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ABSTRACT

The propagation and growth characteristics of Gulf Stream meanders past the stream’s separation point at
Cape Hatteras are analyzed using yearlong time series from a mooring program sponsored by the Minerals
Management Service, which included moorings imbedded in the Gulf Stream cyclonic flank both upstream
(south) and downstream (north) of Cape Hatteras. In the upstream region, energetic meanders of 3–8-day period,
180–380-km wavelength propagate downstream along the Gulf Stream at speeds of 40–55 km day21. This
variability decays almost completely across the Gulf Stream separation, with growth in lower-frequency variability
(30–120 day) in the downstream direction. Wavelength and phase speed in the 3–8-day band are strong functions
of frequency, with increasing phase speed for increasing wavenumber. Phase speeds upstream from Cape Hatteras
and across the Gulf Stream separation point are faster for a given wavenumber than downstream from Cape
Hatteras, in keeping with prior published estimates. At the upstream end of the study site, both baroclinic and
barotropic mechanisms contribute to the decay of 3–8-day meanders and growth of lower-frequency 30–120-
day variability in the downstream direction. At the downstream end of the study region, the reverse holds, with
both baroclinic and barotropic mechanisms contributing to growth of 3–8-day meanders and decay of lower-
frequency 30–120-day variability.

1. Introduction and background

The propagation and growth characteristics of Gulf
Stream meanders have been extensively studied both
upstream (Webster 1961; Brooks and Bane 1981, 1983;
Bane et al. 1981; Glenn and Ebbesmeyer 1994a) and
downstream (Watts and Johns 1982; Tracey and Watts
1986) from Cape Hatteras. The mean Gulf Stream path
follows the shelf edge closely upstream from (south of )
Cape Hatteras so that meanders are constrained in am-
plitude and growth by the large potential vorticity gra-
dient associated with the depth gradient across the con-
tinental slope. Between the Charleston Bump (a local
topographic high characterized by divergence of the
200–600-m isobaths at about 318N) and Cape Hatteras
(at about 35.58N), meander amplitudes first experience
dramatic growth, then decay from an approximately 50
km maximum to 10 km or less (Miller 1994). On the
basis of one-to-several-month current time series, me-
anders in this upstream region have been characterized
as typically 100–250 km in wavelength, with periods
of 7–8 days, and propagation speeds near 30–40 km
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day21 (Brooks and Bane 1981). Both barotropic and
baroclinic energy conversion processes have been im-
plicated in the rapid growth in meander amplitudes im-
mediately downstream (north) of the Charleston Bump
(Dewar and Bane 1985; Luther and Bane 1985) and in
the gradual decay of the meanders from there northward
to Cape Hatteras (Lee et al. 1991). Cold-core eddies
shoreward of the Gulf Stream are associated with sea-
ward meander displacements (troughs). The effect of
these cold-core eddies and their associated vertical ve-
locities has been studied in detail in the South Atlantic
Bight (SAB) (see, e.g., Atkinson et al. 1985).

Downstream from Cape Hatteras, in the region from
approximately 738 to 688W, Gulf Stream meanders in-
crease in amplitude from ;10 to ;100 km, except for
a local minimum in meander amplitude at 708W (Lee
and Cornillon 1996a). Tracey and Watts (1986) have
used 36-month-long records of Gulf Stream position
from inverted echo sounders (IESs) to characterize me-
anders in this region. Here the most energetic meanders
are 180–460 km in wavelength, with periods of 4–100
days, and propagation speeds ranging from 45 to 15 km
day21. Meander variance doubles downstream every 50
km, from about 20 km at 738W to 95 km at 71.58W
(Tracey and Watts 1986). Meanders downstream from
Cape Hatteras have slightly slower phase speeds for
given wavenumbers than meanders upstream from the
cape (Bane et al. 1981; Brooks and Bane 1981; Tracey
and Watts 1986). Downstream from Cape Hatteras, the
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FIG. 1. Cape Hatteras field study site (Mar 1992–Feb 1994), with
mooring locations (black diamonds) along three cross-shelf lines
(lines A, B, and C, from north to south) and one shelf-edge line (line
D) shown. For reference, mooring locations for the Frontal Eddy
Dynamics experiment (FRED: gray asterisks) and the Ocean Margins
Project (OMP: gray triangles) are also shown. Mooring locations for
time series used in this study are labeled with their mooring names
(A5, A4, B3, B4, etc.). A schematic Gulf Stream is shown. The black
bar across the Gulf Stream midway between moorings B4 and A5 is
the location of the CTD section utilized herein.

Gulf Stream has separated from the continental shelf
and flows over the continental rise. Water depth in-
creases from 2000 to 4500 m downstream, and the slope
of the underlying bathymetry decreases from 0.005 to
0.001 (Sutyrin et al. 2001). Meanders in this region
appear to derive their energy from the mean stream
through baroclinic instability (Dewar and Bane 1989b),
but the effectiveness of that mechanism is constrained
by the bottom slope such that meanders do not grow
without bound in this region (Sutyrin et al. 2001). Far-
ther downstream, near 688W, the bathymetric slope is
even smaller, and Gulf Stream variability is character-
ized by the growth of very steep quasi-stationary me-
anders through baroclinic instability (Watts et al. 1995;
Lindstrom and Watts 1994; Cronin and Watts 1996; Cro-
nin 1996; Lindstrom et al. 1997; Savidge and Bane
1999a,b; Howden and Watts 1999; Howden 2000).
These very steep meanders can pinch off and become
warm- or cold-core Gulf Stream rings, a process that
does not occur westward of this location (Lee and Cor-
nillon 1996a). This process will not be discussed in the
present work.

Observational programs near Cape Hatteras have
tended to focus either north or south of this biogeo-
physical boundary, with few mooring arrays or hydro-
graphic survey efforts encompassing both regimes. Sat-
ellite imagery is difficult to use for meander tracking
near Cape Hatteras because of the small meander am-
plitude there, relative to Advanced Very High Resolu-
tion Radiometer (AVHRR) SST horizontal resolution,
recurrent cloud cover, and the prevalence of stranded
Gulf Stream water overwashing the narrow shelf. Re-
gional-scale computer modeling is particularly difficult
here, with large along-shelf variability in physical
boundaries, density structure, and boundary forcing, an
energetic boundary current impinging on a narrow shelf
and separating, large along-shelf convergence on the
shelf itself, energetic meteorological forcing, and large
seasonal variability.

As a result, the nature of meander propagation past
the Gulf Stream separation point near Cape Hatteras has
been studied very little. The decay of meanders from
the Charleston Bump to Cape Hatteras, combined with
the net import of new nutrients to the North Carolina
shelf from the stranding of cold upwelled water in me-
ander-associated cold eddies has led Lee et al. (1991)
to suggest that these cold-core eddies may not propagate
past Cape Hatteras. An appropriate further question is
whether the meanders themselves, which have decayed
to quite low amplitude here, progress past Cape Hatteras
either. The slope becomes quite steep and narrow at
Cape Hatteras, downstream from which the Gulf Stream
separates from the continental shelf and enters a region
with much gentler bottom slope. The effectiveness of
baroclinic instability mechanisms in generating meander
variability along the Gulf Stream depends critically on
cross-stream potential vorticity gradients, and these in
turn depend critically on cross-stream gradients in bot-

tom depth (Pedlosky 1987; Johns 1988). It would not
be inconceivable that meanders might not survive this
abrupt transition at Cape Hatteras. On the other hand,
it is reasonable to expect upstream variability to have
some effect on variability downstream (Vazquez and
Watts 1985; Cronin et al. 1992). Glenn and Ebbesmeyer
(1994b) tracked two floats seeded into a cold eddy up-
stream from Cape Hatteras past the cape. Their success
in fitting a propagating ellipse model to the float tracks
both upstream and downstream from Cape Hatteras sug-
gested that the floats’ propagation was due to the prop-
agation of the intact eddy itself, and presumably the
meander it was associated with, past Cape Hatteras.

One valuable addition to the database near Cape Hat-
teras comes from a 2-yr-long mooring array funded by
the Minerals Management Service (Berger et al. 1995).
Fifteen mooring locations along three cross-shelf lines
bracketing Cape Hatteras were maintained for two years
(Figs. 1 and 2). The seawardmost moorings on each of
these lines were on the 2000- or 3000-m isobath, im-
bedded in the Gulf Stream at locations situated both
upstream and downstream from the Gulf Stream sepa-
ration from the continental shelf. The study site is up-
stream (southwest) from the region studied by Tracey
and Watts (1986) and Watts and Johns (1982). In the
following, Gulf Stream meander characteristics will be
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FIG. 2. Schematic mooring line design. Shelf moorings were sit-
uated at the 20-, 35-, and 60-m isobaths, with slope moorings at the
2000- and 3000-m isobaths. Mooring numbers increment from 1 to
4 or 5 in the seaward direction. (left) Shelf and shelf-edge moorings
had two–three instrument packages in the vertical direction, including
InterOcean S4 and General Oceanic MkII winged current meters (u,
y), with temperature (T ) and salinity (S) sensors. (right) Slope moor-
ings had five (A4, B4, C4) or six (A5, not shown) instrument packages
in the vertical, including General Oceanic MkI/MkII winged current
meters and Aanderaa RCM 7/8s, with T, S, and pressure (P) sensors.

assessed from these data. Meander characteristics up-
stream from Cape Hatteras will be defined over a broad-
er frequency range than has been possible before. Phase
speeds upstream from Cape Hatteras are shown to be
faster than meanders downstream from Cape Hatteras
over a broad wavenumber band. Cross-spectral analysis
indicates that Gulf Stream 3–8-day meanders do not
propagate past Cape Hatteras. Lower-frequency vari-
ability increases in the downstream direction. Both baro-
clinic and barotropic instability mechanisms are impli-
cated.

2. Data

The data used in this study were collected by a multi-
institutional team funded by the Minerals Management
Service (Berger et al. 1995). Fifteen mooring locations
across and along the Cape Hatteras shelf and slope were
maintained from March 1992 through February 1994
(Figs. 1 and 2). These moorings were situated along
three cross-shelf lines bracketing Cape Hatteras and one
along-shelf line at the shelf edge. Preliminary findings
were summarized in a technical report at the conclusion
of the field project (Berger et al. 1995).

Shelf moorings at the 20-, 35-, and 60-m isobaths
were instrumented with InterOcean S4 and General Oce-

anic MkII winged current meters, which also measured
salinity (S) and temperature (T). Slope moorings on the
2000- and 3000-m isobaths had five–six instrument
packages in the vertical direction, utilizing Aanderaa
current meters to measure temperature, salinity, and
pressure (P), along with current speed (V) and direction.
Raw data were first 3-h low-pass (3-HLP) filtered with
a Lanczos kernel (subsampled hourly), then 48-HLP
(Hanning) filtered (subsampled daily). Both hourly and
daily data are used in the following.

Pressure and velocity data from the uppermost in-
strument packages are shown for the slope moorings
A5, B4, and C4 for the first year of the 2-yr mooring
deployment (Fig. 3). It is apparent from the vector plots
that these moorings were imbedded in the Gulf Stream
until the early part of January 1993. To monitor me-
anders at the mooring locations, some measure of the
Gulf Stream’s position relative to the mooring locations
is necessary. Of the variables measured by the upper
instrument packages at moorings A5, B4, and C4, pres-
sure proves to be most useful for this purpose. If the
mooring line were rigid, each current meter and T sensor
would stay at the same depth in the water throughout
the deployment, and measured T and V would increase
as the shoreward half of the Gulf Stream jet moved
closer to the shelf edge across a particular mooring lo-
cation (Fig. 4). However, since the mooring is not rigid,
as the Gulf Stream jet shifts toward the shelf edge, the
mooring line is pulled down in the water column by the
integrated drag of the large Gulf Stream currents (Hogg
1986, 1991). Since T and V fall off with depth in the
Gulf Stream, this effect will compete with the expected
increase in T and V as the Gulf Stream axis moves
shoreward and tilts the mooring. This confounds the
usefulness of either T or V at a given mooring as an
indicator of where in the stream the mooring is. How-
ever, pressure was also measured at these upper instru-
ment packages. As the mooring line is pulled down in
the water column with Gulf Stream shoreward shifts,
the pressure records indicate how far in the vertical the
particular mooring has been dragged down, varying
monotonically with the integrated current velocity im-
pinging on the mooring line. Note the large amplitude
of the pressure variability, in excess of 200 dbar (Fig.
3). Savidge and Bane (2001) demonstrated through
cross-spectral analysis that the upper-level pressure rec-
ord at mooring B4 was highly coherent with surface-
intensified Gulf Stream velocities over a broad fre-
quency range, with low coherence with subthermocline
velocities on the same mooring line. Similar findings
apply at A5 and C4, illustrated here in a simplified way
through zero-lag correlation coefficients (Table 1),
which show correlations decreasing with depth between
velocity magnitudes and upper-level pressure fluctua-
tions at all three locations. One caveat for the 6–7-day
band is that, at A5, Gulf Stream variability in that band
has fallen to such low levels that middepth velocity
magnitudes are more correlated with the upper-level
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FIG. 3. Selected time series from the Gulf Stream imbedded moorings. Stick plots represent
velocities from nominal depths of (top) 100 m at mooring A5, (third from top) 300 m at mooring
A5, (fifth from top) 100 m at mooring B4, and (seventh from top) 100 m at mooring A5. Vertical
sticks represent northward velocities. The remaining time series are pressure records from (second
from top) 100 m at mooring A5, (fourth from top) 300 m at mooring A5, (sixth from top) 100
m at mooring B4, and (bottom) 100 m at mooring A5.

FIG. 4. A schematic Gulf Stream, calculated from the Hall (1994)
synthetic T section using the T–S relationship for the North Atlantic
of Armi and Bray (1982). Velocities were referenced to 1215-m depth,
as described in the text. Sea surface height was calculated from dy-
namic height calculations.

pressure records, despite low magnitudes of currents and
pressure fluctuations at that periodicity, relative to the
other moorings. At all three mooring locations, it is
possible that upper-level southwestward currents shore-
ward of the Gulf Stream front (associated with Gulf
Stream filaments) may also appear in the record, making
it less useful as a representation of Gulf Stream distance
offshore. Visual inspection of the time series indicates
pressure fluctuations coincide with strong upper-level
northeastward flow, not with southwestward Gulf
Stream filament-associated currents, which are relative-
ly uncommon in these datasets.

One further consideration is that Gulf Stream veloc-
ities do not increase monotonically across the stream,
but (disregarding Gulf Stream filaments) increase from
the shoreward edge seaward to a maximum at the Gulf
Stream axis (the cyclonic flank) and decrease seaward
of the maximum (the anticyclonic flank; Fig. 4). In the
anticyclonic flank, shoreward shifts in Gulf Stream po-
sition would be associated with decreases in vertically
integrated velocity and lower pressure values, opposite
to the relationship in the cyclonic flank. In order to
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TABLE 1. Zero-lag correlation coefficients between first-year hourly
upper-level pressures and velocity magnitudes at each depth on the
moorings. Numbers of samples are in parentheses.

A5 P300 m B4 P100 m C4 P100 m

V100 m

V300 m

V800 m

V1200 m

V1900 m

V2900 m

0.83 (4209)
0.69 (7436)
0.43 (7436)
0.38 (7436)
0.10 (7436)
0.15 (7436)

0.77 (7437)
0.69 (7437)
0.24 (7437)
0.20 (7437)
0.25 (7437)

No data

0.73 (6332)
No data

0.24 (6332)
0.18 (6330)
0.08 (6331)

No data

FIG. 5. Temperature–pressure plots comparing two sample Gulf Stream sections with data from mooring A5 over-
plotted. Temperatures and pressures from the cyclonic (plus signs) and anticyclonic (gray circles) flanks of the Gulf
Stream, determined as described in the text, are shown. (left) Gulf Stream section data from a 1990 CTD section taken
a short distance downstream from Cape Hatteras (location is marked in Fig. 1). (right) The Gulf Stream representation
is the ‘‘synthetic’’ Gulf Stream at 658W of Hall (1994).

accept that pressure represents Gulf Stream meander
variability, it is therefore necessary to demonstrate that
the moorings were imbedded in the cyclonic flank of
the Gulf Stream throughout the record and did not cross
seaward of the Gulf Stream axis into the anticyclonic
flank.

The characteristic temperature cross-section associ-
ated with the Gulf Stream jet structure (through thermal
wind) allows such a demonstration to be made. Since
isotherms descend monotonically across both the cy-
clonic and anticyclonic flanks of the (mean) Gulf Stream
(Fig. 4), the cyclonic flank is consistently warmer than
the anticyclonic side at similar depths. Here, mooring
A5 data have been plotted in temperature–pressure (T–
P) space and compared with two separate representa-
tions of ‘‘typical’’ Gulf Stream structure in T–P space
(Fig. 5). The first is a 1990 CTD section across the Gulf
Stream (Savidge et al. 1993) at a location approximately
midway between the Cape Hatteras mooring (B4) and
the downstream mooring (A5) (Fig. 1). The second Gulf

Stream representation is the ‘‘synthetic’’ Gulf Stream at
658W of Hall (1994) (from XBT data). Temperature–
pressure data from these sections were interpolated and
plotted for 10-dbar vertical spacing and near 10-km hor-
izontal spacing. After calculating salinity from temper-
ature for the Hall (1994) synthetic section [using the T–
S relationship for the North Atlantic of Armi and Bray
(1982)], velocity fields were calculated from the CTD-
and XBT-based density fields using the dynamic method
(referenced to 1215 m) and used to specify the cyclonic
or anticyclonic flanks for the sections. From the com-
parison between mooring data from the 300-m depth
instrument package at mooring A5 and the two Gulf
Stream sections, it is clear that the mooring did not
sample the Gulf Stream anticyclonic flank. Moorings
B4 and C4 show equivalent results.

An additional aspect of the pressure variability is of
interest. While high coherence between the 100- and
300-m velocities is noticable (Fig. 3), the two time series
actually record relatively independent information, rep-
resenting vertical variability in the measured velocities.
The fact that they are well correlated (Berger et al. 1995)
illustrates vertical coherence in Gulf Stream structure.
The pressure time series at 100- and 300-m depth are
not independent records—each depends on the inte-
grated velocity impinging on the mooring line below
the instrument. In fact, coherence between the pressure
records at 100- and 300-m depths at mooring A5 ex-
ceeds 0.99 over essentially all subtidal frequencies (not
shown). Use of the 300-m record at mooring A5 allows
Gulf Stream variability to be characterized over a longer
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time frame than is possible with the shorter 100-m rec-
ord (172 days). The Gulf Stream moved southward of
mooring A5 during the early part of 1993 and remained
southward for nearly 6 months. In this paper, data from
before January 1993 will be used: times when the 300-
m pressure instrument at A5 was functioning, and before
the Gulf Stream moved southward of the A5 mooring.
This yields a 308-day time series for analysis.

3. Meander spectral analysis

In the following, Gulf Stream position proxies (the
upper-level pressure records at moorings A5, B4, and
C4) will be used to assess meander and meander prop-
agation characteristics immediately upstream and down-
stream from the Gulf Stream separation at Cape Hat-
teras. These spectral and cross-spectral analyses used
the multitaper method in order to obtain the most in-
formation possible about long-period fluctuations. The
more typically used Welch’s overlapped segment av-
eraging (WOSA) method reduces variance by dividing
each time series into overlapping segments, tapering
each segment with an identical filter to reduce bias,
running the spectral analysis on each segment, and then
averaging the results over all segments by frequency
(Percival and Walden 1993). This reduces the infor-
mation available at long periods. The multitaper method
uses a series of different tapers on the complete time
series to reduce bias, with spectral analysis on each
differently tapered version of the data, averaged over
all realizations to reduce variance (Percival and Walden
1993). Without any series length reduction, more in-
formation is preserved about the longer-period vari-
ability. Using successively more tapers reduces variance
of the final averaged spectral estimate but introduces
increasing bias in the spectral estimates. If the inves-
tigator is content with high bandwidth (poor frequency
resolution), it is possible to get very high reduction of
variance with very little introduction of bias. For the
present case a duration times half-bandwidth product of
6 was chosen, allowing for a total of 11 discrete prolate
spheroidal sequences to be used as tapers. The resulting
variance is quite low, as are the 90% and 95% confi-
dence threshold levels for coherence. Prior to the spec-
tral and cross-spectral analyses, the pressures were de-
trended, and all time series were demeaned and nor-
malized by their standard deviations. Hourly 3HLP data
are used, in order to assess phase lags simply and well.
Analyses using 48HLP data show equivalent results.

a. Gulf Stream separation point

First it is necessary to confirm that the Gulf Stream
separates from the continental shelf between moorings
B4 and A5, as satellite imagery suggests (not shown).
Coherence is significant between the Gulf Stream po-
sition proxy at B4 and velocity magnitude in the mid-
water column at the 60-m isobath shelfbreak mooring

(B3) on the B line (21-km separation; Fig. 6). Con-
versely, coherence is low between the Gulf Stream po-
sition proxy at B4 and velocity magnitude at D2, the
60-m isobath shelfbreak mooring 35 km north of moor-
ing B3. The larger distance between moorings B4 and
D2 (44 km) does not account for the lower coherence
since the Gulf Stream position proxy at mooring C4
along the C line is nearly as coherent with velocity
magnitude at B3 (87-km separation) as the Gulf Stream
position proxy at mooring B4 is. Instead, the low co-
herence between the Gulf Stream variability at B4 and
velocities at D2 illustrate that the stream has separated
from the shelf by the D2 shelf-edge location, and so
does not dominate the variability there, as it does at B3.

b. Along-stream pairwise spectral analysis

Variance-preserving spectra of the Gulf Stream po-
sition proxies from the slope moorings upstream from
the Gulf Stream separation (C4 and B4) show high en-
ergy over the 3.8–8.7-day-period band, with highest val-
ues centered broadly about 4.65 and 6.7 days (Fig. 7a).
The energy downstream from the Gulf Stream separa-
tion at mooring A5 is much lower at those periods. The
lower energy in the A5 spectrum is not due to use of
data from the deeper 300-m instrument since the A5
100- and 300-m pressure spectra for the shorter period
of the 100-m data show equivalent values at these pe-
riods (not shown). Gulf Stream variability at A5 exhibits
higher energy at long periods than the upstream moor-
ings at 45-day periods and longer.

The cross-spectrum between the mooring pair up-
stream from Cape Hatteras, C4 and B4, shows high
coherence over a broad range of frequencies, including
the 3.8–8.6-day meander band where energies in the
variance-preserving spectra for C4 and B4 were highest
(Figs. 7a,b). Phase lags are a strong function of fre-
quency and indicate downstream propagation of me-
anders in this band (Fig. 7c). Coherence between moor-
ings B4 and A5, bracketing the Gulf Stream separation
point, is weak at best, exceeding the 95% confidence
level over very limited ranges at 2.5–2.6 days and 4.5–
5.5 days. The peak at 8 days represents a relatively low
energy band in Gulf Stream variability at the down-
stream mooring, A5.

The contrast of high coherence between the upstream
mooring pair with the low coherence between the down-
stream mooring pair suggests that meander propagation
characteristics may undergo some fundamental change
as they encounter the Gulf Stream separation point at
Cape Hatteras. It seems unlikely that the coherence dif-
ference represents simply decreasing coherence with in-
creasing distance along-stream given the very large dif-
ferences in coherence between two regimes, the rela-
tively modest increase in downstream distance between
the downstream pair (50%), and the fact that meander
wavelengths exceed the downstream separation. Up-
stream from Cape Hatteras, along-shelf coherences from
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FIG. 6. Cross-spectra between shelf-edge velocity magnitudes at B3 and D2 and the Gulf Stream
position proxies at B4 and C4. Horizontal lines are the 90% and 95% significance levels. Horizontal
separation between each pair of moorings is shown in the figure legend.

the 6-month Frontal Eddy Dynamics experiment
(FRED) moorings suggest coherences over the 2–10-
day-period meander band at up to 171-km along-shelf
separation (not shown). Downstream from Cape Hat-
teras, Tracey and Watts (1986) found coherence at the
90% confidence level in the meander band at separations
of up to 191 km in the downstream direction. Their
correlations do not fall off as abruptly with increasing
distance along-stream as the MMS data do. Apparently
the poor correlation across the Gulf Stream separation
in the MMS data is not due to intrinsically short Gulf
Stream meander decorrelation scales.

c. Propagation characteristics

Meander propagation characteristics can be calculated
from cross-spectral phase and coherence values for fre-
quency bands where peaks exist in the spectra, and the
coherence along-stream exceeds the 90% confidence
threshold. An effort has been made to select frequency
bands with width approaching the resolution half-band-
width of the cross-spectral estimates and range from
0.05 to 0.1 day21 width in frequency. For these fre-
quency bands, average phase speed (Cp), wavelength
(L), and wavenumber (K) have been calculated as

f
C 5 Y fp @2p

(Watts and Johns 1982), L 5 CpT 5 Cp/ f and K 5 2p/

L (Pond and Pickard 1983); Y is the along-shelf sepa-
ration between moorings, f is the phase lag, f is the
frequency, and T 5 1/ f is wave period. Values have
been calculated for each frequency and then averaged
over the frequency band of interest. The resulting values
are strong functions of frequency, with phase speeds of
40–55 km day21 and wavelengths of 180–380 km over
the meander band (Fig. 8).

The dispersion diagram indicates increasing phase
speed with wavenumber (Fig. 9), in keeping with pre-
vious estimates by Tracey and Watts (1986) for the re-
gion just downstream from mooring A5. Note also that
the phase speeds are consistently higher for a given
wavenumber than those found by Tracey and Watts
(1986). This is also in keeping with their suggestion that
phase speeds may decline downstream from Cape Hat-
teras and with the phase speeds found by Brooks and
Bane (1981) for limited frequency bands off Onslow
Bay (the second shallow embayment along the Carolina
coast south of Cape Hatteras). To the extent that me-
anders propagate across the separation zone, their speeds
are more consistent with propagation speeds found up-
stream from Cape Hatteras.

4. Energetics

Berger et al. (1995) suggest evidence for baroclinic
instability of relevance to the along-stream changes in
meander frequency characteristics seen in section 3b.
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FIG. 7. (top) Variance-preserving spectra, (middle) cross spectra, and (bottom) phase lags between the
Gulf Stream position proxies at A5, B4, and C4 (308-day pressure records). Horizontal lines in the cross-
spectral plot are the 90% and 95% significance levels. Horizontal separations between mooring pairs are
indicated in the legends. The 90% confidence envelope in the variance-preserving spectral plot (top panel)
was calculated using a x2 distribution for 20 equivalent degrees of freedom, estimated according to Percival
and Walden (1993, p. 370).

Using complex empirical orthogonal function analysis
(CEOF) of currents above and below the thermocline
at B4 for variability in frequency bands of 4–11, 13–
27, and 27–345 days, they defined a first mode that
accounted for a significant fraction of the total vari-
ability from all depths in these bands. The phase lags
between subthermocline and upper-layer variability in
the first mode were consistent with growth in the 27–
345-day band and decay of the 4–11-day band through
baroclinic instability processes (see Berger et al. 1995;
their section 3.3 and Fig. 3.3-2). Spectral analyses from
the present study designed to address this issue provide
little support for the CEOF findings of Berger et al.
(1995) (not shown). Coherences at moorings A5, B4,
and C4 between lower-layer measures (velocity mag-
nitudes or components) and upper-level measures (pres-
sures or velocity magnitudes or components) were, in
general, poor. One exception was a marginally signifi-
cant band at B4 between lower-layer along-shelf veloc-
ity and upper-layer pressure at periods from 15 to 150
days. The phase lag associated with this broad band was
in the same sense that the CEOF analysis indicated and
is consistent with eddy growth through baroclinic in-
stability. However, the primary result from spectral anal-

yses is no result. To the extent that meander variability
is not periodic, it may be that CEOF analysis is more
suited to this task.

Another approach to assessing the importance of
baroclinic and barotropic instability processes near Cape
Hatteras is to use data from a particular level to calculate
energy conversion terms from eddy covariances and
mean gradients. As summarized in Lee et al. (1991),
and references therein, these terms are

]y
u9y9 (barotropic) and

]x
21

g ]r ]r
u9r9 (baroclinic).) )r ]x ]z

For convenience and clarity, the absolute value of ] /r
]z converts the negative isopycnal slopes of the cyclonic
flank of the Gulf Stream to positive values. With this
convention, negative-valued energy conversion terms
signify barotropic or baroclinic growth of eddy vari-
ability, while positive values express decay of variability
feeding the mean kinetic or potential energy.

These terms have been evaluated for the frequency
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FIG. 8. Propagation characteristics as a function of frequency. (top)
Phase speed and (bottom) wavenumber are increasing functions of
frequency; (middle) wavelength decreases with increasing frequency.

bands of interest by constructing 15-day low-passed and
15-day high-passed time series from the 48 HLP data
and calculating the energy conversion terms for each.
Density and velocity fields from the analytic Gulf
Stream temperature section of Hall (1994) (calculated
as described in section 2) were used to calculate rep-
resentative density and velocity gradient values: ] /]xy
5 2 3 1025 s21, ] /]x | ] /]z | 21 5 20.008, g / 5 10r r r
m s22/1026.8 kg m23. Velocities and temperature at
moorings A5, B4, and C4 were interpolated or extrap-
olated to 300-m depth from the 100- and 300-m instru-
ment packages (which migrated from 100- to 300-m and
300- to 500-m depths because of mooring motion). The
along-stream direction was defined by the principal axis
of the 300-m interpolated currents at each mooring lo-
cation. Salinities and densities were then calculated
from the 300-m interpolated temperatures, again using
the T–S relationship of Armi and Bray (1982).

From these calculations, baroclinic and barotropic
processes appear to be of comparable importance in both
the 15–200- and 2–15-day-period bands (Fig. 10, Table
2). Upstream from Cape Hatteras at C4, the signs of
both terms indicate eddy decay in the higher-frequency
band and growth at lower frequencies. The low-fre-
quency growth appears to be primarily due to baroclinic
processes. At the downstream end of the study region

at mooring A5, 2–15-day meander growth is apparently
reestablished. Baroclinic and barotropic contributions to
both the growth of this band, and decay of the low-
frequency-band meander variability are evident. The
standard errors are large, casting doubt upon the mag-
nitudes and even the signs of these estimates. The major
problem with this method has been pointed out by Ross-
by (1987)—the neglect of energy conversion terms in-
volving along-stream gradients in velocity is unwar-
ranted since they should be of equivalent magnitude to
those involving across-stream gradients in velocity.
However, estimates of this nature continue in the lit-
erature with the implicit assumption that they suggest
truth. Here, they are included because of their consis-
tency with the observed along-shelf changes in the cal-
culated Gulf Stream meander spectra and to motivate
more legitimate energetics work for the region of Gulf
Stream separation in the future. The reported baroclinic
and barotropic conversion estimates are consistent with
the decay of 2–15-day meanders and the growth of 15–
200-day variability in the downstream direction seen in
this study with previous expectation and estimates up-
stream from Cape Hatteras (Lee et al. 1991; Brooks and
Bane 1981) and with the previously observed meander
growth in the region eastward of this study between
Cape Hatteras and the New England Seamount Chain
(Lee and Cornillon 1996a,b; Tracey and Watts 1986;
Dewar and Bane 1989a,b).

5. Discussion

The long time series at the three MMS moorings im-
bedded in the Gulf Stream cyclonic flank have afforded
the best in situ observations to date of meander prop-
agation along the continental shelf in the meander decay
region upstream from Cape Hatteras, and represents the
first extensive in situ observations of meander propa-
gation across the Gulf Stream separation from the con-
tinental shelf. The primary result herein is that Gulf
Stream meanders apparently decay almost completely
as they encounter the narrow steep slope near Cape
Hatteras and enter the deep ocean. Meander energy
clearly decreases downstream such that meander band
variability in the 3–8-day band has practically disap-
peared by mooring A5 (Fig. 7). Clearly the potential
vorticity constraints change dramatically along-stream
in this region. Nonetheless, it is somewhat unexpected
that meanders apparently do not survive the transition.
In fact, some meanders clearly do progress past the sep-
aration point. For example, a series of four peaks in the
pressure records of August 1992 appear in the records
from C4, B4, and A5, though the first three peaks are
of relatively small magnitude at A5 (Fig. 3). However,
these time series also illustrate that identifiable meander
propagation past Cape Hatteras is the exception rather
than the rule. Conversely, the Gulf Stream position prox-
ies at C4 and B4 are obviously well correlated, with
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FIG. 9. Dispersion diagram for meander propagation between mooring pairs C4–B4 (squares),
and B4–A5 (triangles). Values for meander propagation from the dispersion diagram of Tracey
and Watts (1986) are also shown (solid diamonds) for a location slightly farther downstream from
Cape Hatteras.

FIG. 10. Baroclinic (dashed lines) and barotropic (solid lines) in-
stability terms. Thick lines represent values for the 15–200-day-pe-
riod band (denoted ‘‘151’’ in legend); thin lines represent values for
the 2–15-day-period band (denoted ‘‘2–15’’ in legend). Negative val-
ues indicate eddy growth; positive values indicate eddy decay.

downstream propagation of meanders evident through-
out the entire time series.

The issue of background potential vorticity is further
complicated by the deep western boundary current
(DWBC), which crosses under the Gulf Stream at this
location. Moorings A4, B4, and C4 along the 2000-m
isobath show southwestward means in 1200-m along-
shelf currents (Fig. 11) and so were apparently imbed-
ded in the DWBC. Mooring A5 was not. To the extent
that the DWBC constitutes a defined layer of water at
the seabed, the overlying layer of water can be stretched
or shortened vertically in a given location by variability
in the position of the DWBC. Energetic variability in
the 20–60-day band dominates these records, likely

caused by topographic Rossby waves (TRW). This var-
iability is coherent along the slope, especially between
A4 and C4, with southward phase propagation and sig-
nal intensification (Fig. 12). DWBC, TRW, and Gulf
Stream variability relationships have been investigated
in prior datasets from locations just downstream from
the MMS field site (Johns and Watts 1986; Dewar and
Bane 1989a,b; Pickart and Watts 1990; Pickart and Sme-
thie 1993; Pickart 1994). Those datasets were better
suited to the task than the MMS data, because of their
cross-stream resolution (MMS arrays had only one
mooring in the DWBC or Gulf Stream at any one along-
stream location). Dewar and Bane (1989b) suggest that
DWBC variability may supply some of the energy nec-
essary for the growth of Gulf Stream meanders in the
region immediately downstream from Cape Hatteras.
However, the TRW, which would exist even in the ab-
sense of the DWBC, effectively mask any intrinsic
DWBC variability that might exist over 20–60-day
bands and down to the TRW cutoff frequency, ;8 day
here (Pickart 1995). Their ubiquity over a broad range
of frequencies in which Gulf Stream variability is of
interest makes investigation of the Dewar and Bane
(1989b) DWBC/Gulf Stream hypothesis difficult to ad-
dress with datasets of this kind.

Both baroclinic and barotropic processes contribute
to the observed along-stream changes in Gulf Stream
meander spectral characteristics at this location. This is
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TABLE 2. Barotropic (BT) and baroclinic (BC) energy conversion terms for two frequency bands. Positive signs indicate decay of eddy
kinetic energy; negative signs indicate growth (see text). Values in parentheses are standard errors. Multiply these values by 1027 m2 s23.

Site 2–15 BT 2–15 BC 151 BT 151 BC

A5
B4
C4

20.45 (0.91)
1.63 (0.28)
1.50 (0.54)

20.64 (1.90)
0.29 (0.30)
1.28 (0.81)

0.30 (0.45)
0.15 (0.29)

20.28 (0.33)

0.65 (0.66)
20.11 (0.80)
21.67 (1.02)

FIG. 11. Along-shelf velocities at 1200-m depth from the slope moorings at A4, A5, B4, and C4. The
along-shelf direction was determined from principal axis analysis of the 48 HLP velocities.

in keeping with previous data-based estimates both up-
stream and downstream from Cape Hatteras (Bane et al.
1981; Brooks and Bane 1981; Hood and Bane 1983;
Dewar and Bane 1985, 1989b; Lee et al. 1991; Tracey
and Watts 1986) and with modeling studies in each re-
gime (Luther and Bane 1985; Miller and Lee 1995;
Sutyrin et al. 2001). Modeling of the transition between
these two vastly different background potential vorticity
regimes could help define constraints on Gulf Stream
variability in this region and might address the question
of Gulf Stream separation from the continental shelf.
Modern modeling studies of this process typically focus
on longer-term variability in Gulf Stream position and
separation point than the MMS dataset allows (Spall
1996a,b; Tansley and Marshall 2000). Yet the observed
along-shelf change in spectral characteristics between
3–8- and 30–120-day Gulf Stream variability may be
relevant to this as yet poorly understood phenomenon.

Gulf Stream variability is directly relevant to shelf
circulation in this region for a variety of reasons. It has
long been recognized that Gulf Stream variability is
correlated with alongshore current variability on the
shelf in the South Atlantic Bight, particularly on the
mid- to outer shelf, either through horizontal entrain-

ment or through the imposition of cross-shelf or along-
shelf pressure gradients (Atkinson et al. 1985, and ref-
erences therein). Cross-shelf current variability is also
affected since the Gulf Stream position is highly cor-
related with offshelf export at Cape Hatteras over a
broad range of frequency bands (Savidge and Bane
2001). Recently described energetic shoreward currents
along the Hatteras front south of Cape Hatteras (the front
separating cold fresh Mid-Atlantic Bight (MAB) shelf
water from warmer saltier SAB water) may also be mod-
ulated by Gulf Stream variability (Savidge 2002).

Regions of meander-band eddy decay have been as-
sociated with net nutrient flux onto the continental shelf
and net carbon production (Lee et al. 1991). In this
region of profound alongshore convergence on the con-
tinental shelf (Savidge and Bane 2001), such production
may be efficiently exported to the open ocean, depend-
ing on the population structure of the consumers of pri-
mary production. Ocean Margins Project (OMP) results
suggest that most new production in MAB shelf water
north of Cape Hatteras may be consumed by small or-
ganisms, whose bodies and excretions may not quickly
settle out of the water column, instead being exported
to the open ocean (Verity et al. 2002a,b). South of Cape
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FIG. 12. Variance-preserving spectra and cross spectra between along-shelf 48 HLP velocities at 1200-m
depth at the slope moorings at A4, A5, B4, and C4. The along-shelf direction was determined from the
principal axis of the velocities. (top) The 90% confidence envelope in the variance-preserving spectral plot
was calculated using a x2 distribution for 20 equivalent degrees of freedom, estimated according to Percival
and Walden (1993, p. 370). (bottom) Horizontal lines in the cross-spectral plot are the 90% and 95%
significance levels. Horizontal separation between each pair of moorings is shown in the legend for the
bottom panel.

Hatteras, where approximately one-third of the total vol-
ume of water exported at Cape Hatteras originates (Sav-
idge and Bane 2001), the population structure of pri-
mary consumers may be quite different than in the
southern MAB shelf water. [Larval fish populations
have been shown to be quite disparate across the Hat-
teras front (Grothues and Cowen 1999).] If so, the ul-
timate fate of carbon incorporated into organic tissue
south of Cape Hatteras may differ substantially from
that originating immediately north of Cape Hatteras. In
either case, export of the water in which the organisms
are imbedded depends on Gulf Stream variability (Sav-
idge and Bane 2001).
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