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ABSTRACT

During 1984, five current meter moorings measured velocity and temperature in the Gulf Stream anticyclonic
flank at a location approximately 250 km downstream of Cape Hatteras. Here, these data are used to analyze
the energy budgets of the Gulf Stream mean flow with a view towards examining Gulf Stream vertical structure
and inertial character.

We find that Gulf Stream dynamics exhibits considerable vertical structure at our experiment site. At 380
m, the kinetic energy flux appears to be convergent, but the eddies augment mean kinetic energy. Order of
magnitude estimates of processes involving vertical velocity appear to be too small to account for this mismatch;
hence, we conclude that a conversion of mean kinetic t0 mean potential energy, via flow up a mean pressure
gradient, must be occurring. Opposite tendencies are found at 880 m, leading to the conclusion that the Gulf
Stream is flowing down a mean pressure gradient at this depth, Evidence supporting a situation similar to the
latter is also found at 1880 m. We appeal to recent baroclinic general circulation theories to explain these
observations in terms of northward shifts of the gyre structure with depth. Of course, our observations are
undoubtedly influenced by lateral topography, bottom topography and eddies and the effects of these are poorly
understood from a theoretical point of view.

We also present evidence that the Deep Western Boundary Current is restoring energy to the deep potential
energy field by flow up a mean pressure gradient. The rates are considerably smaller than those in the Guilf
Stream but structurally resemble our results at 380 m.

1. Introduction

It is generally accepted that western boundary cur-
rents are of fundamental importance to the dynamics
of steady basin-scale circulations. It has been suggested
that such currents are regions of enhanced loss of po-
tential vorticity and energy and act to restore global
balances between forcing and dissipation. Effects such
as the role of Gulf Stream heat transport and its sub-
sequent feedback on the structure of the general cir-
culation have also been examined (Behringer et al.
1979; Huynh and Veronis 1981). Such studies em-
phasize the need for examining the time-mean Guif
Stream when engaging more global and basin scale
questions. Nonetheless, although transient events and
eddy dynamics in the Gulf Stream have been the sub-
ject of several previous observational programs
(Webster 1961a,b, 1965; Schmitz and Niiler 1969;
Brooks and Niiler 1977; Hood and Bane 1983; Lee
and Atkinson 1983; Dewar and Bane 1985; Hall 1986b;
Rossby 1987; Dewar and Bane 1989), Gulf Stream
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mean flow has received considerably less observational
attention and much less is known about its dynamics.

The role of the Gulf Stream in theoretical general
circulation calculations is highly dependent upon

.model dynamics which, depending on parameter set-

tings, vary considerably. In the simplest barotropic
models (e.g., Stommel 1948; Munk 1950), the Guif
Stream assumes a frictional role and the boundary cur-
rents are regions of energy loss. At the opposite extreme,
in Fofonoff’s (1954) unforced model, boundary cur-
rents are regions in which total energy is conserved and
cycled between kinetic and potential energy. We are
still at the stage, in our examination of the lowest order
dynamics of the oceanic Gulf Stream, where the sim-
plest classes of models, such as those described above,
need to be compared with data. Distinguishing obser-
vationally between simple models, however, is not a
straightforward task. The fundamental difference be-
tween frictional (i.e., Stommel and Munk) and con-
servative (i.e., Fofonoff) Guilf Stream models lies in
the importance of nonlinearity. Such models are thus
relatively distinct dynamically; however, all three yield
circulations which are kinematically similar. Velocity
measurements do not yield a clear picture of which
model is most appropriate. On the other hand, a rel-
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atively sensitive test of individual models can be real-
ized observationally by examining boundary current
energetics. To the extent that nonlinear, inertial dy-
namics are appropriate in the boundary currents, the
lowest order dominance of geostrophy is broken and
flows in the direction of mean pressure gradients ensue.
These are connected to potential energy release and
with suitable measurements are detectable. Energetics
analyses also benefit from the cancellation of the usu-
ally dominant Coriolis effect in the equations.

A second issue is that the best studied existing Gulf
Stream models have relatively coarse vertical resolution
(Schmitz and Holland 1982). Little is therefore known
theoretically about the vertical structure of western
boundary current dynamics. With a few notable ex-
ceptions, this is true also of our field knowledge of the
Gulf Stream.

In this paper, data from the Gulf Stream Dynamics
Experiment are used to examine the energetics of the
Gulf Stream mean flow at a location approximately
250 km downstream of Cape Hatteras with a view to-
wards addressing the above issues. The results of this
analysis help to define the effects of eddies on the mean
flow, quantify the inertial character of the Gulf Stream
and point to some rather surprising results regarding
the vertical structure of stratified western boundary
currents. We further examine Deep Western Boundary
Current dynamics and find a nontrivial exchange be-
tween mean potential and mean kinetic energy. Our
results are viewed from the perspective of simple theo-
retical models.

a. Background

An important contribution to our empirical knowl-
edge of Gulf Stream energetics was made by Fofonoff
and Hall (1983), who combined a theoretical jet model
with the Gulf Stream *60 data (Fuglister 1963 ) in order
to compute mass, momentum and energy fluxes. The
Gulf Stream *60 data were obtained from 53° to 68°W
and consisted primarily of hydrographic observations.
Fofonoff and Hall suggested that these data were con-
sistent with a downstream rise in pressure. The Ber-
noulli function

_ut+0?
2

where u and v are velocity components and P is pres-
sure, is conserved along streamlines in inviscid, inertial
models. Reductions in kinetic energy are balanced by
increases in pressure which can eventually be related
to potential energy variations (pressure is hydrostatic).
Thus, Fofonoff and Hall’s arguments are consistent
with an inertial restoration of potential energy in the
Gulf Stream 60 area.

More recently, Dewar and Bane (1985) examined
data from the Gulf Stream Deflection and Meander
Energetics Experiment, which was located well up-
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stream of the Gulf Stream 60 experiment (i.e., in the
South Atlantic Bight south of Cape Hatteras). Based
on direct measurements of velocity, they suggested that
the Gulf Stream in the South Atlantic Bight was flowing
down a mean pressure gradient and hence being ac-
celerated by a conversion of potential energy to kinetic.
Furthermore, their pointwise conversion estimate,
when applied all along the South Atlantic Bight, yielded
a net conversion comparable in magnitude but opposite
in sign to Fofonoff and Hall’s net conversion. Hence,
they concluded that they were seeing evidence of a re-
cycling of energy, with the South Atlantic Bight being
a region of potential energy release and the Gulf Stream
extension being a region of potential energy gain.

Most previous, long-term, direct current measure-
ments in the deep water Gulf Stream system (i.c.,
downstream of Cape Hatteras) have been obtained
along the continental rise. Luyten (1977) and Thomp-
son (1977, 1978) summarize these. One of the reason-
ably well established observational features of the mean
Gulf Stream is its downstream increase in transport
(Watts 1983), although the dynamical reasons for this
increase are not clear. Thompson (1978) suggested that
eddies were transferring momentum between the Gulf
Stream and adjacent countercurrents, and that this
“eddy-driving” could possibly be responsible for the
observed transport variations. Support for this state-
ment came from his analysis of current meter data at
69° and 70°W, which indicated momentum flux gra-
dients of the right sign to accelerate both the Gulf
Stream and deep countercurrent flows.

More recently, Hogg (1983, 1985) reexamined the
issue of eddy effects on the deep circulation of this
region from the point of view of vorticity dynamics.
He suggested that lateral relative vorticity and thickness
fluxes are of comparable strength in the deep water
and, given relatively large error bars, appear to have
gradients of the proper sign to drive at least part of the
observed multigyre deep circulation.

The present paper builds upon these past efforts in
the following ways. First, the Gulf Stream Dynamics
Experiment occurred at a location upstream of the Gulf
Stream *60 experiment region and downstream of Cape
Hatteras. Thus, the data are from a region which has
not been previously studied with moored current me-
ters. Second, we have long-term direct velocity mea-
surements and can directly estimate several of the terms
in the mean energy equation (as opposed to inferring
them from hydrographic data). Third, we have obser-
vations at several depths and can therefore examine
the vertical structure of the Gulf Stream system. Fi-
nally, our array permits us to compute both along-
stream and cross-stream derivatives, which enables us
to estimate more components of the mean energy
equations (and hence assess the balances more thor-
oughly) than has been previously possible.

Accordingly, we find that the Gulf Stream at 73°W
(our experiment site) is apparently in a transition zone
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between a region to the west of net acceleration and a
region to the east of net deceleration. The transition
manifests itself baroclinically, such that the near surface
(380 m) Gulf Stream is recycling energy into potential
energy although the deeper flow is still accelerating.
This picture suggests a cross-stream mean velocity pro-
file which seems consistent with other Gulf Stream ob-
servations.

We also find a net tendency for the eddies to accel-
erate the Deep Western Boundary Current. This is in
accord with Thompson’s (1978) results, but we mea-
sure a convergence in mean kinetic energy flux. A bal-
ance in the mean kinetic energy equation at this level
apparently requires a conversion from kinetic to po-
tential energy.

We interpret the results from our upper three levels
to suggest two things about the mean Guif Stream.
First, we find that the Gulf Stream exhibits considerable
inertial character in that it is actively recycling energy.
Second, we argue that our observations are suggestive
of a downstream shifting with depth of the inertial
“center” of the Gulf Stream. We are unaware of any
theoretical Gulf Stream models that display such
structure.

We interpret our deeper level observations as point-
ing to the pressure gradient as the momentum source
behind the downstream transport increase in the Gulf
Stream. This picture differs slightly from that of
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Thompson and is based on some estimates which, due
to data limitations, he was unable to make.

The Gulf Stream Dynamics experiment and data
processing methods are discussed in the next section.
The mean energy equation is introduced in section 3
and our results are presented. Our picture of the mean
Gulf Stream is compared and contrasted with the re-
sults of models and other field programs. A discussion
and conclusions section closes the paper.

2. The Gulf Stream Dynamics Experiment and data
processing 4

The Gulf Stream Dynamics Experiment took place
from mid-January 1984 to mid-January 1985. The ex-
periment was located approximately 250 km down-
stream of Cape Hatteras along the mean Gulf Stream
path (see Fig. 1). Five moorings, each supporting four
current meters, formed one of the two major compo-
nents of the field work. The total water depth in the
study area ranged from 3500 to 4000 m, and the nom-
inal depths of the three top current meter levels were
380 m, 880 m, and 1880 m. The fourth current meter
level was designed nominally to be 500 m off the bot-
tom. A schematic of the current meter array with actual
current meter depths is given in Fig. 2.

The second component of the Gulf Stream Dynam-
ics Experiment consisted of bottom mounted pressure

; T~ 34N
Q00 .
& )
an o N §/ S @“ﬁ g S o
/ Il I b ug E‘

38N

MEAN VELOCITY (380m)
- 50 cm/sec

—
¢ km 100
BOIIUM CONIOUKS (K MLIERS

] =1 ]

FIG. 1. The Gulf Stream Dynamics Experiment region. Identifiable land marks include Cape
Hatteras and Chesapeake Bay. The five current meter moorings are indicated by the black dots
and the arrows indicate the observed mean flows at level I, i.e., 380 m. The lines indicate the
locations of the inverted echo sounders, and the coordinate system used in our analysis is indicated
by the axes. The array is evidently in the Gulf Stream anticyclonic shear zone.
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FIG. 2. A detailed view of the arrary. Each mooring supported four current meters
at nominal depths of 380 m, 880 m, 1880 m and D-500 m, where D is the local fluid
depth. The actual depths of the current meters are indicated and meters which failed

are denoted by “F”.

gauges and inverted echo sounders (IESs), which were
placed along six lines, each of which runs roughly nor-
mal to the mean path of the Gulf Stream (see Fig. 1).
The IES data will be reported separately. This study
will focus on the current meter data only.

Note that two of the IES lines (the B and C lines),
correspond roughly to the lines on which the current
meters were mounted. Hence, the current meter
moorings are referred to as the B2, B3, C1, C2 and C3
moorings. Individual current meters are named ac-
cording to their position on the mooring, with 1> de-
noting top mooring and “4” denoting bottom mooring
(hence “C2-3” denotes the current meter at 1880 m
on the C2 mooring).

Fourteen out of the 20 current meters returned
complete datasets of roughly 380 days duration in both
velocity and temperature. In addition, current meter
C1-1 operated successfully for roughly 200 days before
failing, These 15 datasets are the focus of the present
work. The remaining five current meters, denoted by
an F in Fig. 2, returned time series of varying quality
and were excluded from our analysis. It is necessary
in the evaluation of the energy equation to compute
derivatives in both horizontal directions and this re-
quires at least three data points at a given depth. Note
that this condition was met at all levels (and exceeded
at levels I, IT and IV) in spite of data loss (see Fig. 2).

The raw data were low-pass filtered using a Lanczos-

type filter with a quarter-power point at 1 cycle/40
hours and an energy rejection factor of 10 % at 1 cycle/
12 hours. The filtered time series had an equivalent
sampling interval of 6 hours. Further, velocity mea-
surements are expressed in a Cartesian system with the
X axis pointing in a “downstream” direction (see Fig.
1). The x axis in this coordinate system is rotated 40°
anticyclonically from true north. Complete documen-
tation of data processing methods can be found in Bane
et al. (1988). :

The top instrument on each mooring measured
pressure which was, in turn, converted to a time series
of the depth of the topmost current meter. Using these
data, the low-passed temperature time series at the top
two current meters of each mooring were corrected for
vertical movement following the procedure of Hogg
(1986). Velocity measurements were not corrected
(also in accordance with Hogg 1986) and the two
deepest current meter records were left unaltered in all
variables (reflecting both reduced mooring motion and
temperature gradients at those levels).

Average depth levels for the top current meters were
estimated by averaging the top meter depth record.
The second and third level instruments were then as-
signed average depths which were 500 and 1500 m
greater, respectively, than the top instrument. Bottom
depth fixes were obtained at both mooring deployment
and recovery. These readings were averaged, and the
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average used to estimate the average depth of the fourth
level instruments (recall that the bottom meters were
500 m off the bottom).

Density was computed from temperature by using
an equivalent coeflicient of compressibility which takes
into account standard Gulf Stream 7-S characteristics;
ie.,

p = po[l — a*(T — To)]. (1)
Here po-and T, are reference temperature and density,
and o* is the equivalent compressibility coefhicient. For
the observed temperatures, o* was approximately 1.5
X 107* °C™!, and this value was used throughout the
analysis. Vertical mean density gradients at given
depths were computed from a least squares fit of a qua-
dratic polynomial to the mean density data.

All statistics (i.e., means, variances and covariances)
from a given current meter were assigned to the average
depth of that meter. The computation of horizontal
derivatives of these statistics, as is necessary in the
evaluation of the energy equation, requires data at
common depths. So-called “standard” depth statistics
were computed for the top two levels by linear inter-
polation from the average current meter depths to
depths of 380 m and 880 m. These depths were chosen
subjectively, but required minimal interpolation at two
of the moorings.

In an attempt to linearly interpolate the data at level
III to a standard depth of 1880 m (using levels IT and
III), it was found that the results were dominated by
the results at level II. This occurred even at moorings
where the level III instrument was only a few meters
away from 1880 m. These results were judged unac-
ceptable; hence, the original and uninterpolated level
III data are used in this analysis. Similarly discouraging
results were found at level IV. In view of this, and
given that the deep current meters appear to reside in
a dynamically distinct current regime (i.e., the Deep
Western Boundary Current ), the original bottom data
were analyzed.

- Errors for the statistics at the average current meter
depths were computed using a modification of the
technique employed by Hogg (1983), or see the Ap-
pendix. Errors at the standard depths were calculated
using standard formulas for error propagation (Bev-
ington 1969).

Horizontal derivatives of a statistic ¢ were computed
at the standard depths using the.formula

84,; = gx0x;; + q,0y;; + O(6x?% 6y°)  (2)
where dg; ; is the measured difference in g between the
ith and jth current meters and éx;; and 8y, ; denote
the mooring separation in x and y. A least-squares fit
was used to calculate the gradients and errors were
computed in the standard way from the uncertainties
in the estimates of g;. Physical data pertinent to the
current meter moorings are given in Table 1. All rel-
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TABLE 1. Mooring data. (Separations: C1-C2, 24.1 km; C1-B2,
58.1 km; C2-C3, 42.6 km; C2-B3, 66.7 km; C3-B3, 46.0 km; CI-
C3, 66.7 km; C1-B3, 84.0 km; C2-B2, 52.3 km; C3-B2, 62.3 km;
B2-B3, 41.6 km.)

Deployment  Recovery Depth
Mooring Location (1984) (1985) Meter (m)
B2 35°48N 10 Jan 1984 21 Jan 1985 1 398
73°26'W ' 2 898
3 1898
4 3060
B3 35°3I'N 10 Jan 1984 21 Jan 1985 | 306
73°08'W 2 806
3 1806
4 3170
Cl 36°15N 11 Jan 1984 21 Jan 1985 1 379
73°10W 2 879
3 1879
4 2990
C2 36°06N 11 Jan 1984 22 Jan 1985 1 380
72°59'W 2 880
3 1880
4 3150
C3 35°48'N 11 Jan 1984 22 Jan 1985 1 360
72°43'W 2 860
3 1860
4 3400

evant means and covariances, as measured by the cur-
rent meters, are listed in Table 2.

3. Results

Here, we briefly derive the mean energy equation
and define its terms. We assume the ocean is adequately
described as a Boussinesq fluid and ignore terms in-
volving friction. It should also be noted that our anal-
ysis will of necessity be incomplete. For example, we
have no direct measurements of vertical velocity (w)
and will routinely ignore quantities in the mean energy
equation which involve w. Although this neglect is sus-
pect, we provide some scaling arguments which support
our interpretations. Finally, the results of the calcula-
tions are summarized in Table 3.

a. Mean kinetic energy

The equation which is the focus of this paper is the
mean kinetic energy (MKE) equation and is obtained
by ensemble averaging the horizontal momentum
equations and vector multiplying the result with the
ensemble averaged velocity. The result is

;,%[<>ﬁ—2l] -~ = ()
DMF MPW

4 .
= () 5 Ctatti) (1)
AME
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TABLE 2. Flow statistics. The upper number in each category is the measured value
of that statistic and the lower number is the uncertainty.
Current
meter u v T 74’4 v wv uT vT T WTTR2 vTTR Wuu/2 w2 Yuuj2  vuY)2 z
B21 513 297 177 597 314 241 412 222 42 =770 379 3055 -3510 1676 4416 398
6.9 3.09 .08 99 90 65 3.15 1.97 20 5.52 3.14 4564 2596 2656 2556 9.6
B22 21.0 173 7.89 104 549 =215 2.7 1.3 73 -1.7 -.03 —426.1 —-139.7 118.8 90.6 897.7
2.29 1.61 .16 22 8.2 11.0 1.1 .70 14 1.1 7 3842 1235 171.8 96.8 8.5
B23 5.6 209 386 38.7 202 =7 -.117 .093 .006 001 —.002 —42.8 -3.1 13.9 10.03 1896
1.3 73 018 9.8 29 1.7 040 .049 001 003 .003 86.7 10.9 12.7 17.02 S
B24 67 10 26 424 180 13.0 -23 -.06 .02 -05 -.007 219 50.2 425 538 3060
1.1 45 04 52 3.0 29 13 .08 004 .01 .005 50.3 204 204 204 2
B31 11.6 80 183 301.4 440.7 -924 2.1 -3.6 35 —.62 2.7 -1939. —672.6 —1444. 6846. 306.3
40 2.7 .06 90.8 154.7 843 1.2 1.0 13 1.0 14 2814. 582.2 728.8 3604. 3.0
B32 8.3 4.1 11, 93.3 829 -335 29 -1.9 1.2 -2.1 1.09 ~136.1 ~127.1 55.6 163, 806.8
20 1.5 .14 190 226 9.7 1.2 7 39 1.2 15 256.7 46.4 46.8 118, 1.5
B34 32 1.6 24 61.5 16.7 8.6 -.07 ~.04 .005 —-.003 -.001 151.2 19.2 65.8 20.3 3170 -
02 47 02 129 2.5 5.6 04 .02 .003 .003 .002 117.7 14.6 44.0 139 1.0
Cl1 67.0 -11.7 173 1431 4894 6182 —12.5 7.6 72 7.8 —5.8 -~8697 —826.2 3891 —1175 379.3
137 7.4 26 253.7 1099 1184 6.6 4.7 53 12.1 9.1 23225 6196 9022 5895 24.6
C12 22.6 76 64 119.8 68.0 7.0 1.6 4.6 11.3 18.1 9.8 —440.1 -29.2 183.6 574 879.0
1.8 1.4 1.1 325 93 1.7 39 2.3 4.9 13.2 6.6 712.2 85.7 123.1 1163 20.0
C13 6.7 -13 38 418 368 -109 -.28 24 .01 .002 ~.0001 -49.4 -10.5 -~21.2  —8.1 1879
1.2 1.0 .03 11.8 7.0 1.6 .09 .05 .001 .008 .007 156.4 13.6 26.7 423 12
Cl4 1.4 —-40 2.8 515 258 -~-20.8 -.22 A7 .04 ~.02 01 —-.88 40.7 —533 -264 2990
1.0 .78 .06 130 4.0 35 21 09 {005 02 .01 174.2 26.9 58.2 28.5 3
C21 434 —426 179 6842 329 2485 1.43 .60 34 —4.34 .82 —-3657. -2192. 983.8 4184, 380.2
8.1 2.87 .04 1392 921 41.2 2.71 .60 17 5.29 .83 7122, 3123, 2685. 2130. 12.2
c22 19.9 1.31 88 1359 695 -273 -1.36 2.76 1.19 69 —.381 —267.7 357 7.8 271 880
3.4 1.88 2 242 107 13.6 1.29 .60 .30 242 1.0_5 559.3 95.5 96.4 108.0 10
C24 1.0 -77 26 450 323 -~220 -.24 18 .03 004 —-.005 7.5 273 -333 -6 3150
1.3 .70 .05 5.9 32 3.0 15 12 .003 .018 .013 82.7 375 36.6 337 3
C32 15.1 39 100 326.5 1976 -101.3 82 —.35 .76 ~1.87 2.12 566.2 -221.6 -—294.0 1550. 860
4.0 20 A2 41.7 48.2 14.2 293 1.06 24 2.20 1.00 1451. 350.3 411.0 879. 2
C33 1.0 1.0 40 363 21.8 -130 -.11 .02 .001 -.001 -.001 -19.0 -3.5 -7.2 -338 1859
8 7 007 8.5 5.0 33 .03 014 .0004 .001 .0007 233 25.8 29.2 63.1 2
Ci4 -33 60 25 341 356 -171.7 -.14 .05 006 -.009 .003 -69.7 7.0 29.7 —942 3400
4 57 .02 128 120 8.0 A1 .06 .003 .01 006 57.8 149 25.1 91.3 2

where x; are Cartesian coordinates, u; denotes velocity
in the /th direction and P denotes pressure. Summation
notation is used and the indices i and j can obtain the
values 1, 2 and 3. The index « can obtain the values
1 and 2 only. In more standard notation, x;, x, and
X3 are represented by x, y and z, and u,, 4, and u; are
denoted by u, v and w. Equation (1) equates growth
and decay of kinetic energy, denoted by the divergence
of the mean Kinetic energy flux (DMF), to acceleration
of the mean flow by the eddies (AME ) and conversion
from potential energy, here given by mean pressure
work (MPW). AME measures the tendency of the ed-
dies to deposit momentum in the jet and augments
kinetic energy if the eddy momentum flux is convergent

(divergent) in regions where the mean momentum is
positive (negative). The structure of MPW shows
clearly that it is related to mean flow in the direction
of mean pressure gradients. Flow from low pressure to
high is proceeding effectively uphill, thus increasing
the fluid’s potential energy. The opposite holds true
for flow down a mean pressure gradient. The data from
the Gulf Stream Dynamics Experiment allow us to di-
rectly estimate DMF and AME. In what follows, we
will compute MPW as a residual of these quantities.

b. Level I

The level I current meters were at a nominal depth
of 380 m and the mean flows at that depth are shown
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TABLE 3. Summary of mean energy calculations. Units: erg cm™ s,

AME

— (), — (YUY, = () = (o),
= (=20 % .09) X 107 + (27 £ .08) X 1072 + (.18 % .33) X 10~* + (.12 = .41) X 10~*

DMF*
uXED: + ((OXEY)y
(—24 + .24) X 1072 + (85 + .91) X 107

(—.15 + .26) X 107

MPW

Level

(=22 £ 29) X 1072

(73 +1.2)x 1073

(—63 £ .43) X 1073 4 (—.19 + .24) X 107% + (.11 £.39) X 107* + (43 + .69) X 1074

= (—.76 + .50) X 1073

(44 + 20) X 1073 + (.02 £ .16) X 1073

(47 £ 26) X 1073

1

(.12 + .06) X 1072
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(=17 £.96) X 1075 + (=33 £ 21) X 107° + (21 +.11) X 1075 + (—.18 + .13) X 10~°

=(—.47 = 1.0) X 107%

(.35 £.72) X 107% + (.09 + .26) X 107°

(44 77X 1078

III

(91 £ 1.3) X 107°

(=21 £ 27) X 1075 + (10 £ .11) X 10™° + (45 £ .35) X 107° + (.52 + .84) X 1075

(40 £ 47) X 1073

(44 £ 46) X 107 + (—.10 + .03) X 105

(—.56 + .57) X 107¢

{(w)* + (v)»))2.

v

(—.46 + A7) X 1073

*(E)
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in Fig. 1. Note that the array resides in the Gulf Stream
offshore, anticyclonic shear zone. Current meters B21,
B31, C11 and C21 operated at this level. Note that
B21, Cil and C21 were clearly in the mean Gulf
Stream; therefore, in addition to the least squares cal-
culations (which use all four meters) we report the
values of the mean energy terms computed from these
three meters. The latter are referred to as the Gulf
Stream grouping.

The least squares estimate at level I of DMF was
(—0.15+£0.26) X 10" 2 ergs cm > s ™', while, according
to the Gulf Stream grouping, DMF was (—0.71 + 1.0)
X 102 ergs cm ™3 s~!. In view of the estimated uncer-
tainties it is unclear that DMF is measurable. Perhaps
the most believable result of these estimates is their
sign (negative) since it is common to both estimates.
A negative value for DMF implies a convergence in
mean kinetic energy flux or, equivalently, that less en-
ergy is exiting a control volume surrounding our array
than is entering it. A reasonable question is whether
the magnitude of the DMF estimate O(—1.0 X 102
ergs cm ™3 s7!) is believable in spite of the large error
bars. To this end, we suggest that such a DMF value
can represent at best a local value. Evidence for this
comes from our observation that the dominant con-
tributor to DMF is the downstream gradient,

suggesting that the decrease occurs primarily as a de-
celeration of the downstream flow. The eastward ex-
tension of the Gulf Stream beyond the experiment site
is at least 1000 km. If either above value were typical
of DMF over such a distance, a westward directed flow
of 50-100 cm s™! would be expected at the end of the
section. This is clearly not reasonable. Perhaps the safest
conclusion is that we see a tendency for DMF to be
negative at 380 m, but in view of our errors, the mag-
nitude of DMF remains unclear.

Our least squares estimate of AME at 380 m is AME
=(0.73 + 1.2) X 1073 ergs cm ~? s !, while the Gulf
Stream grouping yields AME = (5.1 + 4.3) X 1073
ergs cm > s™!. The comparison between estimated
value and uncertainty is more favorable here than for
DMF (indeed the Gulf Stream estimate appears to be
significant ), so these estimates are taken to indicate an
eddy acceleration of the mean flow.

The dominant contributor in both AME estimates
is

a [P
() 55 v
or equivalently, the net deposition of eastward mo-

mentum in the jet by cross-stream eddy transport. At
all meters (u'v") is negative as is

a P ol .
a—;{uu),
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thus, our estimate is consistent with more southward
transport of eastward momentum at jet center than on
the southern jet flank.

One of the interesting features of both sets of esti-
mates is that they have the wrong signs to balance. The
residual, R, of these terms, formed by bringing AME
to the left-hand side of (1),is R =(—1.2 +1.1) X 1072
ergs cm™> s~! for the Gulf Stream group and R
=(—0.22 £ 0.29) X 10~2 ergs cm 3 s~! for the least-
squares estimates. The sign of R is again common to
both, and R is significant according to the Gulf Stream
estimates.

Recall that we have no direct estimates of quantities
involving vertical velocity, w. Examples are vertical
kinetic energy flux divergence,

[y L2200

and mean flow acceleration by vertical Reynold’s stress,
—{u){w'u"),. It is possible, however, to estimate the
order of magnitude of these quantities.

Upstream of Cape Hatteras, Dewar and Bane (1985)
estimate (w) ~ —0.02 cm s~ at 219 m based on ob-
servations of mean flow crossing bottom isobaths. Os-
good et al. (1987) find a comparable { w) estimate at
219 m from an analysis of the heat equation, and fur-
ther suggest {(w'?)!/? ~ 0.08 cm s~!. Downstream of
Hatteras, Bower (personal communication 1989) finds
(w'*»!"* ~ 0.08 cm s™" in the upper 500 m from an
_ examination of RAFOS float trajectories in the Gulf
Stream, and Hall (1986a) argues for comparable values
at 68°W based on the GUSTO mooring observations.

According to our observations, mean kinetic energy
changes from ~ 102 ergs cm ™ at 380 m to ~102 ergs
cm ™3 at 880 m. A worst-case estimate of

(wduY? + (v)?)/2), is thus:

[(0.02 cm s71) 900 ergs cm 3]
5 X 104 cm

~4X10%ergsem 357!
which appears to be too small to provide a balance in
the mean kinetic energy equation.

The other unknown quantities, for example

~(uy 2 (uwy

involve correlations between horizontal and vertical
velocities, for which apparently no direct estimates ex-
ist. On the other hand, as a worst-case estimate, assume
at 380 m that C,,» = 1. We observe (u) ~ (u'2)!/?
~ 50 cm s™" at 380 m. If we further assume C,,, goes
to zero over 1000 m (again in assumption leaning to-
wards a worst case),
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(uyuw’,

(50 cm s7')(0.1 cm s7!)
~ 50 cms™! ~ 2.5
10 cm

357,

X 1073 ergs cm ™
This is most likely an overestimate of vertical eddy
acceleration of the mean, since the real value of C,+,,
at 380 m is undoubtedly smaller than 1. In any case,
the above estimate appears to be too small to provide
a balance in mean kinetic energy balance inferred from
the Gulf Stream grouping.

The only term remaining in MKE is MPW and it
must act to restore a balance. We therefore argue at
level 1 that MPW is negative and O(107% ergs
cm 357, ,

A negative value for MPW suggests a conversion to
mean potential energy from mean kinetic energy and
eddy acceleration of the mean, which occurs because
of a flow up a mean pressure gradient, or equivalently
here, a basically eastward flow proceeding into a region
of increasing pressure. Given mean flows of O(50 cm
s™1), our MPW estimate can be converted into an es-
timate for the downstream pressure gradient of P,
~ 2 X 10~ gm cm 2 572, If this is typical of the Gulf
Stream extension region, it is consistent with a rise in
sea surface of 20 cm over a distance of 1000 km.

The above pressure gradient estimate agrees in mag-
nitude but is opposite in sign to that measured up-
stream of Hatteras by Sturges (1974) and inferred by
Dewar and Bane (1985), both of whom estimated
downstream pressure gradients of O[(2-3) X 10™*gm
cm 2 5s72]. The only pressure gradient estimate down-
stream of Hatteras of which we are aware is that of
Fofonoff and Hall (1983), who measured a net down-
stream pressure increase equivalent to a sea surface
rise of ~1.8 c¢cm in 1000 km. This is substantially
smaller than our estimate, but it should be recalled
that Fofonoff and Hall’s estimate is an average over
the upper 3000 m of the water column. We are thus
more heartened by the agreement in sign than we are
concerned by the discrepancy in magnitude.

¢. Level IT

All current meters but C2-2 functioned at 880 m.
The mean flows observed at level II are displayed in
Fig. 3, from which it is clear that the array was still
resident in the Gulf Stream anticyclonic shear zone at
this depth. :

DMF at level 1II is positive according to the least-
squares estimate [DMF = (4.7 + 2.6) X 10™* ergs cm
s7']. A divergent DMF at 880 m indicates that more
kinetic energy is leaving a control volume about the
array than is entering it.
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FIG. 3. As in Fig. 1, except the velocity vectors denote the mean flows observed at level 11, i.e.,
880 m. The mean flow measured at C2-2 is plotted although the quality of the behavior of the
time series was suspect and the data were not used in the analysis. Note that at this depth the
array is resident in the Gulf Stream anticyclonic shear zone. ’

The dominant term in the DMF estimate is
9 {u 22 +{v)?
| (W 2

or, equivalently, a positive DMF is consistent with a
downstream increase in mean flow speed. While this
tendency seems reasonable, our estimate appears to be
larger than an overall average DMF at 880 m. For ex-
ample, although the Gulf Stream upstream at Hatteras
is strongly constrained by topography, it still exhibits

. areasonable mean flow on its offshore side at 800-900
m depth. According to Richardson et al.’s (1969) Cape
Fear, North Carolina average Gulf Stream section, {u
(880 m)) ~ 20 cm s™'. Our {u) observations 250 km
downstream are larger than 20 cm s, but are less
than 25 cm s~'. If our DMF estimate were typical of
the region downstream from Hatteras, a net increase
in {u) of 10 cm s~! would be required. Even allowing
for uncertainties, this increase is not observed. On the
other hand, our DMF estimate is not too large to be a
local value. The average DMF from Hatteras to 73°W
required by the above comparison is DMF = 1.6
X 107 ergs cm ™ s~!, which is only a factor of 3-4
smaller than our local DMF estimate.

The AME estimate at level II is negative {AME
=(—=7.6 = 5.0) X 10™* ergs cm ™~ s7']. It therefore
appears that the eddies at 880 m are organized so as
to decelerate the mean flow. Two terms dominate the
estimate, namely:

~(uy 3 'y, = (uh 5 (')

with the former generally greater in magnitude. These
quantities express the tendencies of the eddies to extract
eastward momentum from the Gulf Stream jet by an
increased downstream flux of downstream eddy mo-
mentum and, less importantly, by a removal of east-
ward momentum by cross-stream eddy transport.

Again, the AME estimate is bigger than larger-scale
average values. The downstream momentum flux gra-
dients are positive, in agreement with the intuitive idea
that eddy variance grows in the downstream direction;
however, the rates are consistent with an increase in
(w?)"? from ~14 cm s™' at our site, to (w'?)'/?
~ 35 cm s at roughly 68°W. In contrast, Hall
(1986a) reports (#'2)!/? ~ 22 cm s ™' at 68°W based
on the GUSTO mooring measurements.

As at level I, DMF and AME are not structured so
as to balance: R at 880 m appears to be positive and
significant [R = (1.2 £ 0.56) X 102 ergs cm ™ s7!].
Our results indicate the need for other processes in
MKE in order to provide a balance.

We can estimate the magnitude of the processes in-
volving vertical velocity in the same manner as was
done at 380 m. Here, we take w (880 m) estimates
from the work of Hall (1986a). She estimates w (875
db) ~ 4 X 1073 cm 57! and (W' (875 db)?)'/? =8
X 1072 cm s~'. Based on our mean flow data, the di-

- vergence of vertical energy flux is approximately
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a (u)? + (v)?)
52[<W> 2 ]

_(4X 10 ems™') 200 cm? 52
- 5% 10%cm

~

1.6

X 105 ergsem ™3 s™!

and the acceleration of the mean flow by vertical eddy
momentum flux is

Cupu'w’),

~ 10 cm s-! 10cms™' 8X 102cms™
- 5 X 10* cm

1.6

X 10~ ergscm 357!,
The latter estimate is again a worst case, having as-
sumed that ¥’ and w’ are perfectly correlated. Note, at
880 m both effects are much too small to provide a
balance in MKE; therefore, we conclude that MPW
must essentially account for the residual: MPW ~ (1.2
+0.56) X 103 ergscm ™3 s,

The inferred positive value for MPW indicates a net
conversion from potential energy at this level or,
equivalently, that the Gulf Stream is flowing down a
mean pressure gradient. Given our {u) observations
of ~25 cm s™!, we calculate a downstream pressure
gradient of

aP
— ~ -50X%X 1073 “2572
o 5 gmcm “s
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which, if it were expressed entirely in terms of free
surface variation, translates approximately into a free
surface drop along the Gulf Stream from Cape Hatteras
to our experimental site of slightly more than [ cm. In
terms of internal isopycnal variations, our pressure
gradient suggests drops on the order of 10 m. These
estimates are more in line with the magnitude of Fo-
fonoff and Hall’s estimates (although they are of op-
posite sign), and thus represent reasonable pressure
variations.

d. Level ITT

The current meters B3-3 and C2-3 malfunctioned
at level III, leaving only one possible grouping, con-
sisting of meters B2-3, C1-3 and C3-3. The estimate
of MKE at this level was therefore based on these three
meters only. The observed mean flows at level III are
shown in Fig. 4. The B2 and C1 meters indicate a weak
~4 cm s~! downstream flow; thus, level III appears to
reside in a deep remnant of the Gulf Stream.

DMF at level 111 is positive and dominated by the
downstream gradient. This by itself is indicative of a
growth in downstream flow, but the estimate is of
questionable significance. At level III, DMF = (4.4
+ 7.7) X 1075 ergs cm ™ s~!. Nonetheless, indepen-
dent evidence suggests that this estimate is reasonable
in sign and magnitude. Assuming the estimate is be-
lievable, it suggests an increase in downstream flow
from 4 cm s™! at our experiment site to 7 cm s 500
km downstream. This is perhaps a little large, given

A
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FiG. 4. As in Fig. 1, except the velocity vectors denote the mean flow observed at level I,
i.e., 1880 m. Note the evidence of a weak Gulf Stream remnant at this depth.
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Hall’s observations of (#) ~ 5 cm s™* at 2000 db at
68°W, but is not entirely unreasonable. At Cape Hat-
teras (i.e., upstream of our site), the Gulf Stream is
easily identified to depths of roughly 1000 m, but it is
unclear if it is present at 1880 m. Here, for the sake of
argument, we assume a vanishing mean flow at 1880
m off Cape Hatteras. If our DMF estimate is assumed
to apply from Cape Hatteras to our experiment site, a
change in downstream flow from 0 cm s™' to {u)
~ 6cms™! would be required, and this agrees quite
well with our C1-3 and B2-3 mean flow observations.
We therefore feel there are reasons for accepting our
DMF estimate, even if our computed uncertainty is
large.

Our AME estimate at level 111 is negative, indicating
a deceleration of the mean flow by the eddies, but is
similarly overwhelmed by its error. At level 11, AME
= (—4.7 = 10) X 107 ergs cm ™3 s~'. This estimate
has no clearly dominant term, although

RO A0

is largest by a factor of two. Thus, to the extent that
these noisy estimates are believable, cross-stream
transport of zonal momentum is an important con-
tributor to the mean energy balance at level III. The
eddies appear to be removing momentum from the
weak downstream flow which, in view of our negative

CAL OCEANOGRAPHY VOLUME 19

values for (u'v’>, requires a greater southward trans-
port of eastward momentum at the flank of the jet than
at jet center.

Again, in spite of errors, our estimates are of op-
posing signs and require other processes to balance
MKE. Restoring the balance with MPW yields MPW
= (9.1 +12.6) X 1075 ergs cm 3 s7!. Thus our best
guess for MPW is that it is positive, and indicative of
a conversion to kinetic energy from potential energy
due to flow down the mean pressure gradient. Of
course, our error bars do not preclude the possibility
that MPW vanishes. Nonetheless, our observations of
{u) ~ 4 cms™" imply a downstream pressure gradient
of P, =~ —2.3 X 107% gm cm 2 5™, which is equivalent
to a downstream drop of 1 m over 500 km for an iso-
pycnal surface.

e. Level IV

All current meters except C2-4 operated properly
at level IV. The mean flows observed at this level are
shown in Fig. 5, from which it is apparent that this
level resides on the inshore, asnticyclonic shear zone
of the southwestward flowing Deep Western Boundary
Current (DWBC). [See Joyce et al. (1986 ) for a more
global picture of the relationship between the Deep
Western Boundary Current and the Gulf Stream.] A
remarkable characteristic of the region just northeast
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FIG. 5. As in Fig. 1, except the velocity vectors denote the mean flows observed at level 1V,
i.e., 500 m off the bottom. The mean flow measured at C2-4 is plotted although the time series
was suspect and the data were not used in the analysis. Apparently, the array at this level was

resident in the Deep Western Boundary Curre

nt. The weak northeastward flows at the inshore

meters suggest the deep Gulf Stream remnant is inshore of the DWBC.
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of Cape Hatteras is that it is apparently a transition
region for these currents. For example, the so-called
“south” section of Joyce et al. shows the DWBC off-
shore of the deep Gulf Stream, while their “north”
section shows the DWBC inshore of the deep Gulf
Stream. This relationship between the DWBC and the
Gulf Stream has also been pointed out by Richardson
and Knauss (1971) and Richardson (1977). Our ex-
periment site is located physically between the two
Joyce et al. sections but seems to measure mean flows
more like Joyce et al.’s south section.

Our DMF estimate at level IV is marginally signif-
icant and negative [DMF = (—0.56 + 0.57) X 1076
ergs cm > s~!]. Thus the mean kinetic energy flux vec-
tor appears to be weakly convergent at level IV, or less
energy leaves a control volume about the array than
enters it.

Both x and y gradients in DMF are comparable in
magnitude which makes the interpretation of this
quantity less clear. On the other hand, the mean flow
vectors in Fig. 5 are not particularly well aligned with
either coordinate axis, so a reasonable interpretation
is one of a downstream ( here southwestward ) decrease
in mean flow speed.

AME at level IV appears to be positive but our es-
timate is not significant. The least-squares analysis
yields AME = (4.0 + 4.7) X 10 ® ergs cm 3 s~1. A
positive AME indicates an acceleration of the mean
flow by the eddies.

The dominant contribution to AME at level 1V is
~{v){u'v"),, which is related to cross-stream mo-
mentum transfers, and the subsequent deposition of
westward momentum in the jet core. This requires
(u'v')x < 0, given our observations of positive (v).
Our direct estimate is (#'v'), = —6 X 107¢ cm s72
which, because it is so large, cannot be representative
of much of the DWBC. For example, a momentum
flux divergence of this magnitude over a distance of
300 km yields a net change in {#'v') of —180 cm2s72,
and nowhere at these depths are covariances of this
magnitude observed. If these flux divergences are real,
they must be local. On the other hand, some of our
other eddy statistics are more typical. Our {u'v") es-
timates are O(—10 cm? s™2), which agree with those
observed by Luyten (1977) and Thompson (1977),
and our other flux divergence estimate, <u’v’>y ~ 1
X 107° cm s~2 agrees well with Thompson’s (1978)
estimates at 69°W and 70°W.

Again, DMF and AME are of opposite sign and we
advance MPW to restore a balance in MKE. MPW at
level IV appears to be negative [MPW = (—4.6 + 4.7)
X 1078 ergs cm ~3 s7!]. A negative MPW is consistent
with a mean flow up a mean pressure gradient and an
associated conversion to mean potential energy. It ap-
pears that this conversion is fed by both a convergent
DMF and an eddy acceleration of the mean flow.

In view of our velocity estimates of O(1 cm s7!) to
the southwest, the above MPW estimate translates to

WILLIAM K. DEWAR AND JOHN M. BANE

1569

a pressure gradient at level IV of P, ~ —6 X 107% gm
cm ™2 572, This gradient over a distance of 500 km is
equivalent to a 3 m southwestward rise in an isopycnal
surface.

4. Discussion

We feel our analysis indicates three structural aspects
of North Atlantic western boundary currents. First,
there is a clear suggestion that both the Gulf Stream
and the DWBC exhibit considerable inertial character
and are significantly influenced by ageostrophic flows.
This interpretation is suggested because of the impor-
tance of MPW, an effect which would be absent if the
flows were purely geostrophic. Our analysis also sug-
gests at all levels that inertial effects are at least as im-

* portant as, and perhaps dominate, eddy effects. Second,

our results reveal a fair amount about the baroclinic
structure of the Gulf Stream-DWBC system. This
structure in turn suggests how the Gulf Stream changes
between an upstream region of net acceleration and a
downstream region of net deceleration. Last, the role
of the eddies in mean Gulf Stream dynamics has been
somewhat illuminated.

a. Gulf Stream structure

As an example, consider the results of the analyses
at levels I and II, both of which were resident in the
Gulf Stream. Our analysis suggests that the three quan-
tities DMF, AME and MPW differ in sign between
levels I and II. This indicates that the surface Gulf
Stream is decelerating at our experiment site, while the
deeper flow is still gaining in downstream momentum.
This is a somewhat unexpected result about mean Gulf
Stream baroclinic structure. Our analysis also suggests
a reversal of the role of the eddies, from acting like an
accelerator near the surface to acting like a brake at
middepth. Commensurate with these role reversals is
the role of MPW, which absorbs energy back to po-
tential energy near the surface, and releases it at depth.

In our attempts to understand these results, we have
been led to what are by now relatively well accepted
ideas about the baroclinic structure of the large scale
circulation. For example, Worthington (1976) de-
scribes the North Atlantic gyre in several temperature
ranges, the results of which are summarized in several
mass transport diagrams. Our observed 380 m mean
temperatures were ~O(17°C), which places our level
Iin Worthington’s warmest water circulation scheme.
At 880 m we observed average temperatures of 7-10°C
which places us in Worthington’s 7-12°C layer. This
layer is also the deepest of Worthington’s layers which
participates in the wind driven part of the recirculation,
thus our upper two levels appear to reside within the
wind driven gyre.

It is clear in the comparison of Worthington’s layers
that the North Atlantic circulation recedes to the north



1570

and becomes more zonally confined with increasing
depth. Similar characteristics are observed in dynamic
height patterns in both the North Pacific and North
Atlantic (Reid 1981) and theoretical underpinnings
for these observations have recently been advanced
(Rhines and Young 1982; Luyten et al. 1983). We
argue that our observations suggest a comparable
baroclinic structure in the Gulf Stream.

To the extent that the Gulf Stream is an inertial
current, consistent with our inferences about MPW,
pressure gradients should exist on streamlines. Since
the Gulf Stream is a northward flowing western
boundary current, those pressure gradients should lead
to a local pressure minimum on streamlines. In some
sense, this minimum represents the inertial “center”
of the boundary current and our data suggest this center
varies in position as a function of depth (see Fig. 6).
Our shallow observations are consistent with a flow up
a pressure gradient and hence a location of the inertial
minimum upstream of our site. Our deeper 880 m ob-
servations reveal a Gulf Stream which is apparently
flowing down a mean pressure gradient, suggesting a
location of the deeper Gulf Stream inertial center
downstream of our array site. We therefore suggest that
the baroclinic structure of the inertial Gulf Stream is
characterized by a downstream shift of the inertial cen-
ter with increasing depth. As further evidence of this

a
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Gulf Stream Path
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Pressure minimum
b
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Pressure minimum

NORTHWARD RETREAT WITH DEPTH

FG. 6. Schematic of our inferred baroclinic Guif Stream structure.
(a) At 3830 m, our results are consistent with an upstream location
relative to our experiment site of a local pressure minimum, which
we identify as the Gulf Stream inertial “center.” (b) At 880 m, our
results suggest a downstream location relative to our experiment site
of the Gulf Stream inertial “center.” We thus infer a barcolinic shifting
of Gulf Stream structure reminiscent of the baroclinic shifting of
North Atlantic general circulation.
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trend, our 1880 m observations, although of question-
able significance and apparently underneath the main
body of the Gulf Stream at 73°W, indicate a similar
balance to that observed at level II.

A characteristic of simple inertial jet models is that
in the region of acceleration, the cross-stream length
scale decreases in the downstream direction, while in
the region of deceleration, the cross-stream length scale
broadens downstream. In the real ocean we also expect
Gulf Stream inertial pressure gradients to extend in-
shore to more linear regions where they should balance
geostrophic flows. Accelerating regions are thus fed by
an inward directed mass flux from both sides, and de-
celerating regions eject mass.

Halkin and Rossby (1985) have recently published
averaged velocity profiles of the Gulf Stream at 73°W,
based on observations made using the Pegasus profiler.
They display average speeds in directions both normal
and parallel to their transects and argue that the actual
“mean” Gulf Stream flowed at an angle of ~11° with
respect to the direction normal to their transect. In-
terestingly enough, this angle seems to hold in the upper
several hundred meters of the Gulf Stream, with the
result that correcting their flow vectors yields an in-
conclusive result with respect to cross-stream diver-
gences. On the other hand, there are indications at
depths of 1200 m that mass is being fed to the Gulf
Stream on its offshore side. Thus Rossby’s data are not
inconsistent with our suggested mean flow structure.

Since “downstream” near 73°W has a northward
component, our inferred baroclinic Gulf Stream struc-
ture resembles the baroclinic changes in large scale
structure. On the other hand, the dynamics of western
boundary currents differ in important ways from the
dynamics of gyre scale interiors, so it is unclear that
our inferred northward migration of Gulf Stream
structure with depth occurs for the same reasons as the
large scale shift. We are unaware of any Gulf Stream
models which exhibit such structure.

To our knowledge the only assessment of Gulf
Stream mean flow energetics upstream of Cape Hat-
teras is that by Dewar and Bane (1985), who argued
that the South Atlantic Bight Gulf Stream was accel-
erating. They had estimates at one depth and one lo-
cation only, but it is tempting to assume that this ob-
servation is indicative of the Gulf Stream all along the
continental margin. This is consistent with Sturges’s
(1974) observations of sea level slope in the South At-
lantic Bight. The only energetic assessment of the Gulf
Stream downstream of our site is that due to Fofonoff
and Hall (1983), who argue for an appreciable decrease
in downstream momentum flux in the Guif Stream
’60 region. They balance this decrease with a pressure
gradient, hence their analysis shows a deceleration of
Gulf Stream flow at 68°W.

Our observations thus apparently exist in a transition
zone, and it is interesting to note that this transition
apparently occurs baroclinically. Deceleration is ob-
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served first at the surface and is delayed at deeper levels,
which are strongly topographically constrained up-
stream. Our interpretation of this region as a “transi-
tion” zone is also consistent with our observations of
“local” DMF and AME at our upper two levels.

b. Level IV interpretations

Our DWBC observations, rather surprisingly, par-
allel our 380 m Gulf Stream observations, i.e., negative
DMF, positive AME and negative MPW. It is inter-
esting to place these deep observations within Thomp-
son’s (1977, 1978) theory about mean flow production
by eddies. Thompson suggested, based on analysis of
deep current meter observations at 69° and 70°W, that
eddies were transferring momentum between the Guif
Stream and the nearby inshore countercurrent via
cross-stream momentum flux convergence and diver-
gence. Thompson further argued that this was possibly
the source for the excess momentum needed to drive
the mass transport in the Gulf Stream above the ex-
pected Sverdrup flow.

Our observed flow situation at 73°W is somewhat
different than Thompson’s, in that the DWBC appears
here to be offshore of the deep Gulf Stream (see Fig.
5 and Joyce et al. 1986). Nonetheless, at level IV we
also observe a net acceleration of the DWBC mean
flow by the eddies and our net rates of acceleration are
comparable to, if slightly larger than, Thompson’s. Our
observations thus support some of Thompson’s ideas
about deep eddy-mean flow interaction. On the other
hand, we observe a convergent mean kinetic energy
flux, which disagrees with Thompson’s suggestion that
the eddy momentum forcing feeds directly into fluid
acceleration. Thompson argues by means of an aver-
aging process around closed streamlines that pressure
forces do not enter into the Gulf Stream momentum
balance. While we agree that net pressure forces do
vanish when globally averaged, in view of our obser-
vations of significant ageostrophic effects in the DWBC
and Gulf Stream, we suggest that local pressure gra-
dients might well form the primary sink for eddy mo-
mentum forcing.

Higher up in the fluid column (i.e., at 880 and 1880
m), our comparisons with Thompson’s theory are
more problematic. There is admittedly no Deep West-
ern Boundary Current at 1880 and 880 m, but the so-
called inertial recirculation exists at these depths and
this resembles the countercurrent Thompson envi-
sioned. Here the eddies attempt to decelerate the mean
flow, and thus have an effect which is opposite to that
forwarded by Thompson.

Since MPW is required in MKE at all four of our
depths, our data suggest that the pressure gradient is
involved in the observed downstream increase in Gulf
Stream transport, possibly providing the energy nec-
essary to accelerate entrained fluid to Gulf Stream
speeds. This requires significant ageostrophic dynamics,
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but the recirculation region is generally thought of as
inertial. This view also does not contradict Hogg’s
(1985) picture of the eddy-driving of the deep mean
circulation, as the pressure gradient is incapable of im-
parting any net vorticity.

¢. Effects of the Gulf Stream-DWBC transition

Our estimate of ('v" ) at level IV is much too large
in magnitude to be characteristic of the DWBC. One
can question the validity of this estimate, but it ap-
peared to be significant [ the least squares estimate was
{u'v' )y ~ (—6.2 £ 0.7) X 107¢ cm s2] Aside from
discarding this estimate, a possible explanation of it
might focus on the strong changes which apparently
occur in this region between the positioning of the
DWBC and the Gulf Stream. Recall that in the im-
mediate vicinity of 73°W, the DWBC apparently
crosses under the Guif Stream, thus moving from a
basically inshore position northeast of our site, to an
offshore position southwest of our site. Such a unique
region should also be unique in its eddy statistics, con-
sistent with our level IV (#'v"), measurements.

In closing, we note that our results demonstrate
clearly the importance of eddy variability in the dy-
namics of the mean Gulf Stream, yet we have found
the topic of time dependent inertial flow to be relatively
unexplored theoretically. We are therefore in a com-
paratively weak position with respect to examining our
results within a larger, dynamically consistent frame-
work. On the other hand, our evidence suggests that
the eddies affect the mean flow in relatively straight-
forward and robust ways. We identify the development
of a theory of eddy-mean flow interaction in inertial
Gulf Stream models as potentially the area of greatest
gain in our continuing efforts to build an understanding
of the oceanic Gulf Stream.

Acknowledgments. This work has benefited from
conversations with T. Rossby and R. Watts, both at
the University of Rhode Island. Ms. Sheila Heseltine
is thanked for both manuscript and figure preparation.
The authors wish to particularly acknowledge Lucy
O’Keefe and Laurie Goodman for their considerable
efforts, which brought the data from a raw state to a
clean final product. Our research is sponsored by ONR
Contract N00014-87-G-0209 and NSF Grant OCE-
8711030 (both at FSU), and by ONR Contract
N00014-77-C-0354 and N00014-87-K-0233 (at UNC).

APPENDIX
Error Calculations

The mean of an arbitrary statistic, g, is here defined
by

_ 1 (T
‘P%fo qat
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where T is the total record length. As long as the time
series is stationary, this is a consistent estimate of the
ensemble mean, ie., {(§) = {(g), where the angle
brackets denote an ensemble mean. The question of
error in our estimate of (¢) involves the variance of

g, i.e.
o = {({(qg) — D?)

which after writing ¢ = {¢) + ¢’ becomes

1 T pT
aqz=?ij; fo {q'(t)q'(s))dtds.

Again assuming we are working with stationary time
series, {¢'(2)q'(s)) = Ry¢(t — 5), where R, is the
lag covariance of ¢’. After some manipulation,

1
o = 7 f (1 - %)Rq,q,(f)df

" which is an exact statement of the uncertainty.
Denoting the energy spectrum of g’ by E(f), the
above becomes

22 (" AN 2 if v
7 =T 1——]:’ *wE(f)e dfdr

2xfT
f E(s )smz}’;sz)df

after some algebra.

We have computed E(f) for all statistics and per-
formed the above integral numerically to represent our
error.

Hogg (1986) uses the expression

U,

0 = =

R, y(7)d
R;(0) where I= f -—:—qc(—()))—T

to estimate error. Our formula reduces to this if E(f)
is slowly varying for small f, in which case

© sin2(7rfT) E(0)
d,;z =~ E(0) Jloo 7|'2f2T2 ds = T
21
= ?Rq'q'(o)

recalling the Fourer transform pair relationship be-
tween E(f)and R, .
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