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ABSTRACT

In the POLYMODE Local Dynamics Experiment (31°N; 69.5°W) a small cyclohic eddy was discovered and
mapped. The eddy was characterized by an upward doming of isotherms in the upper part of the main thermocline.
The dynamical signal extended from the surface downward to a pressure of 800 db and outwards to a radius
of 25-30 k. There was no deep-water property signal associated with the eddy, but a layer (~ 10 m thick) of
very low salinity water was observed at the sea surface immediately above the feature. The salinities in the
surface layer were lower than any reported in the historical hydrographic data for the region. Rainfall is discounted
as a possible source of this signal because of the layer’s thickness and horizontal scale. Alternatively the closest
source for the low salinity is in the Slope Water, some 500 km away. The eddy may have orisinated by the
splitting of a Gulf Stream ring, a hypothesns which is supported by observations of eddies of similar size and
structure near several Gulf Stream rings. This mechanism could also account for the unusually low surfaee
salinities since rings may trap Slope Water and transport it into the Sargasso Sea.

1. Introduction

One of the interesting results of the POLYMODE
Local Dynamics Experiment was the discovery of nu-
merous small eddies with diameters less than 50 km.
Because the hydrographic station spacing of the LDE
was 25 km, nearly all occurrences of these small eddies
were documented on the basis of only one or two sta-
tions. These observations are summarized by Lind-
strom and Taft (1986) elsewhere in this issue. Two
small eddies were intentionally sampled at higher spa-
tial resolution (12.5 km), yielding enough data to war-
rant individual analyses. Elsewhere in this issue Elliott
and Sanford (1986a,b) discuss the subthermocline an-
ticyclonic eddy “D1.” This paper examines the obser-
vations taken in the second eddy, “S2,”! which had a
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! “§2” stands for Shallow eddy 2. Feature “S1” (Shallow eddy 1)
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cyclonic circulation extending downwards from the sea
surface into the main thermocline. A third small eddy,
“S1,” with anticyclonic circulation is discussed by Riser
et al. (1986) in this volume. This eddy was also dis-
covered during the LDE, but was only sampled exten-
sively outside of the LDE array.

Shallow eddy 2 was discovered on 26 June 1978
during the fourth of the large-scale surveys of the LDE
density program. It appeared as an upward doming of
the upper main thermocline at a single hydrographic
station at the center of the LDE sampling grid. Sub-
sequently, two surveys of S2 were completed before
the large-scale flow carried the eddy out of the LDE
mapping area. Our analysis is based on these two sur-
veys in addition to the large-scale maps which place
the eddy within the context of the mesoscale eddy fea-
tures of the region. In addition, data from an array of
moored velocity and temperature sensors are examined
for evidence of the eddy’s passage.

Two aspects of the data are analyzed in the context
of the historical hydrographic data from the western
North Atlantic. Unusually low salinities at the sea sur-
face above the eddy are discussed at some length be-
cause they are the most distinctive characteristic of the
eddy’s water-property signal. They are the lowest sa-
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linities ever found at the sea surface in the LDE area

according to the historical hydrographic data. Secondly,

other eddies similar in temperature cross-section from
the historical data are documented. These analyses
suggest that S2 may be the result of the splitting of a
Gulf Stream ring.

2. Data

The LDE density program consisted primarily of
the following elements: conductivity, temperature,
pressure and oxygen (CTD) profiles; expendable
bathythermograph (XBT) profiles; and moored current
meters. A preliminary summary of results from the
LDE has been given by McWilliams et al. (1983). The
calibration and many results of the profiling are pro-
vided by Shen et al. (1984) and Taft et al. (1984); those
from the current meters are given by Owens et al.
(1982). The LDE surveys utilized two ships for map-
ping water properties during a two-month period from
mid-May to mid-July 1978. Seven surveys of hydro-
graphic properties were obtained within a 100-km ra-
dius of 31°N, 69.5°W (Fig. 1), each taking approxi-
mately five days for completion. CTD profiles were
used to describe the water properties in the upper 3
km on a nearly uniform 25-km grid in the mapping
area. XBT drops were made midway between the CTD
stations yielding 12.5-km resolution of the temperature
field in the upper 800 m of the water column. Each
mapping of the LDE area was termed a Large Scale
(LS) survey. The sampling pattern for one such survey
is shown in Fig. 2b. CTD station spacing was reduced
to 12.5 km for specific, feature-oriented studies con-
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Fi1G. 1. Locations of the Local Dynamics Experiment (LDE), the
eddy S2, and the Panulirus hydrographic station (X). Also shown are
the locations of several small eddies (dots) having temperature struc-
tures similar to S2.
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FIG. 2. Maps of 17°C isotherm pressure {(db) for the surveys in
which eddy S2 was observed: (a) LS-4, 21-26 June 1978; (b) LS-5,
28 June-3 July 1978; (c) FS-4, 27 June 1978 and FS-5, 3-4 July.
Notation: X, XBT station; @, CT D station; and +, current meter
mooring.
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ducted after the completion of some LS surveys. These
higher resolution mappings were termed Fine Scale
(FS) surveys.

The small cyclonic eddy S2 was discovered at the
center of the mapping grid at the completion of LS-4
(22-27 June). It was not seen entering the mapping
area because of the 10-day gap between LS-3 and LS-
4 caused by the mid-experiment port call in Bermuda.
Subsequently, the eddy was mapped during FS-4 on
June 27th. During LS-5, on the evening of 30 June,
S2 was seen in two CTD profiles to the southwest of
its previous position. After completing LS-5, we pro-
ceeded southwestward and found the eddy at the edge
of the mapping area. FS-5 was carried out in the region
immediately southwest of the LS grid. By the time of
LS-6, S2 presumably moved considerably farther to
the southwest, well outside of the fixed mapping area.

As S2 passed through the center of the, LDE mapping
area, its signal was recorded by velocity and tempera-
ture sensors on a mooring. The mooring, at 31.023°N,
69.498°W, had Vector Averaging Current Meters
(VACMEs) in and above the main thermocline at nom-
inal depths of 269, 394, 516, 616, 715 and 839 m. Each
instrument measured in situ temperature as well as
velocity over a 15-minute averaging interval, except at
a depth of 269 m where the temperature circuit failed.
Instruments at depths in excess of 839 m showed no
signal associated with S2 and have been omitted from
this presentation.

3. Results
a. The hydrographic field

Figure 2a shows a map of 17°C isotherm pressure
obtained by combining the data from LS-4 and FS-4;
S2 is the low-pressure area near the center of the map.
This isotherm was chosen because the maximum up-
ward doming of isotherms associated with the eddy
occurs at this temperature. The amplitude of the 17°C
isotherm deflection at the eddy center was approxi-
mately 130 db when compared to pressures to the
southeast where the isotherm relief is smallest. To the
northwest, S2 is bordered by a steep deepening of the
17°C isotherm. This deepening is the shallower
expression of a gradient which exists throughout the
main thermocline.

A better depiction of S2’s relationship to this gradient
is seen by looking at the zonal temperature section
across the center of LS-4 (Fig. 3a). Eastward of the
eddy, the thermocline also tends toward slightly greater
pressures, suggesting that S2 is centered within a region
of large-scale cyclonic shear. The localized upward
doming of isotherms in S2 does not extend into the
lower thermocline. There, near 5°-6°C, the larger-scale
cyclonic shear is suggested by the slight doming of iso-
therms toward the center of the section. At tempera-
tures less than 3°C, only an east-west gradient in iso-
therm depth can be seen.
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The movement of the eddy to the southwest is evi-
dent in Fig. 2b. Here only data from LS-5 are used to
contour the map but, because of the coarse sampling
of the survey, the details of the eddy core are not well
resolved. In the southwest corner of Fig. 2c, S2 is de-
picted from FS-5 measurements, the last one taken in
the eddy. FS-4, as depicted in Fig. 2a, is also shown in
Fig. 2c. The pressure pattern of isotherms moved to
the southwest at an average speed of 18 cm s™'; a com-
parison of the temperature structure in the two surveys
shows that there is no apparent evolution of the eddy
amplitude or shape during the translation.

Zonal sections of temperature, salinity and potential
density from L.S-4 are shown in Fig. 3. They show the
upward doming of the property fields associated with
the cyclonic circulation. The deflections of the salinity
and oxygen fields below the surface layer are such that
the mean LDE 7-S and T-O, relationships are pre-
served within the eddy. For brevity the oxygen section,
being quite similar to salinity, has been omitted. Figure
4 shows the 7-S and 7-O, relationships for all the
fine-scale-survey stations and the 2 standard deviation
envelope of all LDE data. Almost all of the salinity
measurements at lower temperatures fall within the
envelope. At temperatures greater than 24°C very low
salinities are found above the eddy, within about 10
db of the sea surface. The tendency toward low salinities
continues downward through the seasonal thermocline
to the 18°C water. Several points at 20°C, near the
bottom of the seasonal thermocline, also lie outside
the two standard deviation envelope. Those few points
falling outside the envelope below 18°C are believed
to represent natural statistical variability and are not
discussed further in connection with the eddy. The ox-
ygen measurements indicate numerous anomalously
high values near the bottom of the seasonal thermocline
and in the 18°C water. The few points lying outside
the envelope between 10° and 16°C occur at a single
FS-4 station distant from the eddy core and are also
attributed to unrelated variability in the property field.

b. The velocity field

When S2 was first observed on 26 June the central
mooring of the current-meter array was within the
eddy. From the hydrographic data it was determined
that the characteristic isotherm pattern of the eddy was
traveling at a speed of 18 cm s™! toward 230°T. Because
the eddy was strongly surface-intensified, moved at a
high speed, and had a small horizontal scale (less than
50 km in diameter), its signal was suppressed in the
analysis of Owens et al. (1982) in which the low-passed
velocities at 600 m depth were examined. In order to
see the S2 signal it was necessary to reduce the time-
averaging to a one-hour running box-car filter with
hourly subsampling. The resulting time series for tem-
perature and velocity at several depths, embracing the
period when the eddy passed through the mooring, are
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FIG. 3. Zonal sections at 31°N of (a) temperature (°C); (b) salinity (%0) and (c) potential density (kg m™3)
from LDE large-scale survey 4. Vertical dashed lines bracket the eddy S2.

shown in Figs. 5 and 6, respectively. It is worth noting
that, although the mooring was “blown over” about
20 m during the passage of the eddy, it was unnecessary
to apply a pressure correction to the data. If one takes
a mean vertical temperature gradient at 400 m of
0.6°C/100 m, then the 20-m deflection results in only
a 0.12°C signal due to mooring motion, which is the

magnitude of the small-scale perturbations in the tem-
perature time series.

In Fig. 5 the temperature scale for each plot has been
chosen to be inversely proportional to the LDE mean
vertical temperature gradient. As a result, the displace-
ments shown are proportional to the vertical isotherm
displacements, provided the displacements are not too

26

TrT

22

A8

14

10

TEMPERATURE (°C)

LA S SN R L LI I B B

| IS

TR T A T R S

2l 4 1 ! a1

P BT Y

PO TN Y TN NS T IO SO BTN AR S DU U SO N YU |

IR B TR I T

FE | L 1 L 1

g|l|J||J||llLlelllLlAlnll
)

36.0
SALINITY (%e)

35.2 35.6 36.4

140 160 180 200 220 240

OXYGEN (u mole kg')

280

FG. 4. Temperature-salinity (a) and temperature-oxygen (b) relationships for all the stations taken in the two fine-scale surveys
of the eddy. Solid lines embrace +2 standard deviations of all LDE measurements.



566

18.10
17.90
17.70
17.50
17.30
1710 4
1690
1670
1650

1630
1680

1600
1520
1440

394 m

516 m

TEMPERATURE (°C)

616 m
1480

1370

1260 /
1400 ;

1290
1180

1070
1030 ;

915

75m

JOURNAL -OF PHYSICAL OCEANOGRAPHY

VOLUME 16

S2

oo™

|
|
|
|
|
|
|
|
|
|
|
|
|
|
I
|

passage

oo -
800 A

26
JUNE

JuLy

FIG. 5. Temperature versus time at selected depths for five sensors located on the mooring
through which the eddy passed. The temperature scale is inversely proportional to the mean
vertical temperature gradient. The dashed lines denote the time of S2’s passage.

large. For all but the shallowest (394 m) depth this
appears to be a good assumption. Nevertheless, the time
series of temperature are consistent with the horizontal
section of temperature in Fig. 3, as well as the trans-
lation speed of 18 ¢cm s determined from the CTD
surveys. The isotherm doming, present from 23 to 29
June at the mooring, would have a horizontal scale of
90 km (18 cm s~ X 0.86 km d~!/cm s™! X 6 d), which
is comparable to that of the larger-scale isotherm pat-
tern (Fig. 3). The signature of S2 appears as a sharp
temperature decrease at 394 m from 27 through 29
June (vertical dashed lines in Fig. 5). This signal decays
- rapidly in the vertical such that there is a much reduced
signal at 516 and 616 m and no obvious signal at
715 m.

The time series of temperature and the hydrographic
maps demonstrate clearly that S2 is coupled with a

larger-scale shear flow which cannot be modeled as a
simple, uniform flow for several reasons. The small
eddy is located near the center of a horizontal cyclonic
shear which has a horizontal scale only 2 to 3 times
larger than S2. As a result there are significant gradients
of the larger-scale flow in the vicinity of S2. Thus, any
velocity structure which one attributes to the smali-
scale eddy will depend crucially on the attributes of
the large-scale flow. This is in strong contrast to the
two other well-documented small-scale eddies seen in
the LDE (Elliott and Sanford, 1984a,b; Riser et al.,
1984), where the large-scale flow could be approxi-
mated by a uniform flow which passively advected the
small eddies.

The velocity time series for the six instruments in
and above the main thermocline shown in Fig. 6 dem-
onstrate the coupled structure of S2 and the larger-
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FIG. 6. Time series of velocity vectors at selected depths from the
mooring through which S2 passed. The dashed lines denote the time
of S§2’s passage.

scale flow. The interval when S2 passed the mooring
is once again highlighted within vertical dashed lines.
As was the case for the temperature time series, it is

evident that S2 is embedded in a background baroclinic -

flow which has horizontal and temporal scales that are
not much larger than its own. In addition, the velocity
is not in the direction of S2’s translation either before
or after the passage of the eddy. From the horizontal
structure of the low-passed velocities at 600 m depth
from the LDE current meter array (Owens et al., 1982),
it appears that this larger-scale flow is a mesoscale eddy
which is propagating with a speed and direction similar
to that estimated for S2. Given the complex structure,
it cannot be determined whether S2 is being passively
advected or if there is some component of self-prop-
agation.

Although the horizontal structure of S2’s velocity
field cannot be determined, the vertical extent of the
velocity signal can still be seen in Fig. 6. On 28 June
the enhanced northward velocities seen at the upper
two current meters (294 and 394 m) are due to S2. At
516 m depth the signal is much reduced and at 616 m
it cannot be detected in the time series. The signal for
the first half of the S2’s passage by the mooring is not
obvious in the time series because of the presence of
the larger-scale circulation. From the velocity structure
on 28 June, it appears that S2 has a velocity signal of
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10-15 cm s™! at 269 m depth and vertical decay scale
similar to that indicated by the temperature time series.

4. Discussion

Because the low-salinity water near the sea surface
is the strongest water property anomaly associated with
S2 and may give a clue to its origin, a close examination
of this signal is warranted. Figure 7 shows maps of the
salinity averaged over the upper 10 db of the water
column for the S2 surveys. On each map very low sa-
linities (35.7%o) are found over the eddy core, as located
by the 17°C isotherm topography in Fig. 2. The spatial
scale of the anomalous water (<36.1%») is about 50-
75 km. Substantial distortion of the surface isohalines
is seen at the periphery.of the eddy, but the core of
low-salinity water appears to be trapped over the eddy
during these observations. It may be that the compar-
atively fresh water is the result of precipitation and has
not been associated with the eddy’s thermocline struc-
ture since its origin. On the other hand, if the surface
water has been trapped by the dynamical structure of
S2 since its formation we must locate the source for
such water and provide a plausible mechanism for the
generation of the dynamical structure at that location.

The low surface salinity is put in some perspective
by comparing it with a subsample of the historical data
of Ebbesmeyer and Taft (1979) compiled for the LDE
area. In the 4° square centered on the LDE, the his-
torical record of surface salinity for June and July con-
tains only one observation below 36.1%0 as shown by
a histogram of surface salinity values (Fig. 8). A mean
salinity close to 36.4% is expected in this area; the
water above S2 is about 0.7%0 below this mean. The
histogram of surface salinities from the Panulirus site
(32.18°N; 64.50°W), where hydrographic data have
been taken once or twice monthly for nearly a quarter
century, is also shown in Fig. 8. Both histograms show
that the salinities above S2 are lower than previously
observed in the central Sargasso Sea.

The amount of rainfall needed to reduce the salinity
of the top 10 db to values observed over the eddy is
about 15-20 cm. The mean precipitation for the entire
June-August period in the LDE area is about 30 cm
(Dorman and Bourke, 1981). This suggests that an un-
usually strong and persistent precipitation event would
be required to account for the observed anomaly. No
such events were observed during the LDE fieldwork.
A subsequent search of large-scale 6-hourly surface
meteorological charts did not indicate major frontal
activity which might have led to a significant rainfall
event in the LDE area. :

Other evidence that weighs against the precipitation
hypothesis is the horizontal scale (50-75 km) of the
salinity anomaly (defined by the 36.1%o. contour). This
scale is about an order of magnitude larger than pre-
cipitation signatures in the Sargasso Sea surface layer
studied by Ginzburg et al. (1980). In that study, patches
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FIG. 7. Maps of the mean salinity (%) in the upper 10 db for
surveys in which the eddy S2 was observed: (a) LS-4, 21-26 June
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5, 3-4 July 1978. Hatched areas have salinities less than 36.1%o. In
(c) the advection speed of S2 is shown as 18 ¢m s~
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of rainfall-induced, low-salinity water were 4-8 km in
size. This patch size was thought to correspond to the
sizes of the cumulonimbus clouds that produced the
precipitation. Farther south in the Atlantic Ocean, El-
liott (1974) studied the effects of rainfall during the
Barbados Oceanographic and Meteorological Experi-
ment (17.5°N; 54.5°W). He found that a less dense,
stably stratified layer did not persist in response to pre-
cipitation, but rather, a fluctuating salinity profile was
observed at times of heavy rain.

The foregoing evidence indicates that rainfall was
not the source of the low-salinity water above S2; as a
result, other hypotheses involving horizontal advective
processes and distant sources were examined for the
origin of the near-surface water. The likely sources of
such low-salinity surface water are landward of the Gulf
Stream in the Slope Water. The salinities of the Slope
Water at the sea surface are about 35.5%¢ as shown in
the T-S relationship for those waters shown in Fig. 9.
A warming of this water type by 4°C would bring the

- water to the T-S characteristics observed over S2. The

mean monthly sea surface temperature (SST) maps for
the western North Atlantic compiled by Schroeder
(1966) show an average increase in SST of 2°C per
month during late spring and early summer for the
central Sargasso Sea. This suggests that the modification
of Slope Water by 4°C would take approximately two
months.

It seems reasonable to assume that some protecting
dynamical structure would be necessary in order to
transport surface waters, without significant dilution,
from north of the Gulf Stream hundreds of kilometers
southward to the LDE area. The near-surface waters
of Gulf Stream rings have been observed to maintain
low salinity for periods of months after formation
(Fuglister, 1977). The sea surface temperature signal
may be changed or eliminated by heating, but the sur-
face salinity signal of rings is more persistent (The Ring
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FIG. 9. Temperature-salinity relationship for Gulf Stream, Slope,
Shelf waters (adapted from Ford et al., 1952), and those observed at
the sea surface above the S2. Isopleths of constant o, are superimposed
on the diagram.

Group, 1981). The fact that S2 should have a near-
surface water property signal and no corresponding
deeper signal is quite intriguing. If it were itself a ring
(albeit a small one), we might reason that it is relatively
young because it has a significant surface salinity signal,
yet neither its amplitude nor its deeper water properties
_ suggest this youth (cf. young rings as described by The
Ring Group, 1981).

An alternative hypothesis, which would account for
S2’s small size, is that the eddy is the result of the split-

ting of a Gulf Stream ring. The shedding of a cyclonic

eddy by a ring has been explored theoretically by Ikeda
(1981). He found that larger rings are unstable to
asymmetric disturbances and split after being elongated
along one axis.

Ring instability may have been observed by Cheney

et al. (1976). While surveying a Gulf Stream ring near
32°N, 73°W in December 1974, they observed the
elongation of a nearly circular ring and the eventual
spawning of a separate small cyclonic eddy. An XBT
section through this small feature is shown in Fig. 10c.
Its size, shape and vertical structure are similar to that
of 82, whose vertical temperature section from FS-5 is
shown in Fig. 10a. The section through this eddy was
made before its complete separation from its parent
ring so that it blends into the ring to the east, accounting
for its small apparent amplitude. We refer the reader
to Cheney et al. (1976) for plan views of the isotherm
pressures showing the evolution of the splitting event.

A small eddy quite similar in structure to S2 was
observed near 29°N, 77°W in April 1977. An XBT
section through this feature is shown in Fig. 10d. This
eddy was observed to the east of Gulf Stream ring
“Dave” discussed by Richardson (1980). The separa-

tion of the smaller eddy, “Small Dave”, from its larger .

companion is distinctly shown in the track of a free
drifting buoy launched at the time of observation. The
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trajectory, shown by Richardson et al. (1979a), indi-
cates that the buoy made cyclonic loops in a small
eddy before escaping and subsequently being entrained
in the structure of ring Dave. We speculate that Small .
Dave may be the result of yet another ring-splitting
event involving the larger ring Dave.

Ring splitting, resulting in a small cyclonic eddy,
also was observed in late 1976 and early 1977 closer
to the Gulf Stream in the case of rings Allen and Arthur.
This event is discussed by Richardson et al. (1979b).
The eddies were judged to have diameters of 165 km
for Allen and 65 km for Arthur, just before the time
of their complete separation.

These three cases indicate that a small cyclonic eddy
of S2’s size may be produced in the process of Gulf
Stream ring decay by splitting. Although no other ex-
amples of S2-type features related to ring splitting were
found, another small cyclonic eddy observed in the
vicinity of the LDE site looked very much like S2. The
feature was discussed by Barrett (1971) and was ob-
served in April 1970 near 31°N, 72°W. An XBT sec-
tion through this eddy is shown in Fig. 10b; it shows
the dome-like structure of the upper-thermocline iso-
therms and the absence of an identifiable thermal
structure in the near-surface layer. No significant water
mass differences between the water within and outside
of the eddy were observed. )

Given these examples the most attractive explana-
tion of the LDE observations is that the eddy is the
result of a ring-splitting event.
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FIG. 10. Temperature (°C) sections through eddy S2 and three
similarly shaped eddies (b, ¢ and d; for locations see Fig. 1).
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5. Conclusion

Both the low surface salinity and the geometry of
isotherm patterns in the small eddy S2 provided us
with plausible explanations as to its origin. That Slope
Water existed over the eddy core, as well as the simi-
larity in structure to small cyclonic eddies originating
from Gulf Stream rings, led us to speculate that S2 was
the product of a ring-splitting event. The proposed ring
splitting was not observed and no Gulf Stream ring
was observed in the LDE locality, thus we base our
proposed origin only on the circumstantial evidence
presented here.

This work suggests that further theoretical study of

ring instability would be useful. Observationally, time
scales for ring splitting may dictate more frequent
sampling of large rings than has previously been at-
tempted. Constant weekly sampling would be required
to observe the splitting process. It is possible that ring
splitting is common but has gone unnoticed because

. of infrequent and sporadic sampling of Guilf Stream
rings. Lifetimes of the spawned eddies are unknown;
observation of these features over an extended period
of time would be interesting, both in terms of their
decay and movement.
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