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ABSTRACT

Radiating baroclinic Rossby waves excited through instability of the Cape Verde frontal zone are proposed
as a mechanism for the generation of mesoscale variability at middepth (1000 m) in the southeastern North
Atlantic basin. Linear quasigeostrophic theory is applied to an idealized front representative of the Cape Verde
frontal zone to demonstrate that the front is unstable to modes that may radiate away from the frontal region
as baroclinic Rossby waves. Evidence for the existence of these waves is obtained from an eddy-resolving, basin-
scale general circulation primitive equation model. In addition, the mode! fields are used to identify characteristic
signatures of the waves in terms of quantities that may be directly observed in the ocean. Lagrangian trajectories,
Reynolds stress, eddy kinetic energy, and frequency spectra taken from SOFAR float and current-meter records
are all in good agreement with the amplitude and distribution implied by the wave radiation in both the linear
theory and the full primitive equation model. It is concluded that the Cape Verde frontal zone is a source of
radiating baroclinic Rossby waves and that these waves are an important component of the low-frequency eddy

energy at the middepth ocean in the southeastern basin.

1. Introduction

Mesoscale variability may be introduced to the mid-
ocean through the radiation of Rossby waves generated
at distant meandering frontal regions (Pedlosky 1977).
Increased mesoscale activity in the vicinity of strong
currents has often been related to baroclinic and/or
barotropic instabilities of these fronts. Talley (1983)
notes that the most unstable modes of a zonal current
are often trapped within a deformation radius of the
source region, but that modes with lower growth rates
are sometimes able to radiate away from the jet. The
process has been most often investigated in the context
of western boundary currents such as the Gulf Stream
and Kuroshio. Early theories for steady meander am-
plitude or exponential growth indicated that the phase
speed of the meanders had to be westward in order to
radiate Rossby waves into motionless interiors (i.e.,
Pedlosky 1977; Talley 1983). More recently, Mala-
notte-Rizzoli et al. (1987) and Hogg (1988) have
shown that westward-propagating Rossby waves may
be generated by eastward-propagating meanders if the
meanders have periods of growth and decay.

Observational evidence for Rossby wave radiation
is growing. Several isolated observations of Rossby
waves have been related to Guif Stream meandering
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or ring formation events (Louis et al. 1982; Johns and
Watts 1986; Schultz 1987). Bower and Hogg (1991)
find some evidence of wave radiation to the north of
the Gulf Stream in historical current-meter data. Sat-
ellite altimeter observations in the Kuroshio region
have also shown evidence of wave radiation (Tai and
White 1990).

Although these previous results have been sometimes
supportive of radiation as a mechanism of generating
variability away from frontal regions, they are far from
conclusive and, to date, have been limited to strong
western boundary current regions. This bias results
from having considerably more data available in these
regions and the fact that strong fronts might be expected
to radiate waves more strongly than weak fronts, mak-
ing these regions likely places to observe radiating
waves. There are several factors that work against ob-
serving wave radiation near western boundary currents,
including complex topography (which may change the
propagation characteristics of the waves), energetic
variability due to other processes (i.e., local instabilities,
surface forcing, and mesoscale eddies and rings), and
a complex wave radiation mechanism that may depend
on the transient nature of the meander amplitudes.
These factors do not compete with wave radiation as
strongly in the Cape Verde frontal zone because the
topography is relatively smooth, the eddy kinetic energy
is low, and the frontal flow is to the west (conducive
to westward meander phase speeds).

A schematic of the upper ocean currents in the east-
ern basin of the North Atlantic is shown in Fig. 1. The
region of interest for the present study is indicated by
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FIG. 1. Schematic of upper ocean currents in the eastern basin.

the boxed area extending from 40°W to the coast and
from 10°N to 28°N. In addition to the general Sver-
drup circulation, there are two major fronts located in
this area, the Azores Current and the Cape Verde fron-
tal zone. The Azores Current originates near the Grand
Banks where the Gulf Stream bifurcates into the
northeastward-flowing North Atlantic Current and the
southeastward Azores Current. Once in the Canary
Basin the current filaments, turns to the south, and
recirculates toward the west. The term Cape Verde
frontal zone (CVFZ) was introduced by Zenk et al.
(1991) to characterize the eastern portion of the water
mass boundary between the North Atlantic central wa-
ter and the South Atlantic central water. It is located
between 15°N and 25°N in this area, There are two
upper ocean currents located in the CVFZ. The Canary
Current flows to the south along the coast of Africa,
separates from the coast at about 23°N, and flows to
the west. This westward flow merges with the upper
ocean wind-driven transport from the south to form
the westward-flowing North Equatorial Current. For
reference, the Mediterranean salt tongue is also indi-
cated on the figure by the dashed line; it is located
primarily to the north of the region of interest. Just to
the south of the boxed area are the eastward-flowing
North Equatorial Counter Current and the westward-
flowing South Equatorial Current. The Azores, Cape
Verde, and Canary Islands are also indicated.

The mesoscale variability of the eastern North At-
lantic has been the subject of much research in recent
years. Although the eastern basin was traditionally
thought to be governed primarily by Sverdrup dynam-
ics, recent observational programs have revealed the
existence of relatively strong upper ocean fronts, me-
soscale eddies, and submesoscale lenses of Mediterra-
nean water. Much of the modeling and theoretical work
has been concentrated on the dynamics of the two
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strongest fronts in the region, the Azores Current and
the CVFZ. This interest results from both the predom-
inance of instability theory as an eddy generation
mechanism and the availability of data in the upper
ocean near these fronts. Linear theory and numerical
models have demonstrated that these frontal regions
are subject to baroclinic instability. The observed space
and time scales of variability are consistent with those
predicted by the stability models. Only recently has
enough data been collected to characterize the meso-
scale variability in the deep ocean and away from these
frontal regions.

The present analysis proposes radiating baroclinic
Rossby waves excited through instability of the CVFZ
as a mechanism to generate mesoscale variability in
the midocean (1000 m) southeastern basin. We initially
make use of linear quasigeostrophic theory to char-
acterize the space and time scales of the waves that
may be forced by the frontal instability. An eddy-re-
solving, general circulation primitive equation model
is then used to demonstrate that the frontal instability
does generate waves consistent with the linear theory
and that these waves radiate into the relatively quies-
cent regions adjacent to the front. In addition, the
model fields are used to identify characteristic signa-
tures of the waves in terms of quantities that may be
directly observed in the ocean. Lagrangian trajectories,
Reynolds stress, eddy kinetic energy, and frequency
spectra taken from observations are all in good agree-
ment with the amplitude and distribution generated
by the wave radiation in both the linear theory and the
full primitive equation model.

A linear quasigeostrophic stability analysis is carried
out in section 2 to demonstrate that the CVFZ is ca-
pable of generating baroclinic Rossby waves. The ex-
istence of radiating waves and their characteristic sig-
nature in a general circulation primitive equation
model are presented in section 3. Observational evi-
dence of radiating Rossby waves is given in section 4
and final conclusions are presented in section 5.

2. Rossby wave radiation

A frontal jet may be the source of radiating waves
if a wavelength and phase speed of the frontal instability
coincide with a point on the dispersion curve for a
wave in the surrounding medium (Talley 1983). Waves
characterized by such a point might then be expected
to be found radiating away from the region of frontal
instability. The unstable wavelength does not need to
be the fastest-growing instability of the jet; it only has
to have a growth rate large enough to generate a de-
tectable perturbation. Westward jets, such as the CVFZ,
are generally more likely to have unstable waves with
westward phase speeds than are eastward jets. For this
reason, it is also more likely that a westward jet may
match the Rossby wave dispersion relation and gen-
erate disturbances that are able to radiate away from
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the frontal region. We demonstrate here that an ideal-
ized model of the CVFZ satisfies this requirement.

A linear quasigeostrophic stability analysis is applied
to a baroclinic jet in a zonal channel on the beta plane
with periodic boundary conditions in the downstream
direction. The linear form of quasigeostrophic equa-
tions is written in terms of the streamfunction y as

VA + B — fow. = 0 (1)
Y = (N?/ fo)w. (2)

The mean density profile and velocity structure of
the jet are intended to represent the unperturbed state
of the CVFZ. The background stratification is taken
to be the same as that used in the numerical study of
Onken and Klein (1991, hereafter OK91) and is
shown in Fig. 2a. The velocity structure of the unper-
turbed jet is shown in Fig. 2b. The vertical shear at the
center of the jet is based on the analysis of OK91, nu-
merical model calculations (see next section), and the
hydrographic data of Zenk et al. (1991). The jet is
strongly surface intensified, with a maximum westward
velocity of 8.6 cm s™! at the surface and 2 cm s™! at
400 m. The horizontal profile is taken 10 be Gaussian
with an e-folding scale of 100 km. The results of the
following stability analysis are not overly sensitive to
reasonable choices of these jet parameters.

These reference density and velocity profiles define
a mean state streamfunction ¥(y, z) that together with
a perturbation streamfunction ¢(x, y, z, t}, defines the
total streamfunction. Following the analysis of Beck-
mann ( 1988), the perturbations are assumed to have
a zonal wave form of

¢ = M(y)F(z) expli(kx — wt)]. (3)
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speed; CME Rossby wave packet wavelength is indicated by the
square.

Substitution of this form into Eqs. (1) and (2) results
in an eigenvalue problem for the complex frequency

= w, + iw;. The system of equations is solved using
second-order finite differences in the horizontal and
Chebyshev polynomials in the vertical. The perturba-
tion is also assumed to be periodic in the meridional
direction. Details of the solution procedure can be
found in Beckmann ( 1988). The horizontal grid spac-
ing is 7.8 km and nine polynomials are used in the
vertical. The bottom depth is constant at 4500 m, and
the environmental rotation parameters are represen-
tative of conditions at 20°N, f; = 0.5 X 10™*s™!, and
B=20X10""mts7!,

For each wavenumber k, unstable modes may exist
with growth rate w; and phase speed ¢ = w,/k. We are
interested only in those modes that have a westward
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FIG. 2. (a) Background density profile and (b) unperturbed velocity profile
for stability analysis (contour interval: 1 cm s™!).
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FIG. 4. First two baroclinic modes. Deformation radii
are 57.3 km and 29.2 km.

phase speed in order to determine if they force Rossby
waves in the surrounding water. Figure 3 shows the
growth rate for the fastest-growing mode with westward
phase speed at each wavenumber. The jet profile is
unstable to westward-propagating disturbances be-
tween wavenumbers 8.4 X 107® m~! and 6.3 X 1073
m~', or wavelengths between 100 km and 750 km.
The fastest-growing perturbation with westward phase
speed is found at 140-km wavelength, slightly less than
the 200-km wavelength reported by OK91 for a uni-
form vertical shear. The growth rate decreases for
wavelengths longer than 140 km; however, wavelengths
up to 400 km have substantial growth rates that remain
within a factor of 3 of the fastest-growing waves.

To determine if Rossby wave radiation from the
front is likely, the dispersion relation for freely prop-
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agating waves in the surrounding water must be cal-
culated. The dispersion relation for a baroclinic Rossby
wave is written as

Bk
k2417 + M\,

w, =

(4)

where A\, = 1/a2 and g, is the radius of deformation
for the nth baroclinic mode. The first two baroclinic
modes are shown in Fig. 4. The first mode has a zero
crossing at 1800 m and the second has zero crossings
at 750 m and 2950 m. The associated radii of defor-
mation are 57.3 km and 29.2 km. It is assumed that
the meridional wavenumber is one half of the zonal
wavenumber (/ = 0.5k; this choice is motivated by
observations that are discussed in a later section). The
dispersion relations for the first two baroclinic modes
of the linear Rossby wave are shown in Fig. 5a. The
highest frequency is reached for the first baroclinic
mode at wavenumber 1.25 X 1075 m™!, or a wave-
length of 500 km. All waves with wavelengths shorter
than 500 km will have an eastward group velocity (g
= dw/0k), and all longer waves will have a westward
group velocity. The second baroclinic mode has lower
frequency at all wavenumbers.

The phase speeds of the Rossby waves are shown in
Fig. 5b. The phase speed for the first baroclinic mode
varies from near zero for very short waves to —7
cm s~! (negative phase speeds are to the west) for the
longest waves. Also plotted on the figure are the phase
speeds of the fastest growing westward-propagating
modes obtained from the linear stability analysis (bold
line). We find that the perturbation at wavenumber 2
X 107> m™! (315 km) has a phase speed that just
matches that of a first-mode baroclinic Rossby wave
in the surrounding water. Modes of the jet that are
unstable to wavenumbers larger than this have west-
ward phase speeds that are faster than can be supported
by the baroclinic waves. Jet instabilities that exist at
very low wavenumbers have a phase speed much slower
than that for the mode 1 waves. The growth rate for
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FI1G. §. (a) Dispersion relation for first two baroclinic modes of a Rossby wave and frequency
and wavenumber of CME Rossby wave packet (square), (b) phase speed versus wavenumber for
first two baroclinic modes; linear stability analysis (bold line) and CME Rossby wave packet

(square).
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the 315-km wave is found from Fig. 3tobe 3.5 X 107
s~!, equivalent to an e-folding time of 33 days. For
comparison, the e-folding time of the fastest-growing
wave 1s approximately half of this, 16 days. Based on
this analysis, we expect that the baroclinically unstable
CVFZ could generate first-mode baroclinic Rossby
waves with wavelengths near 315 km and westward
phase speeds of approximately —3 cm s™!. The group
velocity is to the east at approximately 1 cm s™'.

Waves generated at the real CVFZ front are not ex-
pected to assume the mode 1 profile in the vertical
immediately. This is because the CVFZ is more surface
intensified than the first baroclinic mode and does not
exhibit a strong reversal of flow in the deep. We antic-
ipate that the waves would adjust to this profile through
the vertical propagation of energy at the vertical group
velocity, approximately 1 km yr™!.

A similar range of baroclinic instability is also found
in the numerical study of OK91. Their analysis indi-
cates that the middepth of a periodic zonal jet modeled
after the CVFZ is dominated by variability with spatial
scales of 125 km to 350 km. The phase speeds of these
modes vary from nearly zero for the shortest waves to
—3.5 cm s™! for the longest waves. They attribute this
variability to baroclinically unstable modes of the sys-
tem. The phase speed of the 300-km waves in their
model is close to that predicted by the linear stability
analysis here. This implies that nonlinear effects do
not significantly alter the relationship between the
phase speed and wavelength of the perturbation at this
wavelength. This is important because, for perturba-
tions that have a growth rate shorter than the period
of the wave (as in the present analysis), we expect ra-
diation of energy in the form of Rossby waves to take
place in the nonlinear regime. Thus, in the following
analysis, it is assumed that the frequency of the frontal
perturbations that radiate waves is real, not imaginary
as it is in the linear stability analysis.

It is noted here that OK91 do not discuss the pos-
sibility of radiating waves, but do demonstrate the
presence of long barotropic Rossby waves (very rapid
westward phase speeds) and topographic Rossby waves
‘(bottom trapped with eastward phase speeds). It is
possible that radiating waves were not detected in their
simulation because the time scales needed for the waves
to propagate away from the source region are longer
than the time scales for which their periodic model
was run.

3. Numerical simulations

The previous analysis indicates that the CVFZ may
be a source region for baroclinic Rossby waves. We
will now seek evidence of such wave generation and
propagation in an eddy-resolving, primitive equation
general circulation model. The calculation is an exten-
sion of the original Community Modelling Effort
(CME) calculation (Bryan and Holland 1989), carried
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out at the National Center for Atmospheric Research,
in which the horizontal and vertical diffusion param-
eterizations have been reduced. All other aspects of the
extended simulation are the same as in the original
CME calculation. The model domain extends from
15°S to 65°N and has eddy-resolving horizontal res-
olution (1/3° latitude, 2/5° longitude) and 30 levels in
the vertical. The model was initialized with climato-
logical hydrography and integrated for 25 years. Details
of the numerical simulation can be found in the pre-
ceding reference and are not reproduced here. Such a
basin-scale general circulation model is desirable to
study the generation and propagation of these waves
because the time scales required for the waves to extend
away from the frontal zone into the interior is on the
order of years. Idealized periodic models, such as that
used by OK91, are valid only for relatively short time
scales, on the order of months, so they are not as ap-
propriate for the present analysis.

The mean hydrography of the numerical simulation
in this region compares well with climatology (Spall
1990, hereafter S90). The CVFZ separates the saline,
warm North Atlantic central water to the north from
the fresher, colder South Atlantic central water to the
south (see Fig. 1). It has been shown that this front is
baroclinically unstable (S90; OK91). This front also
marks the boundary between the ventilated thermo-
cline circulation of the North Atlantic and the unven-
tilated shadow zone of Luyten et al. (1983).

Although baroclinic waves would be expected to
have a signal throughout the water column, we will
concentrate on the middepths (1000 m) for two rea-
sons. First, the amplitude of the waves is expected to
be small, so that their signal in the upper ocean may
be obscured by other mesoscale phenomena that are
surface intensified. Second, this depth is relevant to the
Mediterranean outflow and both Lagrangian float and
moored instrument data are available here. The zero
crossing of the first baroclinic mode is at 1800 m. The
amplitude at 1000 m is approximately half its maxi-
mum at the surface (Fig. 4) so we expect to have a
strong signal at this depth.

Fig. 6 shows the velocity field at 1125 m over an 8°
square centered at 20°N, 27°W on day 3 of year 22 in
the model. This pattern of mesoscale variability is typ-
ical of that found to the north of the CVFZ at this
depth. The eddies have velocities up to 5 cm s~ ' and
spatial scales on the order of 150 km. A time series of
such plots indicates that cyclonic and anticyclonic ed-
dies near 19.5°N, 26°W move to the southwest. It is
not obvious from the velocity field alone what the na-
ture and source of this variability is.

Analysis of the vorticity equation terms consistent
with the model numerics (Spall 1989) in this region
demonstrates that these eddies constitute a baroclinic
Rossby wave packet. The dominant balance in the
vorticity equation for a linear, baroclinic Rossby
wave is
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V2\bt = —ﬁw,\* + wzf- (5)

Figures 7a~d show the relative vorticity (V3}), the time
change of relative vorticity (V2y,), horizontal advection
of planetary vorticity (—B¢,), and stretching of plan-
etary vorticity (w,f). All other terms in the full prim-
itive equation vorticity balance are found to be neg-
legible. A wave packet can be clearly seen extending
from 18°N, 28°W to the northeast near 23°N, 24°W.
The Rossby number of the variability is small, O(0.01).
The time change of relative vorticity is out of phase
with the relative vorticity and indicates southwestward
propagation of the wave crests. The wave propagates
primarily by advection of planetary vorticity, with a
smaller contribution from the vertical stretching term.
The stretching is in phase with, but of opposite sign to,
the advection term. The vertical velocity in this com-
ponent of the wave is on the order of 3 X 103 cm s !,
much larger than that found at this depth away from
the wave.

The wave is characterized by a wavelength of ap-
proximately 300 km and a phase speed of —2.8
cm s~'. This gives a frequency of 6 X 10~ s™!, or a
period of approximately 120 days. The location of this
wave on the linear Rossby wave dispersion diagram is
indicated by the square in Figs. 52 and 5b. It is in rea-
sonable agreement with the linear Rossby wave theory
and falls remarkably close to the radiating waves pre-
dicted by the stability analysis. Based on this analysis
we conclude that this westward-propagating distur-
bance is a baroclinic Rossby wave,

For a wave packet of the orientation shown in Fig.
7, the meridional wavenumber is of the same sign as
the zonal wavenumber and the meridional phase speed
is to the south. The meridional group velocity of a
linear Rossby wave is always of sign opposite to the
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meridional phase speed so it is to the north. It was
shown from the dispersion curve (Fig. 5a) that the
zonal group velocity is to the east, so that energy prop-
agates from the southwest to the northeast in this wave.
This is consistent with the CVFZ, which is to the south,
being the source of energy for this disturbance. Because
the particle trajectories are oriented perpendicular to
the direction of phase propagation, the Reynolds stress
term (u'v’) will be negative for this northeastward
group velocity. Southeastward group velocities (where
the meridional wavenumber is of opposite sign to the
zonal wavenumber) will give a positive Reynolds stress
at this wavelength. o

The mean Reynolds stress ©’v’ is shown in Fig. 8 at
a depth of 1125 m, calculated over the last three years
of model integration (the overbar indicates a time av-
erage). Also indicated on the figure is the mean position
of the CVFZ in the model calculation (long dashed
line) and an average of several frontal positions esti-
mated from hydrographic data (Zenk et al. 1991 ) (short
dashed line). To the north of the CVFZ the Reynolds
stress is almost everywhere negative while to the south
it is almost everywhere positive. The amplitudes are
largest approximately 200 km away from the mean
position of the CVFZ and indicate energy propagation
as far as 600 km to the north and south of the front.
As indicated in Fig. 2b, the CVFZ is approximately
300 km wide. This length scale is also in general agree-
ment with the distance at which frontal meanders were
found to penetrate into the adjacent motionless regions
in the periodic model of OK91. The maximum in
Reynolds stress is offset from the mean frontal location
because the wave signature dominates the frontal vari-
ability only away from the meandering front. The
Reynolds stress is found to be very small to the south
of the front, east of 26°N. This may be due to the
presence of the shallow Cape Verde Plateau and Cape
Verde Islands, which would interfere with the wave
propagation in this area. The Reynolds stress distri-
bution found here presents strong evidence that these
waves exist throughout the region, that the source for
these waves is the CVFZ, and that they are indeed ra-
diating waves, propagating energy well away from the
front. The symbols indicated on the figure mark the
location of observations, which will be discussed in the
next section.

To compare these model results with SOFAR float
observations, we would like to know what the Lagran-
gian signature of a float placed in one of these wave
packets would look like. The Lagrangian trajectory is
recovered from the Eulerian model data (available at
3-day intervals) by inverting the equation.

dx(t; xo)/dt = u(x(t; xo), t) (6)

where the vector x is the three-dimensional particle
position, X, is the position of the particle at time zero,
and u is the local three-dimensional velocity. This
equation is integrated using a fourth-order Runge-



802

(A) 240

JOURNAL OF PHYSICAL OCEANOGRAPHY

20.0

16.0

16.0

VOLUME 22

(B)24.0

16.0

16.0
-30.0 —26.0
-5.6 : 6.1 :2.0
w, f

FI1G. 7. Vorticity equation terms from CME model calculation, (a) relative vorticity, V2 (xX10~*
s7"), (b) time change of relative vorticity, V2, (X103 572), (c) advection of planetary vorticity,
=By, (X10713 572), and (d) stretching term, w,f) (X10~3s72),

Latitude

-24.0

-32.0 -28.0 -20.0

Longitude
FIG. 8. Reynolds stress (1'v’) from last three years of CME sim-
ulation. Long dashed line indicates mean CVFZ position in CME
model; short dashed line indicates mean position from several hy-
drographic surveys. Square marks mean position for CME float F1;
triangles mark mean positions for SOFAR floats FA, FB, and FC;
circles mark locations of current meters M1, M2, M3, M4, and M5.

Kiitta scheme. The velocity at the location of the La-
grangian water parcel is linearly interpolated from the
surrounding (in space and time) model grid points.
Model data are provided every 3 days. Béning and Cox
(1988) found that Eulerian sampling at 3-day intervals
resolved the temporal variability quite well for a La-
grangian analysis in the eastern basin of a primitive
equation model with similar resolution. In addition,
they found the results to be relatively insensitive to the
choice of horizontal interpolation and they also used
a linear interpolation in their final analysis.

A simulated float was placed at 21°N, 28°W, at a
depth of 1000 m on day 3 of model year 22, near a
crest in the wave analyzed previously. The Lagrangian
trajectory of this float for the next two years is shown
in Fig. 9. A small circle marks the initial position of
the float and + marks are placed every 60 days along
the float track. Statistics of the float trajectory are sum-
marized in Table 1 for float F1. The mean float position
is indicated on the map of Reynolds stress (Fig. 8) by
a square. The float demonstrates an oscillating pattern
with an amplitude of approximately 150-200 km and
an orientation tilted approximately 30° relative to
north. Although the float has relatively large advection
speeds, up to 5 cm s”!, the net translation over the
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FIG. 9. Two-year Lagrangian trajectory of CME mode! float F1,
circle marks starting point, “+" spaced at 60-day intervals along the
trajectory.

two years is very small. For a perfect Rossby wave with
no mean background flow, we would expect the float
to oscillate back and forth parallel to the wave crests,
resulting in no net translation over a wave period. The
result found here is consistent with such a Lagrangian
path. The u”v’ for this floatis —1.1 cm? s ™2, indicating
energy propagation to the north. The model float also
upwells (downwells ) approximately 100 m as it is ad-
vected to the north (south).

If the CVFZ is indeed a source for radiating Rossby
waves, we would expect to find them throughout the
region both to the north and south of the front, as
implied by the map of Reynolds stress shown in Fig.
8. Fourteen floats have been placed in the model fields
at two degree spacings along two lines, one line at 28°W
and one line at 24°W., The resulting 2-year Lagrangian
trajectories are shown in Fig. 10. The mean frontal
position in the model is indicated by the dashed line
near 18°N. To the north of the front, all floats exhibit

Longitude

FI1G. 10. Two-year Lagrangian trajectories of 14 simulated floats
in the CME model.

some degree of an oscillating pattern with northwest-
to-southeast orientation. The floats demonstrate a va-
riety of behavior, including both oscillation and trans-
lation (25°N, 24°W), oscillation and ejection from a
wave (19°N, 28°W), or advection and entrainment
by a passing wave (25°N, 28°W). South of the front,
the orientation of the oscillations changes to southwest
to northeast, consistent with Fig. 8 and southward en-
ergy propagation. This general picture is in agreement
with our hypothesis that Rossby waves are present at
middepths in this region and that they are generated
at the CVFZ. Because almost all floats in this region
show some tendency for wavelike behavior, it is also
believed that these waves represent the dominant form
of eddy kinetic energy at this depth in the model.
Floats placed farther to the north in the model (near
35°N, not shown here) exhibit a very low-frequency
(several years), primarily zonal advective path, which
is much different from the oscillating patterns seen in

TABLE 1. Summary of statistics for the CME float F1, SOFAR floats FA, FB, FC, and current meters M1, M2, M3, M4, and MS.

Source Lat (°N) Long (°W) Depth (m) u'v’ (cm? s7?) EKE (cm?57?)
F1 20.1 -27.5 1000 -1.1 4.0
FA 245 —25.5 1115 —4.1 6.5
FB 224 -21.2 1098 =33 11.2
FC 26.8 -23.1 1113 -1.6 39
Ml 19.0 -21.9 1280 1.7 7.4
M2 20.5 -23.6 1255 -1.6 6.7
M3 219 -25.3 1200 —-4.1 10.9
M4 21.9 -22.0 1307 —-5.6 8.3
MS 229 —20.5 1292 —1.4 6.1
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Fig. 10. Similar zonal advective patterns are also found
to the north in the SOFAR float experiment (Zema-
novic et al. 1988). It is believed that this is a dynam-
ically distinct regime in which the mesoscale variability
is not dominated by radiating waves.

4. Observations

We seek to obtain observational evidence for baro-
clinic Rossby wave generation as a result of baroclinic
instability of the CVFZ. Ideally, one would like to di-
rectly measure the three-dimensional velocity and vor-
ticity fields as a function of time in order to firmly
establish the character of the observed variability and
relate it to a Rossby wave. Obviously the data required
to do this would be extensive and no such dataset exists.
We can, however, make use of our knowledge of
Rossby wave dynamics and the characteristic behavior
of the waves found in the numerical simulation to pro-
vide us with signatures by which the existence and
source of the waves may be inferred. The sign of the
Reynolds stress is a strong measure of the preferred
" orientation of the variability and an indication of the
direction of energy propagation for waves in the system.
Bower and Hogg (1991) used the sign of the Reynolds
stress based on historical current-meter data to inves-
tigate the radiation of Rossby waves to the north and
south of the Gulf Stream. Estimates of the observed
Reynolds stress in the present analysis are obtained
from both Lagrangian floats and moored current me-
ters. The patterns of the real Lagrangian floats may
also be compared with those calculated from the three-
dimensional model fields, which we know to be rep-
resentative of the Rossby wave variability in the model,
for qualitative similarity. In addition, for variability
dominated by wavelike motions, we expect to find a
peak in the kinetic energy spectra representative of the
frequency of such waves. Estimates of the energy spec-
tra are available from both the Lagrangian floats and
the moored current meters. Finally, we expect the eddy
kinetic energy calculated from both the Lagrangian
drifters and the current meters to be consistent with
the expected amplitude of these Rossby waves.

a. Reynolds stress

A long-term Sound Fixing and Ranging (SOFAR)
float experiment was carried out at the Mediterranean
Water depth (1100 m) in the eastern basin of the North
Atlantic between 1984 and 1988 (Zemanovic et al.
1988). SOFAR floats are designed to remain at a con-
stant specified pressure, thus resisting changes in depth
that would otherwise occur in regions of upwelling or
downwelling. The simulated floats in the previous sec-
tion undergo relatively small changes in depth over
each cycle of the wave (relative to the vertical scale of
the wave), so we believe that the horizontal trajectories
of the SOFAR floats in such waves will represent well
the actual horizontal trajectory that would be followed
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by a Lagrangian water parcel. Although most of the
floats in this experiment were placed far to the north
of the CVFZ, three floats are located far enough south
to be relevant to the present study. The float trajectories
are shown in Fig. 11, as in the model floats a small
circle indicates the starting location of each float and
+ marks are placed at 60-day intervals along the float
tracks. Float FA started at 24°N, 27°W and was tracked
for a period of 4.4 years. Float FB was started in a
meddy at 32°N, 22°W but after 2.8 years was ejected
from the meddy near 22.5°N, 22°W. Only the re-
maining 1.6 years, which are shown in the figure, will
be considered here. Float FC was started at 26°40'N,
26°W and was tracked for 4.4 years. The mean posi-
tion, depth, Reynolds stress, and eddy kinetic energy
for each of the floats is given in Table 1. The mean
locations of each of the floats are indicated on the
Reynolds stress map (Fig. 8) by triangles.

Each of the SOFAR floats found in this region ex-
hibits a pattern similar to the simulated numerical
model floats (cf. Fig. 10). There is a clear northwest-
to-southeast orientation of the trajectories with mean-
der amplitudes on the order of 200 km. Floats FA and
FB undergo very little net translation over the total
time series, while float FC appears to have both oscil-
lations and a net translation to the northeast (similar
to one such float from the model in this region). The
Reynolds stress is negative for all three floats, varying
between —0.33 cm? s 2 for float FB and —4.1 cm? 52
for float FA. These values compare well with both the
model-simulated float and the mean map of Reynolds
stress calculated from the last three years of model in-
tegration. . :

Moored current meters also provide estimates of ki-
netic energy and Reynolds stresses. There are five cur-
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@ 24.0 - -
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_ FB i
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Longitude

FIG. 11. Trajectories of three SOFAR floats, FA, FB, and FC.
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rent meters in the vicinity of the CVFZ; their positions
are indicated in Fig. 8 by the circles and statistics for
each mooring are given in Table 1 (from the summary
by Dickson 1989; the original data were collected at
the Institut fiir Meereskunde an der Universitit Kiel).
The Reynolds stresses are negative for all four of the
moorings placed to the north of the mean position of
the CVFZ (M2-M5), while the single mooring to the
south (M1) gives a positive value of the Reynolds stress.
The amplitudes of the Reynolds stress terms are gen-
erally consistent with those calculated from the SOFAR
and model float trajectories. The distribution of Reyn-
olds stress is similar to that found in Fig. 8, with the
two largest estimates found near the two local maxima
in the mapped field and the positive value found to
the south of the front.

Deep current meters near 4000 m at the same moor-
ing locations give Reynolds stresses an order of mag-
nitude lower with both positive and negative values to
the north of the front. The lack of a coherent Reynolds
stress signature at this depth may be explained if we
consider the vertical propagation characteristics of the
waves. It is believed that the source of the radiating
waves is in the upper 2000 m because the velocity sig-
nature in the CVFZ is very weak below this depth in
both observations (Zenk et al. 1991) and in the CME
model. The vertical group velocity is approximately 1
km yr~!, requiring two years for the signal to propagate
from 2000 m to 4000 m. The horizontal group velocity
is approximately 1 cm s~} so that over these two years
the wave would have traveled approximately 630 km
in the horizontal, placing the waves well to the north
of the mooring locations by the time the signal reached
4000-m depth.

b. Eddy kinetic energy

The eddy kinetic energies (K¢) of the SOFAR floats,
listed in Table 1, vary between 3.9 cm? s~2 for float
FC and 11.1 cm? s ™2 for float FB. Peak float velocities
of 4-6 cm s™! occur as the floats are traveling along
nearly straight paths oriented from northwest to south-
east, the same as was found for the simulated floats.
The amplitude of K at each mooring is also listed in
Table 1. The values are between 6.1 cm? s™2 and 10.9
cm? 52, The K of the model float is 4.0 cm? s72,
slightly less than, but close to, the observed values.

The kinetic energy spectra for the model-simulated
float (F1) and each of the SOFAR floats (FA, FB, and
FC) are shown in Fig. 12a. Floats F1 and FA show a
clear peak in kinetic energy at 110 days. Floats FB and
FC show two peaks, one at a slightly longer period of
135 days and one at a slightly lower period of 100 days.
The model float kinetic energy decays somewhat more
quickly at higher frequencies than do the SOFAR floats.
This is expected, given the relatively modest horizontal
resolution and strong eddy viscosity used in the model.

The kinetic energy spectra for mooring M2 are
shown in Fig. 12b (redrafted from OK91). The energy
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spectra have a peak between 100 and 125 days. This
frequency is in good agreement with the frequency of
the simulated Rossby waves and also with the peak
found in the kinetic energy spectra of the three SOFAR
float trajectories, although the amplitude is somewhat
lower. This may just be due to the fact that this mooring
is a little deeper in the water column (1250~1410 m)
and the baroclinic signal decreases with depth (by ap-
proximately a factor of 2 relative to 1000 m, see Fig.
4). The kinetic energy drops off very rapidly at higher
frequencies and decreases slightly at lower frequencies.

The magnitude and spectra of Kz calculated from
both the moored arrays and the SOFAR floats are con-
sistent with what was calculated for the simulated float
placed in the model Rossby wave. These results support
the hypothesis that the observed variability is caused
by radiating baroclinic Rossby waves, which were gen-
erated at the Cape Verde frontal zone.

It has been found that the K in the eastern basin
of the CME model is generally much less than observed
(S90; Treguier 1991) while the K¢ of the individual
Rossby wave identified here compares well with the
observations. At the NEADS-1 mooring (33°N, 22°W)
the K¢ in the mesoscale frequency band (50 to 200
days) at 1000 m is found to be low by two orders of
magnitude (Treguier 1991). The NEADS-1 mooring
is located too far to the north to be influenced by the
Rossby wave radiation mechanism identified in this
study. The source of the mesoscale variability in that
region is related to the local instability of the Azores
Current and its recirculation (S90; Beckmann 1988).
The mean K at 1125 m in the CVFZ is approximately
1 cm? s72 to 2 cm? s72 (S90), lower than the obser-
vations in Table 1 by a factor of 2-10. This lower value
in the model could result from several things: the model
may not be generating enough waves at the front, the
waves that are generated may not be strong enough,
the waves may decay prematurely, or the additional
energy levels may be a result of some other mechanism
not properly represented in the model. In the absence
of more observations it is difficult to rule out any of
these explanations. However, because the waves exist
throughout the region in the model, it seems that the
model is generating them quite regularly. The Ky of
most of the waves is somewhat less than that for the
wave which was chosen for detailed study here. These
lower energy levels are probably a result of the hori-
zontal grid spacing, which only marginally resolves the
300-km waves (approximately 9 grid points per wave-
length) and the premature decay which would result
from the viscous dissipation as the waves propagate
away from the front. It is believed, however, that the
model is capturing the essential process of wave radia-
tion at the present resolution.

5. Conclusions

It is proposed here that the Cape Verde frontal zone
(CVFZ) is a source of radiating Rossby waves. A con-
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(redrafted from Onken and Klein 1991).

dition for waves to radiate away from a meandering
front is that a wavelength and phase speed of the un-
stable modes match that of a freely propagating wave
in the surrounding medium. A linear quasigeostrophic
stability analysis indicates that an idealized CVFZ is
unstable to westward-propagating waves at wavelengths
between 100 km and 750 km. The phase speed of these

unstable modes matches the first-mode baroclinic
Rossby wave dispersion relation at a wavelength of 315
km and a phase speed of —3 cm s™!, giving a period
of 120 days.

Supporting evidence for the existence of these waves
was obtained from the CME eddy-resolving general
circulation model of the North Atlantic. Baroclinic
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Rossby waves were identified at middepth in the
southeastern basin through the leading-order balance
in the vorticity equation terms. These waves were found
to have wavelengths and frequencies that agreed well
with that predicted by the linear theory. Simulated float
trajectories were recovered from the Eulerian model
data to reveal the Lagrangian signature of the wave
packets. Floats within Rossby wave packets undergo
large oscillations in a northwest—southeast (southwest—
northeast) orientation for floats to the north (south)
of the CVFZ, often with very little net translation. The
large-scale distribution of float trajectories indicates that
the Rossby waves are present throughout the region.
The orientation of the float trajectories and the Reyn-
olds stress calculated from the final three years of model
data verifies that the source region of these waves 1s
the CVFZ. The large number of waves present in the
area suggests that they are being continuously generated
at the front.

Although observations at middepths in this region
are sparse, all of the available data known to us are
consistent with our hypothesis that baroclinic Rossby
waves are present in this region and that the source for
these waves is the CVFZ. Several SOFAR float trajec-
tories to the north of the front demonstrate Lagrangian
signatures very similar to that calculated from the
Rossby waves identified in the numerical model. In
addition, the kinetic energy amplitude, spectra, fre-
quency, and Reynolds stresses of the SOFAR floats are
all in good agreement with that predicted by the linear
theory and found in the numerically simulated floats.
Five current meters, four to the north of the front and
one to the south, give Reynolds stresses in good agree-
ment with northward propagation to the north of the
front and southward propagation to the south of the
front. Kinetic energy spectra available for one of the
current meters to the north of the front show a maxi-
mum close to the predicted Rossby wave frequency.
The CME model was essential to the present analysis
because it filled the gap between the very idealized lin-
ear stability analysis and the observations in such a
way that we were able to relate the available infor-
mation to the mechanism of Rossby wave radiation.

Because of the general agreement between the ob-
served variability and the modeled Rossby waves, and
the emergence of these waves as the major component
of eddy kinetic energy in this region in the CME model,
it is concluded that Rossby waves radiating from the
CVFZ are a significant source of eddy kinetic energy
at middepths in the southeastern basin of the North
Atlantic.
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