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THE SURFACE LAYER OF THE GULF STREAM 
AND ADJACENT WATERS 1 

BY 
WILLIAM L. FORD AND A. R. MILLER 

ABSTRACT 

This paper presents a description of the Gulf Stream system between Cape Hat-
teras and 63° W. Long. and gives a qualitative analysis of the water masses in the 
surface layer on the basis of observations taken from November 15 to December 6, 
1948. The edge of the Stream was explored for 1,050 miles of its length. The 
meanderings of the Stream and its tendency to develop large eddies are demonstrated. 
Of special note was the 90° change in direction of the mean axis of a 150-mile seg-
ment of the Stream within a period of two weeks. Surface current velocities are 
given for many points; flows in excess of 5.5 knots were found on several occasions. 
By means of a T-S analysis applicable during the period of the cruise, the surface 
layer of the system is described in terms of four water types. The occurrence and 
interplay of these water types are discussed. Noteworthy features are (a) the 
presence of Shelf water at certain points along the edge of the Stream and (b) the 
modification of the surface layer of the Stream by the addition of Sargasso water, 
with no evidence of the absorption of Slope waters. 

INTRODUCTION 

Although there have been many investigations of the Gulf Stream, 
it is only recently that detailed quasisynoptic surveys have been 
possible. This new approach is based on rapid measuring devices 
developed during World War II-the Bathythermograph (BT), the 
Sea Sampler (Spilhaus and Miller, 1948) and the Salinity-Tempera-
ture-Depth Recorder (Jacobsen, 1948; Ford, 1949) together with 
Loran which provides the necessary accuracy in navigation. The 
fir st surveys of the Stream with the BT and Sea Sampler were made 
by Spilhaus (1940, 1941), though without the benefit of Loran which 
had not yet been perfected. Following the war, rapid detailed surveys 
of the Gulf Stream were made using both the BT and Loran (Fuglister 
and Worthington, 1947; Iselin and Fuglister, 1948). These studies 
revealed that the highest current velocities tend to be associated with 
a sharp change in the temperature structure in the upper layers of the 
Gulf Stream and that the path of the Stream is of a meandering and 
variable nature. 

1 This paper is a joint contribution from the Naval Research Establishment of the 
Defence Research Board of Canada, c/o Fleet Mail Office, Halifax, N. S. (Wm. L. 
Ford) and the Woods Hole Oceanographic Institution, Woods Hole, Mass. (A. R. 
Miller). Contribution No. 619 from the Woods Hole Oceanographic Institution. 
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In our studies the above technique was extended to include the use 
of the Sea Sampler and the Salinity-Temperature-Depth Recorder. 
The general objective was to enlarge our meagre knowledge of the 
Stream by examining its meanderings and structure in as much detail 
and over as great a portion of its length as time would permit. 

DATA 

The area covered by the cruise from November 15 to December 6, 
1948 is shown in Fig. 1. In all, 1,050 miles of the Stream were traced, 
180 miles in the first survey and 870 in the second. Bathythermo-
grams (660) were usually taken at half-hour intervals and to depths 
of 700-800 feet. Forty-three Sea Sampler lowerings yielded tempera-
ture traces to 450 feet together with an average of 10 salinity samples 
at each lowering to a depth of 320 feet. On the passage from Bermuda 
to Norfolk, Sea Sampler observations were made every four hours. 
Along the zig-zag route from Norfolk to Halifax, subsurface sampling 
was done usually on either side of the left edge of the Gulf Stream. 
Information on temperature-salinity (T-S) relationships obtained in 
this manner was supplemented by the continuous record of surface 
temperature and salinity obtained with a Salinity-Temperature-
Depth Recorder (STD). Loran fixes were taken every 15 minutes, 
thus providing an unusually good body of navigational data. 

The " inshore" or left edge of the Gulf Stream, looking in the direc-
tion of flow, is usually a sharp and well defined boundary characterized 
by an abrupt downward slant of the isotherms (see Fig. 4). In this 
paper the edge of the Stream is defined as the position at which the 
65° isotherm reached a depth of 150 feet. The location of the inshore 
edge, and hence the path of the Stream, as found at various stages of 
this cruise is shown in Fig. 1 by the heavy line. The Stream itself 
lies to the right of this edge and flows more or less parallel to it. There 
is no well defined edge on the right-hand side. 

The paths of the Stream shown in Fig. 1 tend to confirm the obser-
vations of Iselin and Fuglister (1948) and Church (1937) that the 
current not only meanders but that the meanderings develop pro-
gressively eastward from Cape Hatteras. Fig. 1 also provides some 
evidence on the rate of change of the Stream's path in that the mean 
axis of a 150-mile segment of it is shown as having changed direction 
by 90° within a period of two weeks. 

The large swing east of 65° W. Long. is of parti cular interest. It 
is unfortunate that bad weather and a dwindling fuel supply made it 
necessary to terminate the survey without a full investigation of what 
appeared to be a large anticyclonic eddy centered on 64° \V. Long. 
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and 39° N. Lat. In the centre of this eddy there is a submarine moun-
tain that rises 10,000 feet above the surrounding ocean bed to within 
6,000 feet of the surface. It is suggested that this submarine mountain 
may be a cause of large scale eddies in the Stream. A review of 
ava~able. data suggests that well developed meanders and probably 
eddies exist more often than not in this area (Iselin, 1936; Fuglister 
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Figure 1. Gull Stream Cruise NL-16, Nov. 10 to Dec. 6, 1948. The heavy line is the 
" inshore" edge of the Stream. The li ght straight lines are the course of H. M . C. S. XEw 
LISKE ARD. 

and Worthington, 1947; Iselin and Fuglister, 1948; Seven BT Sections, 
Halifax to Bermuda 1946-47, six of which showed two or more cross-
ings of the edge of the Stream; Naval Research Establishment, un-
published data). It is particularly interesting to note that this eddy 
and the one implied in the drift of the VALOR are almost identical in size 
and location (Iselin and Fuglister, 1948). In 1945 the VALOR drifted 
for ten days in this area and navigational records kept by Lt. D. T. 
Parsons, U. S. N. R., were sufficiently accurate to permit the con-
struction of a current diagram which indicated the presence of a great 
anticyclonic eddy centered at 64° W. Long. and 39° N. Lat. 



270 Journal of Marine Research [XI, 3 

Figure 2. Surface temperature contours of a part of the Gulf Stream. The heavy dotted 
line is the edge of the Stream at a depth of approximately 150 feet. The arrows give the 
current direction and the adjacent numbers its speed in knots. The light straight lines are 
the ship's course. 

To show surface temperatures and current velocities in necessary 
detail, the survey was divided into three parts, two of which are pre-
sented in Figs. 2 and 3. The third part, which is that section surveyed 
November 15--18, is omitted. The arrows give the direction of the 
current and the adjacent numbers show its speed in knots. The 
directions are the resultant of the vectors, dead reckoning course and 
true course, as determined by Loran fixes. The speed is the quotient 
of the resultant divided by the time. No allowance was made for 
wind drift. The fine straight lines give the actual ship's course as 
determined by Loran. The given velocities are averages for each leg. 
The terminals of the legs do not necessarily represent a change in 
compass course of the ship; in some cases they represent an alteration 
of the actual course by an abrupt change in current. Currents in 
excess of 5.5 knots were observed on several occasions. Although 
this method of determining surface current is crude, the data were 
carefully examined and it is believed that the above figure is reasonably 
correct. Fuglister and Worthington ( 194 7) and others have also 
reported such values. 

The vertical temperature distribution down to 800 feet was obtained 
by means of the BT every half hour during most of the cruise. Since 
it is impractical to present such a mass of data, a reasonably typical 
sample is presented in the form of two sections in Fig. 4. 
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Figure 3. Eastward continuation of Fig. 2. 

The surface temperature characteristics of the Stream were as 
shown in Figs. 2 and 3. The warm core, with a maximum temperature 
of 80° F off Cape Hatteras, had cooled to less than 76° F on reaching 
68° W. Long., but eastward of this point its temperature remained 
quite constant at 75 ± 0.5°. 

The waters on the cold side of the front were mostly in the middle 
sixties except at the most northerly limits of the system. One such 
situation is shown in Fig. 3 at 64° W. Long., where a temperature of 
50° F was found close to the front. Another similar case was found 
at 67° W. Long. and 39° 30' N . Lat. during the earlier part of the sur-
vey. The nature of these cold waters will be discussed in the next 
section. 
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Figure 4. Two examples or B-T temperature sections showing the edge of the Stream. 

SURFACE WATER MASSES OF THE STREAM 

A T-S analysis of the surface layer from data provided by the STD 
and the Sea Sampler has proven useful in developing a qualitative 
analysis of the water masses involved in the system. Such an analysis 
is subject to the criticism that the temperature under these conditions 
is not a conservative property but may in fact be subject to changes 
due to diurnal heating and cooling, meteorological changes, and 
seasonal trends. It is believed that the latter can be ignored, since 
the data were collected in a period of less than three weeks. The 
passage of weather would not be expected to produce serious errors 
because of the moderating influence of the ocean. Diurnal effects 
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Figure 5. T-S relationships of the water masses of the surface layer of the Gulf Stream 

system. SH, SL and GS are respectively Shelf . Slope and Gulf Stream waters east of Nor-
folk, Va. SH-H and SL-H are respectively Shelf and Slope waters south of Halifax. SH-LI 
is Shelf water off Long Island. SL-M is Slope water south of Montauk Pt. · SA is Sargasso 
Sea water. See text for details. 

appear to be negligible, probably due to the low altitudes of the sun 
in November and December and to the turbulent character of the 
system. T-S diagrams showed a considerable scatter, which can be 
attributed in part to these factors and in part to the uncertainty 
(± 0.2°/00) in the measurement of salinity by the STD. Nevertheless, 
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it is apparent that these uncertainties do not mask the main features. 
This is in agreement with Miller's (1950) conclusions on a similar use 
of T-S analysis. The main features are illustrated in Fig. 5, which is 
a T-S diagram that defines the surface water masses involved in this 
analysis. It provides a means of describing any given mixing zone 
in terms of two or more of these basic water types. 

This diagram was obtained by plotting a large number of S-T 
observations taken from the STD record, and then, with the surface 
patterns of Figs. 2 and 3 in mind, those points which fell into charac-
teristic groupings were enclosed in the manner shown. From a study 
of BT, STD and Sea Sampler records, it can be shown that these 
groupings, though necessarily somewhat arbitrary, represent reason-
ably homogeneous water masses. 

Referring again to Fig. 5, Shelf water (SH) was defined as that 
which was found between 75° and 75° 30' W. Long. on the course out 
from Norfolk, Va. Waters inshore of the latter point were not in-
cluded, since they were of very low salinity and probably contained 
Chesapeake Bay outflow. Slope water (SL) was defined as that 
which lay between 74° and 74° 30' W. Long. on the same course. 

Gulf Stream water (GS) was defined by salinities and temperatures 
taken in the "core" of the Stream, in an area extending from off Cape 
Hatteras to about 66° W. Long. GS water is characterized by a 
salinity of 36 ± 0.2°/00 and by a temperature > 75° F. Sargasso 
water (SA) was defined by observations taken on the course from the 
Gulf Stream towards Bermuda to about 35° N. Lat. and between 
Bermuda and Norfolk. It is characterized by a salinity > 36.0 °/o0 

and a temperature < 75° F. Surface water off Long Island (SH-LI) 
and surface Slope water south of Montauk Pt. (SL-M) are represented 
in a section from 71-72° W. Long. at 39° 50' N. Lat. as reported by 
Miller (1950) for cruises of the ALBATROSS III and CARYN in October 
and November 1948. Although these data were obtained one month 
before the NEW L1sKEARD cruise, they appear to be applicable to this 
analysis and are included to round out the picture. Furthermore, 
they are the only available data for this area, since no salinities were 
obtained in Cruise NL-16 on the run out from Woods Hole until 
38° 30' N. Lat. was reached. However, beyond this point, while still 
in Slope water, recorded STD salinities and temperatures fitted the 
SL-M grouping. 

Slope water south of Halifax (SL-H) is a grouping based on obser-
vations taken on the return trip to Halifax between 40° N . Lat. and 
~he 100-fathom line. It was the most difficult to define, and the group-
mg finally chosen appears to contain Shelf water-Halifax (SH-H). 
This latter water mass, quite clearly defined, represents the surface 
water as found while traversing the Scotian Shelf to Halifax. 
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A number of Sea Sampler stations have been analyzed to indicate 
the vertical extent to which the surface T-S analyses apply. The 
position of these stations are shown as circles in Figs. 6 and 7. Those 
Sea Sampler stations taken in the Stream (Nos. 3, 4, 6, 8, 10, 12, 13) 
show, with exception of No. 13, that the water was homogeneous from 
the surface down to 317 feet, the maximum depth of the Sea Sampler. 
No. 13 revealed homogeneous surface water (GS + SA) down to 200 
feet and SA water below that. Sea Sampler stations taken in clearly 
defined Slope water (Nos. 2, 9, 14) showed a homogeneous water 
column to the maximum depth, 317 feet. The remaining stations 
(Nos. 1, 5, 7 and 11) were in boundary zones. No. 1 shows a homo-
geneous layer of SH + SL water 150 feet thick over SL water. No. 
5 reveals a complex situation with a uniform mixture of GS + SH to 
100 feet and then a transition layer passing through SL water at 200 
feet to a higher salinity water at 250 feet. Nos. 7 and 11 show 
homogeneous mixtures of GS + SL and GS + SA + SL respectively 
to the maximum depth of the Sea Sampler. 

In the open ocean, if a BT section reveals an isothermal surface 
layer, it is generally recognized that the layer is in fact also isohaline 
and may be considered homogeneous. The BT data of this cruise 
did show in general a mixed layer of more than 200 feet except in 
transition zones. Fig. 4 is an example that illustrates the point. On 
the basis of these considerations, it is assumed that surface salinities 
and temperatures represent an homogeneous layer, which :was usually 
more than 200 feet thick throughout the area covered by the cruise. 
This statement, of course, is applicable only during the period of the 
cruise, since the mixed layer undergoes a seasonal variation, being 
deepest in midwinter and shallowest in midsummer. 

In Figs. 6 and 7, the water masses described above are presented in 
their geographical relationship, and we may now see which water 
masses were involved in zones of mixing and how the system changed 
character from west to east. 

The sections off Norfolk are of particular interest because of the 
presence of Shelf water (coastal) at the edge of the Stream. In Fig. 7 
it will be seen that there was a narrow band of water of less than 63° 
at the edge of the Stream. Its T-S characteristics show that it was 
a mixture of SH and GS waters, mostly SH, and contained no SL 
water. The temperature section2 (Fig. 4) suggests that it had a 
vertical extent of nearly 400 feet at the position of the section. The 
band was traced for about 80 miles along the edge of the Stream. 
The edge was not crossed again until a position some 140 miles further 

2 This diagram is uncorrected for temperature; correction is - 1.0° F. 
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along had been reached, -and at this point, 70° 30' W. Long., no evi-
dence of Shelf water was found. 

The presence of Shelf water along the edge of the Stream is exl?lained 
by considering that the Shelf water flows southward on the contmental 
shelf, turns eastward off Cape Hatteras and inserts itself between the 
Stream and the Slope water-eventually to be absorbed. 

5• 74• 73• 72 71° 10· 69° 68° 6 7• 66° 

Figure 6. Surface temperature contours or a part or the Gulf Stream with the surface 
layer water types indicated. The numbered circles are Sea Sampler stations. 

To strengthen this explanation, it is noted that the T-S character-
istics of this water were such that it could not have risen from the 
depths; nor could it have come from coastal areas south of Hatteras. 
Hydrographic studies of that region in 1948 (Bumpus and Wehe, 
1949) showed that there is little or no transport of Shelf water either 
north or south around Hatteras. These considerations agree with 
the concept that Cape Hatteras is a boundary zone between two dis-
tinct regimes upon the continental shelf. Therefore it is concluded 
that the low salinity water found at the edge of the Stream did origi-
nate on the shelf north of Hatteras. 

It is of interest to note the appearance of SA water between the 
Stream proper and the 70° surface isotherm in the edge zone at several 
points within the great eddy. Consider, for example, a section 
through the edge at 63° 30' W. Long. and 40° N. Lat. (Fig. 7). Be-
ginning at a point to the north of the front and proceeding southward 
the following waters were found: first a mixture of SH-H and SL-H

1 

then a transition zone which included SL-H (35.5 ° / 
00 

and 53° F): 
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Figure 7. Eastward continuation of Fig. 6. 
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and then, very abruptly, SA water (36.25 °/00 and 70° to 74° F)' 
Next a gradual transition to a mixture of GS-SA waters (36.25 °fo0 

and 75° F ) was found. The density of the SA water is greater than 
that of the adjacent Stream but less than that of the Slope water. 

Two interpretations as to the origin of this SA water may be con-
sidered: (1) it merely represents a mixture of GS-SA which has cooled 
a few degrees; (2) it actually represents SA water that had crossed 
the surface waters of the Stream at some depth and upwelled. Al-
though there is not sufficient information to prove either point, the 
latter seems more acceptable. It has been shown that the SA water 
probably extends downward several hundred feet. and if this is so, 
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it is not likely that surface cooling could account for the lower temper-
ature. Sea Sampler station No. 13 (Fig. 7), which was taken at the 
Gulf Stream end of the section discussed above, revealed SA water 
(70°-74° F and 36.4 °fo 0 ) below a·warmer and less saline surface layer, 
thus indicating the presence of a source for upwelling SA water. 

At the most northerly reach of the Stream (Fig. 7), water of less 
than 55° F was encountered. This water proved to be a mixture of 
SH-H and SL-H waters. It is remarkable that Shelf water should 
be found so far offshore. 

The T-S analysis shows the nature of the modification in the surface 
layer of the Stream as it flowed eastward. Downstream from Hat-
teras the temperature decreased, but there was no significant change 
in salinity and the water remained within the definition of GS water 
until 65° W. Long. was reached. In this neighborhood GS water as 
such disappeared (see Fig. 7) and was replaced by a mixture of GS-
SA, which from this point on showed the general character of the 
water in the core of the Stream. That is to say, the surface salinity 
and temperature in the Stream proper, as recorded by the STD, fell 
in a narrow band encompassed by the GS and SA blocks as given in 
Fig. 5. It is clear also from Fig. 5 that if any appreciable amount of 
Slope water were included in the core of the Stream the T-S points 
would fall below the SA block. Such was not the case. In summary, as 
the stream moved eastward it appeared to be modified by the addition 
of Sargasso water. There appeared to be no absorption of Slope water. 

Turning now to the Slope water adjacent to the Stream, the transi-
tion of its characteristics from west to east is shown in terms of T-S 
relationships in Fig. 5 and geographically in Figs. 6 and 7. Up to at 
least 65° W. Long. and 38° N. Lat. the Slope water is of the "Norfolk" 
type (SL). From this point to about 40° N. Lat. the ship's course 
did not extend far enough beyond the front of the Stream to clearly 
define the Slope water; but beyond this latter point, Slope waters 
adjacent to the Stream were of the "Halifax" type (SL-H). The 
two waters are outstandingly different in that the SL water was a 
homogeneous mass defined by a small range of salinity and tempera-
ture, whereas the SL-H water was found not as a clear-cut mass but 
in patches interspersed with mixtures containing water of the Scotian 
Shelf type (SH-H). 

If that part of the SL-H block (Fig. 5) above 35 °loo is considered to 
be Slope water adjacent to the Gulf Stream, then SL-Hand SL water 
differ only in temperature. Mere surface cooling could transform the 
latter into the former on the assumption of an easterly flowing Slope 
current adjacent to the Stream, as is postulated by Sverdrup, et al. 
(1942). On the other hand, if the Slope water adjacent to the Stream 
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moves westerly as a counter current, then the Slope waters in the 
westerly part of the area (SL) could result (Fig. 5) from the mixing 
of Stream water (GS-SA) with easterly Slope water (SL-H), providing 
it contains that part of the block below 35 ° / 00• 

The latter provides a more consistent interpretation, for when it is 
considered in conjunction with the evidence that the Stream absorbs 
Sargasso water but not Slope water, it leads to qualitative agreement 
with Rossby's (1936) wake stream theory. This theory,requires that 
the Gulf Stream should absorb water from the oceanic areas to the 
right of the current and discharge water into a counter current on the 
left. 
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