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Small-scale surface stirring and frontogenesis
in the subtropical convergence of the western North Atlantic
by Arthur D. Voorbis 1 and John G. Bruce 1

ABSTRACT
Direct 9bservations of surface fronts in the subtropical convergence of the western North
Atlantic have been made from rapid and densely sampled XBT surveys and by tracking surface drogues. Their rapid formati on (one· or two days) and the temporal and spatial variation
of frontal currents suggests that ageostrophic motions are crucial in the frontogenic proce·ss,
in ·agreement with theoretical models. Frontogenesis occurred along the boundaries ·of small,
shallow, but intense cyclones and anticyclones which grew from disturbances along the
periphery of a mesoscale cool tongue of surface water of northern origin. The observed scale
cascade resembles that due to instabilities in rotating tank experiments, and suggests that this
process could be important in lateral stirring and mixing and in releasing the potential energy
·stored in the upper layers of the subtropical convergence by the large-scale atmospheric forcing.

_1. _Introduction
During the winter, cold air masses moving off the North American continent
cool large areas of the northwestern Sargasso Sea and reduce the stratification in
the upper 100 to 200 m. This water is separated from warmer, lighter and more
stratified surface water to the south by a transition zone between 20N and 30N
called the subtropical convergence. Observations clearly show (Voorhis, 1969;
Katz, 1969) that the near-surface water within the zone is,frequently and dramatically modified by fronts .
A front appears as a long, narrow, boundary separating surface water masses. of
,differing temperature, salinity, density, which can be tracked along the sea surface
for 100 km or more. On the surface the width of the boundary is quite small,
usually of the order of 100 m. Beneath the surface the boundary slopes downward
under the lighter water mass and becomes level at depths of 50 to 150 m in a
distance of the order of 10 km from the surface expression. One of the most
important features of these fronts is the unusually intense surface jet which flows
along the boundary in approximate geostrophic equilibrium with a cross-frontal
pressure gradient set up by higher sea level on the less dense side of the front.
Surface current speeds of 50 to 80 cm/sec are not unusual.
J. Woods Hole Oceanographic'lnstitution , Woods Hole, Massachusetts, 02543, U .S.A.
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Until recently, the origin of this frontogenesis was quite obscure. Theoretical
models (Hoskins and Bretherton, 1972 ; Williams, 1972) suggest that it is initiated
by a large-scale current field which (through lateral deformation or shear, for
example) acts to increase the horizontal density gradient and the relative vertical
vorticity in the surface layers. The most energetic large-scale surface motions within
the subtropical convergence are due to a close-packed turbulent field of mesoscale2
eddies (MODE, 1978) having a dominant spatial scale of 300 km (average eddy
diameter) and temporal scale of several months (eddy lifetime). These mesoscale
currents (20 to 30 cm/sec) continuously advect and deform the large-scale temperature field within the convergence zone, degrading it into structures having
smaller and smaller spatial scales (Voorhis and Schroeder, 1976). The result is
quite striking in infrared satellite imagery of the sea surface (Legeckis, 1978)
which show the temperature field to be broken up into long meridional and zonal
tonguelike features. During MODE, surface temperature measurements suggested
that the boundaries between these features were preferred sites for surface fronts.
However, the sampling was simply too coarse to resolve frontogenic events and
to trace their spatial and temporal evolution.
A field experiment to explore with higher resolution the connection between
frontogenesis and mesoscale motions and to observe upper ocean variability in
general was carried out by Leetmaa and Voorhis (1978) from the NOAA Ship
Researcher during the first three weeks of March 1977, in an area extending 170
km east-west, 100 kms north-south, and centered at 28°45'N, 68°55'W. A largescale surface thermal front along the boundary of a mesoscale cyclonic eddy was
rapidly and repeatedly surveyed with closely spaced XBT's. The upper ocean density
structure was found to be more complex and richer in space scales than hitherto
supposed. In particular, shallow baroclinic motions, having wavelengths of the order
of 50 kms were observed along the mesoscale eddy boundary. These disturbances
appeared to grow and to both disrupt and to re-intensify the large-scale front.
These observations are summarized in more detail below. Then, the results of surface drogue measurements (not reported hitherto) designed to participate in
frontogenic events and carried out between XBT surveys are described. Finally,
the relationship between the smaller scale motions and upper ocean energetics and
mixing is discussed.
2. Surveyed upper-ocean structure

A promising survey area within the subtropical convergence was chosen with
the aid of GOES infrared satellite imagery. Shown in the upper part of Figure 1 is
the sea-surface temperature, reconstructed from this imagery, over a large portion
2. Convent!onal scale terminology .in physical oceanography is used here. Mesoscale refers to spatial
scales extending from 50 km, the internal Rossby radius, to 500 km. Synoptic or gyre scales are
larger than 500 km an d small scales are less than 50 km.
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Figure 1. Upper. Calibrated sea surface temperature at 1 °C resolution from digital GOES
satellite infrared data showing subtropical convergence on February 28, 1977. Outlined area
shows region on which shipboard surveys were conducted in March, 1977. Lower. Vertical
temperature section along 70W longitude on 3 and 4 March 1977, from XBT drops every
20 km.

804

Journal of Marine Research

[40, Supplement

of the convergence four days before our arrival. The dominant features are the long
(100 to 200 km) alternating warm and cool tongues of advected surface water
extending northwest and southeast with a zonal wavelength of about 200 km. A
preliminary look at subsurface thermal structure was obtained from hourly XBT
drops along longitude 70W during the ship's initial approach to the area from the
south. This is shown in the lower half of Figure 1. On average, isotherms in the
upper 100 to 200 m slope upward to the north, a characteristic of the large-scale
structure in the subtropical convergence at this time of year. In the deeper layers,
within the main thermocline (> 400 m), isotherms slope downward to the north.
This is characteristic of the large-scale baroclinicity in the western North Atlantic
gyre.
After a preliminary ship survey of surface temperature, hereafter referred to as
Survey 1, it was decided to confine our attention to the area, 100 by 200 km in
extent, outlined on the map in Figure 1. This encompassed the southern boundary
of a cool tongue of surface water from the north. Over the next two weeks this area
was resurveyed completely or partially four times, referred in the following as
Surveys 2, 3, 4, and 5. On each survey, which took about two days, the ship
steamed at 10 knots over a network of north-south tracks spaced from 10-25 km
apart. Along the tracks near-surface temperature was sampled continuously at 4 m
depth by a bow thermistor, surface salinity sampled every 10 km from water
samples, and temperature from surface to 750 m sampled every 10 km by XBTs.
Sa_mpling density for XBTs and for salinity samples is shown in Figure 4. In addition, excellent navigational control between LORAN C and satellite fixes allowed
us to estimate surface currents every 20 km from the ships set.
a. Surface. Maps of surface temperature for each of the five surveys are shown in

Figure 2. The dominant feature is the zone of high surface gradient, usually between
the 20 and 21 °C isotherm, which coincides with the southern and eastern boundary
of the large intrusive cool tongue of surface water in the satellite image in Figure 1.
Well resolved here is the great complexity of the boundary on scales less than 50
km. In fact, one gets the impression from the map sequence that stirring motions
. associated with these smaller scales are destroying the overall integrity of the
; boundary. Changes in the boundary configuration occur so rapidly that it is difficult
to follow distinctive features from one map to the next (3-4 days). We have attempted to identify some of these features with letters (circled, lower case) as they
evolve and move through the· map sequence. Particularly interesting is the 20 to
30 km diameter pool "a" of cool surface water less than 20°C which moves southeastward at a speed of 10 to 15 km/day. At the time of Survey 4, this pool appears
to be incorporated into a small intense cyclone which has advected a 30 km wide
tongue of warm water "f" northward along its eastern flank. By Survey 5, four
days later, the cool pool "a" has been deformed into a long narrow feature and
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Figure 3. Evolution of surface currents and streamlines in survey area.

been partially occluded to the north and west by the warm water. This event was
accompanied by strong surface frontogenesis, discussed later. Similar long, narrow
tongues of surface water can be identified in earlier surveys. Survey 1 shows two
cool tongues, "d" and "e", between a broader warm tongue. By Survey 2, both "d"
and "e" had been occluded by the warm water.
Measurements of surface current from ship's drift were reliable enough and
frequent enough on three of the surveys 3 to resolve its large-scale structure. These
are shown in Figure 3 with contours of the corresponding surface streamfunction
computed objectively (best least-squares fit, nondivergent flow) from the data. The
maps show that the survey area was dominated by cyclonic surface motion which
changed significantly over two weeks. Superficially, one could attribute the motion
to a slowly shrinking cyclonic "eddy." On Survey 2, this eddy extended approximately 150 km east-west and 75 km north-south. A week later on Survey 4, it has
3. Adequate spatial coverage was not available from Su rvey 1, and rain squalls and gusting winds
inade current measurements unreliable during Survey 3.
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apparently moved 60 km to the south of east and has decreased in a~ea, becomini
more circular with a diameter of about 7 5 km. On Survey 5 it is either unresolved:
or 'distorted beyond recognition. These comments only describe the gross evolution_
of the field. Undoubtedly the field is complex with motions on small spatial scales.
These are largely unresolved, especially around the periphery of the eddy where
currents could be jetlike and large (60 to 80 cm/sec in places). If one estimates
surface vorticity from the computed streamfunction, one finds that maximum·
cyclonic (and anticyclonic) vorticities occur near the eddy periphery rather than in
the center with magnitudes of the order of ½ to ½ of the planetary vorticity (7 x _
10'.... 6 / sec).
Comparing surface temperature and current maps one sees that the coolest (and
densest) water occurs near the eddy center. The transition zone with a large thermal
gradient between cool and warm water occurs along the southern and eastern
boundary of the eddy where the currents are large. There isotherms c::oincide, more
or less, with streamlines. It is also apparent, however, that strong currents do occur
in regions where surface thermal gradients are weak.
b. 'subsurface. In Figures 4 through 7 are presented the topography of the 14, 18, ;

19, and 20°C isothermal surfaces, respectively, for each XBT survey. Referring to!
the measured mean vertical profiles of temperature and buoyancy in Figure 8, one
sees that these particular surfaces are representative of the topography in the main;
thermocline (14°C surface), above the main thermocline in a buoyancy minimqm ·
(18, 19°C surfaces), and in the near-surface thermocline in a buoyancy maximum.
(20° surface). The isothermal topography sho\3/n . differs from isopycnal . (CTt) topography by an amount which depends on the lack of temperature, salinity coherence.
Measurements from CTD casts between surveys indicated that this depth difference
was everywhere less than the contour interval used_in the maps.
The large-scale structure of the subsurface mass field, although similar at all
depths, is most clearly shown by the topography in the main thermocline (Fig. 4).
A comparison with Figures 2 and 3 shows that it is correlated with the large-scale
surface temperature pattern and with surface streamlines (or pressure), that is,
isopycnal surfaces are deflected upward in the center of the cyclonic surface gyre
whose interior is occupied by cool surface water. This large-scale topography, although not always well resolved (particularly in Survey 5), changes significantly.
Between Surveys 2 and 4 it moves southwestward and decreases in size, similar to
the surface gyre. More important, however, is the change in baroclinicity. By comparing the relative areas which are cross-hatched in each topographic map, one sees
over the period from Surveys 2 to 4 that the upward deflection of isopycnal surfaces
decreased in the near-surface thermocline (20° surface) and increased at all deeper
depths.
Superimposed on the large-scale field are smaller scale topographic features
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Figure 4. Evolution of topography of 14°C isothermal surface in survey area. Shaded area is
shoaler than 610 m· and contour interval is 10 m.

which are relatively weak in the main thermocline but quite intense above it,
particularly at the levels of the 18 and 19°C isotherms (Figs. 5 and 6). These
features appear as waves which rapidly distort and grow into small vortices and
fongues around the periphery of the larger-scale gyre. They move cyclonically.
Typically, they are characterized by a wavelength of 50 to 100 km and a phase
speed of 5 to 15 km/day. Usually, these small cyclonic and anticyclonic structures
can be correlated with the small-scale cool and warm surface features, and we
have used the same lower case letters to identify them as were used in the surface
temperature maps. We feel certain that this small-scale field is also reflected in the
surface current field, but it could not be resolved with our measurements.
It is particularly interesting to follow the two cyclonic features "a" and "b" in
Figures 5 to 7. Clearly "a" is more intense than "b" during Survey 2, being
cooler at the surface and more baroclinic at the depth of the 18° and 19° isothermal surface. They are barely detectable, however, in the main thermocline. Three
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days later, during Survey 3, both have intensified and moved, "a". only slightly
(10 km) to the south and "b" considerably more (45 km) to the southeast. Further-.
more, "a" appears to 'pe interacting with a long cyclonic ridge "g" which has in-.
tensified and moved into the main gyre from the northeast. By Survey 4, five days
later, both "a" and "g" have coalesced and intensified into a rather intense cyclone
while "b" has moved off the map, to the south of an anticyclonic ridge "c". AU.
these structures have been advected and greatly distorted by the time of the last
survey, four days later.

3. Small-scale Lagrangian experiments
Each of the above surveys was separated by intervals of two to five days. In.
these intervals we conducted small-scale experiments in regions with high-surface
thermal gradients where frontogenesis might or had occurred. Closely spaced STD
lowerings were made to obtain vertical profiles of temperature, salinity, and density.
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In addition, shallow "window shade" drogues, set at depths from 10 to 100 m, were
deployed with radar reflectors and tracked from the ship. While tracking, the ship
repeatedly maneuvered over a 10 to 20 km square area centered on the drifting
drogue. On these maneuvers surface temperature was recorded, XBTs were
dropped, and estimates of surface currents were made from ships set. This was
done to reveal some of the smaller-scale features and their changes in the high
gradient region.
a. First experiment. Two near-surface drogues, denoted by A and B, were launched
on completion of Survey 2 at the starred positions shown on the surface temperature
map for that survey in Figure 2. Drogue A was drogued at a depth of 1O m and
Bat 50 m. Referring to Figures 2 and 5, one can see that A was launched between
the two cyclonic features, "a" and "b", in an area where the surface temperature
gradient was large. Drogue B, on the other hand, was launched 30 km to the north
on the boundary of the cyclonic feature "a" with its cool surface pool. Within a
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day following launch, drogue A was entrained in cyclone "b" and drifted to the
southwest. It was subsequently abandoned in favor of keeping track of drogue B.
The fatter remained near the center of cyclone "a", drifting eastward 12 km/day
for about 20 hours and then westward at 30 km/ day. Further tracking was abandoned in order to start Survey 3 when it was at the position shown on the Survey
3 map in Figure 2. Nine days later it was detected by chance on the ship's RADAR
while conducting the last survey and was subsequently recovered at the position
shown on the map for this survey in Figure 2. Over the entire period it had remained within cyclone "a" with its cool surface water (which had been partially
occluded at the end).
b. Second experiment. Following Survey 3, two more drogues, C and D, drogued
at 15 m and 75 m, respectively were launched together at the starred position
shown in the Survey 3 map in Figure 2. This was at the northern end of the anticyclonic feature "c" where surface temperature gradients were large. Both drogues
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were followed for three days and recoyered at the beginning of Survey 4 at the posi-:
tions shown in Figure 2, along the northeastern edge of the cyclone "a" which had
intensified and moved into the area south of the recovery positions.
The trajectory of C is shown in Figure 9 with a sequence of surface temperature
maps (on the same scale as the track shown) which were subjectively drawn from
repeated surveys (approximately every four hours) around the drifting drogue.
Some kinematics of the surface current field in the vicinity of the drogue can be
estimated (Chew, 1974) from the drogue speed, trajectory curvature, and lateral
shear across the trajectory measured from ship's current set. Roughly speaking,
the trajectory of drogue C was the result of relatively steady motion (16 m/sec)
along a circular cyclonic path with a radius of curvature equal to 16 km,
on which are superimposed near-inertial motions having an amplitude of about 10
cm/sec. The deeper drogue D moved along the same cyclonic path at a slightly
lower mean speed (14 cm/sec) with inertial motions greatly suppressed. The relative
vertical vorticity at the beginning of the drift was cyclonic and approxmiately -1/3

1
1
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Figure 9. Trajectory of 15 m Drogue C and evolution of local surface temperature along
.drift track (drawn to same scale}. Temperature contour interval is 0.1 •c.

that of the planetary vorticity (7 x 10- 3 /sec) with a flow in essentially solid rotation. At the end of the drift (60 hours later) it was anticyclonic and _of the same
magnitude.
The above change in relative vorticity, assuming potential vorticity to be conserved along the trajectory (which could not be tested), implies a vertical surface
divergence, equal to -.3/day, and upwelling beneath the drogues. There was some
evi~ence for this from XBTs which showed a maximum shoaling of isotherms
beneath drogue C at a depth of about 100 meters.
The rather low drogue speeds and the lack of any significant acceleration was
puzzling considering the rather intense cyclonic activity which was occurring to the
west of their trajectory. Evidence for this activity, however, is apparent in the
surface temperature maps in Figure 9. Toward the end of the drift (sequence 9
through 13), the wavelike pattern in the maps amplifies and cool surface water is
advected rapidly northward to the west of the drogue trajectory. The isotherm
deformation suggests that surface jet has formed within a period of 12 to 24 hours
with a current in excess of 50 cm/sec. The width of the jet is of the order of 10 km
wit!) anticyclonic vorticity generated (upwelling) on its eastern edge at the drogue,
and cyclonic vorticity generated (sinking) on its western side.
c. Third experiment. The last two drogues, E and F, drogued at 15 and 75 m,
respectively, were launched on completion of Survey 4 at the starred position
shown on the map for this survey in Figure 2. Referring to Figures 2 and 5, one
can see that the drogues were placed near the southern boundary of cyclone " a"
which had intensified between Surveys 3 and 4. Furthermore, surface temperature
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and density gradients were large in the launch area. The subsequent trajectories
were extremely interesting and provide some insight concerning the surface frontogenic process. Both drogues moved eastward, F following E, along the same path
but at markedly different speeds. For the first forty hours, drogue E accelerated
steadily from 40 to 75 cm/sec and then decelerated to 55 cm/sec over the last
eight hours. The deeper drogue, on the other hand, drifted at a relatively steady
speed of 2.0 to 30 cm/sec over the entire period. At the end of two days, E began
to move out of the survey area, and the experiment was terminated. Both drogues
were recovered prior to the last survey at the positions indicated on the Survey 5
map in Figure 2. A comparison between the surface temperature maps of Surveys
4 and 5 clearly suggests that the high speed and acceleration of drogue E was
related to the intense advective event which distorted and partially occluded the
surface water associated with cyclone "a". The relatively low speed of drogue F
suggests further that the small-scale kinetic energy associated with this event was
very much confined to the upper 50 m.
The trajectory of drogue· E is shown in Figure 10 along with sequential maps
(on the same scale as the trajectory) of surface temperature around the drogue
during its drift. The latter
clearly show that E was in warm (less dense) water
'
.
approximately 5 km south of an intense surface thermal front running approximately east-west. Furthermore, its motion was primarily parallel to the front with
a small velocity component (1-2 km/day) toward the front. There is evidence that
frontal temperature gradients were increasing during the first forty hours of the
drift (map sequence 1-7 in Fig. 10) when the drogue speed was increasing. This is
consistent with the surface deformation field prior to launch. Contours of thi~ .field
computed from the Survey 4 streamfunction (Fig. 3) are shown on the trajectory
map in Figure 10. Lateral deformation at the launch site was negative and of the
order of -1 X 10-s /sec which meant that surface temperature gradients were
increasing with an e-folding time scale of about one day.
As in the second experiment, one can estimate from trajectory and ship set
some of the kinematics of the surface current field in the vicinity of drogue E. In
particular, relative vertical vorticity at the beginning of the drift was anticyclonic
and equal to about 0.6 times the magnitude of the planetary vorticity. At the end
of the drift (48 hours later), it was still anticyclonic but had decreased to less than
0.1 of the (magnitude of) the planetary vorticity. This implies, assuming potential
vorticity conservation, a vertical surface convergence at E, equal to about + 0.5 /
day, or downwelling beneath the drogue. This is opposite in sign to that found in
the vicinity of drogue C during the second experiment.
The vertical shear between drogues E and F was, on average, about 3 cycles/
hour which is about equal to the mean buoyancy frequency in the near-surface
thermocline (Fig. 8). The along-frontal surface flow, therefore, was near the condition for shear instability (Richardson number of order unity).
.
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Figure 1.0. Trajectory of 15 m Drogue E and evolution of local surface temperature along
drift track (drawn to same scale). Temperature contour interval is 0.1 •c. Shown on
trajectory map are contours of lateral deformation field prior to drift in units of lo-" rad/sec.

4. Discussion and summary
a. Frontogenesis. The intense advective event which distorted and partially oc-

cluded the surface water in cyclone "a" during Survey 4 and 5 (Fig. 2) was
accompanied by surface frontogenesis and the latter two drogue experiments
provide some important data on this process. In particular, drogue E actually was
advected into the high-speed portion of the front (Fig. 10) and was swept out of
the survey area.
Our observations, although far from complete, compare rather favorably with
predictions from theoretical models of frontogenesis by Hoskins and Bretherton
(1972) and Williams (1972). The sequence of events in their models is described
below with the aid of the upper part of Figure 11 which shows the vertical tempera-
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and current direction during frontogenesis. Lower. Configuration of the 21 , 19; and 14°C
isotherms at the. surface, 100 m, and 600 m, respectively, in cyclone "a" during .Suryey 4
(Fig. 2) . .

·ture distribution across the southern frontal boundary of cyclone "a" during Survey
4 (Fig. 2). Superimposed schematically ·are the positions of drogues C, D,' E, F
relative to the front along with the predicted current during frontogenesis. Interjected into the scenario are comments where we feel that substantial agreement
occurs.
Shallow baroclinic disturbances (discussed below), through the action of lateral
deformation (observed) or shear, increase the near-surface, cross-frontal density
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gradients in the vicinity of drogues E and F (observed). Drogue E accelerates
(observed) along the front in geostrophic balance with the increasing cross-frontal
pressure gradient, leaving F behind (observed) as the vertical current shear along
the front increases. The cross-frontal motion is ageostrophic and in balance with
this acceleration, that is, the cross-frontal velocity, v, is equal to (l/f Du/ Dt),
where f is the Coriolis parameter and Du/Dt is the acceleration along the front.
The latter for drogue E was 2.4 x 10- 4 cm sec- 2 , giving 3 cm sec- 1 for v.
The ageostrophic motion moves E toward the frontal edge (observed). This requires, in order to conserve mass, sinking motion and vortex stretching with the
generation of cyclonic vorticity at drogue E (observed) and rising motion and vortex
shrinking further behind the front with the generation of anticyclonic vorticity at
drogue C (observed). This cross-frontal adjustment becomes significant when the
vorticity becomes comparable to the Coriolis parameter. Its effect is to tilt the
density surfaces forward with light water running up the sharpening frontal slope
toward the frontal edge and heavier water descending beneath. At the sea surface
upward motion is suppressed, and there is a tendency to form a surface density
discontinuity (in the absence of small-scale dissipation) in a finite time, which is of
the order of an inertial period (observed). The horizontal and vertical scales of the
cross-frontal motion are 10 km and 100 m, respectively, as shown in Figure 1 I.
Vertical velocities at 100 m, from the inferred convergence and divergence at
drogues E and C, are typically 30 to 50 m/day. With the above scale ratio, this
gives cross-frontal velocities of the order of 3 to 5 km/day, in order to preserve
mass continuity. This agrees reasonably well with what is observed in the sequence
in Figure 10 and is of the right magnitude to balance the observed acceleration of
drogue E.
b. Scale cascade. The observed frontogenesis is due to the direct irreversible growth
of small-scale disturbances along the large-scale frontal boundary of a rnesoscale
cyclonic pool of cooler, denser northern water, 100 to 300 m deep, and approximately 100 km in diameter. The disturbances are surface intensified. 4 Vertical
adjustments accompanying these disturbances are greatest (50 to 100 rn) in the
upper 100 to 200 m, although some adjustment can be detected in the main thermocline at a depth of 600 m. The disturbances have a horizontal wavelength of the
order of 50 km. They propagate in the same direction as the mesoscale surface
current with speeds comparable to those currents, that is, of the order of 20
km/day. Within a wave period (3 to 5 days) they appear to grow from wavelike
disturbances to small alternating vortices and tongues having closed or almost
closed circulations. Dynamic balances during this period become, therefore, increasingly nonlinear (Rossby number increases to unity). The near-surface thermal
4. Strictly speaking, tlic topography in Figures 4 tlirougb 7 should be scaled according to tlic
local buoyancy frequ ency (F ig. 8) in order to compare vertical adjustments at different deptlis due
to quasi-geostrophic motions. This would not alter our observations.

818

Journal of Marine Research

[40, Supplement

field around the periphery of the mesoscale pool becomes greatly distorted during
this growth, with the cyclonic vortices containing cool water from the eddy interior
and the anticyclonic tongues containing warmer water from the surroundings. In
particular, the lateral density gradient between cyclone and anticyclone pairs becomes very large and small-scale surface frontogenesis soon occurs (within one or
two days). With the onset of frontogenesis, near-surface water in both cyclone and
anticyclone converges toward the mutual frontal boundary where it is advected
away in a narrow (10 km) shallow (50 m) accelerating frontal jet which attains
speeds of 50 to 100 cm/ sec. This rapid relocation of near surface water drastically
distorts both cyclone and anticyclones into long (100 km) linear features. Subsequently, the cooler water sinks and is occluded by the warmer water from the
surrounding area.
The above suggests a scale cascade very similar to that observed by Griffiths and
Linden (1981) in laboratory model experiments. They investigated the stability of
an axisymmetric baroclinic eddy in a rotating, stratified, two-layer fluid where the
density interface intersected the surface. It was found that a constant volume eddy
was always unstable to small disturbances around its periphery which grow rapidly,
forming intense cyclonic and anticyclonic pairs (such as "b" and "c" in Fig. 7).
The wavelength of the fastest-growing disturbance depends on the ratio, y, of eddy
depth, h, to total depth, H; and on the ratio, 0, of the internal Rossby radius of
deformation y 'g'h/ f, to eddy radius, R, where g' is reduced gravity across the eddy
and f is the Coriolis parameter. Assuming our near-surface pool to be analogous
to their laboratory eddy, we have, h """ 100-200 m, H """ 5000 m, R """ km, g' ""
0.5 cm sec- 2 , and a Rossby radius of 10 to 15 km, so that y """ .02-.04 and 0 ="
.2 ~ .3. For this parameter range, they found the zonal wavenumber of the fastest
growing disturbances around the periphery of the eddy to be 4 to 5. This corresponds to a wavelength around the periphery of the cool pool of 60 to 70 km,
which is close to what is observed.
For the above parameter range, Griffiths and Linden conclude that the energy
source for the initial disturbance in their experiment was the available kinetic energy
in the lateral shear of current around the eddy periphery. Whether this is true or
not in our observations is not clear. They did observe, however, that the growing
disturbances were increasingly able to extract energy from the potential energy
field. Evidence for this is provided in the lower part of Figure 11 which illustrates
the vertical structure of the cyclone-anticyclone pair, "a", "f", appearing in the
Survey 4 surface map of Figure 2. Plotted in Figure 11 is the configuration during
Survey 4 of the 21 , 19 and 14°C isotherm at the surface, 100 m, and 600 m,
respectively. The apparent phase shift with depth is appropriate for a baroclinic
instability with shallow disturbances lagging behind deeper ones in the direction of
propagation.
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c. Effects on larger scales. The cascade described above may be an important

process in releasing available upper-ocean potential energy in the subtropical convergence. This substantial store of potential energy (plus a much smaller amount
of kinetic energy in the form of a weak zonal current) is relatively shallow (200300 m) and is supplied over a broad meridional scale of about 500-1000 kms by
winter-time cooling and deep vertical mixing in the northern reaches of the Sargasso
Sea. Baroclinic instability on these scales is quite weak because of poor coupling
with the much thicker deep layers. Theoretical calculations by Gill et al. (1974),
for example, suggest that the large-scale subtropical convergence is slightly unstable
to baroclinic disturbances with growth rates exceeding 100 days. Instead this largescale potential energy is degraded to smaller and smaller scales though the action
of mesoscale motions which advect and deform the upper layers into long tonguelike features . This rapidly increases the baroclinicity along the boundaries of these
features forming large-scale fronts in the surface layers. In this process, potential
energy is converted to kinetic energy in doing work to accelerate currents along the
fronts. Some of the kinetic energy is lost in very small-scale dissipation along the
large-scale frontal boundary. However, the potential energy loss is greatly increased
by the small-scale disturbances observed here which very effectively disrupt and
re-intensify the large-scale front. A consequence of this energy conversion is a
redistribution of surface water masses within the convergence in which warmer,
lighter water of southern origin continually replaces cooler and heavier water of
northern origin, which sinks beneath the former. Some evidence for this may be
seen in Figure 2. The large mesoscale tongue of cool water of northern origin is
gradually invaded, over the survey sequence, by the warm anticyclonic tongues
growing and breaking off along its boundary. The effect of this small-scale stirring
is to blur and degrade over a period of weeks the surface thermal expression of the
large-scale mesoscale features so evident in satellite imagery of the convergence
(Fig. 1).
Another effect of the above process would be to increase the mean level of nearsurface kinetic energy in the convergence above that due to mesoscale motions alone.
The latter has been estimated to be about 300 cm 2 /sec 2 by Wyrtki et al. (1976)
from daily observations of ship set (which do not resolve small-scale currents). In
contrast, the mean surface kinetic energy computed by us from ship set every 20 km,
and averaged over the total survey area and over all surveys was approximately
1000 cm 2/sec2, or about three times the average mesoscale level.
Lastly, our data suggests that the near-surface small-scale cascade is accompanied
by a modification of the larger and deeper mesoscale motion. This was evident in•
Figures 4, 5, 6 which show a marked increase in total cross-hatched area over the
period from Survey 2 to Survey 4. This implies a large-scale upward motion over a
period of a week within the mesoscale cyclonic eddy at depths extending from
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roughly 200 to 600 m. Furthermore, the amplitude of this motion was greater at
the shallow depth than at the deeper, indicating vortex stretching and eddy spin-up,
that is, increased cyclonic vorticity at these depths. In contrast, the cross-hatched
area in Figure 7 appears to decrease slightly during the same period, implying
downward motion in the upper 100 m. Again, there is vortex stretching and increased cyclonic vorticity. One concludes, therefore, that in the depth range roughly
from 100 to 200 m, that is, between the 19 and 20°C isotherm (Figure 8) just
beneath the near-surface pycnocline, that vortex compression must occur with a
loss of cyclonic vorticity. Where does this vorticity go? We suggest that it is removed
from the eddy via the small-scale cyclones and fronts occurring along its rim. This
large-scale vertical adjustment requires lateral motions to maintain mass continuity,
implying, for an axisymmetric eddy (which this one is not), radial shrinking in the
upper 100 m and below 200 m. This is roughly what is observed by us. The upper
layer shrinking is caused by the gradual displacement of cool eddy water by outside
water, described previously. Between 100 and 200 m there is radial outflow. This
water, we suggest, is removed by frontogenesis and subsequent sinking along the

nm.
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