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ABSTRACT

Ezer, T. and Weatherly, G.L., 1991. Small-scale spatial structure and long-term variability of near-bottom layers in the
HEBBLE area. In: A.R.M. Nowell (Editor), Deep Ocean Sediment Transport. Mar. Geol., 99: 319-328.

Analysis of ~4 years of deep-ocean measurements in the HEBBLE area indicate significant mean spatial differences in
bottom layer velocities as well as temperatures associated with the Cold Filament. The data indicate that the Cold Filament
core (potential temperature less than 1.80°C) is order 7 km wide, comparable to the Rossby radius of deformation, and its
location can fluctuate across slope in a range about four times larger than its instantaneous width. The signature of the
variability of the Gulf Stream is evident in the bottom layer for periods of 90 days (the eddies range) and =1 year. Associated
with a seasonal shift in the Gulf Stream position may be a small, out-of-phase, across-slope shift in the Cold Filament location.
The observed spatial structure in the velocity field may be due to thermal wind effects associated with the inclination of the

transition region above the Cold Filament core.

Introduction

Unlike the seasonal variations of the upper
ocean, little is known about seasonal changes at
abyssal depths. In the eastern North Atlantic, far
from the influences of the Western Boundary Cur-
rent and mesoscale eddies, Dickson et al. (1982)
found a seasonal signal of the eddy kinetic energy
in the deep flow and attributed it to the seasonal
changes of wind stress and stratification of the
upper layers. In the western North Atlantic, if
there is some seasonal cycle in deep layers, it is
more likely due to seasonal changes in the Gulf
Stream system rather than to wind stress or strati-
fication.

The seasonal variability of the Gulf Stream
transport is well documented (e.g., Niiler and
Richardson, 1973; Worthington, 1976; Molinari et
al., 1985), as is the seasonal shift of its location
(e.g., Worthington, 1976; Watts, 1983) and its sea
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surface height (Fu, 1987). Some observations sug-
gest that these seasonal variations may penetrate
into abyssal depths as a low-frequency signal in
the deep flow. The low-frequency variability of the
deep flow, just south of the Gulf Stream, is domi-
nated by eddying events with time scales of about
100 days (Hendry, 1985). Schmitz and McCartney
(1982) showed evidence of variations at time scales
even longer than the eddies scale, and suggested
that they may be related to a contraction of the
subtropical gyre. Just north of the Gulf Stream,
in the HEBBLE area [~(40°N, 62°W), ~4850 m
depth], the near-bottom flows have been found to
be correlated with the north-south shift of the
Gulf Stream at semimonthly and 40-day periods
(Ionov et al., 1986); however, the record was not
long enough to consider longer periods. In addi-
tion, the near-bottom flows at the HEBBLE site
are affected by the overhead passage of warm-core
rings. The barotropic component of these rings
produce abyssal current fluctuations with time
scales of 30 to 90 days (Kelley and Weatherly,
1985, Weatherly and Kelley, 1985a). Therefore,
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there is reason to expect that long-term variability
in the Gulf Stream and warm-core rings may result
in comparable time-scale changes at great depths.
To detect long-term changes (periods =90 days)
is one of the subjects of this study.

As in Ionov et al. (1986), time series of abyssal
flows in the HEBBLE area and the Gulf Stream
position are examined. However, the records are
longer by about 400 days and temperature records
are also considered.

A dominant feature at the base of the Scotian
Rise is the Cold Filament with which are associated
relatively large horizontal gradients of temper-
atures (Weatherly and Kelley, 1982, 1985b) and
apparently velocities (Hogg, 1983). The Rossby
radius of deformation for it is about 1 km (see
next section for more details), and thus discussion
of the local dynamics at this site should take this
into account. A second objective here is to examine
current meter records obtained from five moorings,
located less than 10 km apart, for fine spatial
structure. Spatial structure in near-bottom flows
was described by Kelley and Weatherly (1985), but
they considered only three locations with much
greater distance between them. This study is there-
fore distinguished from the previous works that
were done in the HEBBLE region by focusing on
larger time scales and describing finer spatial
structure.

In the first section of this paper the statistical
properties and spatial structure of the near-bottom
region are examined. In the second section the
spectra and the annual patterns of the bottom
layer and the Gulf Stream are examined. The third
section is a summary and discussion.

Spatial structure

The current meter records were obtained at five
consecutive moorings, located roughly along a
northwest to southeast line across the isobaths
(Fig. 1). The maximum horizontal spacing and
water depth difference between the uppermost
mooring, M1, and the lowermost mooring, M3, is
about 10 km and 55 m, respectively, and their
order downslope is M1, M2, M4, M5 and M3
(Fig. 1). A 24-h Gaussian filter was applied to the
raw data and daily values are examined here. The
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mean potential temperature, scalar current speed,
velocity component along stream, and eddy kinetic
energy for each record, all obtained within 20 m
of the bottom, are given in Table 1. In this table,
the standard error of each mean value, ie., the
rm.s. of the difference between the calculated
average, {x), and the real mean, X, was estimated
from:

[(<x> = X2 ]2 =202T,/ T2 (1)

(e.g., Tennekes and Lumley, 1972, p. 212) where
a? is the variance of x;, T is the averaging period
and T, is the integral time scale taken to be 5 days
(Harkema et al., 1986). It is important to note
that eqn. (1) assumes negligible seasonal variations.
Initially this assumption is made. Inferences will
then follow about the Cold Filament structure.
Later it will be shown that seasonal variations are
non-negligible. However, while weakening the in-
ferences on spatial structure obtained when T is
taken as the total measured period, they are not
contradicted. In fact, such inferences appear to be
true even when considering the seasonal cycle and
taking 7 as a partial period related to specific
season (i.e., see the next section).

The mean temperatures and velocities show sig-
nificant differences, with M35 being the coldest and
the most energetic. The mean temperature at M5
is significantly different from that at M1-M4.
Moreover, that at M3 and M4 is also significantly
different from that at M1 and M2 (Fig. 2). In this
context, two mean values are significantly different
if the calculated averages +standard error do not
overlap. The difference is most remarkable for M2
and M35 with the temperature difference between
the two sites (~30 m°C) being one order larger
than the standard error (~3 m°C). The instru-
ments at each mooring were at different heights
above the bottom (13 m+ 6 m), but vertical gradi-
ents of temperature and velocity do not appear to
explain such horizontal differences. For example,
data at levels between 5 m and 20 m above the
bottom (essentially those heights in Table 1) at M4
(Harkema and Weatherly, 1988a) show mean po-
tential temperature and speed differences of ~(1
m°C) and ~(0.5cm s~ '). These results, and the
knowledge of the existence of the Cold Filament
in this region (hereinafter CF), reinforce the con-
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Fig. 1. Bathymetric map showing the study area and average velocity vectors at the 5 sites (moorings 1-5 are indicated as M1-
MS5). The bases of the vectors are positioned at the sites. The rectangle area, indicated between the 4800 m and the 4900 m isobaths

in (a) is enlarged in (b).

TABLE 1

Summary of mooring locations, periods and mean properties of the bottom layer. In
the parentheses are the standard errors (see text) for each mean property

Mooring 1 2 3 4 5
Site 40N 27.09' 27.18 2401 25.00° 24.30'
62W 22.03' 20.12 16.04' 17.35 16.32
Water depth (m) 4800 4832 4855 4845 4855
Height (m) 7 3 19 5 10
Period 2/82— 7/82— 6/83— 9/83~ 8/84—
7/82 6/83 9/83 8/84 9/85
Number of days 160 339 99 336 386
Potential 1.825 1.830 1.807 1.818 1.803
temperature(°C) (0.003) (0.003) (0.004) (0.003) (0.004)
Speed (cm/s) 9.5 9.6 7.9 12.5 16.1
(1.1) 0.9) (1.3) (1.1) (1.1)
Along stream 34 5.9 34 7.4 10.7
velocity (cm/s) .9 1.4) 2.2 (1.8) (1.7
Direction (°) 252 244 241 235 264
45) Q) 31 (5 (10)
Eddy kinetic 62 43 34 71 94
energy (cm?/s?) 17) (13) (10) (12) an

clusion of Weatherly and Kelley (1985b) that the
CF is a permanent feature in the HEBBLE area.
Weatherly and Kelley (1982) indicated the CF as
being ~ 100 km wide, but it is obvious that ~30
km spacing between their CTD (conductivity, tem-
perature and depth) stations cannot distinguish

the much finer structure (order of ~ 10 km) indi-
cated here. Weatherly and Kelley (1985b) found
some evidence for a front-like structure in the
upslope edge of the CF, with horizontal temper-
ature gradients of about 10 m°C/100 m. The
coldest potential temperature seen at any of the
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Fig. 2. Range of the average values (average +standard error):
(a) potential temperature, (b) along-stream velocity. The rela-
tive location of the five sites from northwest to southeast are
indicated by M1, M2, M4, M5 and M3, respectively.

stations was 1.72°C at M5. This is ~ 50 m“C colder
than the lowest temperature seen at the other
stations. Therefore, the interpretation of the spatial
structure, with respect to the mooring locations,
is as follows: M5 was probably very near the center
of the core of the CF, M3 and M4 were located
near its downslope and upslope edges, respectively,
while M1 and M2 were located father upslope
outside the CF.

Since the CF is exposed to energetic fluctuations
from the Gulf Stream and rings, some upslope-
downslope fluctuations about its position, as sug-
gested by Kelley and Weatherly (1985), appear
likely. Therefore, the spatial structure of temper-
ature, indicated by the average values, may be
clearly different from the instantaneous structure
(such as that found, for instance, by CTD profiles).
In order to approximate the horizontal cross-
section of the CF (without making any assump-
tions about the type of fluctuations involved), the
following was done. The CF edge (i.e., the surface
between the transition region and the exterior) was
taken to be the 1.82°C potential temperature iso-
therm (following Weatherly and Kelly, 1982,
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1985b), and the CF core edge (i.e., the surface
between the mixed layer and the transition region)
was taken to be the 1.80°C and less than 1.82°C
was calculated for each record. These values (i.e.,
fraction of time as a function of location) were
found to be approximated by a Gaussian-like
function of the form:

P(x)=PoE x P[~(x/x,)*'] 2

where P, is the value of P at M5 (at x=0).
Figure 3 shows that with P§8°=0.72, x}8°=
4.9 km, P§®2=0091, x}®2=13.9 km and 5! 8°=
b'-82=2/3 (where the superscripts indicate the tem-
perature range in which they apply), eqn. (2) agrees
well with the observations. Since only few observa-
tions were available in the down-slope region of
the CF (apparently only M3, which is a relatively
short record, was in this region), the estimated
structure is based on the assumption that the CF
is symmetric and centered around MS5. Therefore,
although Fig. 3 may differ somewhat from the
total structure of the CF, half this width is believed
to be a reasonable estimate for the mean upslope
benthic front of the CF. Equation (2) was then
used to extrapolate the temperature structure into
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Fig. 3. Spatial temperature structure: portion of time in which
a potential temperature was less than 1.80°C, or less than
1.82°C at each location. Stars indicate observational values
(mooring M5 is located at the center and the other moorings
respectively as in Figs. | and 2). Solid lines are the empirical
functions defined by eqn. (2).
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regions where observations were not available.
Defining the range of the CF extension, A4, as the
region where CF temperatures can be found at
least 1% of the time, (i.e., P(4/2)=0.01), gives
A189=29 km and 4'-%2=86 km. Next, how much
of this range was actually occupied by the instan-
taneous CF was approximated. The area of the
rectangle — A/2<x<A/2,0<P<1is A4, and thus
the area under each curve in Fig. 3 (i.e., the in-
tegral of P over x from — A/2 to A/2) represents
the average portion of A occupied by the CF.
Since most of the contribution to that integral
comes from the center section, the instantaneous
width, a, is approximately where @ is the
gamma function. Therefore, the CF average cross-
sections with respect to the two temperature
ranges are a'®°=7 km and 4'® =23 km. By
the above approximations, the CF is estimated
to occupy about 25% of its total amplitude of
fluctuations.

A representative thickness of the CF is about
100 m, and representative temperature change
across it, 87, in the vertical is about 0.04°C
(Weatherly and Kelley, 1982). Thus with g'=
—0.096T (Weatherly and Kelley, 1982), the Rossby
radius of deformation Rp={(g'h)'?*/f ~1 km for
f=10"% s~ 1. Therefore, the estimated a’-%° and
a'-8% above are not unreasonable in that they are
a few R,’s. Nof (1983), for example, showed that
a cold eddy on a sloping bottom has a radius of
at least 4R,.

Considering now the spatial velocity structure,
Fig. 2 indicates that the CF core is also a region
of statistically significant stronger flows, and that
the cross-stream shear is ~(7 cm s~ ')/10 km for
the upslope edge, and ~(7 cm s~ !)/2 km for the
downslope edge. Such shears are large even for
near-surface flows. M5 is further distinguished by
having a flow direction of about 30° upslope with
respect to the other sites (Fig. 1), and this difference
appears to be a significant (cf. M4 and MS in
Table 1). The M5 flow direction difference may be
a real feature of the CF or a local topographic
effect. Whatever the cause, it apparently affects the
flow equally at 100 m above the bottom as at 10
m above the bottom. Current meters at both levels
at M5 gave essentially the same flow direction
(Harkema and Weatherly, 1988b). Note that M3

and MI, located at the edges of the investigated
region, have greater variability in the current direc-
tion than the other records (Table 1), suggesting
that the CF may not only be more energetic, but
also a more stable feature than the surrounding
flow.

Spectral analyses and the annual pattern

In order to produce a time series for analysis,
the following steps were applied to the data: (a)
subtracting the average potential temperature of
each mooring from the daily values; (b) connecting
the five consecutive, normalized temperature re-
cords to form one daily-averaged time series of
1320-day duration; (c) calculating 15-day average
time series of temperature, fluctuating kinetic en-
ergy, and mean kinetic energy; (d) normalizing the
15-day averages of the fluctuating and the mean
kinetic energy records by the mean values of each
mooring. The fluctuating kinetic energy for each
15-day period is calculated by:

FKE=1 /ng1 1/2[(;— U (v~ V)] ©)

where n=15 and U and V are the average velocity
components of the mooring that this period be-
longs to. The mean kinetic energy for each 15-day
period is calculated by:

MKE=1/2({u)*+ {v>?) @)

where (u)and (v) are the average velocity compo-
nents of this period. The choice of a 15-day period
is a compromise. On one hand, the high-frequency
fluctuations, especially the semimonthly periodicity
(Kelly et al., 1982; Kelly and Weatherly, 1985)
should be eliminated. On the other hand, there
should be enough data points for the spectral
analyses. As was shown, there are significant
differences between the five records that appear to
be due to the spatial structure of the Cold Fila-
ment. Therefore, the normalization of the kinetic
energy values with respect to each mooring, is an
attempt to eliminate the spatial differences. The
time series that were produced by the above pro-
cedure thus represent the long, time-dependent
fluctuations about the mean values. The time series
of the surface Gulf Stream position at 62°W (see
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Ionov et al., 1986, for more details) was used to
calculate 15-day average time series for the same
period as the bottom layer records. The cross-
spectra between the temperature, FKE and MKE
records, with the Gulf Stream position record
(hereafter referred to as GSP) were smoothed with
3 passes of a simple Hanning spectral window.
At the mesoscale eddy scale band, an energetic
peak, with a period of ~90 days, which is margin-
ally significant at the 90% confidence level is found
in all the spectra except the MKE (Fig. 4a—d). At
this band, a 5% significance level coherency can
be found between the FKE and the GSP series
(Fig. 4g), but only 10% significance level coherency
is found between the temperature and the GSP
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Fig. 4. Spectra: (a) GSP (units latitude). (b) potential temper-
ature (m°C). (¢) MKE (cm? s~?). (d) FKE (cm? s~2). Bars
indicate 90% confidence intervals. Coherency squared and
phase differences between the GSP and: (e) potential temper-
ature, (f) MKE, and (g) FKE. The solid line and the dashed
lines above it indicate 90%, 95% and 99% confidence levels
(10%, 5% and 1% significance levels), respectively. Phase is
shown for the bands of coherency with a more than 90%
confidence level.
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series (Fig. 4e). That the FKE is with phase with
the GSP, is not unexpected since the GSP at 62°W
reflects local meandering of the Gulif Stream and
warm-core eddies activity (Ionov et al., 1986).

The seasonal-annual frequency band, can be
seen as the most energetic of all the spectra, except
in the FKE series, but with a confidence level less
than 90% (Fig. 4a—d). For this band, longer re-
cords are needed in order to get high statistical
significance levels. However, the records were long
enough to indicate coherencies in this band. Near
annual frequency the MKE and the FKE have
5% and 1% significance level coherencies with the
GSP, respectively. However, the MKE has oppo-
site phase with the GSP, while the FKE has the
same phase as the GSP (Fig. 4f and g). The annual
cycle of the Gulf Stream transport and position
can be described generally as bimodal, a southern
position mode with large transport, and a northern
position mode with small transport (e.g., Wor-
thington 1976). Larger variability of the GSP
occurs when it is in its southern mode with large
transport, and a northern position mode with small
transport (e.g., Worthington, 1976). Larger vari-
ability of the GSP occurs when it is in its southern
mode (lonov et al., 1986). Therefore, an opposite
phase between the mean flow and the variability
of the Gulf Stream are indicated by the MKE and
the FKE records, respectively. The cross-spectra
show that this cycle results in an annual cycle in
the kinetic energy of the bottom layer. The south-
ern (northern) position mode is characterized by
large (small) mean transport in the deep recircula-
tion, i.e., large (small) MKE, and small (large)
variability, i.e., small (large) FKE. Note the ab-
sence of coherency between the temperature and
the GSP at this band. It will be shown later that
this may be a result of a seasonal change in the
CF structure.

The cross-spectra show clearly that a band of
very high coherency of Gulif Stream displacement
and near-bottom flows exists at long periods of
about a year. This annual pattern is now discussed
in more details in terms of the Cold Filament
structure. The three longest records (M2, M4 and
MS5), each one of about one year duration, were
filtered by a 90-day running average, in order to
reduce the fluctuations at the eddies band. The
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annual distribution of the 15-day averaged, filtered
values of temperature, mean kinetic energy (nor-
malized as before), and the Gulf Stream position
at 62°W, are shown in Fig. 5. The Gulf Stream
displacement at 62°W, shows a similar general
pattern as described before by many authors (e.g.,
Worthington, 1976), i.e., the Gulf Stream is shifted
southward in late winter—early spring, and north-
ward in late autumn. A bimodal seasonal pattern
is found also in most of the bottom layer records.
For convenience, the two modes are called the
“spring-mode” and the “autumn-mode”, respec-
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Fig. 5. Annual distribution: (a) Gulf Stream position at 62°W;
(b) potential temperature changes; and (c) mean kinetic energy.
The values are 15-day averaged, 90-day filtered, and the mean
kinetic energy is normalized as described in the text. Values at
sites M2 and M4 are indicated by circles; values at site M5 are
indicated by +’s. The lines in (b) and (c) represent approxi-
mated average levels.

tively. However, a signature of the spatial structure
previously described can be seen as different pat-
terns at the M5 site and at the M2 and M4 sites.
The *“spring-mode” period at M2 and M4 is char-
acterized by relatively large MKE and low temper-
atures while the “autumn-mode” period is
characterized by smaller MKE and higher temper-
atures. Five points of high MKE at October—
December are out of this pattern (Fig. 5c), but
they relate to an extreme, unusual northern Gulf
Stream position at that time (Fig. 5a). When the
Gulf Stream mean position is to the north of the
measured site, the HEBBLE area may be affected
by the recirculation gyre south of the Gulf Stream,
and thus controlled by different processes than
those described here. However, the general pattern
is consistent with the cross-spectra findings that
the bottom layer is more energetic when the Gulf
Stream position is further south (during the
“spring-mode” when the Gulf Stream transport is
larger). At the M35 site (which is thought to be
near the core of the Cold Filament), the annual
pattern of temperature seems to be in opposite
phase to that at M2 and M4. There is some
indication of an annual pattern in MKE at MS5,
but since the distinguished pattern of M5 is less
obvious in the MKE than in the temperature, this
may explain why the spectrum of the MKE (which
includes all the mooring records) shows coherency
with the GSP at the annual band, but the temper-
ature spectrum does not. The MKE at MS is
almost constant with very small seasonal variabil-
ity, which indicates again that the CF is a stable
feature. The different patterns over such small
distance (~2 km between M4 and MS), support
the previous finding of spatial fine structure in the
Cold Filament.

Defining the “‘spring-mode” from January to
June, and the “autumn-mode” from July to De-
cember, the average values of temperature and
velocity for each period (when available) are clearly
different at all the sites except at M5 (Fig. 6). In
such a case of seasonal effect, one must be wary
of using long period average values and an integral
time scale to estimate the appropriate range of the
real mean value. Note again, the distinction of
mooring M35 from the others in both the temper-
ature and the velocity, where all the moorings,
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Fig. 6. Same as Fig. 2., but the averages and the errors were
calculated separately for two periods: from January to June
(indicated by x), and from July to December (indicated by
0). Monitor M4b (not included in Fig. 2 since it is located at
100 m above the bottom and not in the bottom layer) is added
for comparison.

except M5, are more energetic and colder in the
spring period. In Fig. 6 an additional record, M4b,
is included. It was obtained at 100 m above the
bottom, and thus, unlike the records previously
considered, above the bottom layer. Records avail-
able at M4 and MS5 show a marked similarity in
velocity in and above the bottom layer, but a
marked dissimilarity in the corresponding temper-
ature records. Since the intent here is to consider
the bottom layer, only M4b’s velocity data is
presented in Fig. 6.

In order to approximate the average temperature
structure at each period, other instruments higher
above the bottom (not included in Table 1) were
used. These were at the following heights: (40 m,
60 m, 100 m), (10 m, 30 m, 100 m), (30 m, 45 m,
75 m, 100 m, 200 m), and (100 m) at M1, M2,
M4, and M35, respectively. The average location
of the Cold Filament seems to be more upslope
during the “‘spring-mode” period, and more down-
slope during the “‘autumn-mode” period (Fig. 7).
The amplitude of this across-slope shift of the core
of the Cold Filament (potential temperature less
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Fig. 7. The average potential temperature structure of the Cold
Filament. Solid lines are the 1.80°C and 1.82°C isotherms at
the “spring mode” period (January-June). Dashed lines are
the 1.80°C and 1.82°C isotherms at the ““autumn mode” period
(July-December). The locations of the five moorings are indi-
cated by M1-MS5,

than 1.80°C) appears to be small, ~2 km, but the
amplitude of the shift of the 1.82°C isotherm is
probably greater. During the “‘spring-mode”
period, the Cold Filament is also wider, as indi-
cated by Fig. 6. Note that the “inertial” oscillations
in the cross-slope direction of a cold eddy on a
sloping bottom (in much shorter time scales, ~ 1/f)
have amplitude order g’/f? (Nof, 1984). This value,
~100 m, is smaller than the amplitude of the
seasonal oscillations, and is much smaller than the
amplitude of the eddy-driven fluctuations. Such a
seasonal bimodal pattern of the Cold Filament
(Fig. 7) can explain the observed spatial difference
of the annual patterns: with the Cold Filament
shifted further upslope during the spring, the up-
slope sites (M2 and M4) become colder, while the
downslope site M5 becomes warmer (Fig. 6).

Another possible effect of this seasonal shift is
on the horizontal velocity gradients. The magni-
tude of the slope of each front in Fig. 7 is approxi-
mated by |dha/dx| =200 m/4 km. Now, due to the
thermal wind effect, this inclined front can produce
a geostrophic velocity component relative to the
exterior of magnitude:

Ve=(g'[f)idh/dx| =2 cm s~ !

Therefore, in the downslope region of the CF
(where the thermal wind effect supports the south-
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ward flow of the exterior), the velocity can be as
much as 4cm s~ ! larger than the flow in the
upslope region (where this effect reduces the veloc-
ity). Figure 7 shows that during the spring period
most of the moorings were (in average) under
thermal wind effect supporting the mean flow,
while during the autumn period they were under
opposed thermal wind effect (maybe except at M3
and M5 where the structure is not well defined
due to lack of observations as mentioned before).
The above pattern could explain the seasonal
differences in the average velocities as indicated in
Fig. 6. Thus, although the seasonal variability is
evident in the velocity records, we hesitate to
conclude what portion of this variability is a direct
effect of changes in the forcing velocity, and what
portion is a secondary effect due to the shift of
the Cold Filament.

Summary and discussion

The purpose of this study was to examine ben-
thic layer data from the HEBBLE area for small
spatial scale structure (<10 km) and long-term
(~90 to ~400 days) variability. The former is
thought to be related to the existence of the Cold
Filament (its R;~1 km), and the latter to long-
term variability in the Gulf Stream system. The
main results of this study are the following.

(a) The data indicate that mean values of poten-
tial temperature and current can change by x40
mC and =7 cm s~ ! horizontally over a region of
extent less than 10 km width. These changes are
thought to be due to the CF. The former is not a
new feature (Weatherly and Kelley, 1985b); how-
ever, the latter is. The current direction also ap-
pears to change by ~30° towards upslope at the
so-called core region of the CF (MS5). However,
whether this is a feature of the CF or due to an
unidentified topographic or other effect is not
known. It is interesting that in another deep west-
ern boundary flow, Fukasawa et al. (1987) also
noted a marked upslope flow component.

(b) The Cold Filament is a permanent feature
of the HEBBLE area, affecting a range of some
100 km, as previously suggested by Weatherly and
Kelley (1985b), but it has a finer structure in its
core and in its front-like edges with horizontal

scales of the order of the Rossby radius of deforma-
tion. The Cold Filament core is about 7 km wide,
but its location fluctuates about the mean position
with amplitudes four times larger than its in-
stantaneous width. The total width of the CF
appears to be about 25 km. The above conclusions
about the CF width depend on rather limited data
from what has been called here its downslope
portion. It is up to further studies to show whether
these conclusions are indeed valid. The Gulf
Stream width is several times its Rossby radius of
deformation; perhaps the same is true for the CF.
If correct, this indicates that in the CF two-
dimensional models are probably required to accu-
rately predict the bottom boundary layer.

(c) The kinetic energy and the potential temper-
ature of the near-bottom layer are highly correlated
with the variations of the Gulf Stream system at
the eddies and at the annual time scales. About
the CF core a clear annual variation is apparent
in temperature and velocity.

(d) The bimodal pattern of the Gulf Stream
appears to result in a bimodal pattern of the Cold
Filament. In late winter—early spring when the
Gulf Stream is in its southern mode, the Cold
Filament is shifted to its northern (upslope) mode,
and in late autumn when the Gulf Stream is in its
northern mode, the Cold Filament is in its southern
(downslope) mode. In the first period, when the
Gulf Stream flux is larger, the bottom flow is also
larger and the Cold Filament is wider.

(e) A simple analysis indicates that thermal wind
effects associated with the inclination of the transi-
tion layer above the bottom mixed layer could
account for the observed horizontal velocity gra-
dients.

And a final comment: although this study shows
a seasonal variability at abyssal depths, the Cold
Filament amplifies this signal and thus a seasonal
cycle in other deep regions is not expected to be
as remarkable as the one described here.
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