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Gulf Stream Fluctuations and Meanders over the Onslow Bay Upper Continental Slope

DaviD A. BROOKS AND JOHN M. BANE, Jr.!
Texas A&M University, College Station, TX 77843
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ABSTRACT

Gulf Stream fluctuations observed over the 200 and 400 m isobaths off Onslow Bay, North Carolina
have a prominent weekly time scale. The principal fluctuations observed during the 4-month winter experi-
ment are consistent with Webster’s (1961a) description of downstream propagating, skewed, lateral mean-
ders of the Gulf Stream over the upper continental slope. The subtidal velocity fluctuations were highly
coherent over the vertical extent (~ 120 m) and over the horizontal extent (64 km) of our array. The implied
downstream propagation speed was ~30 km day~* for the weekly period meanders. Concurrent satellite
images of a sea surface temperature (SST) meander pattern indicate that subsurface temperature, salinity,
velocity and relative-vorticity maxima occurred as meander crests (shoreward SST-front excursions)
passed over the experiment site. The meandering currents were not coherent with nearby wind stress or
coastal sea level fluctuations. Eddy-flux estimates indicate energy conversion from the fluctuations to the

mean Stream.

1. Imtroduction

Gulf Stream eddies and inshore countercurrents
have a written history of almost four centuries. Con-
sidering that the Gulf Stream itself was first noted
by Ponce de Leonin 1513, it is remarkable that only a
few decades later John White (1590, p. 608), in a
logbook account of his second Roanoke voyage, gives
a detailed description of the ‘‘eddie currents setting
to the south and southwest’’ along the Carolina coasts.
White’s narrative style suggests that he was merely
recounting common knowledge. It is likely that a
working knowledge of Gulf Stream eddies in this area
was available in the mid-sixteenth century, since the
efficacy of the Gulf Stream return route to Europe
had been well established by that time.

Webster (1961a) studied the near-surface velocity
and temperature structure of Gulf Stream meanders
and their associated inshore eddies off Onslow Bay,
North Carolina. His study was based on GEK and
bathythermograph data from 120 consecutive cross-
ings of the Stream in a 28-day period. He character-
ized the meanders as skewed, wavelike, lateral os-
cillations in the offshore position of the Guif Stream
front, with dominant fluctuation time scales of about
1 week and 4 days. Richardson et al. (1969) made 10
dropsonde transects of the Stream in the same area
between June and July 1968, giving a 2-month mean
velocity section, but with insufficient time resolution
to study the meander details.
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In 1976, we proposed an experiment to study the
subsurface currents over the upper continental slope
off Onslow Bay. In this paper, we present a pre-
liminary description of the fluctuating fields during a
4-month winter mooring period, a calculation of their
eddy exchange with the mean Gulf Stream, and a
case study of the fluctuations that occurred as a
satellite-observed sea surface temperature (SST)
meander pattern passed through the experiment area.

2. Experiment description and basic statistics

Four subsurface, taut-wire moorings were de-
ployed in an L-shaped array aligned with the con-
tinental-slope topography off Onslow Bay, North
Carolina (Fig. 1). The moorings were similar to those
described by Lee and Schutts (1977), each support-
ing several Aanderaa current, temperature and con-
ductivity recording instruments in the lower half of
the water column from 16 January to 14 May 1979.
The nominal array design placed mooring A on the
200 m isobath with instruments at depths of 100 and
180 m, and moorings B, C and D on the 400 m iso-
bath with instruments at depths of 260, 320 and 380
m (320 m excluded at B). The actual depths are shown
in Table 1.

The sampling interval was 20 min for all instru-
ments. The raw current and temperature time series
were low-pass filtered with a 3 h quarter-power-pe-
riod Lanczos filter kernel to reduce sampling noise.
The resulting 3 HRLP time series were then split by a
Lanczos 40 h filter into low-passed (40 HRLP) and
bandpassed (3~40 HRBP) time series for further
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FiG. 1. Map of experiment area, showing locations of moorings A, B, C and D.
The record-long mean current vectors are shown at each mooring for the top (T),
middle (M) and bottom (B) instruments (see Table 1 for instrument depths). The
current vectors at mooring D are shown displaced for clarity (inset box).

analysis.? The 40 HRLP data set contains fluctuations
with periods > 40 h; tidal, inertial, and shorter pe-
riods are confined to the 3—40 HRBP data set. The
bulk of the discussion here concerns the 40 HRLP
data. The coordinate frame for all,data has been
rotated 34° clockwise to align with the local topog-
raphy, such that the (u, v) velocity component is
positive in the (offshore, downstream) direction.
Basic statistics of the current-velocity component
and temperature time series are shown in Table 1.
The variance ratios in Table 1 show that the tidal and
shorter period motions accounted for typically only
10% of the total 3 HRLP temperature and v-com-
ponent variance, whereas they accounted for typi-
cally 30% of the u-component total, with larger frac-
tions occurring inshore and near bottom. The down-
stream-velocity-component fluctuations typically
had standard deviations several times their means.

2 3 HRLP means ‘3 hour low-pass’’ filtered and 3-40 HRBP
means ‘‘3-40 hour band-pass’’ filtered, where the hours
specified define quarter-power (—6 dB) periods of the filter
energy response.

The mean 3 HRLP velocity vectors for the entire
record are shown in Fig. 1. The largest departure
from the downstream direction occurred at the deep-
est instrument on the A mooring (A-bot), where the
mean vector had an onshore component, the v com-
ponent had its smallest mean, and the semidiurnal
tidal motions were relatively strong.

3. Gulf Stream fluctuations'’

Current, temperature and salinity (conductivity)
records from instrument A-top are shown in Fig. 2
for the first 30 days of the mooring period. The cur-
rent velocity is characterized by approximately
weekly time-scale fluctuations in magnitude and sign.
During the first 30 days, the downstream (v) compo-
nent extrema were 110 and —60 cm s™?, occurring at
times of maximum semi-diurnal tidal modulation. In
the subtidal records, the offshore (#) component
maxima, typically 20 cm s™!, led the v component
maxima, typically 75 cm s, by less than one day.
Temperature and salinity maxima occurred nearly
simuitaneously and less than one day after v compo-
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TABLE 1. Minimum, maximum, mean, standard deviation and variance ratios for temperature (7, °C)., offshore velocity
component (¥, cm s™'), and longshore velocity component (v, cm s™). The water depth/instrument depth (m) is shown after each

instrument name.

Standard
Minimum Maximum Mean deviation Variance ratios
Instrument Variable 3 HRLP 3-40 HRBP/3 HRLP 40 HRLP/3 HRLP
A-top (198/98) T 12.5 23.8 17.2 1.8 0.09 0.91
u -38.6 48.8 0.2 9.8 0.56 0.44
v -70.6 116.8 7.0 339 0.06 0.91
A-bot (198/178) T 39 19.5 11.5 3.3 0.11 0.83
u ~31.5 4.4 -2.7 9.1 0.66 0.30
v ~58.5 74.7 4.0 21.0 0.10 0.84
B-top (390/250) T 8.8 18.7 12.6 2.5 0.03 1.00
u ~55.6 63.8 1.3 15.7 0.18 0.81
v —49.5 134.0 25.1 29.3 0.06 0.94
B-bot (390/370) T 6.2 14.4 8.9 1.5 0.04 0.87
u -33.6 - 39.5 2.3 11.0 0.33 0.64
v -62.6 53.4 4.7 17.3 0.09 0.88
C-top (385/245) T 9.2 18.1 12.8 2.1 0.06 0.95
u -33.2 54.3 4.3 11.5 0.31 0.67
v ~44.0 135.1 32.3 33.6 0.05 0.95
C-mid (385/305) T 3.2 29.5 11.2 1.8 0.09 0.81
u -98.8 83.2 -0.2 16.1 0.18 0.67
v —45.7 112.6 229 26.6 0.07 0.96
C-bot (385/365) T 7.2 14.4 9.4 1.1 0.25 0.83
u -33.4 48.0 -0.5 9.5 0.76 0.23
v -39.8 74.4 9.3 19.8 0.10 0.93
D-top (376/236) T 8.5 18.8 13.2 2.0 0.10 0.90
u -28.1 48.2 4.0 10.2 0.37 0.66
v -34.9 121.6 31.5 28.7 0.06 0.98
D-mid (376/296) T 7.6 19.0 11.3 1.7 0.10 0.90
u -29.5 41.9 -1.3 8.8 0.43 0.53
v —46.0 116.0 24.3 28.8 0.05 0.97
D-bot (376/356) T 6.7 13.6 9.3 1.1 0.17 0.83
u -26.9 34.8 0.1 7.8 0.78 0.24
v -38.2 55.1 7.9 16.8 0.10 0.93

nent maxima. As shown in Table 1, tidal fluctuations
accounted for almost half of the # component re-
cord-long variance at A-top, whereas they accounted
for only ~10% of the v-component variance there.

During the first two weeks of February, we ob-
tained eight quasi-synoptic, three-dimensional
“views’’ of the thermal structure of the Gulf Stream
frontal zone between Charleston, South Carolina,
and Cape Hatteras, North Carolina. These data were
obtained from aircraft-dropped expendable bathy-
thermograph (AXBT) probes. A description of the
horizontal temperature field structure at various
depths and a comparison with the currents has been
given by Bane et al. (1980) for the period including
the 5 and 11 February v component maxima shown
in Fig. 2. They found that the subsurface tempera-
ture fields had a downstream-moving, vertically co-
herent, skewed wavelike structure. The temperature
field skewness reflected the subtidal v component

skewness evident in Fig. 2 during February, with the
in-phase AXBT temperature and velocity increases
occurring during a longer time interval than did the
decreases at the same location. Webster (1961a)
noted a similar upper layer temperature field and
surface velocity skewness in his Onslow Bay data,
which he associated with the downstream passage
of asymmetric Iateral meanders in the Gulf Stream
front, having a weekly time scale. In view of the
similarities between Webster's observations and
ours, we will refer to fluctuations having a promi-
nent weekly time scale, such as those in Fig. 2, as
meander-related, or just ‘“‘meanders.”’ This of course
does not rule out other potentially important mech-
anisms for Gulf Stream fluctuations. ’
The v component subtidal current fluctuations
have a prominent autospectrum peak at a 7-8 day
period, as shown for representative instruments in
Fig. 3a. Less prominent but distinct peaks also are
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F1G. 2. Velocity vectors, velocity components (v, #), tempera-
ture (7) and salinity (S) from the top instrument on mooring A
(Aq) for the first 30 days of the experiment. Vectors pointing
“up” indicate flow in the downstream (+v) direction; the offshore
(+u) direction is 90° clockwise therefrom. The ‘‘raw’’ data (thin
lines) are unfiltered, and the **40 HRLP"’ data (heavy and dashed
lines, and vectors) have been 40 h low-pass filtered to remove
tidal and inertial fluctvations. Times are Greenwich Mean
Time (GMT).

apparent at 3.3- and 2.5-day periods in the B and C
mooring records, but they are suppressed at A-top.
The u components (not shown) generally display simi-
lar prominent but smaller amplitude autospectrum
peaks. For comparison, it is useful to normalize the
peak spectrum densities for each instrument (Fig. 3a)
by the square of the subtidal mean v component
for that instrument. The result, when multiplied by
the spectrum bandwidth, is an estimate of the fluc-
tuation-to-mean downstream kinetic energy ratio in
a 0.033 ¢pd frequency band centered on the peak
frequency. For the 7-8 day period peaks, the ratios
are 6.8, 0.23, 3.3 and 0.26 for instruments A-top,
B-top, B-bot and C-top, respectively. For 15 degrees
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of freedom of the spectrum estimates in Fig. 3, the
upper (lower) 95% confidence limit on each energy
ratio is ~1.6 (0.6) times its value. In this band, the
fluctuation kinetic energy is considerably larger than
the mean at the inshore and near-bottom instruments,
but it is only about one-fourth the mean value at
the mid-depth instruments and remains statistically
invariant over the 64 km separating the B and C
moorings. » :

The current fluctuations in the 2-10 day period
band were highly coherent over the 64 km separating
the B-top and C-top instruments (Fig. 3c). The peaks
in the coherence between the v components at B-top
and C-top generally coincide with those in the cross
spectrum (Fig. 3b), indicating selective organization
of the fluctuations over the scale of the array for the
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FiG. 3. Spectrum density for the v component velocity fluctua-
tions at selected instruments (A); cross-spectrum density and
phase between v component fluctuations at instruments B-top
and C-top (B); coherence squared between the B-top v component
(Br) and the C-top v component Cy, the offshore wind stress 7,
the longshore wind stress 7, and coastal adjusted sea level fluctua-
tions SL (C). Negative phase means C-top lags B-top. The 95%
significance level is shown for coherence squared. The spectrum
estimates were computed with 15 degrees of freedom, and the
effective bandwidth is 0.033 cycles per day (cpd).
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periods noted. Over the coherent frequency range,
the C-top fluctuations lag those at B-top. The ap-
proximately linear relation between phase and fre-
quency for the » components (Fig. 3b) indicates an
average downstream propagation speed of 48 km
day~! for fluctuations of period 2-10 days. In the
7-8 day period band, the approximately 100° phase
lag indicates a wavelength of 230 km, corresponding
to downstream propagation speeds of 33 to 29
km day~*.

The periods of the autospectrum peaks shown in
Fig. 3a are similar to those noted by Webster (1961a).
He reported 6.9-, 3.9- and 2.7-day period oscillations
of the lateral position of the 100 m depth of the 20°C
isotherm, chosen because it coincided with the path
of maximum downstream surface velocity. The
shorter period spectrum peaks and their relative am-
plitudes may give useful information about harmonic
distortion of the meandering process. Webster also
noted a possibly ‘‘coincidental’’ correlation between
the offshore position of the downstream surface
velocity maximum and the offshore wind component
(inferred from longshore pressure differences). We
have found no significant subtidal correlation be-
tween the B-top v component and either wind stress
component at an offshore meteorological buoy lo-
cated on the 100 m isobath ~200 km upstream of
mooring B (Fig. 3¢). Similar calculations for the cur-
rent-velocity components at other instruments and
also for Cape Hatteras wind data consistently in-
dicate near-independence of the subtidal-current
and wind-stress fields (Brooks et al., 1980).

A coherence structure similar to that between the
B-top and C-top v components (Fig. 3c) has been
noted between North Carolina coastal sea level
records (Brooks, 1978). The similarity suggests a
frequency-selective coupling between coastal sea
level and offshore current fluctuations. The co-
herence between the B-top v component and baro-
metrically adjusted Southport sea level (Fig. 3c),
however, shows only hints of peaks near the promi-
nent periods mentioned. None of the peaks reaches
values statistically significant at the 95% level.
Slightly higher coherences were found for certain

" combinations of current components and coastal sea
level records from several tide gages (not shown),
but we conclude that the current fluctuations over
the continental slope off Onslow Bay and coastal
sea level fluctuations were at most very weakly cou-
pled during our experiment.

4. Relationships between a SST meander and sub-
surface fluctuation fields

Between 27 and 29 March, the B-top v component
increased by almost an order of magnitude (Fig. 4).
This was accompanied by a less rapid increase in
offshore flow, which reached a maximum ~! day
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F1G. 4. As in Fig. 2 except for the period 15 March—-15 April
1979, and showing the 40-HRLP relative vorticity ({) and its com-
ponents (bottom panel). The —8u/8y component has an artificial
lead of 36.5 h (see text). The times identified by the vertical lines
labeled A and B are the times of the satellite SST images shown
in Fig. 5a and 5b, respectively.

before the v component maximum. Large tempera-
ture and salinity increases (~8°C, 1.4°%.) occurred
almost simultaneously with the v component increase.

Satellite SST images taken at the times shown by
the vertical lines in Fig. 4 show a pronounced wave-
like meander pattern in the Gulf Stream off the Caro-
lina Capes (Fig. 5). Large-amplitude SST meanders
are often found in this area and are thought to be
wake phenomena associated with a topograph ir-
regularity on the outer continental shelf off Charles-
ton, South Carolina (Legeckis, 1979). Smaller scale
meanders also occur upstream of Charleston (Lee
et al., 1980; Lee and Brooks, 1979). A SST meander
crest’ was approaching the B mooring position at

3 We define a satellite SST meander crest to be the local shore-
wardmost excursion of the surface temperature front defining
the boundary between Gulf Stream and shelf water; the local
seawardmost excursion of the front will be called a ‘‘trough.”’
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the v component maximum in Fig. 4, which occurred
about one day later than the image in Fig. 5b. The
SST image from that day was partially obscured by
clouds and is not shown.

An elongated warm filament, separated from the
main Stream by a tongue of relatively cool water,

. can be seen in the SST images (Fig. 5). The filament
@ extended from Cape Hatteras upstream into Onslow

Bay. The thermal structure of a similar warm filament
transected by our AXBT survey was confined to the
top few tens of meters, but the cool water between

' it and the main Stream extended to a depth of at

least 400 m (Bane et al., 1980). The uplifting of iso-

therms which defines the cool tongue of water in a
s meander trough suggests that upwelling is associated

with the meandering process, but it is not presently
clear whether the upwelling occurs locally or up-

8 stream. Atkinson et al. (1980) showed that intrusions

Fi1G. 5. Gray-scale rendition of satellite SST infrared images,
showing a wavelike Gulf Stream meander structure off the Caro-
lina bays at 1957 GMT 26 March (a) and 1947 GMT 27 March
1979 (b). Local times were 5 h earlier (mid-afternoon). Darker
shades of gray indicate warmer Gulf Stream waters. White areas
are clouds; the meander pattern in (a) is repeated in the cloud
structure. The central crest of the meander pattern was about to
pass over the mooring-B location, shown approximately by the
arrowhead. A warm ‘‘filament’’ on the inshore edge of the Stream
extends from off Cape Hatteras (the upper rightmost cape) south-
westward toward mooring B.

the times of the images in Fig. 5. The rapid increase
in the B-top v component was just beginning at the
time of the second image (Fig. 5b). It is apparent
that the subsequent passage of the SST meander
crest over the mooring was closely associated with

t of deep, cold Gulf Stream water into Onslow Bay

are associated with Gulf Stream motions. Observa-
tions made upstream of our study area (Lasley et al.,
1979; Lee and Brooks, 1979; Lee et al., 1980) have
shown that shoreward eddies along the Gulf Stream
front often contain a cold core of water with tempera-
ture, salinity and nutrient properties indicative of
upwelling. Thus the upwelling may be initiated up-
stream of Onslow Bay, although the evolution of a
meander during its northeastward propagation prob-
ably requires the upwelling process to evolve as well..

Figs. 2, 4 and 6 show that our current meters at
moorings A and B often sensed cyclonic velocity
vector rotation and countercurrents as meander
crests passed by. The fate of the southwestward
moving water is unclear from our data. The satellite
SST images in Fig. 4 and in other sources (Legeckis,
1979) do. not show warm filaments reentering the
Stream to form closed-off cyclonic vortices, although
occasionally filaments turn seaward southwest of
cool tongues and partially envelop them (e.g., Brooks
et al., 1980). Part of the southwestward moving
water may be returned to the north within the shore-
ward side of the warm filament, in association with
the isotherms defining that part of the filament (e.g.,
Bane er al., 1980). Pietrafesa and Janowitz (1979)
noted that the shallow (<50 m) current vectors over
the shelf off Charleston rotated anticyclonically as
the shoreward ‘“‘edge’ of a Gulf Stream filament
passed over their mooring.

From our data set, we can estimate the vertical
relative vorticity ({) components dv/0x and —9u/dy.
The subtidal estimates were computed as dv/dx
= (VUp—top — Va-bot)Ax™! and -—0u/dy = (Uc-mia
— Up_mia)Ay ™!, where (Ax, Ay) = (18, 12) km. The
mid-depth instruments were used for —du/dy be-
cause D-top failed on 22 March. The —9u/dy com-
ponent was given a lead of 36.5 h to allow for the
mean propagation time between the B mooring and
the midpoint of the C and D moorings. One possible
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source of error in the dv/dx calculation is the 72
m depth difference between the B-top and A-bot
instruments.

The relative vorticity components and their sum
are shown in Fig. 4 for 15 March-15 April. Relative
vorticity maxima occurred almost simultaneously
with v component maxima. The SST meander of
Fig. 5 was accompanied by a positive vorticity peak
of 8 x 107% s7!, occurring less than one day after
the » component maximum. For comparison, the
local vertical value of the planetary vorticity (Cor-
iolis parameter) is 8.2 X 107% s~*. Smaller vorticity
peaks are associated with the meanders of 5 and 11
April in Fig. 4. Relative vorticity maxima, occurring
near or slightly upstream of meander crests, appear
to be a characteristic feature of meanders.

The velocity fluctuations associated with the pas-
sage of the meander crest discussed above and with
later meanders exhibit a high degree of vertical and
horizontal visual coherence (Fig. 6). In this figure,
the C-top vectors are shown with a time lead of 33 h,
which gives maximum correlation between the B-top
and C-top v components over the 4-month record
length. The 33 h phase difference corresponds to an
average downstream fluctuation propagation speed
of 46.5 km day™! over the 64 km distance between
moorings B and C, consistent with the phase cal-
culations of Section 3. The alignment in Fig. 6 em-
phasizes the similarities between the flow features
at C-top and the other instruments, including the
arrival at mooring C of the meander crest discussed
above. Differences in detail are also apparent. For
example, fewer current reversals occur at C-top than
at B-top, but this may reflect the stronger mid-depth
mean flow at the downstream mooring (Table 1 and
Fig. 1), rather than evolution of the meandering proc-
ess. The kinetic energy ratios discussed in Section 3
do not indicate a significant downstream change of
relative intensity in the weekly meandering. The
northeastern crest of the meander pattern in Fig. 5
evidently caused only weak velocity fluctuations at
the B mooring, but it may be associated with a promi-
nent C-top velocity fluctuation (Fig. 6). In some
cases, for example, on 3 and 12 April, the south-
westward flow at the B mooring appears to be bot-
tom-intensified, which may indicate the importance
of topographic effects as the Stream abuts against
the continental slope.

5. Eddy energy transfer

Lee and Mayer (1977) inferred that spin-off eddies
emerged as barotropic instabilities of the Florida
Current. This implies Reynolds-stress kinetic-en-
ergy conversion from the mean to the fluctuating
motion. Webster (1961b) concluded from GEK ob-
servations that the energy conversion favored growth
of the fluctuations along the extreme western edge
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Fi1G. 6. Current vectors showing subtidal (40 HRLP) fluctua-
tions at the A, B and C moorings. Mid-depth (‘*‘top’’) instruments
have T subscripts, near-bottom instruments have B subscripts.
The vector sense is the same as for Fig. 2. The Cy vectors have an
artificial lead of 33 h, which accounts for the mean downstream
fluctuation propagation time and emphasizes the similarities in
the records. The vertical lines A and B mark the times of the
SST images in Figs. 5a and 5b, respectively.

of the Florida Current, but that the net (cross-Stream
integrated) energy transfer was to the mean Current.
Using a free-fall instrument data set, Schmitz and
Niiler (1969) confirmed Webster’s results in the cy-
clonic zone of the mean Florida Current, but they
found no evidence of net energy transfer between
the mean current and the fluctuations. They con-
cluded instead that internal redistribution of kinetic
energy could explain the observations with no need
for an external energy source.

From GEK observations in the Onslow Bay area,
Webster (1961b) found that net energy was trans-
ferred from meanders to the mean Stream at a rate
sufficient to double the mean surface kinetic energy
in 11 days, which is less than two meander periods.
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This surprising ‘‘negative eddy viscosity’’ placed
the energy source of the meanders in doubt, since
Webster also showed that the kinetic energy con-
tributed to meanders by the wind stress is at least
an order of magnitude smaller than that transferred
from the meanders to the mean Stream.

Following Webster (1961b) and Schmitz and Niiler
(1969), we assume here that the most significant term
in the net eddy-kinetic-energy transfer from the
fluctuations to the mean Stream is pu'v'd9/0x. The
overbar average is a time mean taken over the length
of the time series, or a portion of it, and primes
denote departures from the mean. The x values in-
crease in the offshore direction, and we set the den-
sity p = 1 gcm™3. A number of potentially important
terms have been excluded from consideration (e.g.,
Webster, 1961b). Because our data set does not span
the entire Stream, calculation of pu’v’dv/dx from
cross-stream pairs of current meters gives only the
contribution to the net energy transfer and not neces-
sarily the total local conversion rate for the pair.

Estimates of the momentum flux term «'v' and the
net rate of kinetic-energy transfer from the fluctua-
tions to the mean Stream, calculated from our sub-
tidal current records at moorings A and B, are shown
in Table 2. The averaging was done over the full
110-day record length and also over a 7-day period
including the meander discussed in Section 4. The
mean shear for the ‘‘top’’ (mid-depth) instruments
was calculated as (Dp-iop — Da-1op)/Ax where Ax
= 18 km, and similarly for the near-bottom
. instruments.

The energy flux estimates shown in Table 2 in-
dicate a mid-depth contribution to net eddy con-
version of energy from the fluctuations to the mean
Stream off Onslow Bay, consistent with Webster’s
(1961Db) estimates for the surface layer. The near-
bottom estimates are essentially zero, because the
mean shear was very small there. The mid-depth
estimates are about a factor of 4 smaller than
Webster’s, possibly because the relatively wide
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spacing of our moorings underestimated the mean
shear. During the meander period, the mid-depth
conversion rate increased to more than twice that of
the full-record rate, with worst-cast error limits con-
sidered, indicating the importance of meander events
in the conversion process. The momentum fluxes
were divergent at mid-depth and near-bottom, also
consistent with Webster’s results in the cyclonic
zone, indicating retardation of the inshore edge of
the mean Stream. The momentum flux was offshore
at all instruments except A-bot, where the mean
Stream also had a relatively strong onshore
component.

The offshore eddy energy flux values in Table 2
result from positive correlations of the fluctuation
velocity components in the presence of cyclonic
horizontal shear of the mean Stream. Positive u'?v’
correlations imply that the fluctuation streamlines
are skewed (elliptical) with a positive average semi-
major axis slope (Pedlosky, 1979, p. 435). Thus the
offshore energy fluxes reported here and by Webster
(1961b) are consistent with the positive skewness
sense discussed in Section 3. The same skewness
sense was apparent in the subsurface thermal field
during part of this experiment (Bane et al., 1980).

Oort (1964) calculated the surface-layer eddy heat
flux from Webster’s (1961a) Onslow Bay data set.
He found an offshore heat flux, inconsistent with
baroclinic conversion of mean potential energy to
eddy energy in the top 200 m. The mid-depth and
near-bottom eddy fluxes of temperature u'T' cal-
culated from our data set, were also offshore or
insignificant at the A and B moorings (Table 2), and
are thus inconsistent with a baroclinic fluctuation
energy source in the deeper layers. The largest
temperature-flux values (~10 cm °C s™*) occurred
at the B-top instrument, and were similar in mag-
nitude to Oort’s (1964) maximum value. The three-
fold increase in «'T' at B-top during the meander-
averaging period is not significantly different from the
record-long average. The only other significantly

TaBLE 2. Eddy energy and temperature fluxes calculated for the full 110 day record (F) and for the 7-day meander périod
27 March-2 April (M), plus or minus one standard error. Positive flux values indicate offshore transport.

) (dvlax) pu'v' (0v/dx)
Instru-  Averaging u D T u'v’ x 1073 x 10-° u'lT
ment time (cms™!) (cms™) O (cm? s7%), (s™YH (ergs cm=3 1) (cm °C s7%)
A-top F 0.13 = 0.31 5.59 + 1.55  17.1 = 0.08 753 = 13.5 1.05 79.1 = 14.2 0.61 = 0.65
M -0.74 = 1.5¢ 232 =731 175 =028 268 =+ 80.6 1.87 501 + 151 1.94 + 1.94
B-top F 1.29 £ 0.67 244 +1.36 126 £0.12 119 = 23.1 1.05 125 + 243 6.44 + 1.57
M 548 =326 568 +6.74 12.9 = 0.57 263 = 129 1.87 492 + 241 17.5 £ 993
A-bot F -2.56 + 0.24 294 092 11.6 =0.14 -260=x 6.12 0.05 -1.30 = 0.31 4.18 + 0.69
M ~846 x 0.75 209 +443 997 +0.57 -61.1+ 10.2 -0.08 4.89 =+ 0.82 0.16 = 1.55
B-bot F 2.24 + 0.42 3.89 + 0.78 8.95 '+ 0.07 61.2 + 8.14 0.05 3.06 + 0.41 2.34 + 0.46
M 3.1t =145 19.5 = 3.72 8.76 = 0.31 38.8 = 38.4 ~-0.08 -3.10 = 3.07 -177 = 1.68
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non-zero values occurred at the near-bottom instru-
ments for the full-record averaging period, with off-
shore fluxes of ~3 cm °C s™1. Offshore eddy tem-
perature flux is consistent with upwelling of cool
water in a meander trough, as suggested in Section 4.

6. Concluding remarks

Meanders dominated the Gulf Stream fluctuation
fields over the Onslow Bay upper continental slope
during January to May, 1979. The mid-depth and
near-bottom flow at current meters moored on the
200 and 400 m isobaths typically varied in magnitude
with prominent weekly and 3-4 day time scales,
similar to those noted by Webster (1961a). The off-
shore-flow-component maxima generally led the
downstream-component maxima by less than one
day as meanders passed by a fixed current-meter
location. Temperature, salinity and relative-vorticity
maxima occurred almost in phase with downstream-
flow-component maxima. The velocity fluctuations
were highly coherent and nearly in-phase vertically
over the lower one-third to one-half of the water
column; they were also horizontally coherent over
the downstream scale (~64 km) of the array. The
estimated mean downstream propagation speed was
46.5 km day™! for the entire subtidal-fluctuation
spectrum and ~30 km day~! for meanders of pe-
riod 7-8 days. We found no significant subtidal co-
herence between current and wind stress or current
and barometrically adjusted coastal sea level
fluctuations.

The principal subtidal fluctuations are consistent
with Webster’s (1961a) description of downstream-
propagating, skewed, lateral meanders of the Guif
Stream. The case study in Section 4 suggests that
temperature, salinity and velocity maxima occur as
SST meander crests pass by and bring Gulf Stream
water over a fixed observation point on the upper
continental slope. Velocity vectors at our moorings
rotated cyclonically as meander crests passed. In-
shore countercurrents (southwestward flow) often
occurred in meander troughs. Positive (cyclonic)
relative vorticity peaks occurred near or slightly
upstream of meander crests. That at times the count-
ercurrents were bottom-intensified suggests the im-
portance of topographic control as the Stream
meanders over the slope. The fate of the upstream-
moving water is not clear from our current observa-
tions, but supporting hydrographic data from Onslow
Bay (e.g., Bane et al., 1980) as well as earlier current
observations in shallow (45 m) water upstream of
Onslow Bay (Pietrafesa and Janowitz, 1979) suggest
that part of it may be returned northeastward as a
component of the shallow shelf circulation.

Eddy energy and temperature flux estimates from
our data indicate a mid-depth net conversion of
fluctuation to mean-Stream energy off Onslow Bay.
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The conversion rate was significantly larger during
the meander case study of Section 4 than for the
record-long case, indicating the importance of mean-
ders in the conversion process. Near-bottom esti-
mates were relatively small. Fluctuation-to-mean
energy conversion in the cyclonic side of the mean
Stream is consistent with the skewed meander fea-
tures noted by Webster (1961a) and also apparent
in our data set. Our mid-depth and near-bottom
energy flux results extend some of Webster’s (1961b)
and Oort’s (1964) upper layer results and imply up-
stream meander generation. The Stream deflection
off Charleston, South Carolina and the subsequent
rapid increase in SST meander amplitude upstream
of Onslow Bay (Bane and Brooks, 1979; Legeckis,
1979) may be important elements in the energy bud-
get of Gulf Stream meanders.
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