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] ABSTRACT 

On Cruise #22 of R/V ATLANTIS II from June 10 
to August 4, 1966, 115 sound velocity profiles 
WHOI SVP #371 - SVP #485, were measured with a 
sound velocity profiling system that incorporated 
an on-line PDP-5 computer. The cruise covered 
approximately 356,000 square miles of water between 
Bermuda and the Antilles. The main purpose of the 
cruise was to look for long-period internal Rossby 
waves expected from earlier cruises, ATLANTIS II
#11 and CHAIN #47, and to improve our te�hniques
in gathering oceanographic data. Part I of this 
report presents the observations of ATLANTIS II 
Cruise #22 with possible interpretations. On the 
way to the Sargasso Sea ATLANTIS II traversed the 
eye of hurricane ALMA and we obtained new information 
�n the air-sea interaction. In the Sargasso Sea the 
temperature data and the sound velocity data suggest
that the circulation is complicated with eddies of 
large size. Part II is separately bound and consists 
of figures of the sound velocity profiles with comments 
concerning their reliability where necessary. 
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SECTION I INTRODUCTION 

In any effort to understand the fluctuation of sound

signals propagating through the ocean, it is necessary to 

learn about the spatial and temporal variability of the 

transmission medium. The design of meaningful acoustical 

experiments depends on such information, and for this reason, 

several cruises have been undertaken to measure the sound 

speed in the Sargasso Sea area. ATLANTIS II Cruise #22 was 

the fourth of these studies. Earlier W.H.O.I. cruises to this 

area were made by ATLAN.'I'IS in July 1962, by ATLANTIS II in 

July 1964 (Cruise #11) and by CHAIN (Cruise #47) in April

1965. 

ATLANTIS II Cruise #22 left Woods Hole on June 10 and

ended in Bermuda on August 4, 1966 with port stops in Bermuda 

and Puerto Rico. An overall track chart of this expedition

is shown in Figure I-1, while Figure I-2 shows in more detail

the long line of sound velocity profile locations southwest 

of Bermuda. 

The objectives of ATLANTIS II Cruise #22 were technical 

as well as scientific. On the scientific side, the cruise 

was designed to determine the existence of large-scale hori

zontal variations in the sound velocity which are believed 

to reveal the existence of internal Rossby waves in the 

ocean. The sound velocity observations of the earlier cruises

had uncovered a horizontal wave pattern having a scale of 

about 240 nautical miles. Therefore this region was 

of special interest to be studied using a towed instrument

as well as by taking sound velocity profile stations. A 

test experiment was also planned to measure the presence

of internal ocean waves in the seasonal and main thermo

cline by repeatedly lowering and raising the sound velocity

profiling equipment. This experiment was carried out close 

to Bermuda to allow for radar fixes on Argus Island. 
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On the technical side of the cruise, we planned to 

demonstrate the feasibility of obtaining sound velocity
profiles using an on-line computer with the W.H.O.I. sound 
velocity profiling system.* This system measures the sound 
speed each second as the instrument is lowered and raised
through the water, �nd also the travel time of a sound pulse 
transmitted from the instrument to the sea surface and back. 
The depth of the instrument is calculated as an integral 
of the sound speed over the acoustic travel time by the 
on-line computer (PDP-5). A plot of the profile is then 
presented in real time (M. Press et al, 1966). 

Emphasis was given �o the on-line computer system
during the cruise for two reasons. One, to provide an
accurate analysis of sound velocity profiling data while 
the cruise was underway, and two, to allow for interpre
tation and presentation of the observations shortly following
the cruise. Both of these objectives were met. 

Although an on-line presentation of the measurements was
available much of the time aboard the ship, the digital 
magnetic tape recordings were reprocessed on the computer 
at W.H.O.I. to insure correction of minor errors that had
developed at sea with the system. This post-cruise analysis 
was particularly time consuming, but was a necessary delay 
to check out observations from a data collecting system that
was undergoing design modifications. Shortly following the 
cruise a number of lectures were given presenting portions 
of the observations.** 

-------------------------------------------------------------

*A cooperative developmental effort for the on-line system was 
undertaken by staff members of the Applied Research Laboratory 
of the Sylvania Electronic Products Corp. in Waltham, Massachu
setts, at their own cost. 

**USW Research and Development Planning Council Meeting, 
October 11-13, 1966 at Woods Hole, Massachusetts. 
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We believe that measurement of the sound speed in the ocean 
and a study of sound propagation through the ocean will prove 
to be very valuable for oceanographers. Only after a demonstra
tion that the monitoring of sound signals permits a useful 
description of the motions of the oceans continuously, will 
the full impact of acoustical oceanography be appreciated. 
Prior to such an effort, however, we present here the measure
ments of sound speed and temperature obtained during ATLANTIS 
II Cruise #22, 1966, that reveal the aspects of the dynamic
behavior of the Sargasso Sea. A serious effort is made to 
avoid letting preconceived notions as to what should happen 
influence the obJective presentation. 

This report is in the form of a total cruise analysis
and includes the major events during the work, but the analysis 
is still far from complete. We have made an effort to let 
the data presentation in Sections II, III, and IV reveal 
ocean processes and to limit ourselves to tentative interpre
tations until Section V, where a theoretical discussion gives 
some justification for the interpretations used. 

The highlights of ATLANTIS II Cruise #22 to the waters south 
of Bermuda during the summer of 1966 are described in Part I 
of this report. A number of contour charts both in the hori
zontal and vertical dimensions are presented as different ways 
of exhibiting the measurements. Part II of this report is 
separately bound and contains plots of the sound velocity
profiles (W.H.O.I. Ref. No. 68-67, Beckerle, 1968b). 

The cruise results are grouped according to the ocean 
process being measured, the sea-hurricane interaction, the 
sound velocity measurements, and the temperature measurements. 
In Section II, measurements of sea and air temperature in 
traversing the eye of hurricane ALMA are offered as unique 
data pertinent to air-sea interaction research. The sea 
temperature variations suggest an interpretation in terms 
of regions of upwelling associated with unstable baroclinic waves o 

In Section III, we present the sound velocity measurements. 
First we describe the thermocline variations observed in a 
300-mile long line of sound velocity profiles southwest of 
Bermuda that were obtained in a few days. These data appear 

I 
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I to be related to temporal variations measured in one location 

near Bermuda over a number of years (PANULIRUS data). Next a 

short time series of internal waves in the depth interval of

60 to 260 meters are described. They were obtained during a 

test using the technique of repeatedly raising and lowering 

a sound velocity measuring system, the "Yo-Yo" technique.

Some features that can be seen in the data are interpreted 

as resulting from the superposition of an upgoing and down

going internal wave group. Changes in the period of some 

small-amplitude oscillations appear to be the result of the 

interference (or scattering interaction) of a larger trochoid

like internal wave. 

The major portion of the sound velocity data was collected 

in the rhombic grid pattern seen in Figure I-1. In analyzing

these data various forms are presented, i.e., horizontal and 

vertical contour charts, with interpretations. The horizontal 

contours at several depths are interpreted as providing

information about average current flow directions. The 

pattern of contours appears to indicate that large eddies 

exist in the Sargasso Sea. Some have intensities that vary

in depth as well as location. There is evidence that near 

the depths of 1800 and 4000 meters, horizontal variations 

of sound speed are at a minimum, along some tracks. This

leads to speculations about the vertical distribution of 

turbulence. The contour charts suggest that flows are toward 

the west at 800 meters but toward the east at 200 meters,

in the region of the thermal front near 28 ° N. Considerable 

discussion is given to temporal variations of the sound velo

city measurements in order to establish the meaningfulness 

of the measurements. For instance, measurements are presented 

that indicate that the contour patterns obtained were reasonably

steady during the cruise. 

Independent measurements using standard bathythermograph

(BT) observations and a towed temperature sensor throughout 

the cruise are described in Section IV. These observations 
 

were used to obtain depth variations of the 20 ° C isothermal

surface for the area. The resulting pattern is consistent with 
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] the sound velocity measurements and suggests a circulation 
for the Sargasso Sea that can be characterized by a system 
of eddies. Some support for the hypothesis that the pattern
relates to the direction of water flow is presented. Next, 
the pattern of eddies is shown to have visual correlations 
with the shape of the ocean bottom. A speculation is offered
that relates the pattern of eddies to prominent features of 
the sediment distribution on the ocean floor. 

Section V contains a theoretical account of the observa
tions based on the assumption that the flow in the Sargasso 
Sea is isentropic. This allows the use of Ertel's theorem 
(1942) which relates vorticity to vertical temperature gradients 

on surfaces of constant temperature. The observations are 
shown to be in agreement with the above hypothesis but in
view of the lack of extensive current measurements a thorough 
evaluation of the hypothesis is not possible. In Section VI 
the report concludes with recommendations for research into
acoustically monitoring large ocean areas for information 
about oceanographic variations as well as further study into 
the circulation of the Sargasso Sea. 
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SECTION II HURRICANE ALMA 

The westerly jog in the track on the way to the survey 

area shown in the Track Chart, Figure I-1, was an attempt

to avoid hurricane ALMAo ALMA anticipated our moves as 

can be seen in Figure II-1, and we traversed the eye of 

the storm on the 12th of June.* The track of hurricane

ALMA was given by Hubert (1967). Actually the winds and 

waves of ALMA helped to determine the course of the ship

into, and out of, the storm. The weakened storm was

moving northerly at about five knots and ATLANTIS II was 

proceeding toward the south at approximately ten knots o 
The coordinates of the center of the eye were approximately

the same as the position of ATLANTIS II at 1830 EDT hours. 

The storm, although considerably weakened, did have an 

eye o Blue sky was seen above the ship at 1830 hours and

an eye can be seen in the satellite photograph of the 

cloud coverage in Figure II-2 taken four hours earlier.** 

The position of ALMA estimated from the photograph is indi

cated in Figure II-1 at 1430 EDT o The radius of the eye of 

the storm estimated from the cloud photograph is about 50 

to 60 kilometers o On the ship we estimated that the radius

of the eye was about 54 kilometers from the abrupt changes in 

wind speed o 

Many contributing factors such as the Gulf Stream, the 

nearness to the continent, the bathymetry, and the general

weather movements, make the analysis of a storm in this area

very complexo In this report we do not examine all these 

factors thoroughly. We present the principal observations 

with some analysis. Interpretations are not intended to be

complete o 

----------------------------------------------------------------

*This event was an instructive experience in air-sea interaction 
for fourteen student scientists on their first trip to sea. 

**The photograph of ALMA was taken by Satellite ESSA I on June 

12, 1966. Mr. J. Gordon Vaeth from the National Environmental 

Satellite Center kindly provided the photograph o 
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] 
During the traversal, we recorded the sea temperature

with a quartz thermometer that was mounted on the bow at a 
depth of four meters on a digital magnetic tape recorder 
and an ei�ht-channel Sanborn Recorder. In addition, several
other physical quantitites were recorded on the Sanborn 
Recorder: air temperature from a quartz thermometer mounted 
four meters above the water at the stern; the barometric
pressure; the ocean wave heights using a wave recorder that 
approximately compensated for the roll of the ship; the 
ship's speed; the ship's heading; and the time. A sample
record is included as Figure II-3. These data are considered 
to be unique and are of value in air-sea interaction studies. 
Figure II-4 contains a plot of the barometric pressure, air
temperature and the sea temperature during the passage
through ALMA. 

Discussion of the Air Temperature 

The eye of the weak hurricane is readily located between 
times 1530 and 2130 hours EDT by the minimum of the baro
metric pressure (the bottom curve in Figure II-4) and with 
high air temperatures as seen in the middle curve of Figure 
II-4. The cool air aloft descends down the eye and is 
warmed in the process by dry adiabatic compression, (Haurwitz, 
1935; Godske et al, 1957, p. 574). This accounts for the 
relatively high air temperatures in the center of the eye.
It is interesting that the air temperature in the eye of the
hurricane at sea level is about one-half degree Centigrade 
colder than the sea-surface temperature. 

The rise in temperature of the central region of 
the air-temperature curve in the eye of the storm might be 
related to an anticyclonic circulation of the water that 
exists near the center according to theoretical calculations 
(O'Brien and Reid, 1967), or to a similar vorticity in the air. 

This possibility needs study. 

We expect the air temperature to decrease abruptly as the 
ship passes out of the eye of the storm. This appears in
Figure II-4 at a time shortly after 2030 hours on June 12. 
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Most of the temperature data obtained in hurricanes 

from aircraft are limited to no closer than 300 meters above 

the ocean for safety during flight. Consequently, inferences

about air-sea interaction from aircraft temperature measure

ments remain vague. In this connection, it seems significant

that the air temperature recording at four meters above the

sea surface in ALMA is similar in shape to temperature recordings 

obtained by an aircraft in traversing hurricane CLEO (1958) 

at an altitude of 300 meters. Since we suspect that the air

temperature recordings by an aircraft are related to the 

absolute vorticity under the assumption of nearly layer-wise
isentropic flow, it is surprising to find a close similarity
to the recordings so near to the sea surface (Figure II, 4a). 

In his discussion about hurricane CLEO, La Seur (I962)

presented a vertical cross section of the temperature anomaly 

from mean tropical conditions measured in the hurricane, August

18, 1958 at 35 ° N. CLEO appears to have very similar character

istics (size of eye, windspeed, etc.) to hurricane ALMA. L aSeur 

suggested that the anomaly in temperature is evidence that 

convective processes play a primary role in determining the

structure and formation of hurricanes and also in their movement. 

Riehl (1963) developed arguments explaining the radial air 

temperature distrbution in hurricanes that ought to apply to 
intense hurricanes and found that his model did not explain

the temperature structure of hurricane CLEO, a weak hurricane 

having a large eye with winds around 60 knots. This difficulty

surely results in part from the need to take into account more 
carefully the air-sea interaction for which measurements are 

needed. 

Discussion of the Sea Temperature Record 

The observations in Figure II-4 indicate that warm sea

surface temperatures exist in the eye where upwelling should 

be greatest, whereas much colder sea temperatures occur some 

distance outside of the eye of the hurricane. Although these 

observations are apparently in conflict with the observations 
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of cold water found along the track of hurricane HILDA 
(Leipper, 1967) that are explained by upwelling in the 
region of the eye (O'Brien and Reid, 1967), we m?Y avoid 
the conflict if we suppose that the cold, upwelling central 
region of the ocean under ALMA did not penetrate the iso
thermal surface layer. Also note from Figure II-1 the 
complication evidently introduced by the Gulf Stream. 

The surface isothermal layer was measured in the eye 
near the eyewall by a bathythermograph to extend 45 meters.
According to O'Brien and Reid's calculations, this layer 
should become thicker in the radial direction away from the 
central region for a stationary hurricane. Unfortunately it
was too hazardous to obtain bathythermograph recordings while 
in the storm to verify this directly. Moreover, one needs 
to take into account the influence of the Gulf Stream in the 
analysis. 

The sea-surface temperature record for hurricane ALMA 
in Figure II-4 exhibits a sequence of intense cusp-like
variations that increase in spacing in the radially outward 
direction. ·we suggest that the cusps are regions of intense 
upwelling of cold water brought about by the response- of 
the ocean to the moving storm or a modification by· the storm 
of a pre-existing sea temperature condition. To clarify this 
suggestion we will discuss both inertial gravity waves and 
longer period baroclinic waves with respect to the opserva
tions. However, we will omit introducing at this point
complexity of the Gulf Stream influence. 

Internal gravity waves with a period slightly shorter
than the inertial period are continually stimulated by in
stabilities generated by the storm center. They should exhibit 
a nearly standing wave pattern with respect to the storm center
since the group velocity for inertial-period gravity waves is 
near zero. The spacing between successive waves of this pattern
should change depending on the phase speed of internal gravity
waves which varies with the layer depth. The upper-layer depth 
in the water, according to theory, varies radially from the 
storm center because of the main upwelling process. It is 
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] thinner toward the center of the disturbance o The layer
thickness reaches a nearly equilibrium shape after twelve 
hours of a stationary storm according to O'Brien and Reid
(1967) 0 

The phase velocity of an internal gravity wave*, at the 
interface of a less-dense p-llp upper layer of thickness 
h, overlying a thick, lower layer H is given approximately 
by 

rv
-

For an isothermal upper layer of 100 meters' thickness, this 
could reach three knots. Close to the storm center, where 
upwelling possibly reduces the layer thickness substantially, 
the wave speed might be as low as one-half knot. The wave
length of an internal gravity wave at the inertial period of
twenty hours (which corresponds to the latitude of the storm)
depends on the phase speed of the waves. Since this wave 
speed increases with radial distance from the storm, from 
one-half knot to possibly three knots, the wavelength should 
vary from ten miles at a short distance from the storm center 
to sixty miles at a large distance. The spatial separations
of the major sea-surface temperature drops shown in Figure II-4 
at 1800, 1930, 2200, 0100, and 0600 hours, can be obtained by
multiplying the ship's speed relative to the storm by the time
intervals for the above times. These separations vary from 
about 15 miles to sixty miles. This wavelength interpretation 

*We restrict the discussion to a two-layered ocean recognizing 
that it is only an approximation to the continuously stratified
ocean. The upper, thin layer is taken to be an isothermal, 
mixed layer with an abrupt lower boundary and therefore very 
long wavelength, inertial gravity waves should be possible as 
a two-layered oscillation. 
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of the spacings between the cusp-shapes indirectly supports 
the theory for the existence of an increase in the average 
thickness of the isothermal layer along a radius from the 
storm center. We use the word indirectly here to suggest 
that other factors may also play an important role in the 
observations, i.e., change in the depth of the water and 
the presence of the Gulf Stream. 

We suspect that the large temperature dips may be evidence 
of unstable baroclinic long waves. The depth of an isotherm 
(or a layer) might have a marked rise toward the surface at 
the places where the temperature drops in Figure II-4. This 
would indicate intense upwelling .and counterclockwise circul
ation. It is easy to visualize the existence of these waves 
since we are primarily interested in the southern side of a 
hurricane and in this region there is an eastward component 
to the current flow produced by the storm. Accordingly, we 
can imagine Rossby waves and unstable long waves being held 
stationary in this region since these waves can have a 
westward component to their phase velocity that may just equal 
the eastward current. Moreover, the minimum wavelength for 
baroclinic waves is given by 2 ff times the internal gravity 
wave speed divided by the Coriolis parameter (Longuet-Higgins, 

1965). This is the same wavelength relationship just described 

for inertial-period, internal gravity waves that was related 
to the spacings of the large temperature dips in the sea tempera
ture recording. 

Discussion of the Sea-Air Temperature Difference 

The radial air-sea temperature difference is surely an 
important measurement relating to the thermodynamics of the 
interaction of the sea and the hurricane. There are three 
distinct regions of the storm to be considered as is clearly 
shown in Figure II-4. The first region is that portion of 
the eye of the storm where the sea-air temperature difference 
is essentially constant. The next region from about 2030 to 
0100 shows that the sea-air temperature difference increases. 
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This is followed by a region after 0100 where this difference
decreases. If we ignore for the moment the large dips in the 
sea-temperature record of Figure II-4 and plot the sea-air 
temperature difference against time on a log-log plot, we
obtain the results shown in Figure II-5. Time is approximately 
proportional to the range of the ship from the center of the 
storm. These measurements are relative to the ship, and could
be difficult to interpret if the storm in this region were 
moving northward rapidly. However, this is not necessarily
the situation in the region south of the storm center. 

In Figure II-5, the first two and one-half hours are 
still within the eye of the storm. The second region of the 
storm is characterized by an increase in the temperature 
difference. In Figure II-5, two lines are drawn through the
points, the solid line shows an increase proportional to the 
square of the distance and the dashed line shows an increase 
proportional to the three-halves power of the distance. In 
an oral presentation of these data*, the measured sea-air 
temperature difference was reported as closer to the three
halves power. Upon re-examination of the measurements and
with the requirement that the line be outside the eye of the 
storm {the point at 2.5 hours in Figure II-5), the line 
proportional to the square of the distance seems more
appropriate. 

The third zone is also shown in Figure II-5 where the
temperature is inversely proportional to the distance. The 
low values of the air-water temperature difference in this 
outer region were not used in estimating the 1/r slope since 
they are regions where the sea te�perature goes through large 
anomalous temperature dips which will be discussed later. 
Unfortunately, instr�mentation to measure wind speed accurately 
was not available and estimates were crude. Nevertheless, the 
maximum wind speeds in the storm probably occurred at the location 
of maximum air-sea temperature difference indicated in this
figure. An abrupt increase in wind speeds occurred 3 hours 
from storm center. 

*Sixth Technical Conference on Hurricanes, Dec. 2-4, 1969 
Miami, Florida.
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Often data about hurricanes concerns the power law for 
the dependence on radial distance from the center of the 
wind speed at an altitude of 300 or more meters. Riehl
(1963) examined the radial dependence of wind speeds 
obtained from aircraft in several hurricanes and found 
that ·in the outer field the tangential component

of wind velocity decreases with the radius as r-1/2. He 
pointed out that this implies conservation of potential
vorticity. He also found that the wind speed closer to
the eye usually increases as the first power of the radius, 
although there are exceptions. The observations presented 
in Figure II-5 give indirect support to the hypothesis that 
the air-sea temperature difference is proportional to the 
square of the wind speed in the outer zone and also in the 
inner zone.

Malkus and Riehl in 1960 presented arguments that the 
air-sea temperature difference might be related to the square
of the wind speed. They assumed that heat-transfer from the 
ocean to the air occurs isothermally while the air in a layer
close to the sea expands as the air converges inward toward 
lower pressures. Thus the added heat from the sea is thought 
to balance the drop in temperature that comes about due to 
expansion. This is the reason given for the constant tempera
ture inflow region frequently found far from the central region
of a hurricane. This also is presented as the heat supply
mechanism to explain why hurricanes can intensify at sea but
not over land (this notion was suggested by Byers in 1944). 
The underlying reasons why an isothermal mechanism such as 
this should take place are not well understood. However,
Malkus and Riehl show that an isothermal process would maximize 
an assumed analytical expression for the kinetic energy that 
contained terms for the production and dissipation process.
They argued that stability should be associated with a minimum 
of ki_netic energy, and therefore a process which maximized 
kinetic energy over other possible processes would become
dominant at the fastest rate and be the observed process. 
The main question is surely whether there is adequate time 
available through turbulent motions in a hurricane in the layer 
close to the sea for heat energy to be added or subtracted from 
all parts of the working fluid that is primarily responsible 
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ll for a process being isothermal. Otherwise, the process 

would tend to be adiabatic. It is interesting that the 

range of observed barometric pressure variations shown 

in Figure II-4 is comparable to the magnitude of the 

saturation vapor pressure change that would correspond 
to the observed air temperature variations (considered

as wet bulb temperatures). 

Discussion of the Variations in the Set of the Ship. 

There are observations that tend to confirm the existence
of the intense circulations associated with the temperature dip

in the record o We observed effects on the _ability to steer the 

ship and the intensity of ocean surface waves in these regions.
A plot of the ship's Loran positions and the ship's headings 

shows definite variations in the set of the ship that relate 

sensibly to the interpretation of the sea conditions discussed

earlier. These data are shown in Figure II-6. The set of 
the ship (in degrees) and the direction indicated along the 
track are considered to be meaningful in view of the experience
of the ship's crew in navigation and in view of the continuous 

recordings of the ship's heading and speed (see the example of 
the Sanborn recordings in Fig. II-3). The average of the 

estimated sets in Figure II-6 was 7 ° to port. This was 
subtracted from the numerical values giving the set variations 
around the mean shown in the figure. A gyrocompass correction

of 2 ° to starboard should be subtracted from the mean value 

of 7 c to ° port making a mean set to port of 9 . Consequently, 

only in the narrow region 0500 to 0600 EDT was ATLANTIS II set 
to the southwest. The oscillating solid line drawn along the 

track representing the variations in set suggests a meandering 
flow path for the water (see small arrowhead drawn on curve). 

The flow line is based on the large variations of the set 

in the ship's course created primarily by the direction of 

water flow, wind and waves. The sets are to the northeast 

as expected for the general circulation of water brought about 

by the hurricane. From the sketch of the meandering flow line 
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J in Figure II-6 we infer the existence of marked counter

clockwise circulations that occur close to the locations 

of the main sea-temperature dips shown in Figure II-4. 

The estimated southeasterly direction and character of the 

water streaming in Figure II-6 are in qualitative agreement 

with the theory of unstable baroclinic long waves that may

be propagating to the northwest on the southern side of the 

storm center. The flow pattern suggested in Figure II-6 

is complicated by a narrow zone between the times 0l00 and 0200 

where a large set deviation is indicated. This zone might 

be a region of strong streaming (a jet). The jet region 

may be represented approximately by two oppositely circulating

eddies located on either side of it. The large dips in 

temperature of Figure II-4 occur on the southeastern part 

of smaller scale counterclockwise circulations and on the 

northwestern part of larger scale clockwise circulations 

(as indicated by the arrows). This characteristic suggests 

a familiar counterpart in the distribution of vorticity in

vortex pairs on a rotating earth. A clockwise vortex intensi

fies on its western side in the northern hemisphere because 

the northward flowing water gains negative relative vorticity.

Just the opposite is expected for a counterclockwise vortex. 

Thus we infer from the variations in the ship's set that a 

strong jet to the northeast occurs at the ship's position 

around 0100, ship's time, and that current streams from the 

north and from the south of this position combine to form 

the jet. 

Final Remarks 

The brief account above does not include discussion of 

other important considerations such as the role of the Gulf

Stream in the observation or the fact that the storm was moving. 

The omission only means that we do not intend that the observa

tions and interpretations offered at this writing are to be

considered complete. Moreover, a considerable development of 

the mathematical side of the problem based on an extension of 

the work of Kuo (1949) has been done that is not presented here. 

This work included both free baroclinic waves in a region of a 

north-south shear in the mean eastward flow as well as a special 

case for these waves augurnented by the wind.
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Hurricane air-sea interaction is obviously very compli
cated and observations that can shed some light on the relative 
importance of some of the processes that can take place are 
scarce. Further study is essential, and some questions are 
raised here for this purpose. One concerns the mechanism of 
air-sea coupling when winds are high and when winds make up 
a vortex. Another concerns tracks of hurricanes and a possible 
influence of the variation in depth of the ocean. 

1) Vorticity is transferred to the ocean when ocean 
waves break and non-linear effects are present. Phillips 
(1966, p. 88) points out that turbulence is particularly

important in estimating induced pressures when the wind speed
is close to wave speed. Turbulence is also present when 
transfer of energy per unit time is most efficient. Phillips 
(p. 129) describes peaks in an energy spectrogram at low wave 
numbers for the data he presents of Barnett and Wilkerson 
where the wave speeds for short fetches matched wind speeds.
In the case of hurricane winds the ocean waves generated will 
be inclined to the wind since they radiate away from the 
center. In this case even short-wavelength waves may have a 
phase speed that is as large as the wind speed along the nearly
circular course of the wind path. It even seems possible for 
wave phase speeds to exceed wind speeds and transfer wave 
energy to the air. This region where wind speed and wave 
phase speeds are near each other implies effective turbulent 
wind-to-sea coupling that should be important in the calculations 
of the rate of increase of ocean circulation beneath the storm. 
If the response time is short enough then the system of vortex 
flows developed in the ocean near the sea surface and the wave 
response to the winds may lead to an important interaction 
in the dynamics of the hurricane itself. 

2) Some speculative questions suggested for further study 
arose from an examination of the gross behavior of hurricane 
ALMA during its trip and demise in the Atlantic Ocean. 

A track of the storm presented by Hubert (1967) indicates 
that ALMA moved eastward from Georgia along latitude 33 ° N to 
73°W longitude where it veered northward. Its intensity grew 
during its eastward motion as it crossed the Gulf Stream and 
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the continental shelf and moved out over the continental 
slope to deep water. I� its trip northward, the ocean depth 
decreased and the hurricane center came into the Gulf Stream 
region again. Its northward trip stopped at the edge of the 
continental shelf, 38 ° N, where the storm's track turned and 
followed the edge of the shelf northeasterly. During this
portion of the trip ALMA decayed rapidly into a diffuse 
extra-tropical storm. Some of the dissipation results from 
the influence of the colder water north of the Gulf Stream.
We speculate that this behavior of hurricane ALMA also 
supports the possibility that the distribution of vorticity 
in the ocean may influence the motion of a hurricane and
that the edge of the continental shelf and the shallow depth 
of the shelf may be connected with rapid dissipation. Certainly, 
the phase speed of sea surface waves traveling in the direction 
of the wind is limited by water depth over the shelf. Thus 
the edge of the shelf should mark the location of a change
in wind-wave interaction. In addition we speculate that as 
the storm reached latitude 38 ° N the growing vortex system
in the water began to carom into the edge of the shelf causing 
rapid shedding of underwater eddies. The winds of the storm
may then regenerate the vorticity in the sea. In this manner 
the storm may have drained large amounts of its energy into 
ocean vortices which were rapidly shed as the storm moved 
slowly parallel to the shelf edge. Not all hurricanes, in 
view of the variations in their northward speeds and intensities, 
could be expected to behave in this manner. 

No estimates of angular momentum and energy exchange were 
made for this supposed process, nor were the possible compli
cations of such a speculation examined to take into account 
the effects of the Gulf Stream. Nevertheless, there are 
tracks of a number of hurricanes that seem also to suggest
a possible dependence of dissipation and trajectory on the 
water depth, the edge of the continental shelf and vorticity 
distribution in the water. Some of these are: 

CLEO 1960 Traveling northwest, at 42 ° N, 66 ° W she became 
a tropical storm and veered eastward to travel along the edge 
of the shelf as she dissipated. 
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I ESTHER 1961 This hurricane traveled northward from 
35 ° N, 73.5 ° W to 41 ° N, 71 ° W which is near the edge of the 
continental shelf. There she veered eastward, weakened
and made a large clockwise-looping trajectory. 

GERDA 1961 Moving northward, she changed from a 
tropical storm to a weaker, ex�ra-tropical storm at 
42 ° N, 65 ° W (the edge of the shelf) where her path
turned to a more easterly direction. 

FRANCES 1961 Moving northwesterly, changed from a 
hurricane to a tropical storm near 42 ° N, 67 ° W and moved
over the shallow water. She then veered sharply to the 
east as she became an extra-tropical storm. 

ALMA 1962 Moving northeasterly, weakened at 41 ° N, 
69 ° W and then at 42 ° N, 68 ° W, while over shallow water, 
she veered eastward over the southeast channel. 

GINNY 1963 This storm performed several loops in the 
region of the Blake Plateau and the outer Ridge. 

GLADYS 1964 and 1968 These hurricanes weakened near 
44 ° N, 63 ° W which is close to the continental shelf edge. 

These observations, in the author's view are enough to 
encourage an investigation of the above speculation even
though other factors also influence the direction and 
dissipation of hurricanes. 
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Fig. II-2 Satellite Photograph of Hurricane ALMA at 

1430 EDT on June 12, 1966. 
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] 

� 

� 

� 

� 

I 

] 

·I 
J 
;] 

r.1 

J 
I 

I 

1 

] 

] 

I 

l 

I 

i 

l 

' 

� 

1 



,�\ 

\ I 

\ /'-..,._/ \ I 

AIR-TEMPERATURE SECTIONS 
(TEMPERATURES IN DEGREES CENTIGRADE) 

20
° 

25
° 

CLEOALMA 
1966 1958 

I 
,�\ 

I \ II 19°

24
° 

I I I
/I I I/ 

I
I 

I
I 

\ 

HEIGHT: HEIGHT: I I
I \
I 2000 meters4 meters 

I
23

° 18°\ I \
I \_, I 
/ I 
I I 
I I 

I I 

I \
22

° ° 17l I 
I I 
I I
l I
I \ 

CLEO-+/ \
21

° 16° 

15
° 

I
I 

I\ 
I 
I

, ___ ,
I \ 

,-, : 
I \ ,, I 

\,/1 /
20

° I 
I /
\ I 
\./ 

40 20 0 20 40 60 80 100 

RADIAL DISTANCE (nautical ml/es) 

Fig. II-4a comparison of Air Temperatures for Hurricanes ALMA 1966 and CLEO 1958. 



] 

] 

] 

] SEA-AIR TEMPERATURE DIFFERENC E 

HURRICANE ALMA (1966)

30 

T. ex: t 2 CX: lt 2 
-TW A

20 

2 3 4 5 6 10 20 30 (LOG)

TIME IN HOURS FROM STORM CENTER 

(SHIP'S SPEED RELATIVE TO ALMA rv 15 KNOTS)

Fig. II-5 Sea-Air Temperature Difference during

Traversal of Hurricane ALMA.

2 

• • 

• 

• 

1 .___........___,__---'-----L..--'-...1--11.....L...."------"--...,____, 

] 

1 

,] 

] 

] 

1 

] 

i] 

J 

I 

-1 
] 
1 
I 
I 
] 
' 
I 
I

' 



] 

] 

] 

] 

-, 

] 

l 

1 

] 

J 

] 

] 

I 

I 

I 

I 

I 

1 

-- - - ...... 

/ ....... 

/ ' 

STORM 
CENTER 

1800 

1600 

\ 

I 

I 

� STRE A MING ESTIMATED 
FROM SHIP'S SET 

------ COURSE WITH LORA N FIXES 

ESTIMATE OF WATER 
STREAMING UNDER A 
MOVING HURRICANE: 

ALMA (1966) 

ATLANTIS II- 22 

Fig. II-6 variations in Set of Ship about a Mean Set of 9 ° 

to Port. 

I 

I

' 



] 

] 
- 19 -

l 

] SECTION III SOUND VELOCITY MEASUREMENTS 

The track charts in Figures I-1 and I-2 show the locations 

of the stations at which sound velocity measurements were made. 

Most of the sound velocity profiles obtained on this cruise

were spaced sixty-five nautical miles from each other, covering 

an area of approximately 356,000 square miles. The rhombic 

pattern for the sound velocity profile locations was chosen

because it is a most efficient two-dimensional sampling plan 

to describe large-scale horizontal wave phenomena (Petersen 

and Middleton, 1962). The two exceptions are the long line 

of stations commencing 290 nautical miles southwest of Bermuda 

(see Fig. I-2), the Bermuda Leg, and the station off Argus

Island which involved measurements of the sound velocity 

structure, the Yo-Yo experiment. We will consider these 

measurements in chronological order. 

In this section the sound speed data will be presented

in different forms and they will be described as providing

information about the circulation. No justification of such

an interpretation on theoretical grounds is attempted at 

this point but we make a general justification in a later 

section. Suffice it to say for now, that we will not make

our interpretations about circulation based on the geostrophic 

argument which uses the height the sea stands to calculate the 

forces that drive the ocean. The difficulties of such measure

ments and calculations, which require the assumption of a depth

of no motion, have been discussed by Fomin (1964). Since the 

forces depend on such small ocean-surface tilts, we choose

to avoid this problem in our description. We take a different 

tack. We measure a physical variable in the ocean, temperature 

or sound speed for instance, and describe its variation for

several depths on maps, or we present the depth variations 

of a surface of constant temperature, or sound speed. A 

structured pattern, if found, may imply the conservation of

a physical property, such as angular momentum. Where the 

pattern appears chaotic, we bow to statistical methods of 

analysis. The difference of this approach might be expressed

as analogous to avoiding the Newtonian use of forces to cal-

culate planetary orbits, in favor of Keplerian method of de-

fining rules for them. We believe it is better to have ex-

tensive measurements first to lay bare the phenomena, and then 

follow this by looking for rules needed for a fuller comprehension.
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Instrumentation 

Most of the observations that will be presented here 
involve the measurement of sound speed in sea water as a
function of depth. In sea water the sound speed depends
mainly on temperature and slightly on pressure and salinity.
The reliability of the depth measurement is critical when
our purpose is to compare the depth variations of sound speed 
at different times at the same station and also over widely
spaced stations. Therefore, the sound velocity profiles
were calculated from measurements made by an improved version 
of a sing-around velocimeter that was originally developed
by Greenspan and Tschiegg (1957), and an inverted echo sounder. 

The sound velocimeter* consists of an ultrasonic trans
ducer and a reflective plate about 10 cm distance apart.
The transducer emits a signal which is reflected from the 
plate and received near the source. This pulse generates
another pulse of sound which accounts for the descriptive
name "Sing-around". The sing-around frequency is propor-
tional to the local sound speed. Calibration of the instru
ments in distilled water over the temperature range of interest
can yield values accurate to between 0.02 to 0.06 meters/sec. 
for the root mean square deviation from the standard values 
of sound speed versus temperature. However, there is considerable 

variation in absolute accuracy of the instrument because of 
the uncertainty between standard measurements of sound speed 
in water as function of temperature (McSkimin, 1965; Carnvale 
et al, 1968). Until further work is well established, we do 

not assign an absolute accuracy to sound speed measurements 
in the sea of better than 0.15 meters/second in 1500 meters/ 
second. 

The inverted echo sounder (Dow and Stillman, 1961) operates 
in a similar fashion since an acoustical pulse is reflected 
from the sea surface and its time of arrival back at the 

instrument that is being lowered into the sea is measured. 

*NUS Corporation, Paramus, New Jersey, U.S.A. 
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With our present system, the round-trip acoustic travel 

time, measured every second or two, is telemetered to the 

ship along with the sound velocimeter signal where a computer 

calculates the integral of the measured sound speed over 

the travel time to determine the instrument depth. The 

basic technique has been improved on gradually since 1962, 
and the _system has achieved an estimated depth accuracy

in a calm sea of better than 2 meters at a depth of 5000 
meterso The instrument frame that is lowered into the sea 

now contains a number of additional instruments (pressure, 

temperature and salinity). A final plot of the measurements 

is available aboard ship. 

The individual sound velocity profiles for the Bermuda 

Leg of which SVP #383 in Figure III-1 is a typical example

are presented in Part II together with comments on them. 

These sound velocity profile plots were obtained from the 

computer at W.H.O.I. using the digitized magnetic tape data

from the cruise. Only the descent was plotted although 

measurements were taken during ascent also. The computer 

was programmed to plot sound velocity values at depths

greater than 3000 meters by shifting the 3000-meter depth 

to the position of the 1000-meter depth and continuing the 

plot down the paper. Also notice that at approximately 750
meters, 1500 meters, 2250 meters and 3000 meters there are 
short gaps in the data. These gaps in the plots result from 

questionable travel-time measurements of the echo from the 

oceanrurface that occurred during the time of the outgoing

signal from the transmitter. (See description of measurement 

technique in Part II for more details).

The Bermuda Leg 

The long line of SVP's (Fig. I-2) is designated the 
Bermuda Leg. Similar sound velocity sections were obtained

on earlier cruises. They cross the thermal front zone at 

30 ° N latitude and lie along a path convenient for sound 

transmission studies. These data were intended to supplement

a transmission experiment which was not completed. 
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(a) Observations 

From the information obtained in the sound velocity 
profiles (Part II of this report), the contoured chart of 
sou.nd velocity along this vertical section, shown in Figure 
III-2, was constructed. The contours reveal a pronounced 
upward shift of over 200 meters in the region of the main
thermocline; starting with SVP #373 through SVP #377. This 
shift was located just north of latitude 28 ° N which is known 
to be the latitude of a thermal front zone in this season
(Voorhis and Hersey, 1964) .. Moreover, there is evidence 
that this transition zone separates two large regions of 
markedly different amounts of marine life, productivity
being much greater to the north '(Backt.rs et. �� .·, 1969} ; .• ' . 
Sound velocity contours drawn for a similar line of stations 
(Beckerle, 1965) from ATLANTIS II Cruise #11 also revealed 
a transition zone at depths much greater than the original 
near-surface measurements that uncovered the thermal front. 

Another rise of the thermocline in Figure III-2 occurs 
at SVP #388, a distance about 240 nautical miles from SVP
#375. This rise appears prominent in the broad area sound 
velocity patterns obtained during the latter portion of this 
cruise (Section III).. Its existence here supports reports
of a 240-mile wavelength on earlier cruises (Beckerle, 1965 
and 1966a). 

(b) Comparison with PANULIRUS Data 

There exists additional data in Nansen cast measurements
made from PANULIRUS to the south of Bermuda. There were only 
a few alterations in the two-week sampling schedule over the 
11 year period June 1954 to June 1965. Some analysis of
these data was reported by Schroeder and Stommel (1969). 
Here we present in Figure III-3 some additional analysis 
since these data appear to be related to the contour pattern
in Figure III-2. 
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Sound velocities calculated from the Nansen cast data 

yielded several time series corresponding to depths of 
200, 500, 800, 1000, 1300, and 1600 meters. In Figure
III-3 the mean sound velocity and variance of these series 
are presented. The variance (solid curve), as expected,

is nearly symmetrical and has a maximum at 800 meters, the 
middle of the thermocline. The distribution of the sound 
velocity fluctuations about the mean also is shown in several 
dotted curves in Figure III-3. The distribution is symmetrical 
at 800 meters, but has a pronounced skew at 500 meters and 
an opposite skew at 1000 meters. The skew in the distributions 
can be understood if one imagines that the internal trochoid

like vertical displacements of water shown on the left-hand

side of the figure are associated with the internal Rossby 
waves. (Observations made in 1964 indicated that a depth

variation was associated with a large-scale 240-nautical

mile horizontal internal Rossby wave.) One expects that 
a random sampling of the wave at 500 meters and 1000 meters 
would lead to skewed distributions since more observations

would take place in a trough than in a crest. Since sound 
velocity decreases with depth in the thermocline one expects

the skew in the distribution at 500 meters to be reversed

from that found at 1000 meters where velocity increases with 
depth. The skew distribution in sound velocity obtained at 
200 meters in Figure III-3 would result if a wave motion in 
the ocean at this depth had cusps pointed downward. The 
sesumed water displacements in the main thermocline, shown 
on the left-hand side of Figure III-3 are strikingly similar 
to the contour pattern variations observed in the cross-section 
of Figure III-2.

A distribution of the period in days between maxima in 
the samples of sound velocity with time for 800 meters in the 

PANULIRUS data shows a broad mode centered around 110 days,

and other sharper modes occurring at 56 days and 30 days.

These latter are roughly one-half and one-fourth of the 110-

day period and this gives emphasis to the 110-day period even

though it shows up as a much broader mode. These periods are 

also approximately multiples of the lunar fortnightly tide.

The probable importance of the fortnightly tidal period in 
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the dynamics of large-scale ocean movements would place
considerable doubt on the validity of a spectral analysis 
of these data because of the choice of sampling period 
(two weeks). One cannot rule out aliasing* effects o The

brief modal analysis described above suggests aliasing most 
likely is present o The presence of aliasing in spectral
analysis, nevertheless, does not invalidate the statistical
study of the distribution of the measurement described in 
Figure III-3. 

(c) Interpretation of Sound Velocity Contours 

In the range between SVP #378 and SVP #384 (Fig. III-2) 
there is a pronounced rise of the contour lines below the 
channel axis (at 1400 meters). This large-scale spatial
variation of sound velocity contours in a region as deep 
as the main sound channel is a characteristic feature of 
the vertical cross sections of many series of sound velocity
profiles measured on this cruise. It indicates that mo.re-·
ments of the water column extend very deep in the Sargasso
Sea areao A similar deep anomaly in the sound velocity
along this line was obtained in June 1954 on ATLANTIS II
Cruise #11 (Beckerle, 1965). 

This variation in the sound velocity contours near the 
sound channel axis is located below a warm-range interval 
nearer the surface in Figure III-2, suggesting possibly
both downward displacement of water and increased downward 
heat fluxo Near SVP #380, where the contours of sound 
velocity above the sound channel dip down toward the axis 
(1200 meters) and the contours below the axis rise up, we

might at first think that water above the sound-channel axis 
is descending and water below the axis is rising, but the 

--------------------------------------------------- -- ----------

*Aliasing is the technical word used in reference to the 
difficulty of not being able to distinguish in widely spaced
samples whether or not the value of the samples is due to 
variations that occur in the physical variable at shorter 
intervals than the sampling interval. This is particularly 
serious in spectral analysis. 

24 -

) 

1 

1 

] 

I 

I 

] 

] 

I 

] 

I 

I 

I 

l 

] 

I 

] 

I 

l 

I 

I 



1 

- 25 -

I 

latter may not be a correct interpretation. The behavior
of sound velocity contours near the sound-channel axis 
results from a sensitive balance between the temperature 
dependence and the pressure dependence. Thus warm water 
that may be descending can produce a rise in the contours 
of equal sound velocity below the sound-channel axis. 

This contour pattern can be described analytically 
quite easily by approximating a typical sound velocity
profile in the deep ocean by 

I 

l 
C (z) = c + bz + fl C [ 1 - tanh 2 (z -0 

hI 
in which b is a positive coefficient for the change in
sound velocity with depth (z) due to increasing pressure,
and the parameters A c, h, and z

0 
in the last term are 

adjusted to allow the expression to represent the sound 
velocity that results from other factors, such as tempera
ture and salinity, that may vary with geographical location 
and/or time. 

This equation has a gradient, negative in the main thermo
cline and positive below the sound-channel axis, given by 

I 

] 

] 

I 

I Since cosh(o)bs 1, the gradient is a maximum at z = z , 
0

which 
gives one relation among the parameters.

Now let us consider the change in depth of the sound 
velocity contour as the range changes. We have already assumed 
that the speed of sound, c, is an explicit function of the
four variables z, z , h, and 4 c. Each of these variables 
may depend on the range, 

0 
R. Thus, the change with range of 

the depth of a sound velocity contour can be obtained by 
setting dc/dR = 0, where 

I 

I 

I 

] 

J 

I 

I 

I 

1 

1 

I 



� 

I 

] - 26 -

) 

I The coefficient of dz/dR is of course just the gradient, 
G(z)c Now we can set dc/dR = 0 and solve for dz/dR, which 
will tell how the depth of a particular contour changes

I
with range in terms of the parameter changes. Thus we have I 

] 
If we consider for a special case a thermocline variation 

such that d (Llc) O
= J ] dR 

we can describe a change in the thermocline with range by a 
descent of z

0 
accompanied by a steepening of the gradient at 

z
0 

by a decrease in h. This choice would not be expected 
for a temperature diffusion process but could occur for a 
downward displacement of the water layer. In this case, 
for z greater than z

0 
all the terms in dz/dR are positive

and we find the sign of dz/dR depends only on the sign of 
G(z). Therefore the contour of constant c should rise for 
depths just below the sound-channel axis wherever a contour 
just above the axis descends, as exhibited in Figure III-2 
near SVP #380. 

If at some depth below the sound-channel axis dz/dR = 0 
for all ranges, then for the above type of thermocline motion 
we would have the condition that 

] 

I 

I 

d Q 
-=- _ ( 2- _ � 0 ') d I,,,

d f<. �JR.
Solving for this depth, we get =� 2. 

0 

_,j,__J�t> in which 

-;;ix
we put � � 800 meters, '1, � 800 meters ando 

all of which are reasonable for the middle Atlantic Ocean. This 
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indicates that for thermocline changes with range of this type,
there should be a depth below the sound channel (1600 meters) 
that will have a minimum fluctuation. This condition occurs 
in the data reported later (in Section III ) around 1800
meters and it has been noted in earlier measurements (Beckerle, 
1965) . 

The Yo-Yo Experiment 

In this section measurements of the fluctuations of sound 
velocity while the ship kept a fixed location off Argus 
Island are presented. The measurements were obtained during 
a test of a new technique, that of raising and lowering our 
sound velocity profiling instrument repeatedly.* The measure
ments were not taken over a long period of time since this 
was merely a test of the technique. However, we admit having 
had a sense of technical achievement as the on-line computer 
presented us with a plot clearly showing the two-hour period
variations of the sound velocity structure that results 
from internal waves. Included in' this section is a recomputed
graph of the fluctuations of sound velocity, which should
give some appreciation of the temporal inhomogeneities that 
scatter sound in this depth interval. 

Previously, records of sound-scattering inhomogeneities 
in the upper ocean were available from thermistor chain 
measurements. (The thermistor chain technique was developed
at W.H.O.I. and early work was reported by R.M. Snyder (1961)
and Hubbard and Richardson (1959) of W.H.O.I. and later 
the technique was used to advantage by the LaFonds (1966).)
The "Yo-Yo" technique has an advantage of providing continuous 
measurements in depth, covering any interval of 500 meters in 
a time-period comparable with almost all of the most rapid 
internal-wave oscillation that occurs in the ocean. These 
two methods present complementary aspects of the fluctuations, 
one more spatial and the other more temporal in character.
Although these sound velocity series were too short a sample 
to justify any extended analysis (five hours), they did 

*Since these measurements, this method has been used extensively 
by other researchers independently. 
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I 
stimulate some questions that are presented briefly belo� 
along with some attempts at answers and some speculations. 
These are offered to encourage experimental work in this 
area. But first we point out that in measurements of
internal waves from ships there are difficulties in holding 
the ship in position. Moreover, the question of whethe r  
the data would be more suitable for analysis if the 
recording system drifted with the water rather than 
maintaining as fixed a position as possible, is far from 
settled. 

(a) Observations 

Continuous sound speed measurements were made at a 
position about eight miles south of Argus Island by lowering
and raising the sound velocity profiling system between 50 
meters and 260 meters in so-called Yo-Yo fashion (June 22, 
1966). The period of the cycling was 4.7 minutes (top to 
bottom) and the sequence continued for five hours. An on-line
computer display of the sound velocity variations was obtained 
during the operation and internal-wave fluctuations were 
observed in these records. The data were also recorded on 
digital magnetic tape and contours of equal sound velocity 
were recalculated and plotted using the W.H.O.I. computer
facility. The measurements obtained while raising the
instrument were omitted because the instrument frame carried 
some water along with it that effected the sound velocity 
measurements slightly. Figure III-4 presents the variation
of the depth of the sound velocity isolines as a function 
of time. 

(b) Some Comments on these Observations 

The variations observed in Figure III-4 depend on the
influence of turbulence (or internal waves), but the changes 
of sound velocity with depth depend on the pressure. This 
effect amounts to about one meter per second in a depth of
sixty meters. It is not insignificant in comparison to the 
variations in Figure III-4. For instance, the vertical 
separation between the 1524- and 1523-m/sec isolines at
one hour is about sixty meters. Accordingly, the change 
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indicated might be explained as due to a temperature qecrease
with depth of nearly one-half degree C neglecting salinity 
effects. The corresponding temperature change at the top 
of the record, between 1529 and 1528 m/sec is nearer a one
quarter degree C change. 

There are several specific interpretations to be made 
with respect to the data shown in Figure III-4: 

1) The depth fluctuations of the sound velocity ,isolines
with time show a peak-like character facing upward and a 
smooth character on the underside in many instances (see for 
example the contour of 1528 m/sec.). Since the sound speed
decreases with depth, such fluctuations correspond to vertical 
water displacements that are in the opposite direction. A 
trochoidal wave has a similar shape. 

2) Portions of internal gravity waves of several hours' 
period are revealed by changes in the vertical spacing of
the isolines as for example between the 1527 and 1526 m/sec
isolineso In the depth interval near 180 meters where the 
sound velocity gradient is small there are patches where the
speed is slightly greater than 1523 m/sec. Two such regions, 
at one hour, and two and one-third hours, after start time, 
suggest a period of about eighty minutes in these fluctuations. 
Periods that are close to being integral fractions of this 
are readily observed as smaller-scale fluctuations in the 
several contours. 

3) Larger amplitude fluctuations occur in regions where 
the sound velocity gradient is weaker. This is expected
from internal wave theory (Eckart, 1961) and has significance
in sound scattering.

4) A hint of an interesting wave interaction is indicated 
in the region of the dashed curve A, B, c, D (in Fig. III-4). 
Observe the change in the period between AB and BC. A curve
A, B, C, D was drawn through the apex of the points so labeled. 
The downward and upward movement of water estimated by 
measuring the slopes of this curve at A, B C, and D are
related to the actual water movement just before and following 
each point given by the slopes of the 1529-m/sec sound velocity
isoline. 
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Despite the graphical approximations made, it appears
from the estimates of water motion in Table III-1 that the 
observed motion is influenced by the presence of a larger
internal wave (the dashed curve). Accordingly, the upward 
speed before point A is smaller in magnitude than the 
observed downward speed following point A by approximately 

twice the downward speed of a larger scale water movement.
This kind of observation should be expected with simple 
superposition of trochoid-like waves. 

TABLE III-1 ESTIMATED WATER MOTIONS 

Point 
Upward Speed 
Before Point 

m/hr 

Dashed Curve 
seeed at Point 

m/hr 

Downward 
Speed After . 
Point 

m/hr 

Calculated 
Downward 
Water seeed 

m/hr 

A 28 - 19 - 64 -28+2(-19)= -66

B 30 - 8 - 51 -30+2(-8)= -46 

C 29 + 1 - 25 -29+2(+1)= -27 

D 47 + 6 - 33 -47+2(+6)= -35 
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The period of time between crests of the 1529 m/sec

isolin� given by AB, BC, and CD decreases during the portion
where the dashed wave is descending, revealing a kind of scattering 
0£ longer period waves into shorter period waves. There is some
suggestion that this is followed by the reverse sequence. 
Something like these fluctuations in the depth-time isolines 
has been observed in depth-distance contours of temperatures
obtained with towed thermistor chain measurements from CHAIN 
Cruise #17 (Fig. III-5). A scattering process like this has 
been described theoretically by Eckart (1961) and Phillips
(1966) as a resonance interaction process, however, our data 
are too limited to establish a definite connection.
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JI Several large dashed curves, such as AA', have been 
sketched through the observations in Figure III-4 and these 
also suggest that the small-scale fluctuations are the result
of an interference of much larger-scale waves. The dashed 
curve AA' was drawn in the direction of the slopes of some 
of the sound velocity isolines but can be seen to cross others,
namely, the 1528-and 1525-m/sec isolines o These and similar 
correlations foun9 elsewhere in tne observations, stimulated 
consideration of an idealized model of the interaction of two
internal wave groups o Such a model is helpful in understanding 
the complexity of thermocline motions. 

The property of nearly alternate crossing of isolines 
that can be seen in Figure III-4 can be explained qualitatively
by supposing a linear superposition of upgoing and downgoing
internal wave groups in a depth versus range plot. In-Figure
III-6 we present an idealized picture of these internal waves. 
Figure III-6 (a) shows an upgoing internal wave group where
the phase of the waves propagates at right angles to the direction 
the group moves. The angle 0J indicates the direction the group 
propagates from the horizontal. It varies as -sin {j = � where C,v

N ,) 
is the circular frequency of the.�aves and N is the stability
frequency of the water column. The frequency N'increases as
the group moves upward and therefore the trajectory for the 
group is curved. A near-surface reflected group returns with 
its group and phase propagation directions changed as in Figure
III-6(b). The alternate flow of water in these groups therefore 
adds and subtracts to form cells as in Figure III-6(c). The 
direction of the net flow pattern in Figure III-6(d) exhibits 
an apparent alternate crossing of flow lines if one draws a 
path through several contours. A,similar variation in appearance 
would be expected in a depth-time recording of this spatial
pattern as it crossed a given position, as can be seen in 
Figure III-4. Much larger downward-dipping dashed curves have 
been sketched through the isolines in Figure III-4, suggesting 
the possible interference of _large waves. 
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In summary, the analysis of the Yo-Yo data has led

to some interesting conjectures about wave processes in the 
ocean. It appears that the layers in the ocean are continually 

in a near-breaking internal-wave state, giving rise to a zone 
of near isothermal water separated vertically and horizontally 

by zones of strong vertical temperature gradients. The pheno
menon has a distribution dependent on the interference and
possibly non-linear interaction of internal wave groups. 

The Broad-Area SVP Investigation 

ATLANTIS II made a stop at Bermuda on June 23, departing 

on June 26 to commence the second phase of the sound velocity
profiling work, as shown on the Track Chart (Fig. I-1). This 
phase of the work was interrupted by a short stop at San Juan 

from July 15 through July 18 and was terminated on August 4 
at Bermuda. 

The Sound Velocity Profiles obtained during this phase
of the cruise are spaced 65 nautical miles apart on the rhombic 

grid pattern. The individual SVP's are collected in Part II 
of this report. Here we relate this data to our study of the 
ocean. 

The ocean is a three-dimensional space whose properties 
are changing in time. The expectation is that the major
properties of this area do not change much during the duration

of the cruise (7 weeks). In order to help in the interpretation 

of the sound velocity data, it is examined in different ways. 
First we can plot contours of equal sound velocity at several
depths. Then the vertical variation in sound velocity is 
examined for each leg of the cruise.

(a) Spatial Variation 

One way of presenting these data is to examine the
sound velocity in a horizontal plane at a fixed depth. For 

the depths of 200, 600, and 800 meters, the sound velocity 
contours for the area covered in this cruise are shown in 

Figures III-7, III-8, and III-9. These depths are above the 

I 

l 

I 

1 

] 

] 

_I 

1 

I 

1 

] 

] 

] 

] 



I 

1 
- 33 -

I 

] main thermocline (200 m) and near the top (600 m) and near the 

bottom (800 m) of the main thermocline. If a depression in 

the thermocline region is associated with a circular flow

in the clockwise direction (Defant, 1961) the pattern of 

contours can be interpreted as large circulating masses of 

water with both clockwise and counterclockwise rotations

which vary with depth. These figures show that the motion 

in this region of the Sargasso Sea is quite complicated. 

The contour chart for a depth of 800 meters, Figure 

III-9, indicates a large-scale north-south oscillation or 
meander of the main thermocline just south of 30 ° N latitude.

High and low regions of sound velocity are indicated in the 
figure. The separations between "high's and low's" indicate 

a spatial wavelength of about 240 nautical miles (Beckerle, 

1966b) 

A comparison of these sound velocity contours at 800·

meters' depth with mean surface temperature contours reported

in "The Gulf Stream" (Monthly Summary of the U.S. Naval 

Oceanographic Office) for August 1966, reveals a similarity.

In a figure in that report there are large meanders (four
 degrees of latitude) in the 82 ° F mean temperature contour 

having an estimated wavelength around 240 nautical miles.

This surface temperature pattern is shifted somewhat north 

of the sound velocity meander pattern at 800 meters in Figure 

III-9. A considerable effort went into near-surface tempera

ture measurements during cruise ATLANTIS II #22, and a compari

son of deep, sound velocity measurements and shallow temperature 

measurements are made later on in this report.

The contours in the 800-meter sound velocity pattern are 

assumed to be parallel to the direction of current flow under

the assumption of near-geostrophic balance. The arrows indicate 

clockwise circulation around areas of high sound velocity.

Arrows were also inserted on a similar contour plot from the 

June 1964 data obtained during ATLANTIS II Cruise #11 for which 

there was some confirmation from current measurements using 

moored buoys (Beckerle, Reitzel, et al, 1966) The justification 
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] at this point for treating contours of sound velocity as 

indicating near-geostrophic flow directions is weak and 
merely follows from the fact that sound velocity in sea

water increases with temperature. Temperature contours 
have been used by oceanographers in the past to indicate 

flow directions when measurements leading to density or 
pressure were not available. 

An average westward direction of flow is suggested
by the arrows for the BOO-meter depth chart for the region
of the 240-nautical mile wave near 28 ° N latitude although
the flow line undergoes considerable north-south meander. 
There are indications of this also in the 600-meter depth 
chart, Figure III-8, although the contour reaches south as 
far as 25° N latitude. 

In this same latitude region, the contour pattern for 

the sound velocity nearer the surface (at 200 meters) that is 
shown in Figure III-7 suggests a nearly geostrophic flow in 
an eastward direction (see the oscillation of the 1523-m/sec. 

 contour east of 70 °W longitude). Further on in this report
we will interpret an isothermal surface obtained from numerous 
BT's as indicating an eastward flowing current in the thermal 

front zone (latitude 28 ° N). In several near-surface studies 
of this thermal front region the meandering current directions 
were, on the average, eastward (see Voorhis, 1965; Beckerle, 
1968a; Katz, 1969) in agreement with Rossby wave theory. 

Some additional support for a counterflow at greater 
depth below the thermal front zone is suggested by the line
of sound velocity profiles obtained across this zone in ATLANTIS 

II Cruise #11 in 1964 reported by Beckerle (1966b). In these 
data it was observed that the water was colder on the southern 

side of the thermal front at a depth of 400-600 meters. 
Measurements obtained near the surface across the thermal 

front have usually reported warmer water located on the southern 
side of the frontal zone (Voorhis, 1965; and Katz, 1969). 
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The eastward flow direction indicated by the contour 
patterns in the upper layer at 200 meters' depth and the westward 
direction for the lower layer at 800 meters' depth can be 
described conveniently in terms of an alternating double vortex
row. Barkley (1968) recently advanced a similar viewpoint with 
regard to the Kuroshio-Oyashio Front. He points out a well

recognized failure of the model in that the vortex array
propagates to the east, whereas the movement of the front 
ought to be westward according to Rossby wave theory. However, 
with out addressing o�rsel ves to this question and without 
introducing any mechanism for the generation of the thermal 
front zone (such as wind stress curl at the boundary between 
the trade winds and westerlies) consider an alternating array
of vortices (Figure III-l0(a)) with clockwise vortices located 
on the southern side. There are two flow directions compatible 
with the array of vortices. An eastward-flowing jet is drawn 
as the solid wavy curve and a westward flow with a large north
south meander is indicated by the dashed curve. In Figure 
III-10 (b) we have drawn the_se two flows above and below an 
oscillating isothermal surface considered as separating the 
ocean into two depth intervals. This picture is consistent with 
our discussions concerning the contour patterns of sound velocity, 
but it has several shortcomings. 

(b) An Intense, Deep Anticyclonic Eddy 

In Figure III-9 the relatively intense "high" (value of 
sound velocity) located at approximately 28 ° N, 66 ° W was contoured 
with dashed lines in order to indicate that the data supporting
the contours and the contour-spacing chosen depend to a great 
extent on SVP #438. Therefore, we examined carefully the
reliability of this sound velocity profile. We have found no 
reason to suspect the data, although it is very different from 
other sound velocity profiles. Some description of the evidence
follows. 

Supporting the reliability of SVP #438 is the fact that 
the sound velocity profile made during descent of the instru
ment compares closely with the measurement obtained during its 
ascent. These two measurements are independent. The plots of
SVP #438 up and down that were obtained aboard ATLANTIS II from 
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the on-line computer system are shown in.Figure III-11. They 
are essentially the same within the resolution of the scale of
the plot. Moreover, since instrument depth is obtained from 
a measurement of acoustic travel time to the ocean surface, 
there is no possibility of having a serious error in depth that
could not be readily recognized. For this reason the reliability
of the measurement technique is superior to that of the present
state of the art that depend solely on pressure sensors. 

The relationship between SVP #438 and neighboring sound 
velocity profiles can be observed in Figure III-12. In 
particular, notice the relationship of SVP #437 and SVP #438, 
above and below the 320-meter depth. The sound velocity 
profiles to the east and west and south of SVP #438 in Figure 
III-12 exhibit a more typical character for the Sargasso Sea 
water. 

The depression of the thermocline in SVP #438 extends 
over 100 meters deeper than that observed in SVP #437 which 
was located about 65 miles north of it. The increase in the 
value of the sound velocity at the knee near the depth of 
650 meters over that in the other profiles, and the greater 
depth at which this knee occurs in SVP #438 can be shown to 
be due to the influence of the dependence of the sound velocity 
on water pressure and to the effects associated with a marked 
depression of the water mass. Moreover, the minimum sound 
velocity which occurs on SVP #438 at 320 meters also has the 
same value and depth in SVP #437. The large descent and the 
steepening of the main thermocline should be expected in a 
large, intense, anticyclonic eddy for a stratified ocean, 
as was pointed out by Defant (1961). 

A simple qualitative sketch appropriate to a clock-
wise vortex in a two-layered ocean is shown in Figure III-13. 
The interface shows a depression when the rotational velocity 
in the upper layer is greater than that in the lower, more 
dense layer. In the event that the vortex motion in the lower 
layer near the core has a greater rotational flow than the liquid 
in the upper layer, then the interface would be deformed upward 
as shown (Neumann and Pierson, 1966). 
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(c) Variations of Eddy Circulations with Depth in the Ocean 

We continue our examination of the 800-meter sound 
velocity contour chart, Figure III-9, using the interpretation 
concerning the direction of circulation of water described 
previously. We will make a judgment that greater circulation 
(intensity of an eddy) is indicated when there are more contours
encircling a region. 

Just south of the 1504-m/sec closed contour for the
800-meter depth in the center of the survey, there exists a 
region of low sound velocity (four closed contours) where the 
direction of flow is suggested to be counterclockwise. To
the east of this circulation there appears to be a weaker 
clockwise circulation consisting of a single closed contour 
of 1502 m/sec. The contours of sound velocity at 200 meters
are shown in Figure III-7. In this chart the clockwise and 
counterclockwise circulations at latitude 24 ° N that correspond 
to the closed contours just described with regard to the 800-
meter depth are markedly changed in intensity. The counter
clockwise circulation is relatively weak (consisting of only 
one closed contour, 1524-m/sec) while the clockwise circulation
consists of many closed contours. This striking variation of 
the intensity of eddies with depth can be observed in many of 
the eddies in the Sargasso Sea. 

The intensity suggested for the eddy at approximately
24 ° N 66 ° W in the 200-meter depth chart, depends critically 
on the correctness of the 1533-m/sec sound velocity measure
ment indicated. For this reason a discussion of this measure
ment and the surrounding observations will be offered later
(see "Temporal Variations"). On comparison, the intense eddy 
at 800 meters located at 28 ° N 66 ° W described earlier appears 
very weak on the 200-meter depth chart (a single contour of
1524 m/sec). This appearance is in part due to the existence 
of the well-known thick layer (or lens) of nearly isothermal 
water that occurs near this latitude. The isotherma.l layer 

 thickness is almost 400 meters at 28 ° N, but is much thinner 
to the south around 24 ° N. 
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(d) The Relationship of Sound Velocity Contours and Bottom 
Topography 

Some contours at 800 meters in Figure III-9 appear to 
be related to the passages through the Bahama Bank, namely
those contours near Mayaguana Passage, Caicos Passage and 
Mouchoir Passage. In particular, notice the 1496-m/sec
contour near Silver Bank Passage. These contours were 
drawn from the data before the island passages and Silver 
Bank were indicated. This kind of comparison with bottom 
contours was made earlier of measurements from ATLANTIS 
obtained in 1962 and from ATLANTIS II Cruise #11 obtained 
in 1964 (Wilson and Beckerle, 1965), although there was
need for additional supporting evidence. 

In the horizontal contour charts for 200 meters and
600 meters (Fig. III-7 and III-8) the relationship to the 
passages appears more striking. For example, the 1527-m/sec 
contour at Mouchoir Passage in the 200-meter depth chart 
suggests that at this level flow is out of this passage 
and circulates clockwise around an intense eddy at 24 ° N 

 ° 66 W eventually to flow toward Puerto Rico. In the corresponding
areas of the 600-meter depth chart the contours suggest a flow 
(see 1512-m/sec contour) that is southwesterly around the clock-

  wise eddy at 24 ° N 66 ° W, then counterclockwise around the eddy 
at 27°  N 68 ° W before flowing southward into Mouchoir Passage.
That the sound velocity contour patterns should suggest nearly
opposite flow directions at two different levels in the ocean 
and through the same passage is quite significant. There is 
evidence for different flow directions for different depths in
the ocean as indicated from these sound velocity contours and 
from current meters on ATLANTIS II Cruise #11. Unfortunately, 
we were unable to make current measurements during ATLANTIS 
II Cruise #22. The 600-meter depth chart also suggests that 
flow is out of Caicos Passage northward and that it eventually 
turns around and returns to Crooked Passage. A similar pattern
is suggested by the 800-meter chart. 
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The flow pattern suggested by the shallower 200-meter

chart is out of Mayaguana Passage and Caicos Passage and north
ward, becoming part of the eastward-flowing water in the 

thermal front zone around 28 ° N latitude. 

Lamb (1932, p. 333) gave mathematical solutions for 
free steady fluid motions that indicate the flow tends to be
directed along bottom contours. Others since 1932 have explained 
flow along contours using conservation of potential vorticity, 

a concept introduced into oceanography by Rossby (1939) and
recently reviewed by Platzman (1968). Warren (1963) applied
this theory of the conservation of vorticity in connection 
with the Gulf Stream meanders and bottom topography. Welander
(1968) used conservation of potential vorticity in studying 

deep-water circulation around the Mid-Atlantic Ridge. Rhines 
(1968) has described theoretically the various influences of
large and small topographical changes on steady and transient 
circulation patterns. Rhines .(1968) points out that very small 
topographic features on the ocean bottom can have effects
on flow patterns since the size of the relative depth change 

is proportional to the ratio of the frequency of a vorticity 
wave to the Coriolis parameter. Thus, long-period Rossby 
waves will be influenced by small and gradual variations in 
the ocean depth.

When streaming is nearly geostrophic then the flow 
direction along a line of constant f/H should be such as to 
keep smaller values of f/H to the right, in the northern
hemisphere. Here by f we mean the Coriolis parameter and by 
H the water depth. Thus circulation tends to be clockwise 
around a depression in the bottom and counterclockwise around
a mound (when the change of f is small compared to the changes 

in H).

A simple rationale for the influence of a seamount or 
a bottom depression follows from the heuristic argument that 
as water moves toward a region of shallower depth, the flow 
speed tends to increase in order to keep the same total 
momentum transport. The Coriolis deflection of the flow to 

the right is increased because of the higher speed of flow. 
The deflection to the right decreases when the flow is slowed 
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as the water deepens on the other side of the seamount or as 

the water flows over a depression in the bottom. Streamline 

patterns similar to the illustration for a depression in the 

bottom (Fig. III-14) should be expected and the pattern
orientation depends on the flow direction. The partial 

deflection of a streamline such as AA' results from the 
change in depth under the path. 

   The pattern of flow in the area 20 ° -25 ° N and 65-70 °W 

at 200 meters (Fig. III-7) would be expected for an eastward 
movement of water, given the ocean depth variations in this 
area. A similar statement can be made about the contour 

pattern for the 600-meter depth (Fig. III-8) with a general 

flow direction toward the southwest. Specifically, the 

center of the clockwise eddy (labeled 1533 m/sec in the 
 200-meter chart) at 24 ° N 66 ° W is located at the western 

boundary of the deep 5800-meter depth contour in Pratt's 
chart (Pratt, 1968) (Fig. III-15). This is just to the 
east of the Verna Gap. In addition, the low value in 

 sound velocity (countercloc flow) near 24 ° kwise N 68.5 °W is 
located in the region of a broad mound according to Pratt's 
chart. The 1512-m/sec contour around this low in the 600-

meter chart might well be related to the rise in the bottom 
defined by the 5400-meter depth contour. We suspect that 
the circulation has an important influence on the bathymetry 
and deposition of sediments, as well as the converse, that 
bathymetry influence circulation. 

There are numerous other places where the contour 
patterns of sound velocity obtained from the cruises ATLANTIS 
II #11 and #22 can be brought into somewhat convincing corre

lation with bottom contours. In some instances however, the 
contour gradients are abrupt so that non-geostrophic flow 
(i.e. flow crossing the contours) takes place. This com

plicates the interpretation of flow directions (see Welander, 

1968). We will consider the effect of topography on flow of 

water again when we describe the isothermal surface obtained 
from BT measurements throughout the cruise (Section IV). 



I 

I 
- 41 -

Some data suggest that features of the horizontal sound
velocity pattern might have considerable permanence. As pointed 
out before, the intense counterclockwise eddy suggested by the 
low in sound velocity of 1494-m/sec in Figure III-9 (the 800-
meter chart) is approximately located over an extensive sea 
mound at 23 ° N 68 ° W. This eddy might have a tendence to stay 
in that location since a pronounced low in sound velocity at 
this same location was reported from the ATLANTIS II Cruise #11 
observations in June 1964 (Beckerle, Reitzel, et al., 1966). 
In addition, a temperature-contour pattern obtained for the
depth of 500 feet (150 meters) from extensive BT measurements 
with stations as close as thirty miles made in February 1964 
and reported by B. Thompson (1965) is similar in shape to our
June 1966 sound velocity contour chart at 200 meters (Figure
III•7)in certain areas o In particular, a comparison of the 
results of measurements 2 1/2 years apart is shown in Figure
III-16 of the contour shapes for sound speed and for tempera
ture in the vicinity of 24 ° N 67 ° W and to the south and south
east, that suggest approximately the same flow pattern. The
February, 1964 temperature pattern, if shifted northwestward 
for best pattern fit to the sound velocity contours, appears 
to relate also to Silver Bank o Moreover, the range of tempera
ture change and sound speed changes as well as their values are 
in close agreement. Neglecting salinity corrections, the 

 °  conversions that should help comparison are: 1520 m/s = 69. 9 F=.21 ° C; 
 °  °   1530 m/s � 75. 2 F :'. 24 C; 1540 m/s � 80. 6° F:. 27 ° C. Notice 

the temperature change from 76 ° F in the center of the temperature 
pattern to 66 ° F north of it relates approximately to a corres
ponding change of 1533 meters/sec o to 1522 meters/sec on the 
sound velocity chart. These several agreements suggest long
persistence and that bottom topography tends to influence the
circulation although the patterns undergo lateral displacement
in position with season. Perhaps the great inertia of rotation 
of the circulation pattern once established, causes it to
"remember" its shape e·ven after it has been translated a 
considerable distance.

{e) Comparison of Collected Sound Velocity Profiles for Each Leg. 

An appreciation of the spatial variations in the sound
velocity as a function of depth can also be obtained by comparing 
collections of sound velocity profiles for each leg in the Track 
Chart, Figure I-1. The collected profiles are presented in
Figures III-17, Leg l through Leg 10. A few remarks about the 
reliability of the data presented in these figures are appro
priate here. 
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The data in the set of Figures III-17 represent those 

measurements made during the descent of the instrument package. 

Many sound velocity profiles were repeated as the instrument 

returned to the surface and the measurements on the way up 

agree substantially with the measurements on the way down. 

Accordingly, the variations indicated on the set of graphs 

are considered real in most instances. A few obvious exceptions 

occur. In Figure III-17 for Leg 6 the computer plotted a curve 

in error. The error is in the region above 500 meters, and it 

occurred in the computation of SVP #473. In Figure III-17 for 

Leg 7, the computer plotted the lower half of SVP #476 in the 

wrong position. In Figure III-17 for Leg 8, SVP's #456 and 

#458 were corrected in the upper region indicated, using some 

of the measurements obtained during ascent of the instrument. 

In view of the large amount of data presented in this set of 

figures, remarks will be made only about major features. 

In the region above the main thermocline in Figure III-17, 

Leg 1, the profiles tend to form two groups. The group showing 

the secondary sound channel at 100 meters occurs on the northern 
 

side of the thermal front zone at 28 ° N latitude. This group

also has the greatest descent of the main thermocline region

for this leg giving rise to a large isothermal layer. Such a 

layer exhibits a gradual increase in sound velocity with pressure. 

Similar splitting into groups for the upper-ocean region can be

observed in the collected sound velocity profiles for the 

other legs, see for instance, Figures III-17, Leg 2 and Leg 3. 

The thermal front zone which extends about two degrees 

of latitude, seems to contain a layer of nearly constant sound 

velocity between 200 and 500 meters. 

There are considerable variations in the set of profiles 

from one leg to another; for instance, compare the variations in 

the main thermocline that occur on Leg 1 with those that occur on 

Leg 3 and Leg 5. The variation in the depth of the main thermo

cline in the Sargasso Sea is well over 300 meters. 
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There are several sets of profiles, for example, for Leg

2, Leg 3, and Leg 7, in which there is a pinching or convergence 

of the profiles around the depth of 1800 meters since below this 

depth the scatter in the sound velocity profiles increases

again for several hundred meters o A node at 1800 meters was 

observed in the line of sound velocity profiles obtained on 

CHAIN Cruise #47 in April 1965 (Beckerle and Bergstrom, 1967). 

The minimum variation at 1800 meters occurs in those collections 

of sound velocity profiles that do not exhibit large variations 

in the main thermocline, whereas the collections for Leg 1,

Leg 5 and Leg 6, where the variation observed in the main thermo

cline along the leg is considerably larger than on the other 

legs, do not show this pinching or node point at 1800 meters

in the profiles. 

An explanation for the node at 1800 meters stems from

the upward and downward movement of the main thermocline along 

the track coupled with a tendency for the gradient in the 

thermocline to become larger as the thermocline descends. This 

is a type of variation observed in large-amplitude thermocline 

motions as can be seen in the contour of Figure III-2 for the 

Bermuda Leg. In Figure III-2, in the main thermocline region,

the spacing of the contours in this section is wider when 

the contours are shallower and conversely. When the magnitude

of the descent of the main thermocline becomes too large, the

effect of the steepening of the vertical gradient cannot compen

sate for the downward movement and the node at 1800 meters does 

not occur. Large vertical downward movements might be expected

in a region where anticyclonic rotation is present. 

Below the 1800-meter depth some of the sound velocity

profiles show wide deviations from the rest of the collection. 

Notice in Leg 2 of III-17 that a particular profile namely SVP 

#411 deviates from the rest by two meters per second at depths

between 2000 and 4000 meters. In Leg 3 another profile, SVP 

#424, deviates from the collection in the opposite way. In 

Leg 7 it is SVP #475, the southernmost profile on the leg, that

has lower sound velocity values than the rest at depth around 

3000 meters. The nearness of steep boundaries such as the 

Bahama Bank in the vicinity of SVP's #410, 411, 424, 425, and 
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426 is an important factor affecting the sound velocity deep

in the ocean. On Leg 10 (Figure III-17) SVP #447 is shifted 

considerably toward lower sound velocity values from the others. 

This profile is located over the Puerto Rico Trench. We have 

not been able to attribute this anomolous profile to malfunction 

of the instrument. At 620 meters in SVP #447, there is a large

decrease in sound velocity with depth. 

Variations near the Bahama Bank and near the edge of the 

Puerto Rico Trench appear in the hydrocast observations of

temperature reported in Fuglister's Atlas (1960, p. 33) at 
  24 ° N and 74 °W to 65 °W. In addition, Fuglister's Figure 51 

shows a marked variation at 3000 meters in the north-south 
It

line near the Puerto Rico Trench at 20 0 N to 21 O N. Wust (1963) 

reported Antarctic bottom water in the Puerto Rico Trench. 

More measurements are needed to relate properly water motion 

and these changes in temperature and, of course, sound velocity 

to their location near boundaries and in deeper water. 

Several of the collections of sound velocity profiles

exhibit a node at 4200 meters; that is, the profiles seem to 

pinch together and then diverge again. This pinching together 

near 4200 meters occurs in Figure III-17 for Leg 5 and also 

in some of the other scatter plots. The explanation for this 

coming together of the group of profiles at as great a depth as

4200 meters is not known. It is probably not an effect of 

the measuring instrument, although this cannot be entirely 

ruled out at this time. An earlier version of the sound velo

cimeter which had its transducers mounted on a thick metal 

plate did undergo a bending under great pressures which altered 

the sound speed measurement. The present instrument, a TR-4

manufactured by the NUS Corporation, does not have this limitation 

although the effect of the pressure on the other instrument 

design can be taken into account by calibration. 

The node at 4200 meters may have something to do with 

an adiabatic temperature increase that is known to exist in

very deep water where the up and down motion of the water is 

small enough not to disturb the effect. For example, measurements 

from hydrostation #419\"on ATLANTIS II Cruise #11 in 1964 in the 

*Obtained by R. Stanley 
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I Puerto Rico Trench down to 8000 meters with Nansen bottles 

indicated a temperature increase with depth from l.97 ° 
C at 

 5500 meters, to 2.4 ° C at 8000 meters. Although the adiabatic

temperature increase resulting from compression of salt water 

at these depths seems to be a possible explanation for the node 

at 4200 meters, it does not account for the wide variation in

the sound velocities at depths greater than 4200 meters which 

is exhibited particularly in the data of Leg 2 and Leg 5, 

and to a smaller extent on Leg 9 of Figure III-17. This

variation in the sound velocity at great depth suggests that 

the density layers throughout the entire ocean column can 

at times undergo vertical motions of considerable magnitude.

It is tempting to assume that the scatter obtained from the 

comparison of spatially separated sound velocity profiles

relates to the temporal scatter one might expect to find at 

one location. Thus the increase in scatter of sound velocity 

variations as the depth increases from 4200 meters to the bottom 

may be due to turbulence (overturning) in the water close to 

the bottom that results from heat transfer from the bottom, 

or from a horizontal shearing instability caused by variations 

of the bottom depth and its physical properties as water slowly

flows over it. Where the turbulence is least, around 4200 

meters, one might expect the least amount of sediment and 

organic material since turbulent diffusion would be needed

to balance out the settling. Consequently, one should expect 

an increase in particulate material in suspension as one 

approaches the bottom from 4200 meters. Eittreim, Ewing and 

Thorndike (1969) recently reported a nepheloid layer near the 

bottom in the western North Atlantic with a minimum of parti

culate material occurring near 4200 meters. 

The collected sound velocity profiles do not show the 

spatial variation north to south. Consequently these data 

for the vertical section are presented in Figures III-18 for 

Leg 1 through Leg 10 as contoured sections. The data in this 

form will not be discussed in detail. 

The vertical cross-section contours show the dip and 

rise occurring in the sound velocity contours in the sound

channel region that was discussed in connection with the 
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Bermuda Leg. The contours for Leg 5 (Fig. III-18) show the
pronounced dip in the main thermocline of SVP #438. In view 
of the wide spacing of the profile locations, sixty�five 
miles, it would be unlikely to have located a sound velocity 
profile at the place where the contour in Figure III-18 for 
Leg 5 has its maximum dip. Accordingly, we surmise that 
some of these dips in the contours might extend very deep 
in the ocean. 

( f) Variations in the Minimum Sound Velocity 

The variation in the minimum sound velocity that 
occurs at a depth of about 1200 meters, in Figure III-17, 
is seen to amount to about four or five meters per second. 
The magnitude of this variation can be described in terms 
of upward and downward movements of the main thermocline
and the effect of the increase of sound velocity with pressure. 
A contour chart of the minimum sound velocity was plotted from 
the cruise data. This chart* is included as Figure III-19
and shows that there is a north-south spatial variation 
of the minimum sound velocity. This kind of information is 
useful in accurately positioning deep, neutrally buoyant
floats for oceanic measurements using acoustic signals,as
well as in improving the accuracy of locating the origin of 
explosive or impulsive signals for this region of the Atlantic 
Ocean. 

(g) Temporal Variations 

From earlier work in 1964 and 1965, we were led to the 
hypothesis that the internal Rossby-wave period we could find
in this area of the ocean would be approximately three months. 
We hoped that this cruise of ATLANTIS II would be completed
before large changes in the sound velocity structure could 
occur. As to shorter period waves, one might expect deep-ocean 
internal tide effects in the observations, since each leg of 
the cruise took about two days to complete. A study of deep
ocean tides in the hourly bathythermograph (BT) observations 

(more closely spaced than the velocity profiles) was made by

-------------------------------------------------------------------

*The chart was contoured by Dr. T. Rossby. 
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1· 
examining the semi-diurnal fluctuations. It appears that 

such fluctuations are not large enough to hinder interpre

L 
tation of depth contours in charts of constant temperature. 

Accordingly, we assume the cross-section contour charts of 

sound velocity for each leg of the survey are substantially 

correct. 

In order to measure what temporal changes there were, 

a number of repeated sound velocity profiles were made near 

the center of the survey area. The repeated profiles are 

listed in Table III-2. Graphs of these sets of profiles are 

presented as Figure III-20 (a-h).

Most often, the temporal variations of sound velocity

profiles show that the longer the separation in time between 

the start of each profile, the larger the deviations between 

the two profiles appear to be. One pair of profiles in 

Figure III-20 was only a few hours apart while another pair 

was about fourteen days apart. Similar behavior was described 

in earlier work from ATLANTIS II Cruise #1 1 (Payne and Beckerle, 

1966). In Figure III-20(e) the two profiles, SVP #446 and SVP 

#474, which were taken fifteen days apart, exhibit a considerable

variation at great depth, although the sound velocity values 

are coincident in the depth region near 2200 meters. We believe 

this variation at great depth is real. Our confidence is

supported by the sound velocity measurements on the way down 

as well as on the way up for each profile. That is, a compari

son of the up and down measurements of SVP #446 agree, as do

those of SVP #478. 

To further check temporal variations, a line of sound

velocity profiles diagonally crossing the survey area, indicated 

by the dashed line in Figure I-1,was studied and is presented

in Figure III-21. As can be seen from the SVP numbering, the

southeastern portion of the ship's track is ordered in the 

reverse in time from the northwestern portion. The profiles

in Figure III-21 are separated in time much more than those 

along any one leg. Contours of each meter per second have been 

drawn on the diagram in order to help establish the relationship 

between the profiles. There is obviously a wide variation between 
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TABLE III-2 

REPEATED SOUND VELOCITY PROFILES 

SVP 

400 

401 

415 

416 

441 

469 

442 

470 

446 

474 

465 

466 

480 

481 

482 

483 

484 

485 

DATE 

28 June 

28 June 

2 July 

2 July 

12 July 

28 July 

12 July 

28 July 

14 July 

29 July 

26 July 

26 July 

1 August 

1 August 

1 August

1 August 

2 August 

2 August 

TIME 

0915 

1200 

1830 

2020 

0700 

0020 

l534 

0905 

0400 

1915 

1700 

2250 

1255 

1450 

1626 

1825 

0450 

0805 

TIME INTERVAL 

3 hrs. 

2 hrs. 

14 days 

14 days 

15 days 

6 hrs. 

3 hrs. 

III-20 

(a) 

(b) 

(c) 

(d) 

(e) 

( f) 

(g) 

(h) 
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successive profiles, particularly above the 400-meter depth.

There is an extraordinary change between SVP #442 and SVP

#447 exhibited by SVP #471. This profile does not have a 

constant sound velocity layer around 400 meters and there

is a substantial change in sound velocity at 260 meters as 

noted on the chart. One wonders whether or not SVP #471 

is a reliable profile. Here again, the measurements on 

the way down are in agreement with the measurements made

on the ascent. Moreover, in SVP #470, shown as a dashed 

curve, the velocimeter essentia lly repeats SVP #442 after 

a delay of fourteen days, and the same instrument measured 

the anomalous SVP #471 only a few hours later! 

It seems that the abrupt change in the sound 

velocity at 260 meters in SVP #471 would be physically 

reasonable, if there was an extremely large downward vertical

displacement of warm water due to anticyclonic rotation. The 

200-meter depth sound velocity contour chart (Fig. III-7) 
suggests anticyclonic rotation about the position. One might 
expect the persistence of an intense.eddy in the ocean to be 
much longer than the cruise duration because of the great 
inertia of the motion. If the eddy at SVP #471 were changing

position during this period, the similarity between SVP #442 
and SVP #470, on its western boundary, would be unlikely. 
There will be presented in Section IV additional independent

evidence from BT data concerning the existence of the intense 
anticyclonic circulation revealed by SVP #471. 

Another effort to separate the spatial and temporal 

variations for this region of the survey is shown in the 

horizontal contour chart for the 200-meter depth, Figure

III-22. The solid contours are taken from sound velocity 

profile stations designated "early". The dashed curves show 

what the contour pattern looks like when we also include the 

sound velocity profiles which overlap the same region taken 

later during the cruise. This procedure is possible because 

of the interlacing of the tracks and the repetition of some 

of the sound velocity profiles. Figure III-22 is interesting 

in that the two sets of contours are reasonably related and 

merely indicate the improved resolution in the contour pattern

possible with the use of the additional data. They do not show 

any conflict in the two sets of data which we would expect if 

there were rapid changes in the pattern with time. 
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Fig. III-1 Sound Velocity Profile #383.
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Fig. III-17 Collected Sound Velocity Profiles for Leg 1. 
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Fig. III-17 Collected Sound Velocity Profiles for Leg 2. 
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Fig. III-17 Collected Sound Velocity Profiles for Leg 3. 
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Fig. III-17 Collected Sound Velocity Profiles for Leg 4. 
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Fig. III-17 Collected Sound Velocity Profiles for Leg 5. 
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Fig. III-17 Collected Sound Velocity Profiles for Leg 6. 
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Fig. III-17 Collected Sound Velocity Profiles for Leg 7. 
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Fig. III-17 Collected Sound Velocity Profiles for Leg 8. 
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Fig. III-17 Collected Sound Velocity Profiles for Leg 9. 
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Fig. III-18 Vertical Section of Sound Velocity Contours for Leg 1. 
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Fig. III-18 vertical Section of Sound Velocity Contours for Leg 2 . 
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Fig. III-18 Vertical Section of Sound Velocity Contours for Leg 3. 
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Fig. III-18 Vertical Section of Sound Velocity Contours for Leg 4. 
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Fig. III-18 Vertical Section of Sound Velocity Contours for Leg 7. 
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Fig. III-18 Vertical Section of Sound Velocity Contours for Leg 10.
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Fig. III-20a Repeated Sound Velocity Profiles #400 and #401. 

11 

u 

-

I] 

ti 

IJ 

I] 

I] 

lj 

II 

I 

] 

n 

n 

n 

n 

I 

11 



- -

::-:-� 

r-w:-.;_ IT�> -�.f:: � --� -� __.:� '2?---=-�
-��-· :=-:t2 5t �- SJ-: �- --� --

400 

200 

SOUND VELOCITY (METERS/SEC) 

+-_-;: ..r:.. =::�-,-;--: '7:---t.._ L.-...:.. -- --.--,. ·� 

1520 1540 1560 

-.- ...... 

.;-ri:: 2-"ft� _:_,' 

�;:_=i:r-� i:S:�'E.E
::.::, <:T2°F ili �::� 

==.ft - .-'fi��frEB °= 
�- ,-1.- •

��-��� � {}.� -t: 
:-,- :r....�5:il)-':f' --2:�� 

.-h TI:-': 71¥ @:ffB'fr·i:.tt ;., .... ,_+ ....... 

����¥
-1-· 

: ➔ 

7c�;�g�
. -;.�-t:�Z-
L -�--��� :F

,-- ;...,i.-.......:.- � �-

� .. l.j t- H: :. �£--ffi �w .... :.i.. 7 t�1 -�� t,t;; :·b, fFE: T"""�-::k • -L; ... - . � .. -� � 11 

... -....+- ,........_....--•I-+ 

,,, �-,-_,.,., -rrrrrrt :.:.."P ..... " t::o.: ::rii" _'PC t; - , . :or.: 1 ::1 
;...;.. ..... >-1 t=;. 1 c:..1 j::_ ,-- -1.,......J \.t:tt�--r . .... -; 

1� � !�: µ��Tti._::r4 � -�- �-+ � rl �:: c��:1tiE�E= � --� �- :-_�:$ 
��� �.... , � -� �M -�� w.i -.:3- , :; �� �E?.: -: -::.r � 

�-1-- ---� ---=-
i -c ,�½� 

- - -. 

!; .r:::1++-:�-��-�� -� 

. +-

+-

800 

_ 

.. ·:-;·-------· ··--
.;.---====:- ......... . 

=-

2400 

2800 

E:=-: ���- -� .F � -:t� ·: 

:::. ""'� �;·��;::: ·i=::-"'"?-' '=-- e:j:
·:_t ,,-,--�--==s: ··=- £_.,. - -� ·ct •7"1M 

� �--� ��--••��- ·:::: � �- _-\:+. • -; �. ��-=�•;/� --
7-:�-�-_:_f:::..::-=-p� -=�-.-�:�:=.._;=_:·:�.·�-- --- ._y ·-

-r- .-.I. 

•�• �: .;_E:::£ . ..:,- -,.• 

,+�: � -

,-r,·-,..- - -+ ----
S-8::�:r:-•·. l◄--::-� .t:=� -·:-: 2.t:.1_- :=; �-.. - �I�: �: :1:ffi 

--tt ;;:- �:- rra :_� -� � :-=� ��� �. -:::-� � •.: -�::r� 

---r- - :· 

..... t-i·r-

�:;:-..,.
-- r--

..1. 
----t,-

�➔-r; :���:. -+,-� 

...., 

I.:: T�-=- :--:• .. � .. .;:. :- �_;. � -��:� ���Ee± 

�-H-, �-� :?- �� �� -
=�'._:.§§

---7r::-· .-_"7=.:---t:t:::I 

�- -� 
• t-r- -=-: . - _:.::::i::::= 

I-' -r-- •--

- --::!"':"1. • :.r::-:::::::=. 
-- -1:::':r�- ·--:r:;::-- :..- i=:r.: =:..: 

·- ;: -�= ::���5
�.L -� :�-=- ' --���� ��;--=� 

!I:.�; • ..c.2i: :s=-�2 

-+ 

� -�: :�3 -�::.:-: �
::-·_�-{��� 

Fig. III-20b Repeated Sound Velocity Profiles #415 and #416. 
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Fig. III-20d Repeated Sound Velocity Profiles #442 and #470. 
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I 

I 

I 

I 

1 

I 

I 

) 

1 

n 

n 

n 

a 

0 



1 

I 

ll-+-----+--+--t-�c._ -

-t--+--+--+--i----1,-..-+---+--+---,r --� -.....j.....-+---+--t I I 

I

+�-+-,:::i:e;+.;:;-±:=-+-::-+-.-A,,..:::c� +.......-,-1---t---1:=-,+--.-t---ir=+--+--+--+--l ..i-1---:----1 
• I 

+--,--t----+---t---+--+---t---+---+\ T- --+-·

400---t::-t=T-�-�rt�ri,n�:tsm:m��"jJrrtt�rt�r-tr-=-t--t---t-� 

SOUND VELOCITY (METERS/SEC) 

1480 1500 1520 1540 1560 

0 -h-r,��- rr���������:--rr:r,:-r:t'T"TT-i'-i77·:,- 

I 

i I 

' I

E:-f-"I,-j-+-,--ct-1-+-+-::+--+�F-+-:::±a:c:=f��F-+--:+--+---+·-lr--f-c:�+-+----+�t-+,-:--t----,--+- ···+---+--,-----1 
·1

I I 

2400 

2800 
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Fig. III-20h Repeated Sound Velocity Profiles #484 and #485. 
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SECTION IV TEMPERATURE MEASUREMENTS 

To supplement the sound velocity measurements, near-surface
temperature data were obtained throughout the cruise. Bathy
thermographs (BT's) were taken on an hourly basis. The BT's 
provide additional support for the existence of long-period
waves in the Atlantic Ocean as well as information to help us 
minimize spatial and temporal aliasing. In addition to the BT's, 

a continuous record of the temperature at a depth of four meters
was obtained from a quartz thermometer mounted in the bow of the 
ship. Also a 2000-pound body (a "fish") with a quartz tempera
ture sensor mounted on its nose was towed between stations.
Besides the quartz thermometer, the towed fish contained an 
inverted echo sounder to measure its depth by means of a display 
on a variable-density graphic recorder. The temperature obser
vations reveal a large-scale spatial pattern substantially similar 
to the patterns from the sound velocity measurements thus 
providing additional independent support for the existence of 
Rossby waves and eddies in the area surveyed. 

A Comparison of Data from Towed Sensor. and BT's 

For the comparison, the temperature data obtained along 
Leg 3 of the Track Chart, Figure I-1, is presented in Figures 

IV-1 and IV-2*. In Figure IV-1, the record shows the temp�ra

ture observed on the towed sensor which was maintained at a 

depth of sixty meters. In Figure IV-2 there are drawn 
isothermal contours from the BT data along this same track.
A horizontal line drawn at a depth of 60 meters in Figure 
IV-2 shows the same basic variations as one observed in Figure
IV-1.

*These examples were taken from a report by V. Delnore that 
was accepted as partial fulfillment for the Deg�ee of Master 
of Science at the University of Miami. However,· the data 
analysis contained in that report was not used in this 
presentation. 
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11 In addition, it is clear from the towed temperature 
sensor data, which consisted of closely spaced measurements, 
that large-amplitude fluctuations of high frequency along the
track are not present and therefore aliasing in the widely 
spaced data is not serious. Moreover, an examination of very 
much longer (fourteen-day) periodicities in the temperature
data shows that, although these have larger amplitudes, they 
are small compared to the amplitude of very long wavelength 
spatial variations that are interpreted as evidence for the 
existence of Rossby waves and eddies. 

A Variable-Depth Towed-Sensor Experiment 

The line of sound velocity profiles termed the Bermuda 
Leg (Track Chart, Fig. I-2) was used to construct the sound 
velocity contours shown in Figure III-2- These contours show 
pronounced fluctuations in the thermocline region. To examine 
this section again using the quartz thermometer on the towed 
fish as an independent check on these variations, the Bermuda 
Leg series of SVP's was interrupted. The tow began at the 
position of SVP #388 and went in a southwesterly direction o 

The towed sensor was raised and lowered every ten minutes between 
depths of 200 and 400 meters by changing the speed of the ship. 
The average ship speed was about eight knots with the speed
ranging between four and twelve knots. A total distance of 
about 100 nautical miles was covered. 

Sample records of the depth indication from the variable
density recorder and of the temperature and ship speed from the 
eight-channel Sanborn recorder are shown in Figure IV-3. During 
this wdrk standard bathythermographs (BT's) were also taken from 
the surface to a depth of 200 meters. Thus between the BT data 
and the towed fish data, temperature measurements extend from 
the surface to 400 meters. 

This technique was not operating satisfactorily until 

the ship had travelled back along the track to about SVP #378, 
and the experiment was continued until about SVP #374 (see
Figures I-2 and IV-4). An adjustment and averaging of up and 
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down measurements were necessary to take account of the thermal
lag of the quartz thermometer probe. The contour interval of 
two-tenths of a degree C is used in the-zone of low stability 
water below 200 meters. Above 200 meters where the water is
very stable the bathythermograph data was used with a contour 
interval of one degree C.

In Figure IV-4 there is a pronounced rise in the 
temperature contours in the region where the temperature
gradient is weak, which emphasizes the sensitivity of this 
technique. The amplitude of the disturbance decreases toward 
the upper part of the layer because of the greater stability 
of the upper water layer. The rise in the temperature contours 
is in the same region as that observed in the contours obtained 
from the sound velocity profiles in Figure III-2. 

This measuring technique, a variable-depth towed body
controlled by the ship's speed, appears to have some advantages 
in simplicity and reliability over other methods of ocean 
measurement. The method appears to be adaptable to computer 
processing at sea and it should allow ocean measurements covering
much greater depth intervals with a continuous vertical sampling,
where resolution is needed. A temperature sensor or sound velo
cimeter having a rapid response time would be more suitable than 
the slow-responding quartz probe. A horizontal sampling interval
of about one-half mile ought to be adequate for most of the 
large-fluctuation horizontal scales that occur in the ocean. 

The Bathythermograph Measurements 

In addition to the quartz thermometer measurements taken 
at 4 and 60 meters, the bow sensor and the towed sensor, bathy
thermograph measurements were taken every hour throughout Cruise 
#22 of ATLANTIS II, except, of course, while at an SVP station. 
The BT measurements were much more closely spaced than the sound 
velocity profile measurements and therefore the temperature 
measurements contain considerably more information about the 
first 250 meters of the ocean. The location of the BT stations 
are shown throughout the track chart, Figure I-1, by small dots, 
to give some feeling of the control of the data (the large dots 
indicate sound velocity profile stations). 
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Since the survey covered twelve degrees in latitude an 
effort was made to remove the north-south trend in the depth 
measurements obtained from the BT data. It was found that 
the average values for the depth obtained for each degree 
of latitude could be fitted with a linear north-south trend of 
approximately six meters per degree of latitude with the deeper 
depths occurring in the southern regions of the survey area. 
If the temperature measurements relate to ocean circulation, 
it was felt that the interpretation of the observations would
be more significant after the north-south trend in the data 
was removed. Therefore, we constructed an interpretive
chart of the depth variations for a 20° C isothermal surface 
obtained from these BT measurements after the north-south 
trend was removed. Once this had been done, lines of equal
depth were drawn revealing the pattern in Figure IV-5. The 
lines of equal depth are at 20-meter intervals. Although 
some smoothing was performed, for the most part an attempt was 
made to honour each measurement. 

The density of observations along the individual tracks 
of the ship and the gap of approximately sixty miles between 
these tracks made the selection of the lines of equal depth
occasionally arbitrary in the interior region of the survey. 
For this reason, the 120-meter line for the 20° C temperature
is dashed in the north-central portion of Figure IV-5. Its 
chosen location, which is not critical, is in keeping with our 
view of the circulation pattern. 

The arrows in Figure IV-5 do not indicate measured 
currents, rather they were inserted between the lines of 
constant depth to indicate the direction of the expected flow. 
We expect that a clockwise flow should exist around a region 
where there is a depression in the depth of the 20 ° C isothermal 
surface, and, conversely, a counterclockwise flow should occur 
around a rise in the temperature surface. (A theoretical dis
cussion of circulations in the ocean is presented in .Section V.) 

Partial verification of the arrows in this circulation 
pattern can be obtained by comparing the heading of the ship
and its true course between every pair of Loran fixes, indicated 
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approximately by the BT locations on the track chart, Figure
I-1. The average value of the ship's set throughout the 
cruise was 1.8 degrees to starboard and this agrees with 
the gyrocompass error obtained from the ship's navigation 

logs. The component of the ocean flow normal to the ship's 

track is taken to be estimated by the deviation of each set 
from the average. All of these deviation-directions were 

 plotted along the tracks on the 20 ° C isothermal surface and 
compared with the expected flow directions indicated along

the lines of equal depth. The magnitude of some of the devi
ations was as large as nine degrees, although most were in 

the interval between one and four degrees. There were many 
areas where the comparison was ambiguous and this is not 

surprising since water flow at the surface could easily be 
different from flow at the depths between 100 and 300 meters 
and since there are uncertainties in the method of estimating 

the set. We have omitted this chart with all these compari-
sons because it is too complex. Instead, we mention three areas 
of substantial agreement, areas where the circulation suggested
in Figure IV-5 was intense enough at the surface to influence 
the ship. These areas are: (1) the large central eddy where 
a large number of sets indicated clockwise circulation; 
(2) the area at 24 ° N 67 ° W where there was a definite clockwise 

circulation; and (3) the area around 23° N 67 °W where counter
clockwise circulation was prominent at the 100-meter depth. 

Some Analogies and Speculations 

There are several major features in the circ�lation 
pattern of Figure IV-5 that are quite striking. First we wish 
to describe these features and then to try to interpret them 
in terms of vortex theory and the bathymetry. 

The most striking feature is the large clockwise circul
  

ation located in the center of this pattern at 26 ° N 69 ° W, where

the greatest depth of the isothermal surface occurs. Just to 
the east of this large eddy there is a large but weaker counter
clockwise back eddy that seems to be associated with the first. 
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The third major feature is that the boundary between these 
two central eddies appears to be shedding eddies, since there seems 
to be an eddy street along a line running southwesterly from the 
southern side of this central circulation. Notice how the two 
rows of eddies have the appearance of alternating arrays of 
clockwise and counterclockwise eddies that seem to be in a
fairly stable configuration with each other. The ratio of the 
separation of the rows to the space between the eddies is about 
0 o 25 which compares favorably with the value of 0.281 for a 
quasi-stable von K�rman vortex street o Of special interest is 
the evidence of a relatively intense clockwise eddy at 24 ° N 
67 ° W which is located at the same place as the clockwise eddy 
on the 200-meter contour chart of sound velocity (Figure III-7). 

A fourth major feature occurs in the northern portion of 
the pattern where the path for the direction of flow from west 
to east at 100 meters' depth contains meander features like 
those that have been found in the near-surface thermal front 
zone (Voorhis and Hersey, 1964; Katz, 1969; and Voorhis, 1969). 
We observe in this region of the pattern an apparent separation 
of flow indicated just to the northeast of the central eddy by
the 100-meter and 140-meter depth lines. At 28° N 66 ° W there is 
a clockwise eddy indicated by the 100-meter flow line. There is 
also evidence for the existence of this eddy in the sou�d velocity 
contour charts for the depths of 800 meters and 200 meters shown 
in the previous section. A fifth and final feature concerns the 
flow pattern suggested near the boundary with the Bahama Bank 
where there are numerous passages. The pattern suggests that 
the flow may be into and out of these passages. 

The pattern of the lines of constant depth in Figure
IV-5 resembles the flow pattern around a rotating cylinder in 
a stream of water if we tentatively choose the cylinder boundary 
to approximate the largest closed path (160-or 180-meter curves)
around the central eddy (Prandtl and Tietjens, 1931, reprinted 
in Goldstein, 1938). The analogy has many weaknesses and it is 
not meant to imply that the dynamics are the same o Nevertheless, 
the similarity does lead us to suspect that the la rge central 
eddy may undergo an acceleration to the northeast, which is to 
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the right of the apparent upstream direction. Thus, the location 
of this eddy should be expected to move about in response to 
seasonal changes in the Gulf Stream flow and inflowing streams
from the Bahama Bank passages, as well as to changes in its 
circulation and the apparent shedding of eddies from its 
boundary region. 

The period of apparent eddy shedding is expected to be 
close to the calculated period of 110 days for Rossby waves of 
near-zero group velocity and of wavelength 445 km (250 miles),
appropriate to this ocean region. Moreover, the westward phase
velocity for such waves is about 4.5 km/day (1/10 knot), and 
we might well expect circulatory currents in the large central 
eddy to exceed this speed. Consequently, the interpretation 
that the pattern in Figure IV-5 represents a portion of a 
relatively strong, finite amplitude, baroclinic wave propagating 
slowly to the northwest seems likely. Notice, for instance, 
that the deepest closed curve within the large, central eddy
is displaced closer to the western side of the larger-diameter 
closed paths around the eddy.

The mathematical analysis of finite-amplitude waves is 
one of the most difficult in hydrodynamics. This kind of wave 
may be viaualized as a propagating cellular system of relatively
intense vortices, in which the circulatory flow velocities in 
the central regions of the vortices are greater than the pro
pagation speed of the wave (Godske et al, 1957). From this 
viewpoint, the large central eddy would be expected to make 
meandering excursions to the northeast and southwest and we 
might expect its intensity to be seasonally dependent. It LS 

unfortunate that numerous current measurements are not available 
to relate the temperature surface in Figure IV-5 to more 
specific theoretical calculations. 

A second interesting relationship appears when the 
contour lines of the 20 ° i�othermal surface, Figure IV-5,
are superposed on the bathymetry contours for this region. 
In Figure IV-6 the dashed _lines represent the 20 ° isothermal 
contours and the solid lines, the bathymetry contours (from
Pratt, 1968; also seen in Figure III-15). Both contours are 
labelled in meters. 

il 

J 

J 

il 

ll 

I 

f 

] 

J 



l 

] 
- 56 -

J 

] Observe that the large, central clockwise eddy designated 
"A" is located over the large, central basin of the Hatteras 
Abyssal Plain o The central portion of this eddy, labelled 
220 meters, is just southwest of a narrow elongated depression 
in the bottom trending northeasterly o The intense clockw�se 
eddy 11B" is located over the deep 5800-meter contour of the 
Nares Abyssal Plain at the Verna Gap. Further southeast, the 
clockwise eddy "C" is located over the deeper water in the 
saddle-point region of the outer ridge separating the Nares 
Abyssal Plain and the Puerto Rico Trench o The 160-meter 
dashed contour of clockwise eddy "D" is located just north 
of the deeper region of the z-shaped 5400-meter depth contour 
at the Bahama Bank. A small clockwise eddy "E" to the south 
of the main eddy "A" is close to the relatively narrow, ,tongue 
shaped, 5700-meter bottom contour. The broad counterclockwise 
eddy "F" does not appear to be related closely to the bathymetry 
beneath it o However, we should expect that some of these eddies, 
which possess relatively great amounts of angular momentum and 
are only loosely coupled to the shape of the ocean bottom, would 
be able to undergo occasionally large lateral shifts without 
greatly changing their shapes. 

In a coordinate system that moves with an eddy, the stream 
line that defines the shape of the eddy tends to be relatively 
steady. Consequently, the back-eddy "F" may have been associated 
with the broad, shallow zone on the Bermuda Rise to the north 
of it as defined by the closed 5200-and 5100-meter contours o 
By the same reasoning, a slight southwestward shift of eddy "B" 
would have the 160-meter dotted contour make a sharp counter
clockwise turn about an apparent mound of sediment. Such a
shift of the pattern would also place eddy "D" more into the 
valley of the z-shaped bottom contour near the Bahama Bank. 

The intense clockwise eddy "G" appears to be shifted 
only very slightly to the east of a depression in the bottom, 
which is indicated by hashed marks on the inside of closed
bathymetry contours*. The scale of the dashed contours at "H" 

---------------------------------------------- --- -- ----------- ---- -

*Some·opinions have been expressed regarding the quality of the 
bathymetry of this chart in this region o While it is clear from 
more recent data that the area is complicated there do not appear

be serious contradictions. 
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] 
and "I" also shows some similarity to the scale of the bathy

metry contours. A dotted 120-meter depth curve in the isothermal 

surface further north shows a hook-like bend that seems to 

have some conformity to the gradual bends of the 4900-meter 

bathymetric contour. 

Of course, there are a number of dissimilarities that 

are evident in making comparisons, for example, the dashed 

60-meter curve in the northeast is not easily related to the 
bathymetry beneath it. Nevertheless, it is clear from the 
various comparisons that the scales of the bathymetric features 
are similar to the scales in the isothermal surface pattern. 
This suggests that some causal relationship might exist and 
that some of the features in the pattern may persist over long

periods of time. 

With respect to the influence of the ocean bottom on 

circulation patterns, there is a growing theoretical litera-

ture (Rossby, 1939; Warr.en, 1963; Welander, 1968; and Rhines,

1969a and 1969b). Conservation of potential vorticity would 

imply that flow lines tend to be clockwise over depressions in 

the bottom and counterclockwise over mounds, in the northern

hemisphere. Rhines points out that very small-percentage changes

in bottom depth can have an effect on the flow patterns when 

the period of the long waves is large compared to a day. There 

is also the possibility that the shape of the ocean bottom, with 

regard to sediment distribution, may be influenced or reinforced 

by the manner in which particulate matter settles out of clock

wise and counterclockwise eddies" For example, it would be 

interesting to determine whether the mound in the bathymetry

mentioned earlier and observed just to the northeast of the 

Silver Abyssal Plain in Figure IV-6 is a sediment hill indicating

large sediment fallout. 
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Measurements and variable Depth of Towed Fish Versus 

Time for Bermuda Leg. 

60 nm 

1 ° ° ° 
°6 6 ° 40 W- 29 21 N 67 ° 

10 W- 28 ° 29 N 

�----------------------�---------------------..____,,.26° 

-------22· 

1200 1400 1600 1800
TIM£; ----HOURS--

2000 

19• 

18.0" 

o/7.8" 

2200 

ATLANTIS IICRUISE 22 

JUNE 20, 1966 

TEMPERATURE CONTOURS 

Fig. IV-4 Vertical 

Variable 

Isotherm Section Obtained from Towed 

Depth Sensor and BT's - Bermuda Leg. 

ll.6 

Ji 

11 

1 

l 



35°'---------

-.,,....,,,--
-

--,-

-

-

--

-

----

,--

--------

-, 

-----------, 

30 ° 

80 ° 

I 

I 
I 

ATLANTIS II CRUISE 22 

TILTED 20
° 

C ISOTHERMAL SURFACE 

DEPTH REDUCED BY 6 METERS 

I 
I 

I 
I 

I 

I 

\ 

', 

PER DEGREE OF LATITUDE 

SOUTH OF 30 ° 
N 

+--BERMUDA 

c::,, 

80· 

75° 70 ° 65° 60 ° 

Fig. IV-5 Depth Variations of an Inclined 20 ° 
C Isothermal Surface. 

J] 

J 

J 

] 

J 

] 

J 

Il 

]I 



� 

� 

� --· �� 

�

� ($-
�\ 

� /��\ 

30 ° 

ts:, 

60 

\.. 
I 

' I 

<l" 60,

0
·-.�,

�
�, �-�,� 

o-,..� , 

., \ 
I V):"1/:/: I

. �-� I

I I 
I \ 

25 ° \ 
,.... 

) 

DEPTH CONTOURS OF TILTED 
2O°C ISOTHERMAL SURFACE (1966) 
COMPARED WITH BATHYMETRY 

20 ° -----Depth of isotherm (meters) +
...... ·····Selected intermediate depths 
ISOTHERM DEPTHS REOUCEO BY 6M/OE6. OFLAT. SOUTH OF 3O °N 

15
° w 10° 

w 65
° 

W 

Fig. IV-6 Comparison of 20 ° 
C Isothermal Surface ana Deep Ocean Bathymetry. 

� 

f\ 

l 

7 

I 
I 

] 

IT 

I 

] 



rn 

ij 

l 

l 

l 

I l 

l 

n 

TI 

] 

1 

TI 

l 

- 58 -

SECTION V A GENERAL CIRCULATION THEOREM 

Much of our data on the Sargasso Sea and in particular 
the 20 ° C isothermal surface and the sound velocity contours 
appear to indicate large-scale circulations. Here we present 
semi-quantitatively a theory that may be related to these 
patterns. This theoretical approach is different from several 
lines of research mentioned earlier. 

After discussing the general assumptions and in parti
cular isentropic flow, we outline Ertel's circulation theorem 
(1942), and show how it can be related to these problems*. Then 

we apply this theorem in an interpretation of the temperature
variations in the ocean. 

Discussion of the Assumption 

·In view of the difficulty in measuring the forces that 
drive the ocean,_an analysis based on these forces should be 
avoided when possible. A more profitable approach to the 
analys :_s might be to make use of circulation theorems. Since 
the curl of the gradient of any scalar function is identically 
zero, we can take the curl of the Navier-Stokes equation in 
the limit of no viscosity to eliminate the pressure and other 
conservative force fields. In this case, the curl of the flow 
velocity is called the relative vorticity; the absolute vorticity 
is the relative vorticity plus twice the vertical component
of the rotation of the earth at the latitude of interest. 

We plan to make use of a circulation theorem derived 
by Ertel (1942) that applies to a stratified inviscid fluid 
medium in which diffusion processes are not important and in 
which the flow process is isentropic. We first became aware 
of the possibility of assuming isentropic flow from the argu
ments of Parr (1936), who indicated that regions of low vertical 
stability in the ocean are associated with high horizontal 
stability, and conversely. He discussed the importance of 
increasing lateral eddy exchange in regions of increasing 

*A careful explanation of oceanic conditions that justify the 
use of the conservation of potential vorticity (Ertel's theorem)
is given by N.A. Phillips (1963). 
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vertical stability. Montgomery (1938) also encouraged the 

application of isentropic analysis to ocean circulation, and 

more recently, Tabata (1967) compared an isentropic analysis

and a geostrophic analysis of the northeast Pacific Ocean. 

These, coupled with the recognition that the Sargasso Sea 

appears as a highly layered structure much of the time, 

strongly suggest that flow may well be nearly isentropic 

in zones of high vertical stability. The main forces, such 

as wind, that drive the ocean are at the surface; and only 

a short distance into the ocean turbulent exchanges are

negligible or at least very much reduced. Therefore, we 

imagine flow to be mostly along layers, although these layers 

may change depth and thickness. Recently, Lynn and Reid

(1968) interpreted deep abyssal water flows as density surfaces 

without turbulent mixing.

Although we assume the fluid is without viscous diffusive 

processes that are turbulent and heat exchanging, this does 

not mean that turbulent processes are unimportant in the

ocean, nor that very complicated interwoven eddy-like flow 

exchanges cannot take place in the fluid, but only that the

latter motions are still laminar flows. Welander (1955) has 

shown pictures of how complicated thin-layered laminar flow 

can be. In our case, the flow is taken to be layerwise isen

tropic, ioe., the layers may interweave among each other. The 

only reasonable approach from an experimental point of view 

in complicated cases is a statistical approach, since it is

difficult to distinguish these very complex laminar flows from 

true turbulence. 

Also we will neglect the effects of salinity in the 

theory that follows, although a complete theoretical treatment 

should include ito We think this is reasonable for the Sargasso

Sea because of the well-established temperature-salinity relation

ship o If we can neglect the turbulent diffusion of salinity 

between layers, an isentropic surface becomes a surface of 

constant temperature o We merely assume that the fluid particle 

carries its salinity with it as well as its temperature o How 

good an approximation this is will depend on the agreement we 

find with observations. 
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Suppose that the change of salinity with depth that 

occurs in the ocean results from.horizontal transport in a

layer that rises to another depth, rather than by vertical 

diffusion across layers. According to this hypothesis 
salinity inversions and temperature inversions can still be
expected to occur in the measurements without heat transfer 
or salt transfer directly across layers, if we assume the 
two layers of slightly different temperature first wrap around
each other by virtue of their particular laminar flow and 
perhaps by virtue of the influence of a seamount that enhances 
counterclockwise circulation. In this way colder-temperature
water from below can be carried up above warmer-temperature 
water. Following this laminar flow process, the diffusion 
process may take place very slowly on a molecular level
between the intimately interwoven layers. The slow heat 
transfer and salt exchange can take place across such layers
by diffusion according to this mechanism, with much of the
flow up to this point being described as non-turbulent or 
laminar. The above hypothetical mechanism for temperature/ 
salinity inversions would not be detected by the oceanographic
measurements currently in use. 

We consider non-turbulent diffusion between the interwoven
layers of the ocean because it is unlikely that a major heat 
source exists in the interior of the ocean that could bring
about turbulent vertical mixing. Even if such a heat source 
were available, we suspect that eventually the ocean circula
tion would adjust itself to balance this heat flux by developing 
a layered transport while minimizing turbulent heat transfer
across layers. We also expect that there may be vertical 
turbulent mixing brought about by the interaction of large, 
breaking, internal waves (see Section III, Yo-Yo experiment) 
but we want to avoid bringing such a process into the treatment. 
We consider the hypothesis that vertical water movements take 
place as a consequence of large-scale layer-wise horizontal
eddy exchange processes that vary with depth and location. 

Ertel's Circulation Theorem 

There is a general circulation theorem first derived 
by Ertel in 1942 for an inviscid, stratified, compressible,
fluid in non-turbulent flow. The theorem,which follows from 
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r� then the continuity equation becomes 

7)�T :.O Eq. V-3. 

which states that the fluid particle moves along an isothermal
surface.

 

Then in Eq. V-2 if we set the arbitrary scalar field
equal to the temperature and use the condition 1)· P='O

 

the equation reduces to_ �
l)t-\

�( 'vT ._n_) =O Eq. V-4. 

From Eq. V-4, we see that .the fluid particle also moves on a 
surface of constant potential vorticity which is equal to the 
scalar product of the temperature gradient by the absolute 
vorticity. In general these two surfaces intersect each other
for a given fluid particle along some kind of curve, which 
is called the trajectory of the fluid particle, which may 
vary in time as well as position and depth. This trajectory
of a fluid particle at a given instant runs at a tangent to 
the streamline that passes through its position. A stream
line is the curve in space at a given instant of time that 
is everywhere parallel to the flow velocity in the field. 
Hence the trajectory is the envelope of the system of stream
lines for successive instants of time. Only when the stream
lines are steady will streamlines and trajectories coincide. 

When the horizontal scales for the variation of teml?era
ture in the ocean are very much larger than the vertical scales,
then the gradient of temperature is mostly vertical. Therefore,

 

as a particle moves along a path of constant temperature,
 

Eq. V-3, it mostly experiences only changes in the vertical 
temperature gradient. It is reasonable for our purposes to 
approximate the absolute vorticity by the Coriolis parameter,
f, and the vertical component of the relative vorticity,))

 

so that Eq. V-4 may be written simply 

�( ic {+�)) = 0 Eq. V-5.

The pair of equations V-3 and V-5 need 

• 

to be simultaneously
satisfied for a fluid particle. 
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The very simplest non-trivial solution that one can 
have for a particle as you travel along with it is that 
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the potential vorticity, be proportional to the temperatureo
The proportionality factor may be a function of the initial 
time at the position where the fluid particle is considered 
to begin its travels, or 

Eq. V-6. 

A very special case leads to an especially simple formula. 
If the local temperature gradient is approximately inversely 
proportional to the depth of the isothermal surface, i.e., 

dT <=><' T 
��-=t:- )then Eq. V-6 becomes 

Eq. V-7. 

Eq. V-7 states that the absolute vorticity divided by the·depth, 
i.e. the absolute potential vorticity, equals a constant which 
is a function of the initial time, or in the steady case equals 
a constant dependent only on the initial po"sition. This special 
form of Ertel's Theorem can help to interpret the oceanographic 
phenomena described in earlier sections. 

Discussion of Ertel's Theorem 

Now that we have .obtained a linearized form of Ertel's 
Theorem, Eq. V-7, we first need to describe the oceanographic 
situation to which this theorem applies. Then we present ·some 
examples from the data collected on Cruise �� of ATLANTIS II. 
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Suppose that we consider a simple idealized vortex

such as the one shown earlier in Figure III-13. If we sketch 

two isotherms on a cross-section of the vortex we would obtain 

two curves similar to those in Figure V-l(b)o The rotation 

is clockwise so the circulation is out of the page on the

south side of this diagram and into the page on the north 

side. In Figure V-l(a), we have sketched the bathythermographs 

that would be measured by an observer making lowerings at 

stations marked N and S in order to show a possible thermo

cline oscillation. As this figure shows, the two isotherms 

are increasing in depth toward the south, and they are also 

increasing in separation. Thus, the local vertical gradient

is inversely proportional to the isotherm depth in this simple 

example as described in Eq. V-7. So this simplified form 

of Ertel's Theorem may be applicable in oceanographic situations. 

In order to see how the idealized situation of Figure 

V-1 compares with oceanographic data, we show in Figure V-2 
the isothermal contours for the vertical section along Leg 3 
of the track chart (Figure I-l) o This north-south section 
through the Sargasso Sea shows many isotherms and it is not 
difficult to see from this cross-section that there is some 
tendency for the spacing between the isotherms to increase 
as the depth of the isotherm increaseso For example, the

product of the depth of the 21 ° C isotherm by the local tempera
 ture gradient is about (4 ± 1} ° C (somewhat constant)o 

The isotherm contours shown in Figure V-2 are a vertical 

temperature cross section through the large central eddy shown 

in the depth of the 20 ° C isothermal surface, Figure IV-5.

The arrows drawn in Figure IV-5 are the hypothetical directions 

of the flow of water consistent with the vortex motion described 

in Figure V-1. As pointed out earlier, there was some 

evidence that the eddies apparent in Figure IV-5 have an 

influence on the sea surface since ATLANTIS II was set in her 

course in a clockwise sense during the trip across the main 

central eddy and had similar sets while crossing some of the 

other smaller eddies. 
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The characteristics of the circulation pattern shown

by the 20 ° C isothermal surface have been discussed earlier. 

In any event, the pattern observed in Figure IV-5 gives 

a strong impression that the flow of the water occurs on

an isothermal surface. But it is particularly important 

to appreciate that this circulation pattern, suggested by

the lines of constant depth, is drawn on a surface that 

has a tilt with respect to the horizontal. The labels of 

depth in meters are the deviation from this inclined surface. 

The inclination is 6 meters per degree of latitude getting

deeper toward the south o If one draws the lines of equal

depth for the 20 ° isothermal surface without removing the 

tilt of the surface then the large-scale pattern of the

apparent flow does not give the appearance that the flow , 

is in that surface particularly in the case of the large

central eddy. Figure IV-5 gives the general impression that

the circulation occurs in this isothermal surface which is 

tilted, and this is the kind of evidence that suggests that 

the circulation in the Sargasso Sea, away from boundaries,

is approximately isentropic flow and that a circulation 

theorem such as Ertel's theorem appears to have important

application. The individual lines of equal depth on the 

isothermal surface appear to be lines of equal absolute 

vorticity, with different values applying to lines of 

different depth. Of course the real proof of this will

come from another study of this ocean area in which the 

surfaces of constant temperature can be measured along with 

accurate measurements of the current distribution over the 

entire field of study. Then one would be able to make a 

numerical comparison between the curves of constant potential 

vorticity and the observed flow pattern.

Even though the particle path is quite complicated, 

the Ertel Theorem may still apply approximately. It is quite

possible as mentioned earlier to have rather complicated inter

woven laminar flows, i o e., non-turbulent flows7 in which the 

fluid particle remains in a constant temperature layer7 but

which would give rise to temperature inversionso This can 

come about if a horizontal shear flow occurs in an isothermal 

layer, possibly as depicted in Figure V-3, which shows a portion

of the isothermal layer developing into the shape of a three

dimensional curl. It should be clear that the lowering of a
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I l 
temperature measuring device through the water could yield 
a temperature inversion for the particular location, however, 
the mixing process is not necessarily turbulent but could be 
going on very slowly at molecular diffusion rates o 

Finally we should consider the notion of the steadiness 
of this isothermal pattern (Figure IV-5). Under certain 
linearizations of Ertel's Theorem applied to a horizontal 
flow in which there is a strong vertical temperature gradient, 
Howard (1968) showed that an approximation to the absolute
potential vorticity remains steady. This does not mean that 
the temperature surface remains steady or that the vorticity
remains steady, but rather that a relationship between the
vorticity and the temperature surface remains steady. In 
this case, one does not need to stay with a fluid particle, 
but the approximate expression for the absolute potential
vorticity is constant over the entire field. However, there 
is some question as to whether a linearization of the problem
is always permissible since we are all aware that there are
regions in the thermocline where the vertical temperature 
gradient is relatively small and these are regions where 
finite-amplitude variations could take place and steadiness 
become less likely. Nevertheless, there is some evidence 
indicating that the isothermal pattern observed in this figure 
does tend to remain somewhat steady, at least relatively steady, 
because there is some correlation of these eddies with the 
shape of the ocean bottom. The coupling with the bottom, which 

is 5 km deep, is weak allowing for lateral movements of rela
tively steady streamlines o 
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ll 
SECTION VI 

SUMMARY AND RECOMMENDATIONS 

The analysis of the data £rom ATLANTIS II Cruise #22 
in 1966 has indicated the complexity of the circulation of 
the Sargasso Sea and the variability of sound velocity in 
that ocean area o Knowledge about the variability of the 
sound velocity is essential in order to pursue a study of 
the spatial and temporal coherence of underwater sound 
propagation. An important result of the cruise is that 
the Sargasso Sea has a recognizable circulation pattern 
rather than a chaotic one, although the pattern may not be 
steady in time. There are huge eddies of differing intensities 
that vary in depth as well as location o There is evidence in 
the data that the temperature variations in the open sea are 
closely related to the shape of the boundaries, to passages 
through the Bahama Platform, and to the topography of the 
ocean floor o Sound speed contour charts at different depths 
suggest that the flow enters the deep Bahama Bank passages at
one depth and leaves them at another. We think ocean 
circulation tends to shape the bottom by sediment deposition
and the ocean bottom tends to trap those circulation patterns
which emphasize the same bottom shape. 

Considerable insight into the character of the thermal
front region has been gained from studying an isothermal 
surface obtained from bathythermograph measurements. An eddy 
in the frontal region appears to be shed from the main 
circulation suggested by the pattern. 

There are implications from this work concerning the 
distribution of organic matter and fishes. We expect to find 
fish more numerous in the vicinity of cyclonic eddies and thermal 
fronts (Backus et alo, 1969) because of the upwelling of nutrients. 
Consequently, we would want to learn how and where such eddies 
move o 
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The analysis of the data led to application of an 

assumption that the flow in the Sargasso Sea was isentropic, 

namely, that we could neglect the vertical transfer of heat 

from one layer to another for much of the discussion. 

Accordingly, the flow was taken to be laminar along surfaces 

of constant temperature. The vertical deformation of these 

surfaces with horizontal co-ordinates and time could then be 

related to the vorticity and hence to the circulation. In 

this we made use of Ertel 0 s circulation theorem" We think 

this generalized theorem of Ertel's will have broad application 

to ocean circulation and will have an influence on oceano

graphy similar to that of the Rossby potential-vorticity 

equation. 

Although we have learned more about the Sargasso

Sea, many questions and hypotheses needing further research 

have been generated. There are serious problems in oceanic 

measurement. A typical question that confronts the scientist 

on a cruise such as ATLANTIS II cruise #22 is, should he take 

extra time at each location where an anomalous SVP or similar 

observation occurs in order to make a repeated measurement? 

Another is, how should one determine the spacing of the profile 

stations and their distribution in space and time, taking 

into account the fact that the sampling must be interrupted 

so that the ship can make port? Despite the large size of 

the area covered by ATLANTIS II Cruise #22, it is still very 

small compared to the Atlantic Ocean. It is only after wrestling

with the measurements of several cruises like ATLANTIS II 

Cruise #22 that one appreciates the severe problems of sampling 

a huge three-dimensional medium which is changing in time like 

the ocean. If one stays entirely with standard methods, 

then a multiship operation is necessary, augmented by a 

distribution of deep-moored, instrumented buoys. A multiship

operation seems formidable, and the difficulties involved in 

maintenance of many buoy installations are also formidable. 

Moreover, both have their problems in analysis and interpretation 

of the observations, since buoys allow observations only at 

discrete points in a very large ocean and ships take a long 

time to cover a reasonable area making synoptic measurements 
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difficult. Instrumented buoy installations might be widely

spaced in the ocean because ships were providing the spatial 

and (to some extent) temporal information between them, but 

first spatial information about ocean movements is needed 

to permit adequate correlation and interpretation of the 

long time series from pairs of.widely spaced buoys. Indeed corre

lations of measurements from deep-ocean moorings as a function 

of spacing are in an early stage of research. The optimum 

deployment of buoys and ship tracks for effective surveillance 

of ocean movements would naturally depend on the ocean region 

and its fluctuation characteristics. Such a long-range study

effort, both experimental and theoretical, needs to be 

supported. 

However, another approach to the problem also needs 

support and this approach might best be labelled "Acoustical 

Oceanography". The use of acoustic signals is a more natural 

way to maintain surveillance on internal ocean movements in 

real time. We use light to watch the movement of internal 

waves in the sky as the nearly regular formations of clouds 

pass by; it should be possible to monitor similar movements 

within the ocean with acoustical signals. Mathematical models 

indicate that monitoring the many sound-channel arr-ivals from 

a fixed impulsive and repetitive acoustic sig�al would provide 

information about the average vertical thermal gradient in the 

main thermocline over a few hundred miles. Such information 

obtained over different sectors simultaneously and continuously 

should provide information about ocean circulation. A system 

of this kind could monitor internal movements of large areas 

of the ocean, particularly if joined with the more usual 

oceanographic instruments and ship surveys. 
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AUGUST 1966, PART I: The Dynamics of Ocean Movements 1n the 
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Measurements by John Beckerle. October 1970. 83 pages, 
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On Cruise #22 of R/V ATLANTIS II from June 10 to August 4, 
1966, 115 sound veloc1ty prof11es WHO! SVP 1371 • SVP #485, were 
measured with a sound velocity profiling sys tern that incorporated 
an on-line POP-5 computer. The cruise covered approximately 
356,000 square mil es of water between Bermuda and the Anti 11 es. 
The main purpose of the cruise was to look for long-period internal 
Rossby waves expected from earlier cruises, ATLANTIS II tll and 
CHAIN 1147, and to improve our techniques in gathering oceanographic 
data. Part I of this report presents the observat1ons of ATLANTIS 
II Cruise #22 'r1ith possible interpretations. On the way to the 
Sargasso Sea ATLANTIS I I traversed the eye of hurricane ALMA 
and we obtained new information on the air-sea interaction. In 
the Sargasso Sea the ter!l)erature data and the sound veloctiy data 
suggest that the circulation is complicated with eddies of large 
size. Part II is separately bound and consists of figures of 
the sound ve l octty prof1les with cooments concerning their re 1 i a
b111ty where necessary. 
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