.25 psu from west to east would be
required on the north side. Maps of the mean salinity
north of the Gulf Stream show, however, that salinity
decreases from west to east, making the cross-stream
density gradient even weaker at 55° compared to 73°W
than what is indicated from temperature (Worthington
1976; Lozier et al. 1995).

In summary, these results show that the average syn-
optic Gulf Stream maintains about the same horizontal
scale and maximum velocity at the thermocline level
between Cape Hatteras and 55°W. The barotropic com-
ponent increases in magnitude, especially between 68°
and 55°W, while the baroclinic component decreases
in the downstream direction. The cross-stream velocity
structure indicates that there is no significant inflow to
or outflow from the Gulf Stream at this longitude.
When the shear method was used, a pattern of cross-
stream velocity was found that was correlated with me-
ander phase, suggesting that this method may not be
suitable for calculating cross-stream flows associated
with increasing or decreasing transport.

5. Eddy-mean flow interaction

In the third and final aspect of the structure of the
Guif Stream at 55°W, we consider the interactions be-
tween the eddy field and the mean flow in the context
of the eddy energy equations. The equation that gov-
erns the change in eddy potential energy following the
mean flow is derived by multiplying the eddy heat
equation by gaT'/6, and time averaging. The result is

U-VEPE = — % TT VT — gaw'T?, (1)
where U is the horizontal velocity vector (u, v), over-
bars indicate a time mean, primes indicate deviation
from the time mean, g is the acceleration due to gravity,
a is the effective thermal expansion coefficient, and
EPE = gaT’'T'/24,. This equation states that changes
in mean EPE following the mean flow are balanced by
up- or downgradient heat fluxes (first term on rhs) and
the conversion between EPE and EKE (second term on
rhs). In the present study, we attempt only a prelimi-
nary analysis of this equation by examining the mag-
nitude and distribution of eddy heat flux and its rela-
tionship to the mean temperature gradient.

Figures 20a and 20c show the eddy heat flux vectors
at 550 and 4000 m with the 95% confidence intervals
(boxes), and Figs. 20b and 20d show the heat flux
vectors superimposed on the mean temperature field.
At 550 m, moorings 1-7 indicate strong eastward eddy
heat flux that is statistically significant at moorings 2—
5. However, all the heat flux vectors are oriented along,
rather than across, the contours of mean temperature
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(within the uncertainty of the heat flux measurement),
suggesting that there is no change in EPE following the
mean flow due to up- or downgradient heat fluxes at
the thermocline level.

Eddy heat flux at 4000 m is generally eastward in
the northern half of the array, although only two esti-
mates are significant (numbers 4 and 5). The similarity
of the heat flux pattern at the two depths suggests that
in this area on the north side of the jet, the eddies have
arelatively barotropic structure. Three sites in the array
have a meridional heat flux that is statistically signifi-
cant (numbers 4, 6, and 13). Mooring 4 is in the strong
westward recirculation north of the mean stream at this-
depth (see Fig. 6¢). The sense of the flux is upgradient
at this location, suggesting that the eddies are giving
up energy to the mean flow or that eddy potential en-
ergy is decreasing in the direction of the mean flow
(westward at this site). This interpretation should be
considered more speculative than conclusive since the
uncertainty in the mean temperature field is relatively
large near the edges of the array.

The upgradient flux at mooring 6 is also interpreted
with caution because it is located at the eastern edge of
the array. However, it is consistent with a decrease in
eddy energy downstream of the array, a feature that
shows up in Schmitz’s map of abyssal eddy kinetic
energy, Fig. 3b.

Perhaps the most robust signal in the 4000-m eddy
heat flux is the southward flux at moorings 10, 11, and
13. This pattern supports the conclusion of previous
studies that have shown the westward recirculation to
be baroclinically unstable (Hogg 1985; McWilliams
1983). It is of interest to note that while there is evi-
dence of instability of the westward recirculation in the
heat flux, there is no evidence of mean westward flow
in this region at 4000 m, Fig. 6c¢. _

The eddy kinetic energy equation results from taking
the scalar product of the perturbation velocity with the
eddy momentum equation and time averaging,

U-VEKE

_9 (LP.) _9 (U’P’>
9x\ po 9y \ po

8 ey
___(wp )+gaw’T’,
9z \ po

where EKE is the mean eddy kinetic energy, (u'u’
+ v'v")/2. Here we concern ourselves only with the
first term on the rhs, traditionally referred to as the
barotropic conversion term. It reflects the production
(or destruction) of eddy kinetic energy through inter-
actions between the eddies and the horizontal shear of
the mean flow. The remaining terms represent the work
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done by the perturbation pressure field and the conver-
sion between eddy potential and eddy kinetic energy.
Consider first the terms involving velocity variance,

uw'u' —

dx

and

-0

oy’
While velocity variance is a maximum in the center of
the array, the x gradient of eastward velocity along the

three zonal lines of moorings and the y gradient of
northward velocity along the central north—south line

?

Vv

are not significantly different from zero at the 95% con-
fidence level, as seen in Fig. 21a and 21d. Thus, during
the SYNOP measurement period, there appears to be
no significant contribution to eddy growth or decay via
these terms.

This leaves only the term involving the velocity co-
variance, u’v’, as a possible contributor to the eddy-
mean flow interaction. It is multiplied by the sum of
the y-gradient of the zonal velocity (Fig. 21b) and the
x gradient of the meridional velocity (Fig. 21c), which
are significantly different from zero. However, the co-
variance itself is significant only at one of the mooring
sites at 550 m. The generally circular shape of the vari-
ance ellipses, Fig. 22a, indicates that there is little cor-
relation between the velocity components. Only moor-
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ing 4 has a covariance statistically different from zero
at the 95% level, but since it is in a region of weak
horizontal shear (see Fig. 6a), this probably does not
represent a significant source or sink of EKE. The
alignment of the ellipse at mooring 4 at this depth (and
at 4000 m, see below) with the bathymetry suggests
some influence of the bathymetry in polarizing the eddy
motion there.

Essentially the same results were found at 4000 m.
The zonal gradients of u and the meridional gradient of
v are not distinguishable from zero, Figs. 21e,h. The
strong southward velocity observed at the southern end
of the central line of moorings is believed to be locally
enhanced by the small topographic bump discussed
previously. The meridional gradient of zonal velocity
is significant, Figs. 21f,g, but again most of the co-
variance estimates are dominated by noise. Only the
estimates at moorings 2 and 4 are statistically signifi-
cant.
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In spite of the lack of statistical significance in ve-
locity covariance at this depth, there is a pattern of gen-
erally negative values to the north and positive values
to the south, Fig. 22b. This pattern is consistent with
the radiation of barotropic Rossby waves from the Gulf
Stream (Bower and Hogg 1992). To the north, the
eddy-mean flow interaction is probably insignificant
since the largest Reynolds stress is observed where the
horizontal shear of mean velocity is zero (see Fig. 6¢).
South of the stream axis however, the large positive
covariance occurs at mooring 9, where the zonal ve-
locity is increasing northward on the anticyclonic side
of the mean jet, which according to Eq. (2) implies a
decrease in eddy kinetic energy to the east. This is con-
sistent with the pattern of abyssal EKE observed by
Schmitz (1984). But again, the uncertainty in these
covariance estimates renders the above interpretation
more suggestive than conclusive.

Based on these results, we can summarize the eddy—
mean flow interactions at 55°W as follows. At the ther-
mocline level, there is no convincing evidence of sig-
nificant eddy—mean flow interaction. Cross-gradient
heat fluxes are not detectable above the noise, and the
Reynolds stresses also cannot be distinguished from
zero at 12 of the 13 mooring sites. From this we con-
clude that at the thermocline level, 55°W is located at
the maximum in eddy energy and that the region of
decreasing eddy energy, and its associated upgradient
fluxes, must lie somewhere between 55°W and the Tail
of the Grand Banks at 50°W.

At abyssal levels, there is a suggestion of upgradient
eddy heat flux at the eastern edge of the array that might
be related to a decrease in eddy energy following the
Gulf Stream mean flow to the east. Southward heat flux
south of the stream is consistent with baroclinic insta-
bility of the westward recirculation, although curiously,
the mean flow associated with that recirculation was
not detected at this depth. Although not statistically sig-
nificant, there is a pattern of positive velocity covari-
ance estimates to the south and negative values to the
north. The positive values, combined with the anticy-
clonic shear on the south side of the mean jet, are con-
sistent with a decrease in eddy kinetic energy in the
downstream direction.

6. Summary

These analyses have provided an updated view of
the Gulf Stream and its relationship to the general cir-
culation at 55°W. In the geographic reference frame,
the three-dimensional array of current and temperature
measurements from the SYNOP Eastern Array reveal
a mean Gulf Stream extending from the thermocline
level to 4000 m. In the upper water column, the east-
ward jet dominates the circulation, while at depth, a
westward counterflow was found north of the stream
that has about the same magnitude as the eastward
mean flow (5—-10 cm s~'). Little evidence of a south-
ern recirculation was found within the array.
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In comparing the structure of the mean geographic
Gulf Stream during SYNOP with a previous descrip-
tion based on surface drifter, float, and current meter
data collected over a seven year time span by Richard-
son (1985), we found that the jet was narrower,
stronger, and more vertically aligned during SYNOP.
These differences are probably the result of interannual
variability in the mean Gulf Stream path position and
meander activity. In particular, the large shift in the
velocity maximum with depth (1° latitude ) apparent in
the Richardson section is probably the result of com-
bining data from different time periods and not a real
feature of the mean geographic Gulf Stream. Eddy ki-
netic energy levels are comparable in both realizations,
with values on the order of 1000 cm® s~ in the ther-
mocline and 100 cm? s~2 at depth. The SYNOP data
were combined with the POLYMODE current meter
data to reexamine the total transport across 55°W be-
tween 33°-42°N, and it was found that the range of
values, 3 + 35 Sv to 49 = 41 Sv, is consistent with
what is expected from Sverdrup dynamics, about
10 Sv.

The velocity data from the Eastern Array were trans-
formed into a streamwise coordinate system and com-
pared to similar descriptions from upstream locations
(73° and 68°W) to examine changes in the Gulf
Stream’s average synoptic structure. The following
summarizes the most salient points concerning the
downstream velocity structure. First, at the thermocline
level, the Gulf Stream has the same width and peak
velocities at all three locations, despite the large am-
plitude meanders that develop in this region. Second,
the barotropic component of downstream velocity in-

creases by about a factor of five: the mean flow at 3500
m increases from 3 cm s™! at 68°W to 15 cm s™! at
55°W. This is accompanied by a weakening of the baro-
clinic component, which is also evident in the cross-
stream temperature gradient. This change in the ver-
tical structure of downstream velocity could be the
result of baroclinic instability in the region upstream
of 55°W, which would act to lower the available po-
tential energy and enhance the barotropic velocity
component.

The cross-stream velocity structure is noisier than
that found at the two upstream locations. A detailed
analysis of the relationship between cross-stream ve-
locity and flow direction showed that when the shear
method is used, there is a pattern of cross-stream ve-
locity associated with meanders similar to what has
been observed in the Gulf Stream at other locations. It
is concluded that the shear method is not appropriate
for observing flows into or out of the stream that are
associated with transport changes. The mapping
method, which provides a more accurate measure of
these flows, indicates that there is no substantial inflow
to or outflow from the Gulf Stream at S5°W. This is
consistent with there being an elongated maximum in
Gulf Stream transport between 60° and 55°W as found
by Hogg (1992).

Finally, a preliminary examination of eddy—mean
flow interaction at 55°W through the eddy energy equa-
tions indicated that at the thermocline level there is no
detectable energy transformation between the eddies
and the mean flow. No crossgradient eddy heat or mo-
mentum fluxes were detected above the noise. At the
abyssal level, there was some evidence of upgradient
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eddy heat and momentum fluxes at a few sites that

would be consistent with decreasing eddy energy in the
downstream direction.

New observations of ocean circulation improve
our description and, ultimately, our understanding of
the dynamics that govern its variability. But they also
point toward new questions that, if answered, would
lead to yet a more complete view of the circulation.
Based on what has been shown here and in Hogg
(1992), the Gulf Stream at 55°W is a coherent, en-
ergetic current with an average synoptic structure at
the thermocline level similar to what is found up-
stream. Transport and eddy energy appear to be near
maximum levels. Between 55°W and the Tail of the
Grand Banks, a distance of only about 400 km, sig-
nificant changes probably occur in the Gulf Stream.
The Southeast Newfoundland Rise imposes a strong
bathymetric control, which is absent at 55°W, and
mean potential vorticity contours for the deep water
imply a large decrease in transport on the north side
of the Stream (Hogg and Stommel 1985). The true
decay region of the Gulf Stream, where eddy energy
and transport finally decrease, is probably located in
this short stretch of ocean.
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