
GULF STREAM '60* 

By F. C. FUGLISTER 
Woods Hole Oceanographic Institution, Mass., U.S.A. 

INTRODUCTION 

In the Spring of  1960 a comprehensive study of  a large portion of  the Gulf  
Stream System was undertaken by the Woods Hole Oceanographic Institution. 
This work, which was given/the code name of  " G u l f  Stream '60",  was 
planned and directed by the author and sponsored by the U.S. Navy, Office 
of  Naval Research. 

" G u l f  Stream '60" extended over a period of  2½ months, from 2 April to 
15 June. The W.H.O.I. research vessels Atlantis, Crawford and Chain 
participated during the entire period and the International Ice Patrol oceano- 
graphic vessel U.S.C.G.C. Evergreen took part in the first phase. At regular 
intervals throughout the year, moreover, the Institution's DC-3 and a long- 
range Navy patrol plane tracked transponding drift-buoys which were set 
out during the cruise. 

The area studied (Fig. 1) encompasses approximately ½ million square 
miles, extending from the continental shelf south to the latitude of  Bermuda 
and from the Grand Banks of Newfoundland west to Georges Bank, off 
Cape Cod. The ocean depth over most of the region is between 5000 and 
5500 m; on the continental shelf at the northern boundary, however, the 
depth is generally less than 200 m; furthermore, a range of  seamounts 
crosses the area, some of  whose peaks reach to within 1500 m of  the sea 
surface. 

" G u l f  Stream '60" was divided into three phases each lasting 3 weeks. 
The general plan was to obtain during the first phase a grid of  oceanographic 
stations covering the entire area and then, in the next two phases, to trace 
out the current pattern in detail and make direct deep current observations 
in the Gulf  Stream. The specific plans for the latter two periods were to be 
drawn up at Bermuda when the ships met there between periods. 

In the first phase the Atlantis occupied stations on sections I - I I I  con- 
secutively (Fig. 2), making measurements of  temperature, salinity, dissolved 
oxygen and pH at 25 levels from the sea surface to very near the bottom. 

* Contribution No. 1246 from the Woods Hole Oceanographic Institution. This work 
was done under Contract Nonr-2196 (00) with the Office of Naval Research. 
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Concurrently, the Crawford made sections IV-VI; the Chain, sections 
VII-IX; and the Evergreen, sections XI and X. pH was not measured on 
these three ships nor was dissolved oxygen determined on the Evergreen. 
Because of its commitments to the regular work of the International Ice Patrol, 
the Evergreen could not spare the time to extend its sections to the latitude 
of Bermuda. On three occasions during this period the naval patrol plane 
made radiation measurements and obtained visual observations of various 
portions of the area. At the end of 3 weeks the W.H.O.I. ships met in 
Bermuda. 

The second phase of "Gulf  Stream '60" was confined to the western half 
of the region surveyed during the first period. After a 3-day stop in Bermuda, 
the ships began this phase by making bathythermograph sections north from 
Bermuda to the Gulf Stream along meridians 63°30 ', 64°30 ', and 65°30'; 
the Chain also obtained continuous records of temperature to a depth of 
450 ft with towed thermistors. For the remainder of the period the Atlantis 
followed neutrally buoyant Swallow floats set out directly in the Gulf 
Stream at depths between 2000 and 4000 m, and made deep stations to 
bracket the float tracks. In addition she set out several transponding surface 
buoys which were then located at periodic intervals by airplane. The Crawford 
also set out neutrally buoyant floats in the Stream, but at depths of 400 and 
700 m; she followed these for over a hundred miles and ended by making a 
series of latitudinal bathythermograph sections crossing a cold trough 
which extended south near the 60th meridian. The Chain studied the thermal 
structure of the surface layer along the northern edge of the current and then 
mapped the pattern of intense current by using the geomagnetic electro- 
kinetograph (GEK). At the end of 3 weeks the ships again returned to 
Bermuda for a 3-day rest and conference. 

The third phase started with a series of deep stations to relocate certain 
major features of the current pattern. Then the Atlantis and Crawford both 
made deep current observations, while the Chain, using the GEK technique 
developed earlier, followed the surface currents to the eastern end of the 
region. On 15 June the three ships arrived in Woods Hole, ending the cruise. 
The transponding surface buoys, however, continued to be located periodic- 
ally by airplane for several more months, the last observation being made in 
December 1960. 

All of the station data obtained during this study, with the exception of 
the Evergreen data, are presented here in the appendix. The Evergreen data 
are published in the U.S. Treasury Department-Coast Guard Bulletin No. 46 
Report of the International Ice Patrol Service in the North Atlantic Ocean 
--Season of 1960--U.S. Government Printing Office, Washington 1961. 
Profiles showing the distribution of temperature, salinity and oxygen along 
the sections made during the first phase are also included in the appendix. 
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Before discussing the results of " G u l f  Stream '60",  we shall consider some 
of  the background to the present study and the general objectives of  the work. 

BACKGROUND 

The Gulf  Stream System is a complex of currents in the western and 
northern North  Atlantic Ocean. The System can be likened to a mountain 
range, in that the location of  the whole seems obvious on a map of  sufficiently 
large scale but the boundaries of the feature become indefinite when viewed 
in more detail. Just as no particular height contour can be used to show 
satisfactorily the boundaries of  an extensive mountain range, so it is not 
possible to outline the Gulf  Stream System with any particular contour. The 
System occupies an extensive area on the western and northern edges of  the 
relatively warm, saline, central Atlantic water mass where the main thermo- 
cline layer rises toward the sea surface. In some places this rise is abrupt, 
but in others, it occurs through a series of steps or waves. The principal part 
of  the System lies off the east coast of North America between Florida and 
Newfoundland. To the east of  Newfoundland the System is separated from 
the continental shelf by the cold, southward flowing Labrador Current. The 
extent of  the whole is only vaguely known. The currents of  the Gul f  Stream 
System generally contain a core of  water at the surface which is wanner  than 
the surroundings, suggesting a transport from lower latitudes; consequently, 
the westward flow of  relatively warm water south of  Iceland (the Irminger 
Current) and the northward flow off Norway (the Norwegian Curren0 are 
considered to be parts of  the System. Some of  the currents in the central 
Atlantic flow southward toward the Bay of  Biscay and the Azores; these 
are harder to identify with the System since they may not have the characteris- 
tic warm core at the surface. In what follows we shall be concerned only with 
that portion of  the Gulf  Stream System that lies to the west of  50 ° W. longi- 
tude, that is, west of  the southern tip of the Grand Banks of  Newfoundland. 

South of  Cape Hatteras the System presses against the western boundary 
of  the ocean basin. This boundary is not a vertical wall (cf. Fig. 1), but 
consists, at the surface, of  the shore line, then a shelf roughly 60 miles wide 
out to the 200 m depth contour, then a broad plateau averaging 800 m in 
depth (the Blake Plateau), and, finally, a relatively steep slope down to the 
floor of  the basin below 5000 m. Flowing northward on the plateau, close 
to the shelf, is the strong current sometimes referred to as the Florida Current, 
but more generally called the Gulf  Stream. This current meanders, the 
amplitude of the meanders being about equal to the width of  the Stream 
(WEBSTER, 1961), and it reaches to the bottom as evidenced by ripple marks 
and current observations made by PRATT (1962). Little is known of  the deep 
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currents off the edge of  the plateau. STOMMEL (1957) hypothesized a deep 
southward current along this boundary and SWALLOW and WORTHINGTON 
(1961) observed a southward flow at depths near 2800 m off Charleston, 
South Carolina (the position of these observations is marked by a short 
arrow in Fig. 1). This flow has been referred to as a deep countercurrent to 
the Gulf  Stream, although it is not actually beneath the Stream in this area. 
Its relation to the Gul f  Stream and its extent and permanence are matters 
that remain to be investigated. 

Just south of Cape Hatteras, near 34 ° N. latitude, the Blake Plateau ends 
and the Gulf  Stream flows into deep water. The current continues in essenti- 
ally a straight (great circle) path; the shelf, approximately denoted by the 
200 m contour, turns north at the Cape and the Stream is no longer con- 
strained by this boundary. 

North of Cape Hatteras the System is much more complex and in several 
ways radically different. Over most of  the area the ocean basin is bounded 
on the north rather than the west and there is no shallow plateau between the 
edge of  the shelf and the deep floor of  the ocean. In this area the most 
pronounced current, found where the main thermocline rises most abruptly, 
is not pressed against the shelf but is located anywhere from 100 to 400 
miles away from the 200 m depth contour in water at least 4000 m deep. This 
current is also called the Gulf  Stream but it differs from the one on the 
Blake Plateau; it is not restricted to a depth of 800 m, it is not constrained 
by the continental shelf, and its general heading is more nearly east than 
north. There has been much speculation concerning the depth of  this 
current. Whereas the Stream south of Hatteras is known to extend to the 
ocean bottom, i.e. to about 800 m, the current to the north has been thought 
to extend at least twice as deep but by no means to the bottom. Profiles 
across this current showed horizontal density gradients at great depths, even 
near the bottom in 5000 m of water, but since it was generally believed that a 
"level of no mot ion"  existed at relatively shallow depths, 1500 to 2000 m, 
the deeper water was assumed to be flowing in the opposite direction to the 
surface current. This idea gained support from STOMMEL'S (1957) model of  
the thermohaline circulation and from the deep current observations of  
SWALLOW and WORTHINGTON (1961). 

North of the principal current of the System the main thermocline again 
rises abruptly toward the surface. This latter horizontal temperature gradient, 
or current, is not always present just north of Cape Hatteras but is a per- 
manent and quite pronounced feature to the eastward, south of  the Lauren- 
tian Channel. It is the author's view that this is the current observed each 
year by the International Ice Patrol near 41 ° N., 50 °W., south of the Grand 
Banks. 

During a period of  17 days in June 1950, six ships surveyed the area 
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between Cape Hatteras and the Grand Banks concentrating on the principal 
current, the Gulf Stream (Fu~LIS~R and WORTHINGTON, 1951). This 
current was shown to meander over a wide area and, during the course of 
the study a large cyclonic eddy was observed to break off to the south of the 
current. This survey showed the Gulf Stream crossing the 50th meridian 
just south of the 39th parallel, with a countercurrent separating it from the 
secondary current at 41030 ' N. 

More recent studies made with single ships failed to trace out the path of 
the Gulf Stream for very great distances and the author has suggested 
(FucLISTm% 1955) that the Gulf Stream may not be a single continuous 
current between Cape Hatteras and the Grand Banks. Furthermore, since 
all of these studies were concentrated on the near surface aspects of the 
Stream, the relationship between the observed current filaments and the 
environment---especially the deep water movements---was left to conjecture. 

"Gul f  Stream '60" was planned in order to investigate some of these 
problems. The grid of deep stations over such a wide area would show the 
Gulf Stream in relation to all of the surrounding water structure. The area 
to be studied covers a region where comparatively few deep oceanographic 
stations have been made: between the Woods Hole-Bermuda line, which 
has been studied for many years, and the 50th meridian where the annual 
Ice Patrol surveys take place. The spacing between the planned sections (two 
degrees of longitude) was determined by the number of ships available and 
their sea-keeping capabilities. The stations were planned 20 miles apart in 
the north, over the continental slope, 30 miles apart south to the expected 
position of the Gulf Stream and then 60 miles apart for the remaining 
distance to 33 ° N. This permitted a large coverage with a concentration of 
observations in the more complicated areas. The study was to continue on 
after the initial survey for three reasons; deep, direct current observations 
require considerable ships' time in relatively small areas; some ambiguity in 
the interpretations of the first set of data might require further observations, 
especially in the area between sections; and finally a measure of the time 
rate of change was desired. 

THE PATH OF THE GULF STREAM 

It would seem that the first and most obvious result of a study such as this 
would be a chart showing the location of the Gulf Stream. In fact, since the 
study extended over a period of 2½ months, one might expect to see a chart 
showing the varying positions of the Stream during that time. Actually it is 
not possible to prepare such charts unambiguously from the data obtained; 
the 100 mile spacing between sections in the first phase, the concentration of 
effort in the west during the second phase, and the scattered character of the 
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observations in the third phase would require extensive interpolations and 
extrapolations in drawing these charts, and hence would impose considerable 
indefiniteness on the results. One very important and unexpected finding, 
however, simplifies the problem of time variation: every observed change 
in the position of the current can be accounted for by lateral shifts of  the 
Stream with speeds less than 2.5 miles per day. In fact, there is no evidence 
that the large meanders changed position by more than the width of the 
current during the entire 2½ months. Consequently, data obtained at different 
times have been combined to give a quasi-synoptic picture of  the current 
pattern. 

During two different periods the Chain attempted to trace the course of 
the Gulf  Stream by using the GEK (yon ARX, 1960). After first crossing the 
current to determine the position of maximum velocity the ship returned to 
that point and headed downstream on a course such that the G EK  registered 
no component of  velocity normal to the ship's path. During the second period 
of the study, the current was followed in this manner from the western end 
of the area--where it had been observed during the first per iod-- to  41046 ' N., 
61°09'W., then south to 36007 ' N., 60°56 'W.;  during the third phase it 
was followed from 40°N., 60°W. to 39°15'N. ,  49°31'W. On various 
occasions the current velocities diminished to such an extent that the ship 
had to be maneuvered to relocate the maximum current; therefore the path 
of the Stream was not obtained as a simple smooth curve. A summary of all 
the surface current vectors obtained with the G E K  during the second and 
third phases is given in Fig. 3. Also shown are the observed positions and 
probable paths of four of  the transponding surface buoys. 

To illustrate the gross features of the current pattern that prevailed during 
" G u l f  Stream '60", two other charts are presented: the depth of the 10 ° 
isotherm (which represents the mean depth of  the thermocline) is shown in 
Fig. 4, and the temperature at a depth of 200 m in Fig. 5. The 200 m tem- 
perature chart is plotted from data obtained on the first phase of the study 
only, although, as will be discussed below, data obtained later were considered 
in interpolating between sections. The chart showing the depth of the I0 ° 
isotherm, on the other hand, is based on all station data taken during the 
study. The current in the figures is indicated by the close spacing of the 
isopleths, although the maximum surface current is located on the warm side 
of  the abrupt temperature gradient at 200 m. 

The pattern of the major current is fairly obvious from these illustrations: 
a very slightly meandering current extends about 300 miles from the western 
boundary of  the area in a direction a little north of  east; then the current 
turns abruptly northward and forms a large loop, centred around 61030 ' W. 
longitude; subsequently, the current heads due south for a distance of over 
200 miles, at approximately 60 ° 30' W., to form, what the participants in the 
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study familiarly called, the " s ock" .  Up to this point there can be little 
doubt concerning the interpretation of the data. Besides the G E K  observa- 
tions already mentioned, the Chain made detailed temperature measurements 
in the western area to a depth of approximately 450ft with towed thermistors 
(RICHARDSON, 1958). They showed a banded structure parallel to the Stream 
which is undoubtedly associated with the streaky, "discontinuous edge" of  
the Stream as observed from the air (VON ARX et al., 1955). Nevertheless, the 
positional changes of  the Stream, observed time and again over the 2½ 
months, were much too small--li t t le more than the width of the current - - to  
affect the general picture. 

Some question arises, however, concerning the southern portion of  the 
" sock" .  There is no question but that a cyclonic eddy formed at its " t o e "  
and moved in a northerly direction, but it is not apparent at what point the 
eddy separated from the main current. Furthermore,  since the thermocline 
observations, the near surface temperatures, and the surface velocities give 
different impressions of  the " s o c k " ,  we might ask to what extent we should 
expect them to do so. When an eddy forms to the south of the Stream, as 
observed in 1950 on the multiple ship survey, and, no doubt, again in 1960, 
the separation must first occur in the surface layer; hence what may appear 
at the surface to be a discrete eddy could correspond at depth to part  of  a 
continuous trough, as illustrated by the different current paths in Figs. 
4 and 5. 

At the beginning of the second phase of " G u l f  Stream '60"  the three 
W.H.O.I.  ships made temperature measurements to a depth of  250 m north 
from Bermuda along meridians 63030 , W., 64030 , W. and 65°30'W. in 
order to examine in more detail the southwestern extension of  the " s o c k " .  
Only the Atlantis, on 63o30 ̀  W., observed the cold water associated with 
the " s o c k " ;  it found the coldest water, of  temperature 12.6° C at 200m, 
at 36 ° N. latitude. Although the Chain traversed the same meridian 
(64o30 ' W.) that the Atlantis had occupied a week earlier (see section III)  
it found no indication of  relatively cold water at any point between Bermuda 
and the Stream near 39 ° N. Similarly, the Crawford found no cold water in 
the surface layer along 65 ° 30' W. 

Thus the striking "cold water eddy",  which appeared around station 5922 
of the Atlantis on 24 April (see section III), had either moved or become 
filled in with warm water in the surface layer by 2 May. One month later, 
however, during the third phase, this eddy was observed with its center at 
36 °50' N., 64 °30' W. On this third occasion numerous stations and bathy- 
thermograph observations were made in and around the eddy; the tempera- 
ture of  the water at 200 m was as low as 13.0 ° C, and the 10 ° isotherm was 
observed to lie only 445 m below the surface. Undoubtedly this eddy was 
moving slowly toward the north along an anticyclonic curve. Observations 
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made to the east give no indication that more than one eddy could have been 
involved. 

The surface current observations made with the G E K  during the second 
phase did not show a clear-cut end to the " sock" .  Four  different filaments of  
the current were followed but each time that the southerly current curved 
toward the east it also diminished in strength so that the southwestern end 
end of the " s o c k "  appeared to be made up of  a series of overlapping semi- 
circles. Another indication of  the complexity of  the surface currents in this 
area is given by the observed positions of one of  the transponding buoys 
that was followed by aircraft. This buoy, designated by a circle in Fig. 3, 
was located at seven different times over a period of a month apparently 
circling in the area before it moved again downstream. 

The positions at which this buoy was later observed are most suggestive. 
These locations show long north-south migrations similar to the path of  the 
Stream as inferred from the G E K  observations made during the third phase 
of  " G u l f  Stream '60". Of course, the dashed line connecting the various 
observed positions of the buoy is purely speculative, yet the similarity of  the 
meander patterns could not be pure coincidence. I f  the line does in fact 
represent the path of the Gulf  Stream, then it not only confirms the meander 
pattern as shown in Fig. 4 and 5, but shows as well that this pattern was 
relatively stationary over a considerable period of  time. 

Before leaving this description of  the path of  the Gulf  Stream two more 
points must be made. First, if there were no data available other than those 
obtained during the first phase of  the study, no significant meanders would 
have been shown in the region to the east of the " sock" .  All sections in this 
area crossed the principal current at approximately the same latitude, that is, 
near 39o30 ' N. As an extreme example of  a purely mechanical, linear 
interpretation of  the data from the first phase of  " G u l f  Stream '60",  the 
200 m temperature field was contoured as shown in Fig. 6, by interpolating 
linearly along parallels of latitude. It is hardly necessary to point out that in 
the western area this interpretation imparts a false step-like structure to the 
current which was refuted by the subsequent, more detailed studies. In the 
east, however, this interpretation, which shows the current to flow almost due 
east, appears to be entirely reasonable. If  such were actually true, then 
enormous changes would be required in the current pattern between the 
first and the last phases of  the study. Thus, when a portion of  the eighth 
section of  stations, at 54o30 ' W., was repeated during the last phase, the 
current was located approximately 100 miles south of  its previous position. 
This change can be accounted for by a small west to east translation of  a 
meander located near 55 ° W., but the current pattern shown in Fig. 6 would 
require a major shift in the Stream and the displacement of improbably large 
amounts of water. 
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The second point to be mentioned is that the various measurements and 
interpretations do not quite fit together to give a clear picture of  the current 
pattern at the eastern end of the area: the surface velocity vectors certainly 
do not show a well-defined current, and the temperatures are subject to a 
variety of  interpretations. The transponding buoy, moreover, moved in a 
completely erratic fashion. 
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F1o. 7. Positions of the abrupt change in direction of the Gulf Stream. 

From a review of  various cruises on which the path of  the Gulf  Stream has 
been plotted, it appears that meanders do not  suggest a series of  waves 
gradually increasing in amplitude from west to east, but rather, a quasi- 
stationary pattern with an abrupt change, near 62 ° W., from small amplitude 
to very large amplitude waves. From Cape Hatteras north and east to 
approximately the longitude of  Bermuda, the meander pattern of  the Stream 
is relatively gentle; then at this longitude the Stream turns abruptly to the 
north, forming a large loop. Some of  these observed Stream paths are shown 
in Fig. 7 together with the position where the sharp gradient in the average 
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200 m temperature also takes an abrupt turn toward the north. It  seems 
apparent that this sudden change in the pattern of  meanders is a permanent 
feature of  the Gulf  Stream. 

DIRECT SUBSURFACE CURRENT MEASUREMENTS 

The plans for the second phase of  " G u l f  Stream '60"  called for deep 
current observations with Swallow floats directly in the Gul f  Stream. These 
floats (SWALLOW, 1955, 1957) are ballasted to float at a predetermined depth, 
and are equipped with sound transmitters in order that they can be tracked 
by ship. Loran A navigation was available for determining their positions. 
The Atlantis proceeded to a position due north of  Bermuda near 39 ° N. 
latitude, where the Gulf  Stream had previously been observed, and set out 
floats for depths of  3000 and 4000 m, while the Crawford proceeded to the 
western extreme of  the area and set floats at depths of  400 and 700 m. These 
positions were chosen because the currents at these points appeared well 
defined, and, i ra  deep countercurrent were found, the two ships would remain 
within the area and approach each other. It was not  assumed, when the 
floats were set out, that the Stream was in exactly the same position as during 
the first phase; for each float new hydrographic stations were made and the 
float so placed as to lie in the zone of  most pronounced horizontal tempera- 
ture gradient at its intended depth. 

The Crawford, after relocating the Stream at 37°49 ' N., 68022 ' W., set a 
float at a depth of  700 m in the axis of  the current. This first float was 
followed for 105 miles over 64 hr; its average speed was 105 cm/sec for the 
first 48 hr, but dropped rapidly to approximately 60 cm/sec for the remaining 
time. Another float was set at a depth of  400 m and followed for 48 hr;  its 
speed remained nearly constant at 50 cm/sec. The positions of  these floats 
relative to the thermal structure indicate that the shallower float was not  in 
the axis of  maximum current. Farther to the east, at 38°41 ' N., 63022 ' W., a 
third float was set out at a depth of  700 m, and was followed for 92 hr over a 
distance of  95 miles. It started moving east at approximately 90 cm/sec, but  
then turned northward, with a gradual reduction in speed to about 45 cm/sec. 
The northward curvature in path was not so abrupt as  that shown by the 
200 m temperature gradient in Fig. 5, but corresponded instead more nearly 
with the 700 m contour of  the l0 ° isothermal surfac~ as plotted in Fig. 4. 

The results of the direct current measurements made by the Atlantis are 
shown in Fig. 8. These are the first deep (below 2000 m) current measure- 
ments made by this method in the Gulf  Stream north of  Cape Hatteras. As 
noted above, the floats were ballasted to be neutrally buoyant at depths of  
3000 and 4000 m. Their actual depths, however, were calculated by tri- 
angulation on the floats, as described by SWALLOW (op. Cir.), although, since 
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no anchored buoys could be set in the current to aid in precise navigation, 
these depths could not be determined very accurately; the average calculated 
depth for each float is shown in the figure. 

There can be no doubt of  the importance of  these measurements. In spite 
of  the uncertainties of  the depth calculations, there is no question but that 
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FIG. 8. Atlantis track of pinger-floats and station positions, May 1960. 

the floats were at depths well below 2000 m, that they were in the Gulf  
Stream and that over a period o f  11 days the deep flow was essentially in the 
same direction as the flow at the surface and at a depth of  700 m. The first 
float, at a calculated depth of  2650 m, was tracked for 116 hr at an average 
speed of  17 cm/sec. The second float, at 35130 m, moved at 11 cm/sec for 
42 hr. The third float, at a calculated depth of  2550 m, was the most  interest- 
ing: it was fol lowed for 83 hr at an average speed o f  16 cm/sec; it headed 
toward Kelvin Sea Mount  and then curved around to the north, obviously 
deflected by this obstacle. A segment of  the 3000 m depth contour of  this sea 
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mount is shown in Fig. 8 for comparison with the float track. All these direct 
current measurements of the Atlantis and Crawford (summarized in Table 1) 
showed the subsurface currents in the Gulf  Stream to be essentially in the 
same direction as the surface flow. 

TAeLE 1. DIRECT CURRENT OBSERVATIONS: "GULF STREAM '60" 

No.  Intended 
depth 

Cal. 
depth 

D a t e  Elapsed 
1st fix last fix hours  

Posi t ion 

1st fix lest fix 
Dist.  
miles 

Direct-  
ion 

Speed 
c m / ~  

Atlantis 
I 

2" 

3* 

4 

5* 

6 

Crawford 
7* 

8 *  

9* 

10 

11" 

12 

13 

14 

3000 

40OO 

3000 

401)0 

3000 

3000 

700 

40O 

700 

3000 

3000 

3000 

3000 

3000 

I 2650 

35O0 

2550 

3580 

2480 

4530 

2160 

0745 0400 
8 M a y  1 3 ~ y  
1540 

I 11 M a y  1 3 M a y  I 
1615 0330 

15 M a y  19 May  
0600 0640 I 
3 June o June I 
0950 13oo t 
7 June 7 June 
2045 1530 
9 J u n e  11 June 

O92O 
5 M a y  
0910 

1 0 M a y  
1300 

1 3 M a y  
1748 

2 June 
1015 

4 J u n e  
0615 
7 J u n e  
0550 
9 J u n e  
1500 

I1 June 

O1 I R  I 
8 MaY I 
1 ] N l i  I 

12 May  I 
1 i l l 4 }  I 

17 M a v  I 
11125 I 

IU June I 
14OU I 

10 June I 
1653 I 

7 June I 
1740 I 

10 June ] 
2015 

12 June 

116.2 

4 2 . 3  

83.2 

42.8 

64.0 

48.0 

92.0 

184.5 

147.8 

10.7 

35.8 

29.2 

38o21,N. 
65o11,W 
38"25'I'4. 
64"34 'W.  
38041'N. 
64"2O'W. 
37"57"N. 
61*0YW. 
37"42 'N.  
60"29 'W.  
36"44 'N.  
59*46,W. 

37"49 'N.  
68"22 'W.  
38"05 'N.  
68"24 'W.  
38°41 'N.  
63022'W. 
37015'N. 
65"01 'W.  
36"46 'N.  
64°28 'W.  
36°44 'N.  
64°37 'W.  
36"32 'N.  
64008'W. 
36°03"N. 
65005'W. 

38021'N. 
64°22 'W.  
38"30"N. 
64°25 'W.  
38°56"N. 
63°55 'W.  
37°52 'N.  
60"32 'W.  
37°39 'N.  
60026'W. 
36"42 'N.  
59" 57 'W.  I 

38014'N. 
6 6 " 2 3 ' W  
37049'N. 
67"28"W, 
39* 15" N.  
61"30"W, 
3 6 0 4 2 ' N .  
6 4 0 4 6 ' W .  

3 6 ° 4 2 ' N .  
64035'W. 
36"35 'N.  
64°08 'W.  
35052'N. 
65°04 'W.  

39 

9 

26 

25 

10 

105 

47 

95 

35 

3 

3 

11.5 

090* 

058 ° 

053 ° 

102" 

255* 

100 ° 
035 ° 
090 ° 
115" 
085* 
060* 
160 ° 

120" 

360 ° 

175 ° 

17.2 

11.0 

16.1 

17.7 

12.0 

105.0 
60.0 
51.0 
51.0 
90.0 
45.0 
10.0 

14.0 

4.0 

20.0 

For  the longer runs 7, 8 and 9 the mean  direction and speed during both the first and last par ts  o f  the runs  
are shown. 
Notes: 2* Slight cyclonic curvature  

3* Anticyclonic curvature  (radius 10 miles) around northwest  side of  Kelvin Sea Mount .  
Velocity increased to about  20 can/see while near  sea mount .  

5* Too short  a t ime for  est imate o f  current  
7* Rapid  speed decrease after 48hr  cyclonic curvature.  
8* Slight ant/cyclohic curvature  
9* Gradual  decreasing speed witla cyclonic curvature  

11" Sfight r andom movements  recorded but  this float was probably grounded.  

During the third phase o f  the study the Crawford located the "cold water 
eddy" now centered near 36 ° N.,  65 ° W., and placed six floats in its neigh- 
borhood,  while the Atlantis put three floats in the southwestern part o f  the 
" sock"  (of. Table 1). The results o f  these measurements were not so con- 
elusive as those from the second phase, principally because in both cases the 
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thermohaline structure was not as clearly defined as in the earlier studies. 
Nevertheless the deep currents appeared to behave in the same manner as 
before in relation to the deep temperature structure, i.e. they moved in such a 
direction that the warmer  water was to the right of  the direction of  flow. 
Bad weather and malfunctioning of some floats also hampered these pro- 
grams. 

Although no direct current measurements were obtained near the bot tom 
in the Gulf  Stream, the measurements actually made indicate that in this 
area, where the Gul f  Stream flows in deep water with cross-stream density 
gradients at all depths, the current had essentially the same direction f rom 
surface to bottom, at least at the positions and times of the float observations. 
The dynamic computations, which will be discussed later, indicate that the 
velocity of  the bot tom water was of  the order of  10 cm/sec. 

THE PROFILES OF TEMPERATURE,  SALINITY AND OXYGEN 

We shall now consider in some detail the unique series of  profiles made 
during the first phase of  "Gul f  Stream '60".  This is the first time that  a 
series of  such sections has been made crossing not only the Gulf  Stream but 
also a considerable area on either side of  the Stream. In general, samples 
were taken to within a few meters of  the bot tom, although there were several 
occasions when, because of strong currents, the deepest observations were 
several hundred meters above the bot tom. Dots  on the profiles show the 
positions where samples were obtained. At each station the value for the 
deepest sample is given, with, in addition, mid-depth values on the salinity 
and oxygen profiles to indicate positions of  relative maxima and minima. 
Because of crowding, the extreme values that occured in the upper layers are 
not always noted. The profiles are constructed so that  250 m on the depth 
scale corresponds to 100 km on the horizontal scale: a vertical exaggeration 
of 400 to 1. In the temperature profiles, bathythermograph data are included 
in the upper 250 m;  the positions of  these observations are shown at the tops 
of  the profiles. 

All the sections have, of  course, certain features in common. The main 
thermocline is centered at a depth of about  300 m north of  the Gulf  Stream 
and at 800 m in the Sargasso Sea; the halocline follows the same pattern but 
is centered approximately 100 m shallower; the oxygen minimum layer is 
centered at about  the mean depth of  the thermocline. Below the thermocline 
the temperature continues to decrease with depth except near the bot tom 
where occasionally a slight increase occurs; the salinity also decreases 
gradually beneath the halocline, but at mid-depths there are numerous slight 
inversions; similarly there appear to be various maxima and minima in the 
mid-depth oxygen values, but in the southeast a consistent minimum appears 
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at the bottom. Some caution is required in interpreting the oxygen profiles. 
Although the three ships used the same method (Winkler titration) for 
measuring oxygen concentration, certain slight differences in results were 
noted that do not appear to be associated with the positions the ships 
occupied: the oxygen values obtained by the Crawford were generally slightly 
higher, and those by the Chain, slightly lower, than those obtained by the 
Atlantis (cf. Fig. 9). These differences, which average less than 0.1 ml/l, are 
not evident in the profiles. A difficulty that occured on the Crawford, how- 
ever, does affect the profiles for sections IV, V and VI. A number of  titrations 
of  samples taken in the upper 1500 m were performed by an inexperienced 
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observer who did not take sufficient pains with his work; unfortunately, his 
carelessness was not discovered until too late to repeat the titrations. Since 
the suspect data could not  easily be identified as erroneous, they were 
employed in constructing the profiles; some of  the features in these three 
sections, e.g. the relatively low oxygen in the surface layer at stations 863 
and 864 (section VI), must therefore be considered doubtful. 

In spite of the scatter and slight persistent differences of  the oxygen values 
from the three ships, the average oxygen values for the deep water shown in 
Fig. 9 indicate that two maxima exist, one at potential temperature 3.5 ° C and 
the other at about 2.2 ° C. These maxima are too slight to show clearly on the 
oxygen profiles. 

The southern parts of  all sections show a relatively homogeneous surface 
layer. Considering that the observations were made a full month after the 
normal time of  minimum temperature, they indicate surprisingly little 
"spring warming" in this layer. Although the water is not strictly isothermal 
down to the thermocline, the vertical decrease in temperature in many in- 

1 0  P . L O .  
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stances is less than 0.5 ° C down to depths of  300 to 500 m. The temperature 
of the layer is close to 18 ° C and its salinity to 36.5 per mille; both quantities 
are slightly lower in the east than in the west. These data thus clearly de- 
lineate the area of  formation of the "18 ° wate r"  (SCHROEDER et al., 1959; 
WORTHINGTON, 1959) which spreads throughout the Sargasso Sea. Station 
197 of the Chain made on 26 April at 37028 ' N., 52°25 ' W., represents 
perhaps the most striking example of  this "winter  mixing",  for the ocean 
there was essentially homogeneous to a depth of 500 m. The water, however, 
was cooler by about 0.3 ° C, fresher by 0.02 per mille and had more dissolved 
oxygen, about  0.3 ml/1., than that in the example presented by WORTHINGTON 
(op. cit.). 

The northern parts of  the profiles indicate a very different and more 
complicated structure of  the surface layer. Here in the slope water (ISELIN, 
1936), the thermocline is relatively shallow, and its mean depth is better 
indicated by the 7 ° isotherm than by the 10 °. Two eastward gradations in 
water properties are readily apparent, despite the complexity of  the structure : 
the water next to the continental shelf becomes cooler and fresher while the 
water next to the Sargasso Sea boundary zone becomes warmer and more 
saline; a new boundary zone is thus created within the slope water area. 
Because " G u l f  Stream '60"  represents the only comprehensive study of  this 
large area, it is difficult to compare these observations with "no rma l  con- 
ditions", but, on the basis of  relatively scattered data, it appears that in 
April 1960 this secondary zone was comparatively weak: there was less 
warm, saline water north of  the primary zone than noted in the past. We 
shall discuss this zone in further detail when considering the associated 
currents. 

The Gulf  Stream forms the boundary zone between the Sargasso Sea and 
the slope water, but unfortunately we are unable to define exactly the limits 
of  the zone. At the surface it contains the warm core of  the Stream, which is 
characteristically fresher than the water at the s~me level in the Sargasso Sea 
and has less dissolved oxygen than the water to either side. Furthermore the 
main thermocline in this zone and, indeed, the isotherms at all depths 
below the thermocline, slope abruptly up f rom the Sargasso Sea to the slope 
water. Although both these features can be used to define roughly the 
limits of  the boundary zone, neither is a completely satisfactory indicator. 

Section I is the simplest profile of  this series, yet even here the Gul f  Stream 
limits cannot be precisely drawn. Stations 5880, 81 and 82, for instance, are 
definitely in the boundary zone, which appears to reach f rom the surface to 
the bottom, but should the zone be extended to stations 5878 and 5883 on 
the basis of  the continued slope of  the isotherms in the water beneath the 
main thermocline? Also, should the relatively slight disturbance in the 
thermocline around station 5885 be considered part  of  the boundary  zone ? 
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The temperature profile shows clearly the surface warm core of  the Gul f  
Stream but what is the significance of the smaller core of  warm water north of  
this disturbance ? I f  the warm core defines the width of  the zone then the 
interpretation of  section I I  must  be quite different f rom that o f  section I. 
Here the warm core spreads over a much wider area and consequently the 
"d i s tu rbance"  in the main thermocline, which again appears here, would be 
included in the boundary zone. On sections I I I  and IV, the "d i s tu rbance"  is 
more pronounced and located farther to the south; thus these sections would 
each cross the boundary zone, as defined by the sloping thermocline, in three 
places; on the other hand, only one well-defined warm core appears on the 
sections. It  is unfortunate that  the stations were spaced so far apart  and that 
no bathythermograph observations were made around station 825, on 
section IV, but nevertheless it would seem that no pronounced warm core 
existed here. Once again the question comes up whether this " 'dis turbance" 
should be considered as part  of  the Sargasso Sea boundary zone and the 
Gulf  Stream. 

We must recall our previous discussion of the path  of  the Stream and look 
again at Fig. 4 in order to answer this question. I t  is evident f rom the figure 
that the "dis turbances"  on these sections are in fact part  of  the Gulf  Stream 
but they are parts of  a meander in the Stream that  is in the process of  breaking 
off to form a separate eddy. The chart also helps to explain the confusing 
profiles of  section V; this section follows roughly along the path  of  the 
current, and crosses in and out of  it several times. 

Section V appears to mark  the end of  a r6gime in the system. The pro- 
nounced warm core of  the Gul f  Stream is last seen here. I t  is as though the 
Gul f  Stream, although continuing on as shown in Fig. 4 and 5, left an 
accumulation of warm surface water in the northern loop between sections 
IV and V. Also on this section, for the first time, the disturbances in the 
main thermocline are not clearly reflected in the deep water. As we shall see 
later, in the discussion of transports, this section is a unique one separating 
the western from the eastern sector; f rom here on to the east the sections 
show certain different characteristics. 

To the east of  section V, i.e. east of  the " s o c k " ,  the northern limit of  the 
boundary zone of the Sargasso Sea may be roughly identified with the 
"ou tc ropp ing"  of  the 15 ° isotherm at the sea surface. There is very little 
indication of  a surface warm core associated with this zone and the salinity 
and oxygen observations do not always show the characteristic low values. 
To the north of  this zone in the eastern sections, as already noted, the upper 
layer of  water is warmer and more saline than that upstream. In other words, 
the abrupt gradients of  temperature and salinity associated with the Gul f  
Stream are smaller in this area than to the west of  the " s o c k " .  The Stream, 
at least in the upper layer, appears to be "running down".  
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As mentioned previously, a second abrupt gradient exists to the north in 
the eastern area. It  is roughly identified on these profiles as the zone where 
the 35 per mille isohaline comes to the surface, and does not appear to be as 
strongly developed during the time of the present study as it has previously. 
A more typical condition is depicted in the Atlantic Ocean Atlas (FuGLISTER, 
1960) from data taken along 50 ° W. longitude by the Atlantis in 1956. The 
area between the two zones was wider in 1956 than in 1960 and the relatively 
warm, saline water extended to much greater depths; consequently, the 
northernmost current, and the countercurrent separating it from the Gulf  
Stream were both considerably stronger at that time. In describing the 
current pattern south of  the Grand Banks, SOULE et al. (1961) do not use the 
term " G u l f  St ream" at all but refer to both these eastward currents as 
components of  the "Atlantic  Current".  This term, however, seems much 
too general to apply to them. Since the more southern current, which crosses 
the 50th meridian south of 40 ° N. latitude, lies along the boundary to the 
Sargasso Sea it should be called the Gulf  Stream. It  was suggested by FUG- 
LISTER (!951), FUGLISTER and WORTHINGTON (op. cit.) and MCLELLAN 
(1957), and now confirmed by the observations of  " G u l f  Stream '60",  that 
the more northern of  the two currents originates in the slope water area; it 
seems desirable, therefore, to apply, to it the name "Slope Water Current" .  

WORTHINGTON (1962) feels that it is perhaps dangerous to regard the 
Slope Water Current as a permanent  and separate feature of  the circulation 
because of  its low transport in 1960. This suggestion seems surprising when 
we recall that, aside from the Labrador  Current, this current has been ob- 
served more often than any other in the Nor th  Atlantic. Since 1922 the Ice 
Patrol has been making studies of  the dynamic topography near the Grand 
Banks and has repeatedly found this eastward current at approximately 
41 ° N., 50 ° W. These observations do not prove that it is a current separate 
from the Gulf  Stream, but they certainly show that it is permanent. Although 
only a few studies have been made south of 41 ° N. at this longitude, each one 
has shown the Gulf  Stream as actually a separate current, located at approxi- 
mately 39 ° N. latitude. 

The Slope Water Current and the Gulf  Stream are both parts of  the Gulf  
Stream System, according to our concept of  the System, but the interrelation- 
ship between the two currents is not clear. 

v E L O C I T Y  AND TRANSPORT CALCULATIONS 

Geostrophic volume transports and velocities have been computed for 
sections I through IX and for a short west-east section along 38 ° N. latitude 
(Atlantis stations 5953-5957). The method described by SVERDRUP et al. 
(1942) was used for the computations, under the assumption of  zero velocity 
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at the ocean bottom. An example of  the geostrophic velocity distribution is 
shown in Fig. 10. This profile crosses the area where the deep direct current 
measurements were made and the averages of the observed velocities are 
shown in the figure. 

The assumption of  zero velocity at the bottom leads to transport values for 
the Gulf  Stream that are approximately 30 per cent higher than those 
calculated by ISELIN (1940), who assumed no motion below 2000 m. On the 
other hand, if the calculated velocity distribution had been adjusted to the 
average of the measured deep velocities, then even higher transports would 
have been obtained, with flow extending to the bottom. Although the direct 
observations show that the Gulf  Stream does probably extend to the bot tom 
they do not give the mean velocity between station positions; therefore, 
shifting the calculated velocity--depth curve to agree with the observed 
velocities is not entirely justified. Nevertheless, since the observed velocities 
in the deep water were approximately 10 cm/sec higher than the calculated 
values of  Fig. 10 it must be obvious that there was a considerable transport 
of water that the calculations made by assuming zero velocity at the ocean 
bottom failed to reveal. On the other hand, it is quite possible that this 
assumption produces too high transport values over some of  the area studied, 
even perhaps between a few of the stations that have been considered to be 
in the Gulf  Stream. 

Because of  this serious lack of knowledge as to where to place a surface of  
no motion, no dynamic topography charts have been plotted for the " G u l f  
Stream '60" data. The following transport values must be considered as 
relative magnitudes only; they are given here merely to show gross differences 
in the Gulf  Stream System. 

As might be expected from even a casual study of  the profiles, the highest 
transport values were obtained on the westernmost section, section I. Here, 
between stations 5877 and 5883, the volume transport with zero velocity at 
the ocean bottom comes to 137 × 10 6 m3/sec. Assuming no motion below 
2000 m the calculated transport drops to 89 × 106, a value similar to those 
obtained by Iselin. Several disturbing points are raised by these computations, 
especially if it is supposed that the end-stations define the limits of  the Gulf  
Stream. Although the calculations show transport to the east between all 
seven stations, 5877 to 5883, the surface layer water, down to 800 m at least, 
at stations 5878 and 5879 is not Gulf  Stream water at all, but slope water. 
Furthermore, a core of  anomalously cold water hugs the bottom slope at 
approximately 4000 m on this and at least the next three sections, that could 
be a part of  the deep westward-moving undercurrent suggested by Stommel. 
These two features, combined with direct deep current observations made in 
this area, just north of  the Stream in 1959 and 1960 (VoLI(r~ANN, 1962), and 
in the Stream itself during " G u l f  Stream '60", make it very doubtful that 
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these transport calculations are correct; these few current measurements 
suggest that there is flow at the bottom, probably directed toward the west 
between stations 5877 and 5879 and toward the east between stations 5879 
and 5883. 

A summary o f  the transport calculations is given in Table 2. All o f  these 
values are based on data from the first phase o f  the study and show the 

TABLE 2. VOLUME TRANSPORTS × 10 6 M3/SEC: " G U L F  STREAM ' 6 0 "  

Section 

Between 
latitudes 

to bo t tom 
to 2000 m 

total to bo t tom 

Slope Water 
Current latitudes 

to 2000 m 

'__L_ 
38°20" I 39°01" [ 39002" 
37°00" I 37°00'  37*30' 

I 
137 [ 106 88 
89 I 6° / 
69 70 70 

4 

39034 ' 
38°00 ' 

76 
57 

69 

5 

42*20' 
39028 ' 

50 
33 

48 

6 

41"31" 
38030 " 

8O 
53 

62 

43"19'  
42000 , 

7 

7 

41"01' 
38"32' 

77 
55 

62 

42"59'  
41"29" 

8 

i i 
8 9 C.G.* 

41"00'  40°00 ' I 
39002 ' 37o28 • 

52 82 
37 58 51 

6O 6O 

44*00' 42020' 
42*55' 41"30'  

2 9 4 

* C.G.  values from SotrLE e t  al., 1961 

transport toward the east. Given in the table for each section are the latitudes 
o f  the stations which are considered to bracket the Stream; the transport 
between them with the bottom as a surface of  no horizontal  mot ion;  the 
transport assuming no mot ion below 2000 m; and the total volume transport 
for the entire section, from the continental shelf south to 33 ° N. latitude, 
again under the assumption o f  zero velocity at the ocean bottom. For 
sections VI through IX the transports of  the Slope Water Current, based on 
the 2000 m reference level, are also shown. The two values in the co lumn 
marked C.G. (section X) are taken from SOOLE et aL, 1961. 

Table 2 does not contain all the calculated Gulf  Stream transports. Since 
the Stream doubled back on itself in going around the "sock",  sections III 
and IV crossed the current more than once. On section III between 36 ° N.  
and 37030 ' N. the transport was 79 million m3/sec, toward the west and, 
between 34 ° N. and 36 ° N.,  83 million toward the east. On section IV, the 
transport was 76 million toward the west between 35 ° N. and 38 ° N.  and 
46 million toward the east between 33 ° N. and 35 ° N.  These last values 
suggest that some o f  the transport o f  the Stream actually passed to the 
south of  the area and hence possibly explain the low transport obtained for 
section V. As pointed out earlier the Gulf  Stream was flowing almost due 
south along section V. During phase three the Atlantis made a west-east  
section at 38030 ' N. crossing this part o f  the current; the transport toward 
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the south, between 60 ° W. and 62 ° W. (stations 5953 and 5957) was 87 × 106 
m:~/sec. All the above values are based on the assumption of zero velocity at 
the bottom. 

Despite the uncertain configuration of the surface of no motion, the 
arbitrary station spacing and the elapsed time between observations, these 
transport  computations are still informative. The Gulf  Stream transports in 
the western part  of  the area are normal as compared to Iselin's values (1940) 
and in the east are close to the values obtained by the Coast Guard in 1950 
(60 million) and in 1958 (49 million). The net transports across each section 
suggest a division of the area into two parts, with section V constituting the 
diwding line; the total transport in the west is consistently about  70 million 
m3/sec, but to the east of  this section it is consistently about 10 million less, 
suggesting that the " s o c k "  formed a partial barrier in the system. 

As stated earlier, the Slope Water Current appeared to be below normal 
strength during this period. According to SOULE et al. (op. cit.) the transport 
of  this current was 29 million in 1950, 13 million in 1958, and only 4 million 
ma/sec in 1960. It  is important to note, however, that whereas the low 1960 
figure is based on observations made in April, the Ice Patrol work done 
between 18 June and 1 July 1960, 2½ months later, shows a much more 
pronounced current at 50 ° W. longitude. 

A crude measure of  the increase in transport  that would be obtained if the 
observed deep current velocities were used in the computations indicates 
that the transport  of  the Gulf  Stream on section I I I  would change from 
88 to 147 × 106 m3/sec. I f  the Gulf  Stream does in fact extend to the bot tom 
in this area and transports these huge amounts of  water, which are not in- 
cluded by the present method of  dynamic computations, then, in order to 
satisfy continuity, there must also exist deep water movements of  considerable 
magnitude elsewhere in the System. 

SUMMARY AND CONCLUSIONS 

The evidence from " G u l f  Stream '6•" indicates that the Gulf  Stream 
reaches to the bot tom of the ocean. The meander pattern of  the current 
appears to have a sharp line of  demarcation near 65 ° W. longitude, the longi- 
tude of  Bermuda, separating the area of  relatively small amplitude meanders 
in the west from the eastern area of  much larger north-south meanders. 
Since a direct deep current measurement showed flow deflected by Kelvin 
Sea mount, it seems probable that  the shapes of  these large meanders may be 
influenced by the various sea mounts in this area. The path of  the Gulf  
Stream changed very little over a period of l0 weeks: all observed changes 
in position could be accounted for by lateral movements of  less than 2.5 
miles per day. The large meanders observed thus formed a nearly stationary 
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wave front along the northern border of the Sargasso Sea. The Slope Water 
Current was observed but appeared to be a weaker flow than in the past. 

Profiles across the Gulf  Stream spaced I00 miles apart do not give an 
unambiguous picture of the pattern of currents. Following the maximum 
surface currents downstream with the GEK is a rapid method of  delineating 
the current position, although streakiness occurs in the velocity distribution 
to such an extent that the current is occasionally lost. Where a cyclonic eddy 
is being formed to the south of the Stream this method of  tracing the current 
may also produce ambiguous results. The possibility exists that the surface 
currents at these points are quite complicated, and perhaps separated from 
the deeper flow. A transponding surface float, for instance, was observed to 
take a month to pass such a location. 

The results of  " G u l f  Stream '60" do not contradict the author's multiple 
current hypothesis (FuGuSTER, 1951), but the relation of  the Slope Water 
Current to the G u l f  Stream and the manner in which it is formed, matters 
fundamental to the hypothesis, were not clearly determined. These results 
do show that the extremely complicated Gulf  Stream picture shown by the 
author, Chart 3 (1955), is certainly not a correct interpretation of  the data. 

It is evident from this study that the volume transport of  the Gulf  Stream 
in the area between Cape Hatteras and the Grand Banks is still unknown. 
The deep current measurements indicate that the transport may be as great 
as twice the generally accepted values of around 70 x 106 m3/sec, although 
many more deep, direct current observations in the Gulf  Stream are needed 
before the actual transport values can be determined. 
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TABLES OF O C E A N O G R A P H I C  D A T A  
ATLANTIS  CRUISE 255--1960 

Depth,  Tempera - I  Sal~oity, 
meters } ture, °C I mOlTl, pH 

Station 5873; 9 April;  40 ° 14' N. 68 ° 30" W.;  
Dep th  185 m. 

1 4.78 32.864 7.23 7.54 
50 4.57 32.895 7.11 8.27 

IOO 7.49 34,067 5.79 7.65 
150 9.02 34.766 4.87 7.62 
175 9.08 34.833 4.78 7.82 

Station 5874; 9 April;  40 ° 00' N.  68 ° 30' W.;  
Depth  1880 m. 

1 
5O 

IOO 
200 
300* 
4OO 
500* 
6OO 
700* 
8OO 
900* 
995* 

1095 
1190 
1390 
1585" 
400 

1545 
1695" 

5.02 35.333? 
6.25 35.934? 
9.37 34.626 

10.31 35.204 
7.93 35.034 
- -  34,908 
4.98 34,934 
4.67 34.965 
4.48 34.961 
4.34 34.973 
4.19 34,957 
4.12 34.957 
3.99 34.959 
3.96 34.962 
3.81 34.959 
3.73 34.959 
5.73 34.933 
3.69 34.954 
3.67 34.955 

7.17 8.00 
6.93 7.75 
5.92 7.76 
3.88 7,49 
3.79 7.22 
4.88 7.09 
5.30 7.20 
5.84 7.56 
5.82 7,45 
5.93 7.21 
6.16 7.49 
6.17 7.38 
6.16 7.40 
6.11 7.31 
6.18 7.11 
6.24 7.35 
4.67 7.20 
6.23 7.67 
6.27 7.35 

Station 5875; 9 April;  39 ° 41' N.  68 ° 33' W.; 
Dep th  2699 m. 

555 
645* 
745 
840* 
900* 
995 

1185" 
1370 
1560" 
1750 
1940" 
2135 
2325* 
2525 
2630* 

1 3.93 
45 3.73 
90 6.84 

185 10.19 
275* 7.75 
370 6.30 
460* 5.30 

5.27 
4.85 
4.40 
4.34 
4.28 
4.17 
3.89 
3.75 
3.68 
3.57 
3.51 
3.37 
3.26 
3.08 
2.83 

32.317 
32,531 
34.044 
35,142 
34.917 
34.894 
34,887 
35.008 
35.002 
34,980 
34.989 
34.988 
34.980 
34.963 
34.965 
34,962 
34.960 
34.958 
34.960 
34.963 
34,954 
34.947 

7.94 7.06 
7.45 7.64 
5.30 7.45 
4.52 7.06 
4.06 7.46 
4.49 7.25 
4.96 7.49 
5.15 7.32 
5.52 7.13 
5.85 7.82 
5.86 7.40 
5.97 7.16 
5.99 7.19 
6.18 7.20 
6.21 7.01 
6.39 6.90 
6.24 7.35 
6.27 7.43 
6.21 7.10 
6.21 7.00 
6.25 6.81 
6.25 7.16 

Depth,  Tempera-  [ Sal~i ty,  pH  
meters  [ ture, °C f mOl~l" i 

J 

Station 5876; 9 Apri l ;  39 ° 20' N.  68 ° 30' W.;  
Dep th  2965 m. 

3O 
55 

115 
175 
235 
305 
595 
89O 

1190 
1485 
1785 
2080 
2380 
2670 
2965 

295 
39O 

8.64 
9.33 

10.52 
11.92 
10.42 
9.22 
7.56 
4.79 
4.20 
3.87 
3.68 
3.51 
3.28 
3.04 
2.80 
2.43 
7.80 
6.17 

34,146 6.73 
34.467 6.31 
34.511 6.48 
35,329 5.13 
35.288 4.22 
35,177 3.30 
35.079 3.82 
35 025 5.63 

! 34.995 I 6.00 
34.977 6.16 
34.970 6.23 
34.968 6.32 
34.962 6.33 
34,970 6.31 

! 34.945 6.36 
34,929 I 6,40 i 
35.107 3.81 l 
35,025 [ 4.58 

7.16 
7.29 
7.30 
7.20 
7.23 
7.16 
7.16 

Station 5877; 10 Apri l ;  38 ° 59' N.  68 ° 30' W.;  
Dep th  3329 m. 

8.83 34.105 6.66 
10.84 35.137 5.42 
1 !.06 35.304 4.97 
9.42 35.161 3.47 
7.57 35,070 3.79 
5.95 35,022 4.73 
5.13 35.005 5.35 
4,72 35,003 5.70 
4.58 35.OO0 5.74 
4.39 34.997 5.87 
4.17 34,987 6.00 
4.02 34,978 6.12 
3.82 34.971 6.19 
3.70 34.968 6.23 
3.58 34.969 6.21 
3.46 34.963 6.26 
3.31 34,965 6.27 
3.12 34.980? 6.20 
2.97 34.952 6.25 
2.85 34.944 6.29 
2.69 34,937 6.32 
2.555 34.941 6.33 
2.425 34.924 6.50 
2,370 34.923 6.34 
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360 CHAIN CRUISE 12-1960 

Tem- 
Depth, pera- 
meters ture, 

“C 

i Salgty, 1 oz 
( / ml/i. 

Tem- 
/ 

kpth, pera- Salinity, 0, 
neters 1 / ture, % ~ ml/l. 

“C I 
Salinity, 

96. n$l. 
- 

Itation 157; 12 April; 35” 01’ N 
56” 26’ W.; Depth 5499 m. 

jtation 159; 13 April; 33’ 02’ N. 
56” 30’ W.; Depth 5489 m. 

5; 
19.58 36.669 
19.47 36.686 :z 

:.z 
19.15 36.663 

36.530 :% 
200’ ::::: 36.522 5.08 

g 
18.13 36.481 5.01 
17.55 36.408 4.71 

600. f:::: :G 
4.36 

:::z 

4.13 

lz* 
12.82 3.91 
10.94 3.72 

900 8.55 35:209 3.74 

ig 
7.19 35.153 4.37 
5.61 
4.75 E:E 

5.04 
5.63 

z;: 
4.10 34.999 6.04 
3.63 6.17 

L295’ X;: 
!695 Z! 34.977 !G: 
I094 
14939 ;::: ::;z 

5192 
6.11 

E 
2.445 34.918 6.06 
2.340 34.909 

1691’ 2.265 34.891 ::kZ 
iO90 2.120 34.868 5.79 
1489’ 2.130 34.856 Mud 

-- 

Station 155: 12 April; 37” 01’ N 
56” 31’ W.; Depth 5338 tn. 

1 

:; 
148 
197. 
296 
394’ 

z: 
690. 
788 
887 
985’ 

1182 

1:: 
1940’ 

:::; 
2935: 

::::* 
432s. 
4826 
5325’ 

17.57 
17.58 
17.60 
17.55 
17.56 

tz: 
15:29 

t:::: 

:::: 

::g 

4.54 
4.12 

::67: 
3.46 

ZO 
2:430 
2.325 

::EZ 

- 
5.50 
5.38 

ES 
5.28 

2.:: 
4179 

a:;: 

:z 
3198 
4.82 
5.25 

5.49 
5.82 

:.:; 
5:99 

Z:& 

g;z$ 

5.89 

36.461 

:z:z 
36:47 1 
36.472 
36.398 
36.309 
36.013 
35.693 
35.496 
35.186 

:44:::; 
35.020 

35.012 
35.000 
34.913 
34.980 
34.971 
34.959 
34.945 
34.918 
34.907 
34.901 
34.883 

5.32 
5.29 
5.28 
5.20 
5.20 
4.98 
5.07 
4.71 
4.89 

;::: 
3.80 
4.78 
5.45 

5.74 
6.21 
6.20 

t::: 
6.07 
6.19 
6.17 
6.13 
6.10 
5.94 

1 

;; 
145 
195 
294 
3951 
496 
598. 
697 
795’ 
889 
981’ 

11719 
1359 

1474’ 
1765 
!153. 
!541 
!9299 
1324* 
1725’ 
I1 19 
1514. 

!$j l 

18.22 
18.20 
17.96 
17.89 
17.89 
17.81 
17.58 
17.23 
15.56 
13.50 
11.50 
9.33 
7.73 
6.10 
- 

4.89 
4.24 

:::; 
3.14 
2.78 
2.530 
2.390 

$:Z 
2.25c 

36.473 
36.476 
36.512 

E:: 
36:488 

:::Z!: 
36.060 
35.617 
35.455 
35.209 

x: 
35:096 

35.085 
35.038 
35.022 

g 

34.926 

#t&ion 158; 13 April; 33” 58’ N. 
56’ 26’W.; Depth 5459 tn. 

:tation 160; 14 April; 33” 00’ N. 
54” 26’ W. ; Depth 5572 m. 

Station 156; 12 April; 35” 59’ N. 
56’ 28’ W.; Depth 5280 m. 

--- 
1 

z 
147 
196 

:;1: 
492’ 
591’ 

Z* 

E* 
1190 
1392’ 

z: 

:E 

:B: 
3682’ 

2: 
4876* 
5274* 

--- 
36.468 
36.472 

:EE 
36:504 
36.500 

:z; 
36:371 
36.103 
35.813 
35.459 

:::::: 
35.007 

::E 

:t :z 
34:859 
34.943 
34.923 
34.913 
34.902 
34.894 
34.884 

1 

:E 

:zz 
398’ 
498 
597’ 
697 
796. 
896 
995’ 
194. 
393 

687’ 

zt 
678’ 
075 
472’ 

zz 

E 
456= 

KG. 
18.41 

x 

~~~~~ 

~~~ 
11:80 

FE 
6.71 
5.64 
4.79 

4.10 
3.80 
3.45 

I;; 

2.510 

T 

17.91 
17.93 
17.90 
17.88 
17.90 
17.90 
17.86 
17.77 
17.30 
15.80 
14.01 
11.45 
8.96 
5.61 
4.80 

4.33 
3.92 
3.69 

:::: 

274 
2.365 

Z:Z” 
2.275 

5.31 
5.32 
5.18 
5.13 
5.12 
5.06 
5.06 
5.01 
4.17 

:I?: 
3:46 
3.44 
4.99 
5.59 

5.75 
6.09 
6.13 

5:;: 
6.14 
6.16 

2::: 
6.04 
- 

::::;t :z% 
36:507 
36.428 

:kz 
351862 
35.528 
35.326 

:x! 
35:125 
35.070 

35.018 
35.013 
34.989 
34.975 

z;:: 
341923 
34.918 

:tz 
34:866 

5.19 
5.31 

:::: 
5.03 
4.96 
4.42 
4.41 
4.09 

:.z 
3185 
4.37 

:z 
- 

::6”: 
5.95 
- 

2% 
6.07 

;:E 

1 

;: 

!E 
287’ 
383’ 
480 
576’ 
673 
770’ 
867 
964’ 

:z: 

673’ 

4z. 

t%G 
IS:58 
18.38 
18.24 
18.22 
17.76 
17.29 

:::;: 
11.42 

E’ 
5.83 
5.135 

:z 
;:g 

;:g 

;ti 
2.21 
2.17 
2.200 

5.26 
5.24 
5.25 
5.24 
5.38 
5.08 
4.61 
4.52 
4.21 
4.05 
3.51 
3.54 
4.00 
5.13 
5.39 

6.02 
6.05 
6.00 

::g 
6.02 
6.03 
6.04 

:s: 
5176 

36.525 

:ZZ: 
36.506 
36.473 
36.496 

E::: 
36.125 
35.811 
35.464 
35.219 

:::::: 
35.117 

EZ 
341992 
34.976 

::;:;1 
34:915 

E:Z 

E:E 

-_ 
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