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Topographic waves along 70°W on the Continental Rise
by Nelson Hogg'
ABSTRACT
Moored observations of current and temperature at 15 sites on the Continental Rise south
of Cape Cod are analyzed using the method of "empirical orthogonal functions." The first
mode accounts for a majority of the observed variance for motions with periods ranging
from 8.3 to 108 days. With a few exceptions the horizontal phase variations and vertical
energy decay away from the bottom of this mode are shown to be well described in each
of three frequency bands by a simple topographic wave propagating offshore and refracting
in response to changes in the environment. The vertical structure at the north end of the
array is more complicated and suggests an influence from baroclinic modes possibly generated
at the rise-slope transition further to the north.
The horizontal energy distribution is nonhomogeocous and the locations of maxima coincide with calculated ray trajectories and suggest energy propagation along rays from a
common source. No source has been conclusively demonstrated but two are suggested:
anomalous activity was observed in the surface Gulf Stream in the suspected area for the
first few months that the moorings were deployed and, in addition, the mean circulation
over the lower rise appears to be unstable to topographic wave disturbances. Implications
for the driving of the deep mean circulation are discussed. The observed spatial structure
of the Reynolds stresses results from a dispersion of the topographic waves from their
common source along different ray paths.

1. Introduction

Current meter moorings were maintained by the Woods Hole Oceanographic
Institution for a number of years in the 1960's and early 1970's in the vicinity of
Site D (39 °10'N, 70°W) a point on the upper Continental Rise south of Cape
Cod. With the increasing reliability of these moorings longer deployments became
possible and it soon was evident that there were energetic low frequency motions
which were constrained by the local bathymetry (Webster, 1969). Thompson (1971)
suggested that these motions were depth independent topographic Rossby waves
radiated shoreward by disturbances in the Gulf Stream further to the south, basing
his arguments on the observed negative correlation between velocity components.
This was criticized by Rhines (1971) who pointed out that the high reflectivity of
t. Woods Hole Oceanographic Institution, Woods Hole, Massachusetts, 02543, U.S.A.
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Figure 1. Mooring positions for the Rise Array superimposed on regional bathymetry. Also
shown are coherence amplitude and phase estimates between the first empirical mode and
east-west velocity for 12 to 22 day periods. The 95% confidence level for coherence is .45.

the slope further north should reduce any such correlation. Schmitz (1974), using
theoretical results of Suarez (1971), suggested that stratification was important
and estimated a reflection coefficient of 0.5 by comparing the observed horizontal
velocity polarization with Suarez's theoretical results. Thompson and Luyten ( 1976)
were able to show that a monochromatic bottom trapped topographic wave model
could quite accurately predict the frequency dependent orientation of the major
axis of the current ellipse as well as the decay scales of the motions off the bottom
as observed from a single mooring at Site D; thereby giving substantial support to
the topographic wave hypothesis.
The measurements at Site D were expanded to a small array and finally to an
ambitious 15 mooring array in 1974 (henceforth called the "Rise Array") which
extended southward some 300 km along two longitudes (70 °W and 69 °30'W) to
the deep rise under the surface Gulf Stream (see Figure 1 for a chart of mooring
positions). These observations were described by Luyten (1977) and Spencer (1979)
and subsequently interpreted in terms of the topographic wave model by Thomp-
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son (I 977) who obtained a good quantitative prediction of the observed phase
propagation for motions with periods from 8 to 32 days. Phase propagation was
found to be offshore implying an onshore energy flux. Both Luyten and Thompson
suggested that the Reynolds stresses resulting from these motions were important
in the longshore momentum balance. Thompson (1978) showed that accelerations
implied by the Reynolds stress convergences were consistent with the direction of
the mean flow (i.e. to the east over the deep Rise and to the west shallower than
about the 3200 m isobath) when the coordinates were rotated to the local isobath
direction.
The present paper is an elaboration on Thompson's (1977) work with the Rise
Array. Using the method of empirical orthogonal functions it is shown in Section
2 that 40 to 60 percent of the energy over the Array is contained in the lowest
mode for each of these frequency bands spanning periods from 8.3 to 108 days
whose horizontal phase variations are more fully described in Section 3. We
further show that the observed phase variations and vertical decay rate in the
lowest mode are consistent with topographic wave dynamics and kinematical
constraints on the wavenumber vector (Section 4). The vertical decay of these
motions is discussed in Section 5 and in Section 6 a ray theory interpretation of
tbe observed horizontal energy distributions suggests a source region located
somewhat to the east of the array near the Gulf Stream axis. The horizontal
change in total energy, along rays, is also shown to be consistent with the decay
(or growth) determined from phase dilferenccs between velocity components and
temperature (Section 7). Finally, in Section 8 we discuss possible generation
mechanisms for the waves and implications, in terms of Thompson's Reynolds
stress arguments, for the driving of the deep abyssal flow.
2. Dala base and statistical methods

The most completely instrumented level in the horizontal is that at 1000 m off
the bottom (nominal) where there are 15 instruments recording u (east component),
v (north component) and T (temperature). Just one record, that at the south end
of the western mooring line, is missing velocity information and in this case the
velocity 800 m deeper has been used in its place. These fifteen records of approximately 230 days length were first filtered with a 24 hour Gaussian filter (Schmitz,
I 974) and then subsampled at daily intervals. All possible cross-spectra were
computed by breaking the records into seven overlapped pieces each 54 days long,
Fourier transforming, Hanning and then furth er averaging over two frequency
bands. The result can be summarized as a series of 45 X 45 Hermitian matrices
of cross-spectral values for each frequency band for which we have computed the
complex eigenfunctions and corresponding eigenvalues.
The matrix elements are cross-spectral values between the dilferen t variables
and instruments. As such they are a mixture of temperatures and velocities and
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Figure 2. Proportionate variance explained by each of the tint three modes versus frequency
for the two different normalization schemes.

for this reason alone some normalization of the matrix is demanded. Two methods

have been used. The first was to use an energy normalization in which temperatures
alone were normalized by an estimate of N / 0, (ratio of Brunt-Vaisala frequency
to potential temperature gradient) to effect a potential energy scaling. The second
procedure is a coherence normalization, each element was divided by the product
of the square root of the variances associated with each member of the pair,
making the diagonal elements unity. This scheme bas the advantage of giving an
equal weight to all measurements.
In Figure 2 we show the percent of the total variance accmmted for by the
lowest four modes using the two normalizations. The energy scheme yields approximately 60 percent in the first mode in the lowest two bands (108 to 12 days)
dropping rapidly at higher frequencies. The second mode accounts for about 20
percent rising at higher frequencies. The other 43 modes contain the remaining
20 percent. There seems to be a clear modal separation in the lowest three bands
which disappears at higher frequencies. One measure of the significance of this
separation is a Fisher-F test of the ratios of the variances contained in successive
modes. With 28 degrees of freedom a ratio of 1.9 is significant at the 95 percent
level (Winkler and Hays, 1975, p. 455) and this suggests that the first empirical
mode is significantly different from noise in the lowest three bands.
Also shown in Figure 2 is the variance decomposition using the coherence
normalization. Weighting all measurements equally reduces the proportionate normalized variance explained by the first mode although it remains significantly
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greater than that explained by the second in the lowest three bands. In the further
analysis described below this second normalization has been used exclusively because it weights all parts of the array equally. It will be shown that the energy is
nonhomogeneous: an energy normalization would constrain the eigenfunctions by
the most energetic regions. To the extent that the eigenfunctions are coherent
throughout the array in practice it actually makes little difference which scheme is
used (and this has been verified).
3. Phase variations
The empirical modes are a linear combination of the observed variables, the
coefficients of the expansion being the eigenfunctions of the normalized crossspectral matrix. The coherence amplitude of a mode with an observed time series
gives the percent variance of that variable explained by the mode. The coherence
phase is the phase lag with respect to the mode which can be considered an optimal
reference for determining phase variations across the array. The reader is referred
to Wallace and Dickinson (1972) for a mathematical development of the subject.
A particular example of coherence and phase is shown in Figure 1 for the
east-west velocity component in the band 12 to 22 days . At the 95 percent level
there is significant coherence between the mode and observations almost everywhere in the array reaching a maximum in the central region. The phase varies in
a consistent fashion increasing from north to south (implying phase propagation
offshore). The separation between phase lines increases and they rotate clockwise
moving offshore. Qualitatively this is consistent with the refractive effects of the
underlying topography also shown in Figure 1: the wavelength is smaller and wave
crests are more along isobaths in regions of steeper slope and shallower depths.
The distribution of phase and energy is shown in more detail in Figure 3 where
they are plotted versus north-south distance for each variable and frequency band
along the east and west mooring lines. Potential energy is computed by multiplying
the temperature variance by an estimate of (N/ 0,)' made from hydrographic
stations in the area.
Each frequency band and variable shows an almost monotonic increase in phase
seaward with the higher two bands having some curvature so that the slope
(inverse of north-south wavelength) is less in deep water. In order to quantify the
dependence of phase on position the phase estimates have been regressed against
a polynomial function of position in a weighted scheme of the form :
cf,,(x,,y,) =A,°°+ A 10x,

+A

0

' y,
(1)

+A

11

x,y, + A 0 'y?

+ £,1,

i= l,N ,i= 1,3

where the mean position depends on the variable (i

= 1, 2, 3 for u, v, T) but the
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Figure 3. Kinetic energy, potential energy and phase variation (T = temperatu re, u = east
component, v = west component) ve rsus north-south distance for the first empirical function in the bands; (a) 22 to 108 days, (b) 12 to 22 days an d (c) 8.3 to 12 days. Also
shown by thin lines are the weighted polynomial regress ions and by dashed lines a theoretical
prediction with the indicated periods and east-west wavenumber. "R'' indicates the indicated
phase was more than 5 standard deviations from the regression and was rejected. Error
bars on phase are 95 percent con fidence intervals.

slope and curvature do not. The quadratic term in x has been ignored because
there are essentially just two values for x, the two d ifferent longitudes, so there
is little information available for computing curvature in the east-west direction.
The mean square error, €;;, was weighted by the inverse of the variance of the
phase determination as estimated from the coherence values (see Draper and Smith,
1966, p. 77). The results are given in Table 1 and by the fine lines on Figure 3.
Points that were more than five standard deviations from the fitted curves were
rejected (shown by an "R ") and the fit redone. With few exceptions these fits
explain more than 90 percent of the phase variance.
The bottom depths at the moorings have been regressed in a similar way
(although no weights were used) and the coefficients are also given in Table 1.

4. A wave interpretation
Thompson (1977) has previously interpreted the measurements from this array
as being topographic waves and has demonstrated that they conform to a dispersion
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relation based on local parameters which vary significantly but slowly over the
array. Rossby wave motions conserve potential vorticity through
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they are quasigeostrophic so that
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fv
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(3)

Table I. Regression coefficients and 95 percent confidence intervals for least squares fit of the form </,i(x, ,y, ) = A ,"' + A"x, + A"y,
+ A 0 x,y1 + A°'y1 1. For the phase regression there are different offset coefficients for each variable but the same slope and curvature
terms. Units for depth are meters, distance is in kilometers and phase is in radians.
Regression
variable
Depth
22-108 days
phase

% Variance
explained

....
C

A/"

A"

A"

All

A"

99.1

3770 ± .62

1.65 ± 1.06

- 6.54 ± .43

.007 ± .0IO

-.012 ± .003

95.1

u 4.40 ± .05
V
.48 ± .08
T 5.34 ± .06

- .002 ± .004

-.018 ± .002

.20 X IQ-< ± .40 X 10--'

.22 X 10-< ±1.4 X 10--

s::

:l

I,.,

s·

12-22 days
phase

98.6

u 5.0l ± .07
V 8.69 ± .10
T 6.46 ± .08

-.015 ± .006

-.036 ± .004

.51 X 10-- ± .70 X 10-<

-.75 X 10-- ± 1.4 X 10-<

8.3-12 days
phase

96.8

u 9.86 ± .08
V 7.49 ± .11
T 5.17 ± .10

- .012 ± .006

-.034 ± .002

.17 X 10-< ± .60 X 10-<

- .65 X 10-< ± 1.4 X 10--

"

i
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and satisfy boundary conditions of the form
N' w

a
= - iii

Pz = 0

=N2 u•"ilh

on z = 0

onz = -H+h(x,y) .

(4)

Here /1 = a11 ay is the north-south derivative of planetary vorticity, / ; p is pressure,
t is time and z is depth (the other quantities have been previously defined). If
bottom changes are slight (h << H) the wave can be approximated locally by a
plane wave according to
P = A(X,Y,z)e",'("',,.·•·•·IJ
(5)
k(X Y)

'

=

ax

'

I (X Y)

,

=

i!y

'

w

=-

(6)

at

where X and Y account for the variations in phase and amplitude over scales larger
than the wave scale imposed by slow changes in the environmental parameters,
N, H, and "ilh.
Substitution of (5) and (6) in (2) to (4) yields at lowest order

with

~( f'A,) _
az N'

(K' + __!!!._) A = 0,
w

(K'

= k + /')
2

(7)

A , =0 onz=O
(8)

=

N'
tw'-k hv -th,) A on z = -H .

With N ' an arbitrary function of z this system must be solved numerically. The
result is a functional dispersion relation between w, k, and / which can be summarized as w = n (k, /; X , Y) . In practice we found that a reasonable approximation was to consider the thermocline centered at 1000 m to be stiff (rigid lid) and
N beneath this to be constant and equal to the value at the bottom determined from
the representative hydrographic casts. A comparison with f1 = 0 between this approximation, a WKB model using the full depth variation of N ' (z) and the numerical integration of (7) and (8) is shown in Figure 4. Thompson (1977) indirecily
reached this conclusion by comparing predicted and observed frequencies as a
function of observed wavenumber.
With these assumptions it can be shown (Whitham, 1974, p. 383) that the
following kinematical relations hold:
dk

dt

an
=- ax

an
--w

di

' dt
d

dt

e

a
at

dw

'

+ c,•

di =~=O
aT
V

(9)
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arise from changes N ' , h,, h, , and H(x,y); N 2 and H depend primarily on Y. Our
best quadratic fit to H(x,y) in Table I indicates that the coefficient of the xy tenn
is indistinguishable from zero. Differentiation gives (subscript indicating the regression on depth)
hv

= A "n + 2 A

02

HY .

The bottom slope components are also primarily functions of y alone. Equation
(9) then demands that k , the east-west wavenumber, be constant and /, the northsouth component, vary by itself. The variation in k is measured by the A" term
in the phase regressions. From the appropriate column in Table 1 it can be seen
that this coefficient is indistinguishable from zero at the 9 5 percent level for each
of the three frequency bands as well as for H: the kinematical constraint on k in
(9) is thus satisfied.
On the other hand, I varies according to (9). This variation is most easily included by using functional forms of the dependence on y of h,(Y), H(y), N[-H(y)]
the first two being determined from T able 1. Hydrographic observations suggested
N[-H(y)]

= 0.5 + 0.2 (y/ 100) c.p.h.

to be reasonable with y measured in km.
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Figure 5. Topographic wave dispersion curves for two wave periods and three north-south
positions showin g the transition from depth independent (closed curves) to bottom trapped
dyn amics ( open curves) .

Sample dispersion curves fo r center frequencies in the low and high bands are
shown in F igure 5 . In deep water the curves are closed and approxim ate barotropic
Rossby waves of a mi xed /3-bottom slope character whereas in shallow water
/3 becomes unimportant, the waves approximate more highly trapped topographic
waves.
The observed phase vari ations in the 22- 108 day band suggest that <f,, = k =
- .002 ± .004 km - 1 while 'Pv = l = - .01 8 ± .002 km -', the only band to have
I more or less constant. Inspection of the dispersion curve in Figure 5 shows that
the only place in k, l space where / is roughly constant is where k is small and
positive, consistent with that observed. The value of / in this region is about
-.022, somewhat too large but the magnitude at this cross-over point decreases
with decreasing period. At 25 days it is close to the observed val ue and we show
in Figure 3a our prediction based on this period. Although this indicates eastward
phase p ropagation the wavenumber vector is still directed westward with respect
to the local isobaths. In the 12-22 day band we take k = -.010 km -' (observed
is -.0 15 ± .006 1an- 1 ) and need make no furth er adjustments . The predicted
phase variations shown in Figure 3b agree well with those observed.
Finally the period range 8.3 to 12 days has a similar phase structure to the
12-22 day band . Using k = -.0 12 km - 1 (observed is - .012 ± .006 km - 1 ) and
the center period of 9. 8 days we find that the phase varies much too rapidly.
Decreasing the period to 12 days, the lower end of the band, gives the variation
shown in Figure 3c in close agreement with the observations.
5. Vertical decay scale
Except on two moorings the western mooring line had additional current meten;
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Figure 6, A comparison between the observed decay scale of motions with that predicted from
the dispersion relation. Parts connected by dotted lines have negative values - they
increase away from the bottom.

200 m off the bottom, 800 m below those used in the above analysis. We have
already used the deeper measurements on another to fill in missing information
at 1000 m off the bottom leaving us with a vertical, north-south, cross-sectional
array of five moorings useful for looking at the north-south dependence of vertical
decay scale. This array was treated identically to the previous and eigenfunctions
calculated. The north-south phase variations for the first empirical mode were
indistinguishable at 1000 m from those previously determined and those 200 m
off indistinguishable from those at 1000 implying equivalent barotropic motions
over the 800 m interval, Assuming exponential vertical dependence for kinetic
energy the decay scale was calculated at each mooring and is plotted in Figure 6
for the different frequency bands. On the bottom panel of Figure 6 we show the
calculated decay scale for the topographic Rossby waves determined as a byproduct in the phase computation above. The one noticeable discrepancy is at
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Figure 7. Vertical structure at Site D for the first empirical mode in the lowest band.
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-50 km (31 °30'N) where motions in all frequency bands are much more barotropic than predicted. This position is nearly under the mean Gulf Stream axis.
In the vicinity of Site D (70 °W, 39° 1O'N) there were three moorings with five
instruments from the bottom up to 200 m below the surface. Empirical orthogonal
functions have been computed for this three mooring array. The deep horizontal
structure of the lowest mode is very similar to that determined in the previous
section supporting the notion that it represents the vertical variation at this location
of the wavelike motions seen throughout the array. Motions are generally coherent
throughout the water column and although there is usually bottom intensification
below 1000 m it is interesting (and puzzling) that there is also intensification
toward the surface in the top I 000 m through the thermocline. This feature is
inconsistent with the plane, monochromatic topographic wave picture revealed
previously.
A warm Gulf Stream ring passed through this location just after the moorings
were set and it seemed possible that the surface intensification resulted from
coupling with these strongly baroclinic motions. In Figure 7 we show the
empirical orthogonal function in the low frequency band computed from the
time series with and without the first 8 5 days. This truncation has reduced the
surface trapping in the north-south component but had little effect on the east-west.
At three depth levels (500, 1000 and 2000 m) there was a previous mooring at
Site D and we show also in Figure 7 the computation for the two moorings
combined. The v-component remains surface intensified.
In this band the v-component phase changes by approximately 180° in the
200 to 2000 m depth range while both u and T indicate no such behavior. This
is reminiscent of results from Ou and Beardsley's (1980) numerical study of the
incidence of topographic waves on a rise-slope-shelf geometry. At transitions in
bottom slope baroclinic "fringe" waves are generated to match the incoming and
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reflected wave to the more bottom trapped structure of the transmitted wave.
For strong enough reflection the v-component of the topographic waves tends
toward zero at the slope change leaving the baroclinic fringe modes dominating
the cross-isobath motions and decaying away from the slope change in about a
deformation radius. The long slope component of the topographic wave and,
consequently the temperature perturbations, reach a maximum at this point and
show little influence of the fringe modes.
It is tempting to suggest that the vertical structure in the northern part of the
array is complicated by reflection effects from further up the rise near the sloperise transition, say some 50 km further north. We have attempted to fit the
observed structure to a sum of appropriate barotropic and baroclinic modes but
it has not been possible to simultaneously rationalize the structure of al1 three
components in a satisfying way. Another problem with the reflection mechanism is
that any linear model will not give the surface intensification observed in the
along isobath component. This puzzling vertical structure remains a problem for
further study. Qualitatively similar structure has been observed for motions on
the other side of the Gulf Stream (W. B. Owens, personal communication) that
otherwise agree well with linear Rossby wave theory (Price and Rossby, 1981).

6. Horizontal energy variations

In Figure 3 the north-south distribution of kinetic and potential energies are
also plotted along each longitudinal mooring line. Potential energies arc calculated
from the observed temperature variance multiplied by the factor (N/0,)' determined
from hydrographic observations. According to linear monochromatic wave theory
potential energy cannot exceed kinetic as it is observed to do at some locations
in the lower two frequency bands, a feature that suggests we have not chosen the
right conversion factor. Putting this problem aside, it can be seen that the potential
energy generally is much less than kinetic in the south where motions have weak
vertical decay and approaches or exceeds it in the north where they are more
strongly bottom trapped, much as would be predicted by theory.
Total energy (kinetic plus potential from Figure 3) is plotted in Figure 8 versus
north-south distance for the two mooring lines and three frequency bands. Three
features are noteworthy. Firstly, the total energy is quite nonhomogeneous and
for a given mooring line reaches a maximum at a position which moves north with
decreasing period. Secondly, this maximum for a given band is further north on
the west line than it is on the east. Thirdly, except for the lowest band energy
decreases toward the west.
We have shown above that the observed phase variations and vertical energy
decay are well predicted by topographic Rossby wave theory. This being so the
observed energy variations should result from energy propagation along rays by
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the wave motions. Therefore, we have started rays for each of the three frequency
bands at the moorings on the western line where the energy reaches a maximum
and have traced them backwards in Figure 9a. Shorter period motions have more
normal incidence. All three rays trace backwards to nearly intersect at a common
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a.

b.

Figure 9. Calculated ray trajectories for the three frequency bands determined by starting
the ray at the energy maximum on the west line and working backwards. a) is for the
bottom parameters determined from the mooring depth regression while b) is from cubic
spline fits to depths digitized on the indicated grid.

point somewhat east and south of the central part of the array. The 12.0 day ray
is most sharply refracted curving back on itself to the south in a way which
suggests it might be responsible for the secondary peak observed toward the
southern end of the east line in this band.
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It is not quite accurate to extrapolate the bottom topography to the east using
the regression parameters from 69 °20'W to 70°W. In Figure 9b we show a
similar calculation in which the appropriate quantities have been determined by
digitizing the depth on the indicated grid and then interpolating using a twodimensional cubic spline. The three rays now intersect somewhat further to the
east.
While a common intersection point of the three rays suggests a common source
region the broad maxima in the energy distributions would point to a distributed
source which peaks in this neighborhood. We will explore the question of generation mechanism in the last section.
7. u-v-t ph- relationships

The regression scheme determines a different phase offset A ,° 0 for each variable
whereas the other coefficients in the expansion are forced to be the same. These
offsets are given in Table 1 and shown as phase differences in Figure 10. Plane
transverse waves, of course, would have a phase difference of O or :!: 180° between u and v and ±90° between temperature and either velocity component. This
does not seem to be the rule and we have explored various reasons for this apparently anomalous behavior, the most promising being the effects of dissipation.
Consider a wave field of the form
(10)

Therefore:

_ - kl - >.. , >.., + i (>..,l - }..,k)
u/ vk' + >..,'
(11)

u/ T = i ( ~ ) v/ T

=i

( -

..!5._)
>..,

+ >.., .

For the higher two bands k, 1 < 0 and we must choose >.., < 0, >.., > 0 for there
to be energy decay along the ray. For the u/ v ratios the imaginary term will be
positive leading to a decrease in phase from 180° toward 90° which depends on
the strength of dissipation, as is observed above the lowest band. Similarly, the
u/ T phase will tend from -90° toward -180° and the v/ T phase from 90° toward
180°. On the basis of the observed phase variations alone we would predict a
horizontal energy decay scale of order >.., - , ~ O(k- 1 ) ~ 100 km so that energy
should decrease by a factor of 2 or so between the two mooring lines, a result
consistent with actual energy variations shown in Figure 8 (despite focussing
effects on the energy density).
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Figure 10. Phase differences between velocity components and temperature for the first
empirical orthogonal function in each of the three frequency bands. Horizontal lines at
180" and ± 90" are expected values for plane waves with k and / < 0.

The lowest band is anomalous in this respect, however. Energy increases east to
west and the u-v-T phases are radically different from those observed at higher frequencies. In trying to rationalize the observed phase differences with (11) and the
observed fact that k > 0, I < 0 and [kl << [I[ we find that the only workable
procedure gives A, > 0, Ail < 0 or energy inerease in the direction of propagation
consistent with the observations in Figure 8. It is difficult to reconcile this negative
dissipation with the wave interpretation. However, it may suggest an instability
generation mechanis m - a possibility that we will return to in Section 8.
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8. Discussion and conclusions

In essential agreement with Thompson (1977) the empirical orthogonal function
technique has revealed a field of motion on the continental rise whose horizontal
phase variations and vertical amplitude decay are consistent with those expected
from linear topographic Rossby wave dynamics. A notable exception is the vertical
amplitude structure at Site D in the main thermocline where strong baroclinicity
is observed, perhaps as a result of interaction with the steeper slope further to the
north. The array average phase differences between horizontal velocity components
and temperature suggest that the motions decay in the direction of propagation
except in the lowest band where growth is indicated. This indirect conclusion is
supported by the actual distributions of energy for each frequency band.
The success of the linear wave theory has driven us to seek an explanation of
the non-uniform energy distribution in terms of energy propagation along rays.
Tracing backward energy maxima in each frequency band we find a common
source or intersection point somewhat east and south of the central part of the
array. There is no notable piece of topography in this region nor nothing exceptional known about the long term energetics of the Gulf Stream that would suggest
a semi-permanent localized source for topographic waves.
It is known, however, that during the first few months of deployment of the
moorings the Gulf Stream was undergoing a large amplitude deformation (meander)
in this region. Figure 11 shows contours of the 15 ° isotherm at the surface from
Luyten (1977) (his Fig. 4) showing this feature which continues to be present in
NOAA charts until early summer when cloud cover obscures the area. By fall
the Stream had returned to its more usual location.
We have no other information to link this surface expression of the Stream
and deep motions but Lou is and Smith (I 981) have recently presented more
conclusive evidence of a coupling between topographic wave motions on the
Scotia Rise and the formation of a Warm Ring further offshore. Noting that
longshore currents at a certain time oscillated with a period that increased with
time they were able to trace the waves back to a common temporal and spatial
origin using their dispersive character. Coincident with this origin was a Warm
Ring. We have attempted a similar analysis with the Rise Array with no success.
This time series appear much more random and less deterministic.
Recently, Pedlosky (1980) has shown that geostrophic shear flows can be destabilized by topography with the unstable waves being growing versions of the
bottom trapped waves we have been considering. For the idealized situation
where the mean flow is along isobaths and of the form
U(y,z)

= U + V , y + U: z + V zv yz
0

and the bottom can be represented by
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period of the Rise Array which was deployed in April and recovered in December. From
Luyten (1977).

h(y) = h 0

+ h,y+

';• y'

the necessary condition for instability is

!f_
f ay

az

=0

at some point on the bottom, a condition equivalent to requiring that the isopycnals
be tangent to the bottom at this point. In Figure 12 (top panel) is shown the
value of the potential density, <re, versus north-south distance averaged over the
indicated number of stations found in the area. There is some support for there
being two points of tangency as indicated by arrows . The maximum in <re is
found near the core of the Western Boundary Undercurrent (WBUC).
Pedlosky further shows that the horizontal wavelength of the neutrally stable
wave is given by
X

= 21r N U,/(N'h., -f U,,)

which must be positive. In Figure 12 (bottom panel) are shown mean long isobath
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observed by the Rise Array at 200 m and 1000 m off the bottom. Straight lines are linear
regressions in the two distinct regions of linear shear.

flows at 200 m and 1000 m off the bottom as determined from the Rise Array
by averaging together instruments at similar depths and isobaths. The WBUC is
prominent and is responsible for the 5 cm/ sec minimum that coincides with the
ere maximum. The whole area can be broken into two regions of reasonably
constant shear as is shown with only conditions on the deeper Rise being unstable.
Values of v. and v.z from linear regression analysis are shown. Substituted into
the above expression we find A = 45 to 75 km depending on whether N is 0.3
cph or 0.5 cph. Pedlosky proves that this is the lower bound so the most unstable
wave will be longer, possibly near the 300 km observed.
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Maximum growth rate is achieved for waves with l= 0 or a wavenumber directed
along slope. It is interesting to note in Figure 9b that the rays intersect very near
the turning depths for the two higher frequency bands at which point this condition
is satisfied. It is also noteworthy that energy in these two bands propagates to
shallower depths above the WBUC where conditions may be stable while that
in the lowest band moves more nearly along isobaths remaining in the unstable
region, perhaps accounting for the observed growth of energy in this band.
The mean northward temperature gradient in the region is negative ( :~

<

0)

so energy is released from the large scale available potential energy when v'T' >
0 and converted into eddy kinetic and potential energy. Consistent with the notion
of instability we note from Figure IO that the only band with v'T' > 0 is the
lowest, 22 to 108 days. Here the heat flux is of order 0.1 cal/ cm'sec which if
applied to a region 1000 km long and 3 km high yields a net flux of 3 X 1012
cal/ sec northward , a small fraction of the estimated 500 X 1012 cal/ sec flowing
northward in the oceans at this latitude (Yonder Haar and Oort, 1973).
Thompson (1977, 1978) and Luyten (1977) have both suggested that the
Reynolds stresses associated with the low frequency motions may be an important
force driving the deep motions. Thompson (1977) has calculated accelerations of
(I cm/ sec) per 10 days when the Reynolds stress convergences are balanced
solely by acceleration in the east-west momentum equation. In this equation the
principal Reynolds stress convergence term is -

aay (u'v'), the northward gradient

of the u-v velocity correlation which changes from positive values in the south to
negative ones further north. We have shown that the south is dominated by the
lower frequency topographic waves which have a positive u-v correlation (k>0,
l< 0) while further north higher frequency motions dominate and these have a
negative u'v' (k < 0, 1<0): it would appear that the gradient in this component of
the Reynolds stress is a result of the di spersion of the waves from their common
source. This being the case one might worry about the generality of Thompson's
(1978) conclusion that the stress convergences are driving the Western Boundary
Undercurrent as well as the deep Gulf Stream. It would seem that the topographic
wave field observed during this experiment could be a strong function of the
activity of the surface Gulf Stream at that time and a much longer experiment
would therefore be required to make meaningful Reynolds stress calculations
based on average properties of the deep wave field.
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