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ABSTRACT

The oceanic conditions in the immediate vicinity of Bermuda have been studied with
hydrographic data, parachute drogues, and moored current meters. The island was
found to be a source of temperature and salinity microstructure with a marked
azimuthal asymmetry. On one cruise, the area of most intense mixing was associated
with a very strong jet across the north shore of Bermuda. The jet is depicted by the
very marked deepening of the isotherms of the main thermocline as the island is
approached from the north. Overall, the mean flow pattern has been determined. Very
near-shore very violent time dependent motions were observed which may be
associated with the step structure on the 7' and S curves.

I. Introduction

This study is the outgrowth of an attempt
to measure internal gravity waves in the main
thermocline at Bermuda (Wunsch & Dahlen,
1970). It began as an examination of the mean
conditions in the immediate vicinity of the
place where the internal waves were to be
measured, to help understand the measure-
ments. As the effects Bermuda was having on
the mean ocean conditions around it became
clear, this study was developed independently
of the internal wave work, and evolved into
an attempt to understand the general ocecano-
graphy of the Bermuda arca. We will deal with
the internal wave results in a peripheral man-
ner below.

In more general terms, the question we seek
to answer is, what effects does an island have,
if any, on the ocean in its vicinity? The com-
plete answer to the question is extremely
difficult, as an island does affect the ocean
on many time and length scales. Hogg (1971)
has presented a theoretical discussion of some
aspects of the problem of a mean flow past an
island, in terms of the data discussed here, and
we will therefore generally limit ourselves to a
brief, essentially descriptive, discussion of the

1 Contribution number 2719 from Woods Hole

Oceanographic Institution.

oceanography of the Bermuda area. To a great
extent, the data speaks for itself. Islands appear
to be microcosms on an almost manageable
geographic scale of many features of the
physics of the ocean circulation so our results
may be of general interest.

The data we have to deal with were gathered
at Bermuda on three cruises, Atlantis II
Cruise 47 in October 1968, Gosnold Cruise 144
in July 1969, and Gosnold Cruise 167 in July
1970. Both vessels are operated by the Woods
Hole Oceanographic Institution.

I1. Atlantis II Cruise 47

The first cruise, Atlantis IT 47, was essentially
a reconnaissance expedition to see if there were
any discernible effects of Bermuda on the local
oceanography. The reconnaissance was earried
out as a survey of the hydrographic data with
a Bissett-Berman STD system, and as an
attempt to measure internal waves and the mean
flow with 3 Geodyne current meters on two
moorings set to the west of the internal wave
array. Fig. 1 shows the positions of the
STD stations and the moorings. In addition, we
had available a Marine Advisers shipboard
current meter.

The strategy of the STD work was to make a

Tellus XXIV (1972), 4
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Fig. 1. STD station positions for Atlantis IT Cruise 47. Solid and clear dots indicate starting and ending
positions of the stations. Most of the stations are grouped into numbered “spokes’”. The two moorings are
shown near station 12. (T1 is marked and is the “shallow’” mooring.)

series of ‘‘spokes’” of stations normal to the
bathymetric contours of the island, as labeled
in Fig. 1. During the entire period 18 October
to 29 October, 1968, he ship was working
around the island; the surface flow was from
southwest to mnortheast. The ship usually
drifted northeast at about 1 knot during the
cruise. We will deal only qualitatively with the
results of this hydrographic survey as the
second cruise was more comprehensive.

In Figs. 2 to 5 we have plotted portions of
the raw STD temperature tracers in repre-
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sentative spokes. The island is on the left in
each spoke, and the traces were made at
water depth intervals of 200 fathoms starting
at the 100 fathom line out to 1100 fathoms.
The temperature at 300 m is given in each case to
fix the curves in T-D space.

The plotting of the traces in this form makes
apparent that almost without exception, the
amount of temperature microsctrueture in-
creases as the island is approached. The effect is
most pronounced in stations 48 to 54, but the
microstructure changes are apparent in all of
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Fig. 2. Portions of temperature
traces from stations in spoke 3.

the spokes. In general the trend is clearest
on the north-northeast side of the island.
Some discussion of the meaning of ‘“‘micro-
structure’’ is in order here. We use the term a bit
loosely to indicate steplike structure present
on the temperature and salinity curves in the
sense used by Cooper & Stommel (1968) in this
area. Examination of Figs. 2 to 5 show that the
most sea-ward temperature trace is always
smoother than the more shoreward traces. The
effect can be quantified, but for our purposes
here, the visual behavior of the curves is suf-
ficient to make our point. The region of

Fig. 3. Spoke 5.

maximum microstructure was in the area of
spoke 7 (Fig. 4).

Salinity is less reliably measured by the STD,
but in general, the salinity traces mimic the
temperature so the mixing process appears to
move salinity and temperature together, and
in such a fashion that the local density gradient
is always stable. There appears to be more
structure within the 18 degree water mass than
above or below, so that the generating process
is inversely proportional, at least roughly, to
the mean overall static stability of the water
mass.

Fig. 4. Spoke 7.
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Fig. 5. Spoke 9.
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Fig. 6. Progressive vector diagram of current meter
record H-880 at a depth of 610 m on shallow
mooring. Dots indicate 2 hour displacements.

The large scale hydrographic structure is
consistent with a rather weak flow to the
northeast, with a level of no motion at 600 m.
A section (not shown) of currents was made
with the Marine Advisers lowered current meter.
The results are consistent with the situation
stated above: a weak flow at the surface to the
northeast, decreasing to zero at about 600 m
and then weakly to the southwest. Current
profiles made at various times throughout the
cruise are similar.

The current meter records from the Geodyne
current meters are displayed as progressive
vector diagrams of 2 hour averages in Figs. 6
to 8. The current meters operated successfully
for 7 days (Table I). There are great differences
in the diagrams considering how close together
the moorings were.

The spectra of the west and north components
of velocity from the current meters are mono-
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Fig. 7. Progressive vector diagram of current
meter record H-881 at a depth of 700 m on shallow
mooring. Dots indicate 2 hour displacements.
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Fig. 8. Progressive vector diagram of current meter
record H-879 at a depth of 690 m on deep mooring.
Dots indicate 2 hour displacements.

Table 1
Depth of

Current current
meter meter Start of End of
record Mooring (m) record record
H-880 Shallow 610 1445 1705

19 Oct. 1968 26 Oct. 1968
H-881 Shallow 700 1445 1705

19 Oct, 1968 26 Oct. 1968
H-879 Deep 690 1030 0950

19 Oct. 1968 27 Oct. 1968

Tellus XXIV (1972), 4
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Fig. 9. STD station positions for Gosnold Cruise 144. Stations begin at black dot and end with open dot.

tonically increasing ‘“red” and are not shown.
No significant tidal or inertial peak emerges
from higher resolution spectra, though there is a
distinct rise in energy between 18 and 26 hours
(the inertial period is 22.32 hours).

No coherence could be found between the
records, either between « and v components of a
single current meter, or between components
of any pair of current meters. Most deep ocean
current meter records show at least some
coherence between # and » components of a
single current meter (e.g. Fofonoff, 1969).
Thus, the meaning of the current meter records

is obscure. We should also point out that
Wunsch & Dahlen (1970} found no coherence
between temperature measurements 1 km
apart for periods shorter than about 8 hours.
The significance of these results will be discussed
further below.

II1. Gosnold Cruise 144

With the experience of the first cruise as a
foundation, a second trip to Bermuda was
made on the R/V Gosnold in July 1969. The
plan was to make a sufficiently detailed and

Tellus XXTV (1972), 4
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Fig. 10. A possible interpretation of the depth (in meters) of the 17°C isotherm. Note regime on north west

with isotherms closing on island.

accurate STD survey of the island area so
that geostrophic currents could be computed,
any areas of mixing delineated, and drogues
could be used to find the mean flows and as
reference data for the hydrographic calcula-
tions.

The positions of the STD stations are shown in
Fig. 9. As will be seen from the drogue data, the
flow regime during the course of the survey
which, owing to speed and endurance limita-
tions of the ship was spread over almost 1
month, divided into two distinct states.
Stations 1-19 were made during a period in

Tellus XXIV (1972), 4

which the flow at the surface appeared to be
from the northeast, and the remaining stations,
during a period when the surface flow was very
strong and from the west. The STDs were
recorded in analog form, and then were read
manually at places where T and § curves changed
slope. Typically, a 1 500 m deep STD station
would have values read at 300 different
depths. The resulting values were then adjusted
to Nansen bottle calibrations.

Despite the 63 stations made within 20 miles
of the 100 fathom contour, the temperature
field cannot be contoured unambiguously. We
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restrict our attention to Stations 20-63 in what
appeared to be a relatively homogeneous flow
regime. It is believed that the picture is reason-
ably synoptic. A weakening of the flow did set
in towards the end (see drogues 13 and 14) but
there is no evidence for any major changes in
flow field during the time stations 20-63 were
made. The chief contouring difficulties are
associated with the northwestern side of the
island, Stations 50-54. Consider Fig. 10 the
depth of the 17 degree isotherm. In this way of
contouring, one has a deep ‘“hole” of closed
constant depth lines intersecting the island. This
version is perhaps the simplest interpretation. A

64° 15’

45’ 35 25’
Fig. 11. A different interpretation of the 17°C isotherm depth.

different contouring pattern of this isotherm is
shown in Fig. 11. This carrying of the isotherm
pattern around to the southern part of the
island has been proposed by Hogg (1971) and
is also compatible with the stations data. Hogg
prefers this pattern as it is generally consistent
with his theory of the flow. We choose to follow
his lead in this, as there is at least a rationale
for doing so. On the other hand, it should be
pointed out that his theory takes no account
of the two banks to the southwest of the
island. In Figs. 12 to 14, we show the depths of
several other isotherms in this area.

In these figures, the most striking feature is

Tellus XXIV (1972), 4
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the enormous deepening of the temperature field
as Bermuda is approached from the north, e.g.
the 17 degree isotherm goes from 316 m at
station 58 to 540 m at station 48, a depth
change of 224 m in a distance of about 30
nautical miles. On the other hand, to the
south, there is almost no change in the isotherm
depths. Iselin (1936) noted that at mid-depths
near Bermuda, the water temperature was
lower than in the surrounding Sargasso Sea. He
attributed this anomaly to mixing on the island
slope and deduced a counter-clockwise circula-
tion about the island. This may indeed be the
result under quiet conditions.

Tellus XXIV (1972), 4
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4s' 35’ 25’
Fig. 12. Depth of 14°C isotherm.

The field of dynamic topography associated
with this mass field is shown in Figs. 15 and 16
between 500 decibars relative to 100 decibars,
and 1300 decibars relative to 100 decibars.
The 100 decibar level was used to avoid the
complex surface distributions of salinity and
temperature which changed rapidly in time.
The contouring on both these topographic
surfaces is incomplete in the northwest section
owing to crowding of the lines. The only
guiding principle used was to permit the island
to approach a line of constant pressure. The
large scale deepening of the isotherms to the
north shows up as an area of very steep dynamic
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Fig. 13. Depth of 10°C isotherm.

topography on both levels; the change from
station 58 to 48 amounts to 24 dynamic
centimeters at the 1 300 decibar level. To the
south of Bermuda the topography is virtually
flat. The considerations given by Secarlet &
Wunsch (1971) concerning the statistical sig-
nificance of hydrographic data indicate that on
a 10 km scale, a difference of one dynamic
centimeter is probably significant. The region
to the south showing a closed contour on the
1 300 decibar surface is thus marginal. For the
same reasons, the isotherm topography in this
region is also of dubious significance.

As expected the dynamic topography is

associated with very strong currents to the
north of Bermuda in this period. Fig. 17 and
Table II indicate for drogues 6, 7, 8, 9 a strong
flow of 1.3 to 1.7 knots at a nominal depth of
400 m of the drogues. The drogues consisted of
a large drag parachute plus pilot chute, 100
pound sash weights, surplus BT wire, and a
styrofoam float with flag and radar reflector.
The depths indicated are nominal, and the
chutes probably did not quite reach these depths.
On the other hand, the geostrophic velocity
computed between STD stations 60 and 61,
shows almost no shear between 300 and 500 m
depth. Thus, assuming that the chutes were

Tellus XXIV (1972), 4
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Table 2. Drogue positions, Gosnold 144

Av. speed
Position since last  Av. speed
Drogue Depth Date Time fix overall
no. {m) (1969) {Local) Lat. (N) Long. (W) {(Knots) {Knots)
1 300 7/14 1700 32°.32.7 64°-31.6 0.32
7/15 0812 32°-31.5" 64°-28.3" 0.22
7/15 1852 32°-29.0" 64°-25.9' 0.30
7717 1215 32°-13.3' 64°-19.3° 0.40
7/18 1612 32°-07.5" 64°-24.7" 0.26
2 300 7/16 1330 32°-27.7 64°-55.8’ 0.36
7/16 1518 32°.26.9’ 64°-56.0"
7/16 1827 32°-26.0" 64°.55.5’
3 600 7{15 1411 32°.33.5 64°-30.0 0.31
7717 1055 32°-22.3" 64°-19.2" 0.31
7/18 1817 32°-14.4/ 64°-12.0/ 0.31
4 300 7/21 1500 32°-08.8’ 64°-53.7 0.06
7/22 1300 32°.09.1° 64°-54.9 0.05
7/23 0532 32°-10.5' 64°.54.7 0.10
7/23 1438 32°.11.0" 64°-52.0" 0.14
7/25 1507 32°.12.2/ 64°-50.5" 0.04
5 300 7/21 1805 32°.09.4" 65°-04.1° 0.32
7/22 1109 32°-08.5’ 65°-10.1" 0.32
7/23 0332 32°.03.7 65°-12.7" 0.32
6 400 7/24 0331 32°-41.7" 65°-01.0" 1.3
7/24 2253 32°-43.9" 64°-32.7 1.3
7 400 7/24 0440 32°-42.4' 64°-55.7 1.4
7/24 2200 32°.44.9 64°-27.5" 1.4
8 400 7/24 0553 32°.42.1V 64°-49.5' 1.6
7/24 2100 32°-44.9’ 64°-21.9" 1.6
9 400 7/24 0658 32°-42.2 64°-42.3 1.7
7/24 0800 32°-42.5" 64°-40.5" 1.8
7/24 0900 32°-42.97 64°-38.1" 2.1
7/24 1000 32°-42.8' 64°-35.5 2.1
7/24 1100 32°.43.3/ 64°-32.8" 2.5
7/24 1150 32°-43.3" 64°-30.7 2.3
7/24 1300 32°-43.6" 64°-29.0 1.5
7124 1400 32°-43.6" 64°-27.3 1.5
7/24 2012 32°-45.3" 64°-16.9" 1.5
0 400 7i25 0609 32°-28.1" 64°.56.0 0.40
7/25 1000 32°.27.1 64°.57.6" 0.40
1 400 7/25 0804 32°-21.7 65°-02.6" 1.0
7/25 1245 32°-17.5’ 65°-04.2" 1.0
2 400 7/29 1347 32°-35.7" 64°-47.7 1.156
7729 1609 32°-36.1 64°-42.2' 1.2
7/29 1939 32°-36.8’ 64°-39.6" L1
3 400 7/29 2330 32°-24.0" 64°-58.0" 1.3
7/30 0030 32°.24.7 64°-56.9" 1.3
7130 0427 32°.25.5° 64°-55.7 0.3
7/30 1321 32°-32.0/ 64°-45.9' 1.2
7/30 2133 32°-34.6' 64°-31.6’ 1.6
7/30 2310 32°-34.9’ 64°.27.7 2.0
7/31 0010 32°-34.9’ 64°-25.6 1.7
7/31 0100 32°.35.1 64°-23.5 2.2
4 400 7/29 1518 32°-30.3’ 64°-50.5’ 0.75
7/29 1724 32°-30.7 64°-48.3' 1.0
7/29 2110 32°-31.1" 64°-46.3' 0.5
5 400 7/31 2150 32°-38.3" 64°-50.1" 0.86
8/1 0526 32°-38.0" 64°-42.0" 0.9
8/1 04752 32°.37.3° 64°-40.5" 0.6
8/1 1000 32°.37.1 64°-38.1" 1.0

Tellus XXIV (1972), 4
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fully open, the drogues are probably an excel-
lent measure of the local water velocity.
Drogues 6 to 9 were set in the pattern shown
based on the assumed flow pattern found in the
first days of the eruise, generally from the
north. It was anticipated that the drogues
would separate and go around the island on
different sides. Plainly, an entirely different
flow pattern has established itself which
appeared steady over most of the remainder of
the time. Many of the remaining drogues were
set in an effort to find the ‘“‘stagnation point”,
or position of division of the flow to the south
around the island. The problems of interpreta-

64° 15’

45' 35°' 25’
Fig. 14. Depth of 6°C isotherm.

tion are made apparent by the tracks of drogues
10 and 13 on the northwest side. A portion of
the track of drogue 13 is dashed in the figure
because the inferred straight line track would
have taken it into water too shallow for the
parachute to clear the bottom. Presumably,
the average speed should be somewhat higher
than indicated to take the drogue around the
contour. Drogue 10, tracked for only a short
time, proceeded southwest, as did drogue 11.
There appears to be a dividing streamline in the
flow on the northwest end of the island. Notice
that drogue number 4 south of the island
hardly moved at all (average speed 0.06 knots)

Tellus XXIV (1972),4



TEMPERATURE MICROSTRUCTURE ON THE BERMUDA SLOPE

361

32° I = l
50 59
N 610 0
807
40' — —
62
83— /00
o625 ¢
30' —
64
30
* 646
20" —
e"‘/
0
637
10' —
32° —
00'
- | |
25" 15 65°05' 64°55' 45' 35" 25' 64° 15"

Fig. 15. Height of 100 decibar surface relative to 500 decibars (in dynamic meters).

over a 5 days period. The region to the south
of the island end to the east of the banks
appeared to be virtually stagnant. The sill
depth between the northern bank (Challenger
bank) and the island is in excess of 100 m,
though the passage is considerably constricted.
Drogue 4 was probably simply in the lee of the
banks.

We might remark here that reference to Table
II will show that drogue 9 increased its velocity
as it passed over the small seamount to the north
of Bermuda. The published chart shows a
minimum depth of 1360 m but we found

Tellus XXIV (1972), 4

isolated regions where the depth was much less.

In the region to the north of the island where
drogue 6 to 9 moved so rapidly, Hogg’s (1971)
solutions become non-linear, and we may note
that based on a flow velocity of 75 em/sec, and
an island diameter of 45 km the Rossby
number of this flow as shown by the drogues
is about 0.2, indicating a somewhat non-linear
regime.

Perhaps it is appropriate to point out here
that none of the drogue tracks, with the possible
exception of number 1, shows the behavior
discussed by Longuet-Higgins (1970), i.e. there
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Fig. 16. Height of 100 decibar surface relative to 1 300 decibars. S indicates that the station was shallower

than 1 300 decibars.

is no apparent circulation about Bermuda at
this time. The mean flow is probably too strong
to permit such a circulation to establish itself
by the Longuet-Higgins mechanism.

In section II we noted that during the
Atlantis II cruise the island appeared to be a
source of microstructure. Figs. 18 and 19
show two similar temperature sections taken
from the Gosnold cruise. The effect of ap-
proaching the island is again plainly apparent.
The salinity traces are similar.

This discovery of a miecrostructure source,

a local one, is in some ways the most striking
of our results. Some inquiry into cause and
effect is in order. The simplest explanation is
to postulate an incoming field of internal
waves that break up and mix on the Bermuda
slope. The problem has been explored by Wunsch
(1969), Wunsch & Dahlen (1970), and Cacchione
(1970). Wunsch & Dahlen (1970) estimated the
amount of incoming internal wave energy
available for mixing, and Cacchione (1970)
showed graphically in a laboratory tank that
microstructure would actually be generated by

Tellus XXIV (1972), 4
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Fig. 17. Drogue tracks from Gosnold Cruise 144. The beginning and end positions are labeled with the
drogue number, time and date of fix. Intermedate positions are also shown and are detailed in Table 2.
Nominal drogue depth and average speed over the entire track are also indicated.

this mechanism. In the Atlantis II data, suf-
ficient energy is probably available in the inter-
nal waves to account for most of the mixing.
On the other hand, in the Gosnold data, this
hypothesis is much less appealing. The degree
of mixing to the north in this cruise is con-
siderably greater than that to the south, and

leads to the necessity of a highly asymmetric
internal wave field.

The flow on the north side is much stronger
than on the south (see drogue 4) and so is the
microstructure. While more intense mixing
could drive a stronger current (Wunsch, 1970),
it seems reasonable to conclude that probably

——-—— fi0c0
e p——. Y,
—— -—300¢x
@
- oo — 400
- 18008
600 Fig. 18. STD temperature traces
—————— 700 from Gosnold Cruise 144. The sta-
800 tion positions are shown in Fig. 12.
The island is to the left.
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the strong northern current is the cause,
rather than the effect, of the mixing process.

The simplest explanation of the process is
to postulate a shearing instability of the mean
flow. The geostrophic shear is shown in Fig. 20
for stations 60 and 61. Defining the Richardson
number to be:

N2
Ri=——
' Uz

where N is the Brunt-Vaisala frequency, and
oU[oz the shear, we can estimate this number
in the region north of Bermuda. Taking 100 m
averages about a depth of 650 m, for stations
60 and 61, we obtain Ri =23. In many parts of
the profiles, especially in those resembling
Station 63 (see Fig. 19), the STD cannot tell if
the water is locally even statically stable;
specifically, the value of N is so close to zero in

VELOCITY (cm/sec) STATIONS 60-61
-40 -35 -30 -25 -20 -I5 -I10 -5 o] 5

10 cmisec
1. 1 [ Pl R T S

100 -

800
Im) 900 -
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1100 -
1200 -
1300

1400 -

1500

Fig. 20. Geostrophic shear between Gosnold stations
60 and 61. The surface has been chosen as the
reference level.

C. WUNSCH

Fig. 19. STD temperature traces
from Gosnold cruise 144. The sta-
tion positions are shown in Fig. 12.
The island is to the left.

places that the resolution of the STD, owing
to the characteristics of the salinity sensor, is
inadequate to resolve the issue. In these places
the value of the Richardson number approaches
zero. It seemns inevitable that one must con-
clude that the flow is locally unstable at least
part of the time whether or not the Richardson
number criterion is completely appropriate.

What are the large scale dynamical conse-
quences of mixing by any mechanism? Wunsch
(1970) examined a model in which mixing was
parametrized into an Austausch coefficient and
explored the consequences of the wall boundary
conditions. More generally, let H be the vertical
scale of mixed fluid. Then we must have an
adjustment of the interior temperature and mass
field to those values. The effect of these mass
inhomogeneties will make themselves felt at a
distance L ~ NH/f into the interior, the Rossby
radius of deformation. Within the actual mixing
region, the dynamics might have a buoyancy
boundary layer character as discussed by
Veronis (1967) or Wunsch (1970), but in any
event will be turbulent and difficult to inter-
pret. In the interior region, by the model, the
flow is essentially geostrophic, and the effect
of the mixing (Wunsch, 1970} is to increase
the geostrophic shear within a deformation
radius of the island, perhaps leading to further
instabilities.

In this picture of a turbulent mixing field, the
near shore temperature and velocity fluctuations
are forced either by the mean flow, or by
breaking internal waves and need not neces-
sarily behave like free propagating internal
waves. This is one interpretation of the inco-
herence of the current meter components re-
ported here. That is, there is no simple propagat-
ing field. The “mean flows’ so close to shore
indicated by the progressive vector diagrams
probably have little to do with the mean
motion of the water, but must be interpreted
only as Eulerian means with large spatial deriva-
tives (Longuet-Higgins, 1969; Wunsch, 1971).
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1V. Gosnold Cruise 167

This cruise was carried out in cooperation
with Peter Hacker of the Scripps Institution
of Oceanography, and Arthur Voorhis and
Douglas Webb of the Woods Hole Oceano-
graphic Institution in July 1970. The detailed
findings will be discussed elsewhere by these
participants, and we will confine ourselves
here to a few general remarks.

The flow about the island was much more
weak and variable than on either previous
cruise, but the surface layers appeared to
flow towards the southwest on the average.
The “mixing’’ region was detectable primarily
on the southern side in contrast to previous
conditions. This finding is consistent with the
ideas outlined above and Hogg’s solutions,
and makes the internal wave source a much
less attractive hypothesis, sinee it would
require ad hoc azimuthal sources.

A number of vertical current meter (VCM)
Swallow floats (Voorhis, 1970) were set in the
main thermocline southeast of the island.
In general, floats set 100 m apart in the vertical
goparated rapidly, indicating a strong vertical
shear. Some of the floats tended to move shore-
ward, at least one coming within 50 m of the
bottom. The floats that moved into shallow
water underwent very strong vertical excur-
sions, dragged by violent fluid motions. The
behavior of the floats is in accord with the
picture obtained previously of an intense
mechanical stirring process in the near shore
region.

V. Conclusions

The flow in the immediate vicinity of Ber-
muda is distorted in a number of ways from
that of mean ocean conditions. The island acts
as an obstacle to the stratified shear flow and
an inviscid theory (Hogg, 1971) succeeds
reasonably well in describing the large scale
features of this near field. These features can be
described as a complicated tilting of the iso-
pycnals as the flow adjusts to the necessity of
going around the island obstacle, with a finite
Rossby number effeet primarily manifested
when the island is to the right of the flow, in an
area where a great deal of microstructure is
apparent.

Some kind of mechanical mixing process is
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associated with the island slope. To an extent,
this mixing may be derived from an incoming
internal wave field (Wunsch, 1969; Wunsch &
Dabhlen, 1970), but the asymmetry of the miero-
structure in azimuth about the island indicates
that the dominant effect is associated with the
mean flow itself. The general tendency for T
and S to mix together probably indicates that
the mixing process is probably primarily
mechanical, as does the remarkable behavior
of the VCM in the vicinity of the shoreline.

The surveys of Bermuda reported here must
be regarded as in the “near-field” of the flow.
Exactly how the flow features delineated fit
into the overall pattern of the surrounding
Sargasso Sea may only be guessed. The high
velocities seen in drogues 6, 7, 8 and 9 presum-
ably do not extend indefinitely far from Ber-
muda, but there is no indication of curvature
of the tracks or a decrease in velocity as they
moved east. The direct effects of the mixing
process, outlined schematically above, and the
non-linear effects would diminish as the island
is left. Unfortunately, there is insufficient
information to be certain. Probably, the mean
flow is from the west, a stagnation point is
formed at the western edge of the island, the
flow to the north is intensified by topographic
effects, mixing, and finite Rossby number, and
would diminish if pursued further eastward or
northward.

Despite the difficulties of interpreting the
small-scale features of the flow field, the
overall flow pattern seems clear. The Gosnold
144 survey is reasonably synoptic, and the
adjustment of the flow field to the island is
apparent.

It may be worthwhile at this point to consider
the small literature that exists on islands in
general, and on Bermuda in particular in the
light of our observations. Wyrtki et al. (1967)
and Patzert (1969) have discussed the eddy-like
motions that appear in Hawaiian waters. These
eddies are on a much larger scale than we have
considered at Bermuda. Patzert ascribes the
eddy formation to very strong local winds in
the inter-island passages. This seems an un-
likely phenomenon at Bermuda.

White (1971) has discussed the flow of a
homogeneous fluid past an island, in which a
linear Rossby wave wake is formed in a well
known process. The ratio of the beta terms, in
the vorticity equation for a homogeneous fluid,
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to the advective terms, is easily shown to be:
pLA U

where L is the island scale, and U is a typical
flow velocity. With g~10-11, U ~10 cm/sec,
it is clear that the beta terms are much less
than the inertial terms unless L 10¢ m. Few
islands are this large. White’s solution may
have some relevance to possible laboratory
flows however.

At the other extreme, Drazin (1961) con-
sidered a stratified shear flow past a hemi-
spherical island in a non-rotating fluid. His
approach was similar to that of Long (1955) for
two-dimensional flows, and despite some diffi-
culties with non-uniformities, Drazin’s solutions
are probably applicable to very small islands
with very high Rossby numbers.

We have mentioned Longuet-Higgins’ (1970)
hypothesis of mean circulation about islands
generated by wave streaming. As noted, there
was no clear sign of a circulation in our data,
but under different conditions such a circula-
tion might be set-up. Longuet-Higgins (1970)
points out that measurements by Stommel
(1954) at Bermuda lend some support to his
theory. Stockmann (1966) considered an en-
tirely different mechanism for generating a
circulation about a very large island through
an interaction of gradients in the mean wind
with the oceanic boundaries.

Boden (1952) discussed the apparent summer-
time circulation about the Bermuda islands,
and Boden and Kampa (1953) the winter
circulation. They assume the flow is primarily
baroclinic in both cases. Boden (1952) shows
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that in the summer, the water in the Bermuda
lagoon tends to be warmer than in the sur-
rounding ocean, setting up an anti-cyelinic
vortex. He postulates a convergence around the
island where the two water masses meet and
mix. The physics of the mixing is not made
clear. In winter, Boden & Kampa (1953) show
that it is plausible that the opposite happens,
a cyclonic vortex is set up by the much
cooler water in the lagoon. The summertime
circulation they postulate is consistent with
the measurements of Gosnold 144, though we
would tend to identify their “eonvergence
zone’’ with mechanical mixing on the slope.
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MUKPOCTPYHKTYPA TEMIIEPATYPBI HAJl BEPMYACKUM HNEJB®OM C
IIPUMEHEHUWUEM K CPEAHEMY TEYEHHWIO

IIpn ucnonbzoBaHuMM TruUAporpaguyecKux MAaH-
HHX U JAHHBIX, HOJNYYEHHHX Ha HIaBY4nX OyAx
M 33AKOPEHHLIX M3MEPHTENAX CKopocTH, Oblnn
UBYUYEHH OKeaHHMYeCcKMe YCJIO0BUA B HeENoCpen-
crBenHo#t 6ausoctm or ocrpoBa Bepmypa. Haii-
ZeHO, YTO OCTPOB ABJIAETCA MCTOUHHKOM MHUKPO-
CTPYKTYPH € 3aMETHON asUMYyTANbHON acuM-
MeTpueli B MOAAX TeMuepaTyps i coleHoctH. Ilo
OAHHEIM OXHOro peitca obuactb Haubosee HH-
TEeHCMBHOT'O nepeMelnyBaHUA Oblla CBA3aHa C
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CHUJABHHIM CTPYHHBIM TedeHMeM IONMEpeK CeBep-
HOTO CHiIOHa 0. Bepmypa. DTo TeueHHe Xapak-
Tepuayercs OYeHb 3aMETHHIM yriayGbienueMm uao-
TepM TJIaBHOI'O TEPMOKJIUHA II0 Mepe TOro, Kak
OHO TpuOIMKaAeTCA K OCTPOBY ¢ ceBepa. Ompe-
AeleHa TaKike CpegHAA KaPTHHA NOTOKa. B He-
nocpencTRenHol Onmsocrm or Gepera Habmo-
Aanuch OwIcTpOollepeMeHHBIE BO BpeMeHU [IBH-
#KeHNf, KOTOPHIE MOMKHO CBA3ATh CO CTYNEHb-
49aToii CTpYKTypoit KpuBeix T u S.



