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INTRODUCTION

PreLiMINARY CONSIDERATIONS

With the opening of the Woods Hole Oceanographic Institution in July 1931, there
was inaugurated a program of investigations in the deep waters of the western North
Atlantic for which there had long been a great need. In contrast to most deep-sea inves-
tigations, which have had to be planned as single expeditions, the Institution was able
to initiate a general program which could be carried out gradually in order to take ad-
~ vantage of knowledge gained during the course of the work. Sufficient funds having been
provided for the continuous operation of its research vessel “Atlantis,” work could be
planned for all seasons of the year.

Although these 1nvest1gat10ns have not been in progress for long and new data are
continually being brought in by the “Atlantis,” there are several reasons that make it
seem desirable at this time to publish a preliminary report based on the completed tem-
perature and salinity observations. In the first place, the problem of oceanic circulation
is such that we cannot hope for a satisfactory solution for a long time to come. More-
over, it would be unwise to allow too much data to accumulate, because several years
may pass before we can arrive at more important conclusions. Secondly, both the chem-
ical and biological programs undertaken at the same time, require as a background the
general scheme of circulation in the western North Atlantic as well as the distribution of
temperature and salinity. It is, in fact, the necessity of taking into consideration the
movements of the sea water which ties together the whole subject of oceanography.
Therefore, it is the duty of those interested in ocean circulation to make available their
findings as soon as possible for investigators of other problems in the same area.

The “Atlantis” temperature and salinity observations discussed in these pages were
planned with two main purposes in view. The first objective was an intensive study of
seasonal changes along sections running from the southwestern corner of Nova Scotia
to Bermuda and from Bermuda to the mouth of Chesapeake Bay.! This, of course, in-
cluded an examination of fluctuations in the Gulf Stream, as well as of the variations in
the water masses on each side of it. Second, there has been planned and partly carried
out, a more general survey of the western North Atlantic, where accurate, deep stations
have been sadly lacking.

EoquipMENT AND METHODS

A detailed description of the “Atlantis” has not yet been published. Minor changes
are still being made to render the hydrographic equipment more serviceable. At the same
time, methods are being worked out whereby the technique of some of the work has been
much improved. It will perhaps suffice to say now that the ship is equipped with an elec-
tric winch capable of easily handling 10,000 meters of 5/32 inch diameter wire. The cable
in use goes under the trade description of “Roebling 7 X7 Wire Center Galvanized Air-
craft Cord,” and has a breaking strain of 2600 pounds. The winch is fitted with an auto-
matic device for guiding the wire on the drum, while a special boom and a system of
strong springs enable those on board to judge how much strain is being placed on the
wire and to regulate the hauling speed accordingly. The meter-wheel sheave is made of

1 For convenience the area inclosed by these two sections is here referred to as the “Bermuda Triangle.”
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special non-scoring metal, thus minimizing this usual source of error. The equipment
has given great satisfaction and can be strongly recommended. »

The Nansen type water-bottles have likewise caused very little trouble. Because, in
general not more than eight of them have been sent down at one time, the majority of
the stations here reported required two or more successive lowerings. Since a rack for
the water-bottles stands in the deck laboratory, conveniently near the hydrographic
winch, the temperatures can be recorded and the water-samples drawn off under cover.

The deep-sea thermometers in use on the “Atlantis” were made by Richter and Wiese,
and a sufficient assortment with various temperature ranges has been on hand to secure
reliable readings at all depths. Usually the water-bottles have held either one low range
(—3° to 8° or 3° to 13°) and one high range (—2° to 25° or 10° to 30°) thermometer, or a
protected thermometer has been paired with an unprotected. As a result, there are com-
paratively few cases where the corrected readings of two similar instruments can be
compared. We have listed below the number of cases on five of the cruises when such a
comparison is possible. Unfortunately these are mostly cases in which two long range
(—2° to 25°) instruments have been used in the same frame and since with these, even
when a lens is used, the hundredth place has to be estimated, we can feel sure that the
“Atlantis” corrected temperatures seldom have an error greater than .03°, while the av-
erage error i1s undoubtedly considerably less.

CruUISE #6 #10 #11 #14 #15 ToraL
Drr. in Reaping

o 2 7 11 12 25 57

.0l 6 6 22 41 51 126

.02 3 1 14 18 _ 13 49

.03 1 1 4 10 4 20

.04 o o o o 1 I

253

The salinity determinations have mainly been carried out in the laboratory at Woods
Hole by the usual method of chlorine titrations,? the readings being frequently checked
- against “standard water.” Although every reasonable care has been taken, occasionally
such a large number of samples have had to be analyzed in a rather short time, that,
especially for the surface layers a third determination was not always made when the
results of the first two titrations agreed within .02 parts per thousand in chlorinity. From
this and other reasons, it is probable that the maximum error for the salinity determina-
tions should be put at +.02 parts per thousand.? This accuracy, although adequate for
observations in the surface layers, was thought perhaps not good enough for a close ex-
amination of the North Atlantic deep water. Therefore, special care was taken with the
deep samples from the more recent cruises. Apparently these results are not essentially
different from the earlier observations (see page 41). In short, the salinity determinations .
of the “Atlantis” water samples are satisfactory for the present purposes.

% The salinity values on Cruise 1 (stations 1001-1053) were determined on shipboard by Dr. Franz Zorrell of the
Deutsche Seewarte. We are extremely indebted to him for this and other most accurate work, as well as for his co-opera-
tion in securing instruments and giving helpful advice on the “Atlantis’ ” first voyage.

3 Unfortunately, occasional samples when titrated give results that are clearly in error by a large amount when
comparison is made with neighboring observations. Usually it is possible to decide what caused such a mistake and the
observation can be disregarded. There remain, however, always a few cases that are difficult to deal with, because the

samples seem only slightly out of line. In all probability these result from carelessness at the time when the citrate bottles
were being filled.
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The depths of the observations have been corrected through the use of unprotected
thermometers. This method was introduced by Ruppin (1906) and Perlewitz (1 908), but
has only recently become general practice. Usually there have been five such readings at
each deep “Atlantis” station. For many of the stations the depths were worked out by
the usual method (Wiist 1932).* Recently, however, a quicker and sufficiently accurate
system was used for the stations of the Bermuda sections. Curves were constructed for
each of the “Atlantis” unprotected thermometers, depth being plotted against Az, the
difference in reading between the protected and unprotected thermometers. These curves
give the depth for any given value of Az at a glance and with the same accuracy as the
usual method, provided the latitude range of the stations is not too great. Even the
change in density experienced in crossing the Gulf Stream only causes an etror in the
calculated depth of approximately one meter in 3000.

As has been shown repeatedly by Schumacher (1923) and others, the depths calcu-
lated from unprotected thermometer readings are extraordinarily accurate. The most
important avoidable error lies in the factor of the individual thermometers. These are
given on the certificates to the fifth decimal place but are perhaps apt to change after a
few years. Several trials at sea under favorable conditions of calm weather and no cur-
rent have shown that at the end of three years there was no appreciable change in the
factors of the “Atlantis” unprotected thermometers.

The importance of the use of unprotected thermometers cannot be overemphasized.
Until this method was perfected, the depths of all observations were liable to error. A
number of cases have been noticed among the deeper “Atlantis” stations where the
depths corrected only for the wire angle at the surface give values which the unprotected
thermometers show to be in error by as much as 300 meters.

DisTrIBUTION OF STATIONS

Although to date the “Atlantis” has completed 54 cruises, much of the work has been
in the shallow water areas between Nova Scotia and Cape Hatteras. Discussions of some
of these coastal temperature and salinity observations have already appeared (Bigelow
1933; Bigelow and Sears 1935; Rakestraw 1933) and the more extensive investigations
from the Gulf of Maine are now in the process of being worked up. Since the present re-
port is largely confined to deep-sea observations, the accompanying charts (Figs. 1, 28,
and 40) show the location of only about 200 stations from 6 “Atlantis” cruises. The ob-
servational data from the great majority of these stations have already been published
(Cons. Perm. Int. 1933a, 1933b, 1934), while the more recent work will shortly ap-
pear in succeeding volumes of the same publication.

In general, where the depth of the water allowed, at least 3000 meters of wire and 16
water-bottles have been lowered, but because of the wire angle, the corrected depths often
fall far short of this. Occasionally the stations have extended deeper, for the aim has been
to take enough deep readings to give an adequate picture of the bottom layers without
unduly prolonging the stations. During cloudy weather, when running a section of closely
spaced stations across a strong current, it is usually better to continue the observations
no deeper than necessary, for with the delay of repeated lowerings the vessel may drift
so badly out of position that the station becomes of doubtful value for the particular
profile. :

* In this recent paper Wiist gives a general review of the literature on this subject as well as an analysis of the accu-
racy of the method as used by the “Meteor” expedition.
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We might mention here also that at the time most of these “Atlantis” sections were
run, the ship was not equipped with sonic sounding equipment, so that the deepest sta-
tions could not be extended with safety to as near the bottom as is desirable.

All observations from the eastern North Atlantic previous to 1923 were summarized
by Helland-Hansen and Nansen (1926) and this report was later amplified with the pub-
lication of the “Michael Sars” data (Helland-Hansen 1930). Therefore, the present dis-
cussion is in general confined to the deep-sea temperature and salinity conditions west
of longitude 30°W and between latitude §0°N and the equator (excluding the region
around the Grand Banks covered by the International Ice Patrol Service). Since the
northwestern corner of the ocean has been well surveyed by recent expeditions (Interna-
tional Ice Observation 1913—), and since the Gulf of Mexico and the Caribbean are
now being examined under the joint auspices of the Woods Hole Oceanographic Insti-
tution and the Bingham Oceanographic Foundation, it should not be long before we have
a relatively complete knowledge of the temperature and salinity distribution in the
whole western North Atlantic ocean as well as in the neighboring seas and gulfs.

A very complete reference list of the available subsurface temperature and salinity
observations from the North Atlantic has recently been published by Wist (1935).

.Since, except in the case of the most modern work, unprotected thermometers were not
used, the depths given for many of the early observations cannot be relied on and,
therefore, for some purposes they are unsuitable for combining with the “Atlantis” sur-
veys. However, in discussing the temperature-salinity correlation (p. 92), nearly all
former observations become useful.

NaturaL BouNDARIES OF THE SARGASSO SEA

The majority of the observations discussed in the succeeding pages lie in the central
region of the North Atlantic. They fall, for the most part, in the relatively warm, saline,
waters of the Sargasso Sea.® This term is a useful one in the oceanography of the North
Atlantic, for the distribution of weed (Kriimmel 1891) roughly maps a region which
forms one unit in the makeup of the ocean. From both the biological and the physical
points of view, within this large oval area, centering somewhere east of Bermuda, only
small horizontal variations occur. Even the climatic conditions are monotonous, for the
position of the Sargasso Sea roughly corresponds to that of the mid-Atlantic high pres-
sure belt, or horse-latitudes. Above the depth of about 2000 meters the comparatively
slow moving waters of this region form a huge oval core around the edge of which the
swifter, warm water, surface circulation of the North Atlantic takes place. Evidence
presented in this paper permits a more exact definition of the hydrographic limits of this
area than has hitherto been possible. v

The current system marks the boundaries of the Sargasso Sea even better than the
distribution of the weed.® Especially on the west and north, the Gulf Stream and its
continuation as the Atlantic Current form a deep barrier across which little transfer
seems to take place except near the surface. On the south and east the boundaries are
not so sharp. Moreover, the Canaries Current and Northern Equatorial Current do not
protect the mid-depths of the Sargasso Sea from outside influence. For, as we shall see
later, these wind currents are probably not deep and some water from the Mediterranean

8 The terms “Central Atlantic water” and “Sargasso Sea water” will be used interchangeably.

& A recent paper Winge (1923) points out that the observed distribution of Sargassum is not quite as regular as

Kriimmel’s chart would indicate. However, from a hydrographic standpoint it seems unnecessary to abandon the term
Sargasso Sea in its generally accepted meaning.
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and from the South Atlantic is able to penetrate at mid-depths (8co-1200 meters), to
lose its identity slowly through turbulence in the central part of the Sargasso Sea.
A full understanding of the factors involved in the circulation of the waters of this
Central Atlantic region will aid considerably in the solution of the general problem of Cenir:t M lsnte
oceanic circulation. Above all, it is the region where typical warm ‘water conditions are
continually manufactured near the surface, thus producing and maintaining a contrast
in density with the colder, heavier northern seas.
The “Atlantis” observations from the northwestern Sargasso Sea will next be pre-
sented as the first step in this study. :

THE BERMUDA TRIANGLE

- THE SUBDIVISION OF THE REGION

‘The months chosen for the “Atlantis” quarterly sections on the triangle, Nova
Scotia-Bermuda-Chesapeake Bay, were February, May, August and November. To date,
in accordance with this plan, only four sections have been completed on the line between
Chesapeake Bay and Bermuda and two sections on the line between Nova Scotia and
Bermuda (Fig. 1). There are available also an incomplete line of stations (1125 to 1130)
on the southern profile, started in December 1931 but broken off by the failure of the
hydrographic winch drum, and two stations from February 1933. The dates and station
numbers of the various “Atlantis” cruises on these two sections are as follows:

CHESAPEAKE BAY—BERMUDA

Dec. 57, 1931—Stations 1125-1130

Feb. 11-18, 1932—Stations 1131-114§

Apr. 17-23, 1932—Stations 12201233

Aug. 28-Sept. 3, 1932—Stations 1360, 1361, 1363, 1365—1377

Nov. 30-Dec. 5, 1932—Stations 1417-1431 :
Feb. 7-8, 1933—Stations 1462 and 1463

NOVA SCOTIA—BERMUDA

Nov. 2126, 1931—Stations 1107-1120 and 1122-1124
Aug. 1420, 1932—Stations 1339-1345 and 1347-1355

For a modern comparison with the “Atlantis” Bermuda to Chesapeake Bay observa-
tions, we have the “Dana” profile (Jacobsen 1929), from May 14-16, 1922. Also, there
exists a shallower section (Iselin 1930) by the schooner “Chance” July 1422, 1927 con-
sisting of 21 stations along the same track as those of the “Atlantis.”

As far as the salinity conditions near the surface are concerned, both the northern
and the southern profiles constructed from the “Atlantis” observations cross four dis-
tinctive bands of water. Proceeding from the land outward, there is first the relatively
fresh (<35 °/50) coastal water covering the continental shelf, and extending often near
the surface to a point somewhat beyond the two hundred meter curve. Then, between
the continental slope and the Gulf Stream lies a band of water having intermediate values
in salinity (35-36 °/o,) in the surface layers and relatively low temperature at mid-
depths, while beyond the Gulf Stream true Central Atlantic water of higher salinity "
(>36 °/o0) 1s found. To aid in the discussion, the area of the Bermuda triangle can,
therefore, conveniently be broken up both horizontally and vertically into smaller divi-
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F16. 1.—Locations of stations constituting the “Atlantis” sections, Chesapeake Bay-Bermuda and Nova Scotia-Bermuda.

The eddy (shown by arrows) just south of the Nova Scotian continental shelf is discussed on page 24.
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sions which are shown diagrammatically in Fig. 2. In this paper any discussion of the
coastal water is omitted, because this area has been recently treated in detail (Bigelow
1915, 1917, 1922, 1927, 1933; Bigelow and Sears 1935; Sandstrom 1919; Parr 1933).
The band of water between the edge of the continental shelf and the Gulf Stream
averages about 60 miles wide on the Chesapeake Bay section (where the stations cross it
somewhat obliquely) and about 170 miles wide off Nova Scotia. It is characterized by
being the mixing zone, in the upper layers (down to 200 meters), for coastal water, which
has escaped from over the continental shelf, and Gulf Stream water, which has been car-
ried west of the current’s path. At mid-depths, the relatively cold waters of this inter-

(%}
I3
S w
APE SARGAS E
HATTERAS = :
' = Iy -
z Y

_ BERMUDA_g DEEP WATER

Fic. 2.—Diagrammatic representation of the subdivisions of the triangular area, Nova Scotia-
Bermuda-Chesapeake Bay.

mediate belt are very consistent in character but do not quite resemble the Central
Atlantic water in temperature-salinity ratio (page 38).

This zone of water, with easily recognized characteristics, appears to be continuous
from Cape Hatteras to the Grand Banks. A detailed study of this band of water between
the swift current and the edge of the continental shelf will undoubtedly yield illuminat-
ing clues concerning the hydrodynamics of the Gulf Stream’s flow. It is clearly one of the
key bodies of water in the North Atlantic and, therefore, worthy of a name. Huntsman
(1924) while writing of the waters just beyond the 100 fathom curve off the coast of
Nova Scotia has used the term “slope water.” Bigelow (1927, pages 842-845) has also
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used the same designation for the waters just outside Georges Bank. From the “Atlantis”
| sections it is apparent that the temperature and salinity conditions along the continental
' slope are continued almost unchanged off shore to the inner edge of the swift flowing part
- of Gulf Stream and along shore for a great distance. Therefore, the expression “slope
. water” may be expanded to include the whole mass of water northeastward from Cape
i Hatteras, between the coastal band and the Gulf Stream, and down to the depth (about
' goo m.) where it becomes indistinguishable from North Atlantic deep water.

The usefulness of the term “slope water” is not lessened by the fact that the distribu-
tion of temperature and salinity in this region is extremely variable in the superficial
layers. Nor are the water layers at mid-depths free from gradient for at several points
strong eddies frequently develop. In fact, because of the horizontal mixing which must
always occur along the edge of a swift current such as the Gulf Stream, and also because
of the variable winds of these latitudes, it is surprising that the slope water band remains
as distinct as it now appears to be. Though future work off the eastern part of the Nova
Scotian continental shelf may show that this sector of the slope water is somewhat
different from the part between Cape Hatteras and Cape Sable, and for which we now
have adequate data, it is probable that some general term will always be needed to
designate the whole band of deep, relatively still water northwest of the Gulf Stream
from Cape Hatteras northeastward to the Grand Banks. _

The transition belt between the slope water and the Central Atlantic water along
this sector is occupied by the northeasterly flowing Gulf Stream.” To avoid any confusion
we must state here that our use of this term is not restricted to the surface aspect of the
current. The name “Gulf Stream” will designate the whole of the northeasterly flowing
current between Cape Hatteras and the Grand Banks. In other words, the relatively cold
deep layers of the current are included as well as the warm surface film.

The average width of the band of swift current (having velocities at the surface
greater than 10 cm. per sec.) off Chesapeake Bay is shown by the “Atlantis” sections to
be about 130 miles. As thus defined the available observations indicate that the Gulf
Stream averages only slightly wider off Nova Scotia. Not only is this band of current
narrower than is generally supposed, but as we shall see, its effect can be traced to very
great depths (1800 meters). Since the Gulf Stream is the transition between the relatively
cold slope water and the warmer Central Atlantic water, it follows, as has been brought
out by Wiist (1930), that in general no part of the current will be warmer than the water
at the same depth in the Sargasso Sea. Only at the surface is this rule broken, where a
shallow band shows temperatures slightly higher than at corresponding depths in the
much less swiftly moving waters on either side. These warmest temperatures near the
surface over the current are always found wherever the movement has a northerly com-
ponent. They represent warm surface water brought from lower latitudes. It is this belt
of warmest water, to be seen in all sections where the Gulf Stream is flowing northward,
which is the only apparent justification for the incorrect popular belief that the current
resembles a warm river flowing through colder seas. The fact is, that by far the greatest
part of the northeasterly moving water is relatively cold, while even the southeastern
side of the current (except at the surface) is not quite as warm as the water at correspond-
ing depths in the Sargasso Sea.

Running off shore from the Gulf Stream, the sections penetrate one edge of the great

7 For a full definition of this term see page 73.
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core of Central Atlantic water (Sargasso Sea). They can be used to study the seasonal
variation, not only between the Gulf Stream and Bermuda, but over a much wider field,
because of the uniformity of the waters and of the chmatlc conditions over much of the
great area of the Sargasso Sea.

DisTrRiBUTION OF TEMPERATURE AND SALINITY BY THE METHOD OF SECTIONS
CHESAPEAKE BAY-BERMUDA
The reader is referred to the temperature and salinity profiles given on the succeeding

pages, because it is difficult to describe briefly in writing data which can be clearly
represented on cross-section paper. These diagrams are constructed on such a scale that
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Fic. 3.—Temperature section, Chesapeake Bay-Bermuda, Feb. 11-18, 1932.

between the depths of 0 and 2000 meters, a distance of 1 nautical mile in a lateral direc-
tion is equal to § meters vertically (a distortion of 1:370). In order to represent the con-
ditions near the surface clearly, and still not exaggerate the profile beyond all recognition,
the depth scale has been broken at 2000 meters. A double horizontal line across each pro-
file draws attention to this change, and below it 1 nautical mile horizontally equals 12.5
meters in depth, so that the distortion is there reduced to 1:148.
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The profiles make no allowance for the fact that owing to stress of weather and cur-
rents, the stations did not fall always along a straight line. The actual distances between’
stations have been used in constructing the sections and can be found from the scale
given on each profile. The values for enough of the deeper observations are shown to
indicate the general conditions in the depth zones where vertical changes are so small
that no isolines appear. Small vertical dashes mark the points where the stations cut the
isolines. ‘ ‘

The first complete “Atlantis” section on the line between Chesapeake Bay and
Bermuda was made February 11-18, 1932. Although this profile is representative of the
winter months, the surface waters were probably still in the process of being chilled, for
the coldest period does not come until about a month later (see page 35).

Considering first the distribution of temperature (Fig. 3) near the surface, the most
noticeable feature is the characteristic triple banding of the profile, the relatively cold
(12°) slope water being more sharply set off from the warm (>22°), superficial Gulf
Stream waters than the latter are from the deeper (down to 400 meters), well stirred mass
of Central Atlantic water to the eastward. As stated above, relatively warm water is
always found over the swift part of the Gulf Stream® wherever the current has a northerly
component.

This threefold thermal diversion of the surface layer is also clearly mirrored in the
salinity section (Fig. 4), but the isohalines of the slope water band (above 200 meters)
show that the conditions  there are more complex than could have been learned from
temperature observations alone. Since the surface layer west of the Gulf Stream is a
mixing zone for coastal and tropical waters, some such intermingling of fresh and saline
masses is usually observed, but in this example the layer occupied by coastal water
(<35.0°/00) is somewhat deeper than on other “Atlantis” profiles. This can probably be
accounted for by the westerly gales which in winter must often blow coastal water off-
shore,?® thus diluting to a greater depth than at other seasons the surface layer of the slope
water, the vertical stability of which is at this time much reduced by winter cooling.
However, such conditions are not necessarily persistent, for at any time, as has been
shown by Church (1932a), warm tropical water from the Gulf Stream may also invade
the surface of the slope water band to cause a sharp increase in salinity. ’

The fact that the superficial salinities of the Gulf Stream, though much higher than
in the slope water zone, are somewhat lower than those found in the Sargasso water will
be shown later to result from contributions to the stream received from the Caribbean
and the Antilles Current. Also resulting from the same cause are the relatively high
readings between the depths of 80 and 400 meters, which along the axis of the current
show slightly higher values than at the same depths to the eastward. Both the fresh
superficial waters and the very saline wedge-shaped layer just beneath are characteristic
features of the Florida Current (see page 61).

Eastward of the current, the salinity profile shows a thick superficial layer (down to

8 It will be shown later that the position of the current corresponds almost exactly to the band occupied by the
slanting isolines at mid-depths while the swiftest flow occurs in the narrow zone of greatest slope (page 43). Although the
changes of temperature and salinity with depth exert opposite influences on the distribution of density, and therefore might
seem to counteract each other, this is not the case, for it is the former which is much the most important in the open
ocean. In other words, the colder waters will always be heavier in spite of the fact that they are less saline.

9 The coastal current, which ordinarily is found following the edge of the continental shelf southward, does not pass
Cape Hatteras (Bigelow 1934). Therefore, the conditions off Chesapeake Bay are especially favorable for the offshore
movement of coastal water.
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400 meters) where the salinity varies only slightly (36.50-36.65 °/.). Such a deep well
stirred surface layer is only found in the Sargasso Sea during the winter months.

Below the wind stirred surface zone, the same threefold division of the water (slope
water,Gulf Stream and Sargasso Sea) can be traced tovery great depths. The temperature
profile demonstrates that west of the Gulf Stream the main thermocline!® occupied the
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F16. 4.—Salinity section, Chesapeake Bay-Bermuda, Feb. 11-18, 1932.

layer between 200 and 400 meters. On the other hand, in the Sargasso Sea the cor-
responding isotherms were found considerably deeper (between 600 and 1200 meters)
and also more widely spaced, showing that the thermocline was less abrupt there.

The distribution of salinity at mid-depths on this profile closely parallels the thermal
trends; indeed this is always the case in both the slope water and in the western Sargasso
Sea. Especially notable is the correspondence in depth between the 6° isotherm and the
isohaline of 35 °/, which roughly mark the lower limit of the thermocline layer across
the profile. It can be seen, however, that 6° water in the Sargasso Sea has a slightly higher
salinity than in the slope water band. East of the Gulf Stream, the more or less wavelike
trends of the deeper isotherms can be largely attributed to the fact that below the

19 The layer having the most rapid temperature change with depth. For a fuller discussion of this zone see page 3I.
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thermocline the changes with depth become so slight that it is difficult to be sure of the
exact depth of a scaled value of temperature. The depth of the 35 °/,, isohaline is éven
more subject to inaccuracy, because the probable error in the determinations (+.02)
is enough to make a large depth discrepancy along this particular part of the station
curves. But, even after allowance has been made for these sources of inaccuracy, there are
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F1c. 5.—Temperature section, Chesapeake Bay-Bermuda, April 17-23, 1932.
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still other factors which occasionally disturb the normal, nearly horizontal arrangement
of the water layers at mid-depths in the Sargasso Sea (page 38).

In connection with the distribution of temperature and salinity at mid-depths, we
should note also that about 100 miles west of Bermuda the thermocline layer is slightly
higher than in the region roughly half way between the island and the Gulf Stream. Some
such upward slope of the isolines at mid-depths in the neighbourhood of Bermuda is
always found and will be discussed in more detail later (page 70).

Below the isotherm of 4° the temperature decreases only very gradually with depth,
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but even in the deepest layers there can be found some differences in the depth of the
isolines on the two sides of the Gulf Stream.’

Slightly more than two months later (April 17-23) when this section was repeated,
the axis of the Gulf Stream, as shown by the slope of the isolines (Figs. 5 and 6), had
moved about 36 miles inshore and the swift part of the current (where the slope was
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F16. 6.—Salinity section, Chesapeake Bay-Bermuda, April 17-23, 1932.

most abrupt) was apparently narrower than it had been in February. As a result, the
band of warmest water at the surface of the current, which reflects more southerly tem-
peratures, was also much narrower in April.

In the slope water band the only important change in temperature and salinity values
occurred near the surface where the readings had risen from 12° in February to 18° in
April, and the layer of low salinity had so contracted that it extended at the surface only
a few miles beyond the edge of the continental shelf. On the other hand, no significant
change had yet taken place in the deep nearly homogeneous surface layer of the western
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Sargasso Sea. In other words, the seasonal thermal advance, though well started in the
slope water band, had not yet progressed off shore to warm the surface of the Sargasso
Sea area.

Furthermore, the sections show that no significant change had taken place from
February to April in the depths of the isolines constituting the thermocline layer. A
more delicate method of studying this matter is discussed later (pages 26—34).

The third section on the line between Chesapeake Bay and Bermuda was run late in
August of the same year, by which time surface warming had probably reached a maxi-
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Fic. 7.—Temperature section, Chesapeake Bay-Bermuda, Aug. 28-Sept. 3, 1932.

mum. Owing to the fact that no heavy weather was experienced during this cruise, and
also owing to the increased accuracy of the navigation due to less cloudy weather, these
“Atlantis” observations present a particularly reliable picture of the normal mid-sum-
mer distribution of temperature and salinity.

The profiles (Figs. 7 and 8) show at first glance that the axis of the Gulf Stream was
still at about the same distance from the continental shelf, but that the band of swift
current had once more expanded in breadth, as made evident by the more gradual slope

of the isolines across its path.
More striking is the strong secondary thermocline which had developed between’the
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depths of 20 and 80 meters in both the slope water and in the Central Atlantic water. In
the former the stability thus produced was great enough to prevent the coastal water
(34-33-6 °/o0) seen at the surface (Fig. 7) from mixing downward to as great a depth as
in the February profile (Fig. 3)- Passing under the warmest water carried northward by
the Gulf Stream, this secondary thermocline became less abrupt, probably as a result of
the greater turbulence in the band of current. But east of this, the closely packed, nearly
horizontal isotherms just beneath the surface show that the penetration of solar warm-

ing was constant across the western sector of the Sargasso Sea.
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F1c. 8.—Salinity section, Chesapeake Bay-Bermuda, Aug. 28-Sept. 3, 1932.

For comparison with “Atlantis” station 1 366 (about half way between the Gulf
Stream and Bermuda), we have from July 18, 1927 in the same locality a station made
by the schooner “Chance.” The close agreement of these stations (Fig. g), as far as
temperature is concerned, is evidence that the “Atlantis” profile is probably a reliable
picture of mid-summer conditions in the superficial layers of the western Sargasso Sea.
The agreement in salinity though not as close, suggests that during the summer months
as a rule the precipitation is probably greater than the evaporation,™ for in both 1927

I The rainfall for Bermuda shows no significant increase during the summer months. However, it is probable that the

evaporation in summer, because of the saturated and relatively stagnant conditions of the atmosphere Just above the sea
surface, is much less effective than in winter.
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and 1933 the surface salinity was somewhat lower than that observed at other seasons or
at depths between 50 and 400 meters in summer.

.5 36 5 37 .
8° 12° 16° 20° 24 28°
OM. I 1 o I 1 1 o~ 01—
200 -
400 -
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7 ATLANTIS STATION NO. 1366 —
800+ —~

Fig. 9.—Comparison between “Chance” Station 115 (35°36'
N., 71°14" W., July 18, 1927) and “Atlantis” Station 1366
(34°42' N., 70°20" W., Aug. 31, 1932) in the
western Sargasso Sea.

East of the Gulf Stream the flatness of the water layers at mid-depths is particularly
striking, but the same slight upward trend of both the isotherms and isohalines on ap-
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10.—Temperature section, Chesapeake Bay-Bermuda, Nov. 30-Dec. 3, 1932.
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proaching Bermuda was again present, though to a less extent than in the F ebruary and
April sections.

For an autumn profile we have the observations (Figs. 10 and 11) from cruise 14 (Nov.
30-Dec. 6, 1932). The start of this section was delayed by a very severe northeast storm
which lasted three days. As soon as the wind moderated, a station (1417) was made at the
edge of the continental shelf and the “Atlantis” then proceeded towards Bermuda much
handicapped by a heavy and persistent swell. This storm is mentioned because it seems
probable that to it we can attribute both the exceptional width of the Gulf Stream and
the upswing of the isolines (stations i424-1426) just east of it. A violent disturbance of
this type, especially when its force is contrary to the flow of the current, may be expected
to cause fluctuations in the velocity of the latter and thus to send out such a submarine
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F1c. 11.—Salinity section, Chesapeake Bay-Bermuda, Nov. 30-Dec. 5, 1932.

wave'? into the normally nearly horizontal water layers of the Sargasso Sea. It will be
noticed also that on this profile the band of slope water was much narrower than on the
three previous profiles. A glance at Fig. 1 will show the reason for this to be that the west-
tern stations lay considerably further south than on previous sections and approached
closely the Cape Hatteras area where the Gulf Stream flows along the continental slope.

East of the Gulf Stream, except for the upswing of the isolines just mentioned, the
distribution of temperature and salinity at mid-depths for the autumn closely followed
that found at other seasons. As has each time been the case with sections crossing this
corner of the Sargasso Sea, the water at nearly all depths gradually became slightly

2Tt is also possible that the section crossed a deep anticlockwise eddy produced through the same cause.
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colder and somewhat less saline approaching Bermuda, but the central stations (1426~
1428) again showed nearly horizontal conditions. .
We have seen that in August there was little difference in surface temperature be-
tween the slope water and the Central Atlantic water. By December, on the other hand,
the autumn chilling had lowered the temperature west of the current about 2° below that
of the Sargasso Sea. However, 6° of additional cooling was still required in the slope
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Fic. 12.—Temperature section, Nova Scotia-Bermuda, Nov. 2126, 1931.

water and only 1° east of the Gulf Stream to bring the surface temperatures down to the
February values.
NOVA SCOTIA-BERMUDA

Although the original program called for quarterly observations on the Nova Scotia-
Bermuda line, only two sections have been completed, partly because the winter condi-
tions on the northern half of this section are very severe, and partly because it did not
at first seem as if the results would be as valuable as from the more southerly line of sta-
tions just discussed. ’
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It is to be expected that the conditions.in the slope water off the Nova Scotian coast
are more variable than off Chesapeake Bay. In the first place, the Gulf Stream lies fur-
ther offshore, so that greater fluctuations in the path of the current are probable; and
in the second place, the variations in climate near the Nova Scotian coast are more ex-
treme and violent.

The observations from November 2126, 1931 (Figs. 12 and 13) show that the band
of slope water at the time was about 155 miles wide, with a shallow layer of coastal water
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F16. 13.—Salinity section, Nova Scotia-Bermuda, Nov. 21-26, 1931.
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(less than 34 °/,. in salinity) extending offshore at the surface for about 56 miles beyond
the 200 meter curve. The tongue of much more saline (35.7 °/,.) and warmer water lying
slightly deeper (at about 190 meters) had apparently come from the Gulf Stream. This
is a good example of how, in the surface layers of the slope water, the process of mixing
continually produces values intermediate in salinity, and to a lesser extent in tempera-
ture. The depression of the isotherms at the central stations (1111-1114) suggests the
existence of a clockwise eddy in this region. But on the whole, the vertical distribution of
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temperature and salinity in the mid-depths of the slope water seems much the same as
off Chesapeake Bay.

Because the Gulf Stream is considerably further offshore on these sections than off
Chesapeake Bay, only 4 stations (1120, 1122-1124) show true Sargasso Sea conditions, but
there is apparently little difference in the vertical distribution of temperature and
- salinity between this region north of Bermuda and the Central Atlantic water farther
west. However, the more gradual slope of the isotherms across the Gulf Stream off Nova
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F1c. 14—Temperature section, Nova Scotia-Bermuda, Aug. 14—20, 1932.

350

Scotia shows that at the time of this “Atlantis” profile the current there was broader
and weaker than we have sometimes observed it off Chesapeake Bay.

The isolines on the other Nova Scotia-Bermuda section (stations 1339-135%, Figs.
14 and 15), made August 14—20, 1932, show a well developed depression in the central
part of the band of slope water at about the same position as the similar but less pro-
nounced disturbance, observed in November 1931 (Figs. 12 and 13). There is a possibil-
ity, suggested diagrammatically in Fig. 1, that the November stations crossed the eastern
edge of a permanent eddy, while the August observations crossed its center. At any rate,
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the August temperature profile bears out the navigational record of this cruise in showing
that the “Atlantis,” after leaving the continental shelf, passed through a strong north-
east set and then experienced an equally strong current towards the southwest before
meeting the Gulf Stream. Near the surface (chiefly between 50 and 200 meters) and in
the center of this whirl (station 1347), or perhaps for want of conclusive evidence we
should say “between the two opposite currents,” was found a large “pool” of tropical
water (19.8° and 36.64 °/.o).
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F16. 15.—Salinity section, Nova Scotia-Bermuda, Aug. 14-20, 1932.

In this case the trend of the isotherms indicates that the Gulf Stream was not much
broader off Nova Scotia than it usually was off Chesapeake Bay, while the distribution
of temperature and salinity in the Central Atlantic water (stations 1351-55) again was
much the same as is characteristic west of Bermuda. That surface temperatures are not
always a reliable indication of the position of the deep current is well demonstrated in
this section, for the warmest surface water (28.4°) lay just south of the axis of the Gulf
Stream, probably having been displaced by wind. The usual drop in surface temperature
(Church 1932b) just inshore from (in this case north of) the current can also be clearly
seen in the profile on this section in the vicinity of station 1349.
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From this cursory survey of the “Atlantis” observations on the Chesapeake Bay-
Bermuda and the Nova Scotia-Bermuda lines, the broad features, common to all sections
across this sector of the Gulf Stream, can be summarized as follows:

(a) There is a general correspondence between the trend of the isotherms and of the
isohalines across the profiles.

(b) Near the surface in the band of slope water the temperature and salinity varies
widely from season to season (12° and 34.5 °/. in February, 26° and 33.6 °/.. in August),
but in the Sargasso Sea the much more moderate climate produces only small changes
(20° and 36.6 °/,, in February and 26° and 36.2 °/., in August). -

(c) Except near the surface (0—200 meters), where the seasonal changes in solar radia-
tion and rainfall play an important part, the various isotherms and isohalines are at
about the same depths both in the slope water and in the Central Atlantic water through-
out the year. However, the main thermocline in the slope water is more abrupt and occu-
pies much shallower depths than in the Sargasso Sea.

(d) Since the depths of the isolines in the thermocline layer remain nearly un-
changed in the slope water and in the Central Atlantic water from season to season, the
obliquity of the water-layers at mid-depths within the current will depend largely on
the width of the latter.

(e) The position of the axis of the Gulf Stream varied little during the time covered
by the four “Atlantis” profiles, but the width of the band of swift current changed con-
siderably from section to section.

(f) The rather flat arrangement of the isotherms in the Central Atlantic water sug-
gests that this is a region of relatively weak currents.

(g) Although the isotherms in the band of slope water usually slope somewhat down-
ward in an off-shore direction the movements in this region are in general also probably
slight.®

VARIATIONS OF TEMPERATURE AND SALINITY WITH DEPTH
METHOD

It is obvious that plotting the temperature and salinity observations in the form of
sections, such as we have just examined, does not bring out clearly either the seasonal
variations near the surface due to the climatic cycle, or the mean variations in the deeper
layers from profile to profile. The “Atlantis” observations between Chesapeake Bay and
Bermuda should provide excellent material for the examination of both these questions,
although we can perhaps expect less satisfactory results in the slope water region than in
the Sargasso Sea, partly because these particular sections cross this band so near its
southern limit, and partly because the available data are less extensive.

Since we are here dealing with two bodies of water, separated by the Gulf Stream and
each having relatively horizontal water layers, a logical method is to average all the slope
water stations and likewise all the Central Atlantic stations for each cruise. By so doing,
the individual peculiarities of the stations near the surface are partly eliminated, as well
as the distortion of the deeper isotherms and isohalines due to submarine waves. We
can then compare from season to season the mean changes in the distribution of temper-
ature and salinity on the two sides of the Gulf Stream.

13 An obvious exception to this statement is the well developed eddy south of Cape Sable crossed by the Aug. 1932
section (Fig. 14). Such deep whirls may be a more general characteristic of the waters bordering the northern edge of the
Gulf Stream than is now realized.
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This method is perhaps the best now available for studying the variations in the slope
water, but in the Central Atlantic water, where more stations can be used, a somewhat
different approach proves more productive. It has been pointed out above that in general
the water near Bermuda is slightly colder and less saline at mid-depths than in the region
roughly half way between the Gulf Stream and the islands, and that it is only in this
central region that the water layers are strictly free from obliquity. Therefore, if all of the
Sargasso stations are averaged for each section, the mean values will be influenced by the
number of stations falling each cruise within this colder region.

In Fig. 16 we have plotted the changes in depth of the isotherms (solid lines) between
500 and 1100 meters at the warmest Sargasso station on each section. Since these changes
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Fic. 16.—Comparison between the temperature

changes in the Central Atlantic water during 1932

at the warmest (solid lines) and coldest (broken

lines) “Atlantis” station from the Chesapeake Bay-

Bermuda sections.

~ are below the depth of solar influence, no seasonal periodicity need be expected. The
isotherms lay deepest in February 1932, their trend showing increasingly colder condi-
tions at all depths on subsequent cruises. In the same way, the broken lines in Fig. 16
show the changes at the coldest Sargasso station on each cruise. '

The results from Figure 16 can be summarized as follows:

1. In the region between the Gulf Stream and Bermuda there is a general corre-
spondence between the changes occurring at the warmest and coldest stations on each
section.

2. The coldest stations (near Bermuda) show wider variations than the warmest sta-
tions (from the central region).

¥ The significance of this rise of the thermocline layér near Bermuda will be discussed later (page 70) but it should

be mentioned here that it is partly a local phenomenon, resulting from the obstruction which the island cone must offer to
the free movement of the deeper waters.

v
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3. Both types of stations were colder in February 1932 than on later cruises, and

-especially for the central stations, the rise in temperature seems to have been gradual

between the depths-of 500 and 1100 meters until the end of the period (Dec. 1933) cov-
ered by these observations. v

We can conclude that since the region near Bermuda is subject to more extreme vari-
ations, it may be influenced by some fluctuating current. Indeed, variable currents have
frequently been reported from near the island. On the other hand, the three central
(warmest) stations do not appear to be as much affected by local currents and, therefore,
are better adapted for a detailed study of changes in temperature and salinity at mid-
depth.

The objection might be raised that the depths of the isotherms at these central sta-
tions perhaps depend on the velocity of the Gulf Stream during the period each section
was run. Such a question cannot be settled at the present stage of oceanography because
it is not known yet to what extent the distribution of temperature and salinity in the sea
is the cause or the result of the permanent current system. However, since it appears
from Fig. 16 that the variations in this central region were much smaller than at more
easterly stations, any other choice of data would produce greater average fluctuations
from cruise to cruise, and the significance of the results would be more uncertain because
of local currents.

The stations finally selected for a closer study of the variations in temperature and
salinity on the Chesapeake Bay-Bermuda line can be tabulated as follows:

Slope Water

Feb. 12,1932 Stations 1134, 1135, 1136
Apr. 22,1932 Stations 1229, 1230
Sept. 2—3, 1932 Stations 1372, 1373

Dec. 11,1932 Stations 1418, 1419

Central Atlantic Water

Dec. 6-7, 1931 Stations 1127, 1128, 1129
Feb. 14-15, 1932 Stations 1140, 1141, 1142
Apr. 19—20, 1932 Stations 1223, 1224, 1225
Aug. 29-31, 1932 Stations 1363, 1365, 1366
Dec. 2-3, 1932 Stations 1426, 1427, 1428

For each of the above stations a temperature depth curve and a salinity depth curve
was constructed. Scaled values at even depths (100 meter intervals) were then averaged
for each group of stations. The curves shown in Figs. 17 and 19 were drawn through
these points. The result is a series of curves giving the average variations of temperature
and salinity with depth in the two types of water. The symbols for the individual read-
ings show the amount of scattering of the observations from which these average curves
were constructed. The diagrams include no data from below 1600 meters, for in the deeper
layers the changes from section to section seem not to be greater than the observational
errors.

THE SLOPE WATER
Since the surface layer of the band of slope water is exposed to large climatic changes

and in addition serves as a mixing zone for coastal and Gulf Stream waters, the varia-
tions in temperature and salinity above 200 meters in Fig. 17 are large (26.8° to 11.9°
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and 33.8 °/oo t0 36.3 °/00). It is evident from the course of the mean temperature curves
that the effect of the local climate can be traced downward to at least 150 meters. The
fact that in February (Fig. 4) and in August (Fig. 8) the surface layer contained a con-
siderable admixture of relatively fresh coastal water accounts for the wide divergence
between the mean salinity curves near the surface for these months (Fig. 17). The effect
of the “pool” of tropical water in December (Fig. 11) can also be made out in the course
(at about 150 meters) of the mean salinity curve for that cruise.

But these influences do not explain the wide variations in the mean curves, or the
scattering of the observations between the depths of 200 and 600 meters. These depths
closely mark the limits of the main thermocline west of the Gulf Stream, where in a
vertical distance of 400 meters the water cools by about 6°. A transition zone of this sort
between the wind stirred surface layer and the relatively homogeneous mass of deep
water is present nearly everywhere in the sea.

In discussing the various layers of oceanic water, a difficulty clearly brought out in
Fig. 17 sometimes arises. The zone of most rapid salinity change does not always coincide
with the depths occupied by the thermocline. In this example the break in the slope of
the mean temperature curves falls at about 600 meters while the corresponding change
in salinity comes at about 350 meters. Thus the variations in depth of §° water are not
reflected by corresponding fluctuations of the mean salinity curves.

In order to stress the similarity between the thermal arrangement of the ocean and of
the atmosphere, Defant (1928) suggested the meteorological term “troposphere” for the
warm water layer of the ocean (from the surface down to the lower limit of the main
thermocline). The turbulent surface layer, mixed by the wind, forms part of the tropo-
sphere. The remaining deeper, cold layer (below the bottom of the thermocline) he named
the “ocean stratosphere.” Wiist (1929) in his studies of north and south movements at
mid-depths came to the conclusion that the boundary between the troposphere and strat-
osphere of the ocean should be put somewhat higher (at the center of the thermocline).
This Defant accepted (1929) in view of the fact that in the South Atlantic and Pacific
the layer having temperatures between 10° and 6° (the lower half of the thermocline)
clearly has its origin in high southern latitudes and therefore should not be classified with
tropical water. More recently these authors have settled on the 8° isotherm as most
representative in the Atlantic ocean for the boundary between troposphere and strato-
sphere.

While it is true that the thermal arrangement of the ocean closely resembles that of
an inverted atmosphere, the comparison must not be carried too far. In the ocean the
horizontal circulation is most vigorous at the surface and decreases with depth, while in
the atmosphere no marked lessening of the movements with height is found until the
stratosphere is reached. Again in contrast to the troposphere of the air, in the surface
layers of the ocean convectional forces are probably less important than in the atmos-
phere, while frictional forces tend to increase rather than decrease the currents set up by
the wind. :

If we consider the matter further, we can find other reasons that make it seem un-
wise to stress a division of the ocean into a tropospheric and a stratospheric layer. In
the atmosphere the boundary between the two zones is rather sharp, while above the
boundary the stability is relatively great. In the ocean, the thermocline (except near the
equator) occupies a layer several hundred meters thick and below it the stability is only
slight.

H
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~ The divisions of the ocean used in this paper are shown diagrammatically in Fig. 18.
They are not entirely satisfactory, as mentioned above, because the halocline often does
not exactly correspond in depth to the thermocline. But since, on the whole, the distribu-
tion of density in the sea so nearly corresponds to the thermal trends, it seems better to
base the divisions on temperature rather than on salinity. The 5° isotherm has been
chosen arbitrarily as marking the often uncertain lower limit of the thermocline layer,
because in the central North Atlantic the movements of the water colder than 5° are
relatively slight. In summer (see Fig. 21) a sharp secondary thermocline may be expected
to develop just beneath the turbulent surface layer.

Returning to Fig. 17 with these points in mind, the fact that the secular variations in
temperature and salinity within the thermocline layer show a general correspondence,
that is, the water when warmer than the mean was also slightly more saline and vice
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F16. 18.—The vertical subdivisions of the ocean.

versa, suggests that the whole thermocline layer is subject to slow oscillations in depth.
Such changes of temperature and salinity with depth could not have been produced by
the local climatic cycle because the layer involved is too deep. The sequence of the
changes, between the depths of 200 and 600 meters (inset Fig. 17), shows the water on
the whole coldest and least saline in February 1932, and warmest and most saline in the
following December. Since only four sets of observations demonstrate this trend, it is
impossible to know whether or not the warmer conditions found in April developed fur-
~ ther during the spring.

Similarly, it seems probable that the scattering of the observations within the thermo-
cline layer was caused by shert period oscillations, possibly tidal in origin. If this is so, it
can be argued that by averaging only two stations for each cruise, mean curves may have
been produced which are incorrect by the full amplitude of the short period changes. In
other words, the short period oscillations might have been at the same phase at both
stations. But as Fig. 17 shows, the error from this cause could only account for about 1
of the extreme changes in depth of the isolines within the thermocline, for none of the
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observations depart from the average curves by more than 25 meters, while the total
shift in depth during the period February—December 1932 amounted to about 100 me-
ters. .

THE CENTRAL ATLANTIC WATER

Similar curves are given for the Central Atlantic water in Fig. 19. In this case we are
fortunate in having suitable observations from five consecutive “Atlantis” cruises cover-
ing the period December 1931-December 1932. At once it is evident that here the vari-
ations in temperature and salinity extend to a much greater depth than in the slope water
(Fig. 17) and that, especially between 600 and 1100 meters, the divergence of the curves
is much greater. On the other hand, the changes at the surface are much smaller, reflect-
ing the more moderate climatic conditions over the Sargasso Sea.

A more careful examination of the curves down to 350 meters discloses that precipi-
tation is probably greater here in summer than evaporation. But on the whole, the salin-
ity of the surface layer is much more constant than in the slope water region and the
divergence of the temperature curves at these depths must be due largely to the seasonal
interchange of heat with the atmosphere and to variations in solar radiation. In contrast
to the surface layers of the slope water, it is very doubtful whether any important part
of the thermal changes near the surface exhibited by these mean curves for the Sargasso
Sea can have been caused by the inflow of water from hydrographically different regions.

Although there is again a close correspondence between the variations of the average
temperature and salinity curves at mid-depths, so thick a layer is involved that it might
be expected that some other factor in addition to an oscillation in depth of the thermo-
cline layer may play a part in these changes. ’

The magnitudes of the changes at intermediate depths plotted in Fig. 19 are indeed
very great. For example, at goo meters the mean temperature of the Central Atlantic
water varied between 9.3° in August and 12.7° in February and at 8oo meters the average
salinity changed from 35.51 to 35.90 °/o. Individual observations varied even more
widely. Such disagreement is to be expected between single stations taken at the same
spot but at different seasons, and even at the same season of different years, as can be
seen by comparing the observations of December 1931 with those of December 1932.
Similar examples have been published by Helland-Hansen (1930) from the eastern
North Atlantic and there is little reason to doubt that such depth oscillations in the ther-
mocline layer are a widespread phenomenon. Therefore, a single station is never strictly
representative of the average conditions for a given region. Only by combining the ob-
servations from several neighboring stations can the short period changes be averaged
out. The long period, slow oscillations of the type disclosed by these “Atlantis’” sections
are a matter for future study. Such investigations as have been attempted (Le Danois
1934) point to a number of superimposed cycles. »

‘The changes in depth of the mid-layer isotherms and isohalines, when plotted against .
time (Fig. 19) show a trend of decreasing temperature and salinity in the Central Atlan-
tic water during the period covered by the observations. Since this is the reverse of the
situation found in the slope water, we can only conclude that during the year 1932 the
contrast in temperature and salinity between the regions separated by the Gulf Stream
was diminishing. For example, in the slope water the average location of the 8° isotherm
sank from a depth of 305 meters to 375 meters, while in the central Atlantic water it
rose during the same period from 1100 meters to 985 meters, and changes of the same
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order of magnitude occurred at all depths occupied by the thermocline in each region.
The effect of these changes on the Gulf Stream must have been considerable. Since the
total slope of the water layers across-the current’s path was less in December 1932 than
at the beginning of the year, the transport of water by the Gulf Stream must have grad-
ually decreased during the same period.

SEASONAL TEMPERATURE CYCLE NEAR THE SURFACE

We have seen from Fig. 19 that in the Central Atlantic water, near the surface, the
temperature curves for each season have a characteristic shape. The two groups of
December observations also show that considerable annual differences may be expected,
for in December 1932 the water was about 0.8° colder between o and 150 meters than in
the same month of the previous year. Two stations (1462 and 1463) made in this region
in February 1933, when averaged, show these colder conditions as still persisting. Thus
the data from all the cruises (6 in number) covering the period December 1931-February
1933 can be used to study the process of warming and cooling which goes on in the sur-
face layer in the western Sargasso Sea.

In constructing the curves shown in Fig. 20 the same method of averaging was used

‘as for Figs. 17 and 19, butin this case no selection of the data was necessary because of
the nearly uniform climatic conditions along this part of the profiles and because the wind
stirred surface layer is not disturbed by deeper, local currents. Also included, but only
used as a guide in drawing the curves, are the average temperature values calculated in -
the same manner from the “Chance” (1927) and “Dana” (1922) stations in the same -
area. These fill the long gap which would otherwise have existed between the “Atlantis”
observations from April and those for August Because of annual Varlatlons, these data
cannot be expected to fall exactly on the “Atlantis” curves. :

Fig. 20 indicates that in 1932, the mean minimum surface temperature (19.75°) prob-
ably occurred about March 15th, and the summer maximum (28.0°) about August 26th

- but the curve for 50 meters shows that the temperature was not at its lowest at that depth
. .until April, nor highest until late in November. The curves for 100 and 200 meters dem-

onstrate that this lag of the seasonal schedule is progressive with depth, but at 300 meters

- the annual variations are apparently sometimes greater than the seasonal change the

. expected maximum for February 1933 not appearing at all. '

The reversal of the seasons between the surface and the 300 meter level shown by
- thes€ “Atlantis” curves results largely from the fact that the summer warming produces
. “such a shallow, stable film that wind stirring is only able to transfer this heat downward
© very gradually, so that it is not until the autumn that any considerable deeper mixing
takes place. This question has been more fully discussed by Helland-Hansen (1930), who
. has published similar diagrams from stations in the eastern North Atlantic.

One further point is worthy of notice here, because it illustrates the important réle
of stability and wind stirring in the surface layers. From Fig. 20 we find that while it took
about four months for the winter surface minimum to penetrate down to 300 meters, the
" summer maximum did not reach the same depth until after six months.

CORRELATION BETWEEN TEMPERATURE AND SALINITY

METHOD

It has been noted already that in both the slope water and the Central Atlantic water
the fluctuations at mid-depths disclosed in Figs. 17 and 19 were probably caused by
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L
changes in depth of the thermocline, because such a close correlation existed between the
variations of mean temperature and salinity. The temperature-salinity diagram method,
first introduced by Helland-Hansen (1918), and later extensively used in the North
Atlantic by Jacobsen (1929), is adapted for a closer examination of this correlation. At
the same time, we will be able to find out whether or not some of the variations found at
mid-depths in the “Atlantis” Chesapeake Bay-Bermuda sections could have been caused
by the inflow of water from hydrographically different regions.
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F16. 20.—Seasonal temperature changes near the surface in the western Sargasso Sea.

The observations from a single station are often unsuitable for constructing a T-S
diagram. For example, if too few readings are secured in the thermocline layer (frequently
readings between 10° and 6° are lacking), the curve giving the temperature-salinity ratio
of the station will probably be flattened between the too widely spaced points. But if
the observations from several neighboring stations are combined, the exact course of the
T-S curve will not often be in doubt. For our present purposes there is no objection to
combining thus the observations from the slope water or from the Central Atlantic water
used in Figs. 17 and 19 to disclose any change in temperature-salinity ratio from season
to season. Also it can be shown that the regions separated by the Gulf Stream do not
have the exactly same mean T-S curves. '

The T-S diagram method is again taken up in more detail on page 94. For the present,
we will merely be considering whether or not there exist variations of the T-S ratio not
caused by the transfer of heat or moisture in the wind stirred surface layer.

THE SLOPE WATER

The observations from the slope water stations used to construct the mean tempera-
ture and salinity curves of Fig. 17 have been replotted in Fig. 21. The same symbols
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. L]
again distinguish the four sets of data listed on page 28. An approximate depth scale has
been indicated along this composite T-S diagram.
The seasonal changes in temperature and the presence or absence of coastal water
produce for the surface layer (warmer than 10°) considerable scattering of the points on
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Fic. 21.—Temperature-salinity correlation in the slope water off Chesapeake Bay for each of the
available “Atlantis” stations.

this diagram and a wide divergence of the four mean T-S curves. The fact that the scat-
tering diminishes and the curves come together at about 240 meters indicates that this
is the lowest limit of both of these influences. Below this depth, the majority of the ob-
servations fall along a path marked on the diagram by two nearly parallel, solid, curving -
lines. These are so drawn that in a horizontal direction they are separated by a distance
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equal to 0.04 °/oo on the salinity scale, the probable maximum error of the determina-
tions. The two exceptions come from the December 1932 profile. We have seen from Fig. )
1 that on this cruise the western stations lay somewhat further south than on the others
and that the sloping isotherms and isohalines marking the Gulf Stream’s path were
closer to the continental shelf than usual. It is not surprising then that these two observa-
tions should have a higher salinity, characteristic of the Gulf Stream for these tempera-
tures.

We can conclude that if the salinity determinations had had no error (and if the two
December observations be excepted), all of the slope water observations between the :
depths of 240 and goo meters would have fallen along the same curve when plotted as a
T-S diagram. Thus the variations of the mean temperature and salinity depth curves in
Fig. 17 must have been due largely to oscillations in the depth of the thermocline layer
and not to the inflow of any water having a different T-S ratio. '

THE CENTRAL ATLANTIC WATER

The observations from the Central Atlantic water (from the stations listed on page
28) are also plotted in the same manner in Fig. 22. Since here the seasonal changes in
temperature and salinity near the surface are much smaller, the mean T-S curves for
each group of stations are strikingly less divergent than west of the Gulf Stream. Then
below a depth of about 320 meters, the great majority of the points fall again along a
curved path, the horizontal thickness of which is equal to .04 parts per thousand on the
salinity scale. Thus we can imagine that, had there been no error in the salinity deter-
minations, most of these stations would have had identical T-S diagrams between the
‘range of 18° and 4° in temperature and 36.52 t0 34.99 °/oo in salinity. .
The 8 exceptional observations came from 7 different stations and occur from all
cruises except that of April 1932. These divergenees cannot be disregarded because the
stations used in this diagram were all well separated from the Gulf Stream’s path. When
we examine the temperature-salinity ratio over the whole western North Atlantic (page
90), the reason for these slight variations in the goo—~1600 meter layer immediately ap-
pears, as they can be traced back to the Mediterranean outflow. We can conclude that in
the western Sargasso Sea there are occasionally found at mid-depths small changes in
the normal T-S ratio. However, on the whole we can again feel sure that most of the
“variations found in Fig. 19 were caused by fluctuations in the depth of the thermocline -
layer.
COMPARISON BETWEEN THE TWO REGIONS

If there had been no error in the salinity values plotted in Figs. 21 and 22, the T-S
relationship in each case at mid-depths could probably have been represented by a single
~ curved line. It seems logical that this would fall along the middle of the path of the ob-
servations. Fig. 23 shows such a mean T-S curve for the slope water (broken line) and
tor the Central Atlantic water (solid line). The diagram demonstrates that between the
range of 10° and 4°, the slope water is slightly fresher for a given temperature than the
Central Atlantic water. This difference varies between 0.04 °/o, for 7.5° water and 0.02
°/.o for 4° and 10° water. The slope water curve is for depths between 240 and goo me-
ters, while the corresponding sector of the Central Atlantic curve is from the goo-1600
meter layer. The average difference in T-S correlation between the two regions, though
small, suggests that at mid-depths little transfer takes place across the Gulf Stream’s

path.
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Unfortunately, because of the difficulty of taking observations in the swiftest part of
the current, data from stations in the middle of the Gulf Stream are too scanty to show
with certainty whether or not the water from mid-depths in the heart of the current gives
intermediate values. The evidence, though too inconclusive to reproduce here, seems to
point to a T-S ratio at nearly all depths in the Gulf Stream off Chesapeake Bay not un-
like that of Central Atlantic water. This seems logical when we consider (as will be shown
later) that south of Cape Hatteras no band of slope water exists. This question will
again be brought up when the “Atlantis” observations from the Florida Current are
discussed (page 60). :
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Fi6. 23.—Comparison between the mean temperature-salinity
correlation of the slope water and of the Sargasso water on the
“Atlantis” sections from Chesapeake Bay to Bermuda.

Tue DEep WATER
TEMPERATURE

Below 2000 meters the number of “Atlantis” observations from a single cruise has
usually been too small to warrant drawing in detail the deeper isotherms. In an attempt
to show more clearly the probable distribution of temperature in the deep water on the
- Chesapeake Bay-Bermuda line, we have combined into a single section (Fig. 24) all the
observations from water colder than 4°. In this way, it is possible to draw with some cer-
tainty the isotherms for each tenth of a degree. The small dots give the locations of the
observations on this composite profile. The slope exhibited by the isotherms of from 4°
to 3.5° on this diagram is considerably less than that shown on the individual profiles
(Figs. 3-11), because in this case the distortion has not been increased in depths shallower
than 2000 meters. :

The procedure adopted in Fig. 24 would have been misleading if any considerable
changes had occurred in the deep water during the period of the “Atlantis” investiga-
tions. Especially below a depth of 2500 meters. the changes in temperature from cruise to
cruise must have been extremely small, because in drawing the deeper isotherms none of
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the observations from water colder than 3.2° were inconsistent. In the layer bounded by
the isotherms of 3.2° and 3.5°, six observations seemed to depart from the average trend
by slightly more than the observational error. Above this, between 3.5° and 4°, the un-
certainty of the exact trend of each isotherm was somewhat greater. This layer appears
to be influenced slightly by oscillations in the depth of the main thermocline. However,
in no layer deeper than the 4° isotherm was there a sufficient departure from the average
temperature to obscure the general course of each isotherm.
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F16. 24.—Composite temperature section for the waters colder than 4° constructed from all available “Atlantis” observations
of the Chesapeake Bay-Bermuda sections.

In spite of the poverty of readings from below 3000 meters, it seems certain that the
rather flat arrangement of the isotherms just below the main thermocline on each side
of the Gulf Stream gradually disappears with depth, until in the deepest parts of the
section the thermal trends roughly parallel the contour of the bottom. The decrease in
temperature with depth apparently remains nearly constant until the 2.5° isotherm is
reached. Below this depth the vertical temperature gradient is very small, but nowhere
is thermal stability entirely lacking. As has been pointed out by Wiist (1933) in his dis-
cussion of the Atlantic bottom temperatures, the bottom water in this part of the North
Atlantic contains only a small percentage of water from the far south.
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SALINITY

As shown above (Fig. 23) the average depth of the isohaline of 35 °/., was about 450
meters in the slope water and 1400 meters in the Central Atlantic water. The “Atlantis”
observations on this section from below 4000 meters show salinities of between 34.90 and
34.93 °/oo- Therefore, a combination of all the deep “Atlantis” salinity observations into
one section is not allowable, because the error in the determinations is about half as great
as the average total decrease in salinity found between mid-depths and the bottom.
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Fie. 25.—Temperature-salinity correlation for the waters
colder than 4° on the Chesapeake Bay-Bermuda sections.

A plotting of the observations in the form of a T-S diagram provides a suitable method
of examining closely the distribution of salinity in the deeper parts of the “Atlantis”
sections between Chesapeake Bay and Bermuda. This has been done in Fig. 25, using the
customary symbols to distinguish between the observations from each of the five cruises.
It can be seen that the great majority of the points again fall between two parallel lines
separated by a distance equal to 0.04 °/,, on the salinity scale. The mean of these two
lines gives the average relationship between temperature and salinity for the temperature
observations plotted in section in Fig. 24. The distribution of the points on the diagram
suggests that there is very little decrease in salinity with depth in the layer bounded by
the isotherms of 3.7° and 2.8°. This is the layer which Wiist (1935) has named the “mid-
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dle North Atlantic deep water” (Tm). It is characterized by maximum oxygen readings
which clearly indicate that it has a southward component through these “Atlantis”
sections.! ‘

Density

No attempt will be made here to present a full discussion of the distribution of den-
sity on the “Atlantis” sections, because it would then be necessary to enter more deeply
into the complex question of oceanic circulation and the causes of the Gulf Stream’s flow.

Awaltmg more suitable data for a dynamlc study in the western North Atlantic, '1t is
enough in the present connection to point out the close parallelism between temperature
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F1c. 26.—Density (o.) values of the “Atlantis” section between Chesapeake Bay and Bermuda, Aug. 28-Sept. 3, 1932.

and density (a,) in this region. This can be examined by comparing the distribution of
density on the August section between Chesapeake Bay and Bermuda (Fig. 26) with the
corresponding temperature profile (Fig 7). Their almost complete agreement proves
that in this region the effect of salinity is secondary and that the isopicnals follow closely
the thermal trends.

Through the kindness of Lt. Hoyle of the U. S. Coast Guard, who carried through
the necessary calculations, a velocity profile (Fig. 27) based on the April section can be
presented here. The 2000 decibar level has been used as the reference plane.’® This dia-

4= However, if the circulation theorem is to be relied on in the deeper layers, it is evident from Fig. 24 that in the
western half of this section the deeper waters are moving northward. Only in.the eastern half, at depths greater than
2000 meters, does the slant of the isotherms call for a southward flow.
~ 15 A velocity profile based on the same “Atlantis” section has recently been published by Dietrich (1936). Since his
calculations are referred only to the 8° isothermal level, the velocities are conslderably lower than given here. We do not
hold with his argument that the oxygen minimum, which coincides with the 8° isotherm, is indicative of a lack of current.
On the contrary, the evidence is strong that the flow is by no means negligible in the 800-1000 meter level. The low oxygen
readings in the heart of the current at these depths result from the influence of Sub-Antarctic intermediate water trans-
ported well north of its usual limits by the Florida Current (Fig. 59). For a further discussion of this important question,
see Rossby (1936)-
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gram confirms the general belief that the western margin of the current is extremely
abrupt, while on the eastern side the velocity decreases gradually. The total transport
of the current is found to equal 82.25 X 10° cubic meters per second. The sources of the
moving water will be considered later (page 75). Meanwhile, the close agreement be-
~ tween the distribution of velocity and the slope of the isotherms (compare with Fig. §)
is important evidence that in this region the temperature sections can readily be inter-
preted in terms of currents and even to some extent of velocity.
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F16. 27.—Velocity profile, expressed in cm. per sec., across
the Gulf Stream off Chesapeake Bay, April 2022, 1932.

OTHER “ATLANTIS” SECTIONS

TuE LOCATION OF THE SECTIONS

In accordance with the plan of gradually carrying out a general survey of the western
North Atlantic, several times during the past five years the “Atlantis” has been sent on
longer cruises to gather temperature and salinity data outside the region just examined.
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The locations of these stations are given in Figs. 28 and 40. The sections will be discussed
in three groups as follows:

a. Mz'a7 Atlantic Sections.
. The North Atlantic Current—July 26-Aug. 6, 1931
Stations 1001~1033.
2. The Northern Equatorial Current—March 3-19, 1932
Stations 1157-1177.
b. Antilles Current Sections.
1. Bermuda to Haiti—April 7-13, 1932
Stations 1208-12149.
2. Bermuda to Elbo Cay—JFeb. 12—20, 1933
Stations 1464—1478.
c. Florida Current Sections.
1. Cape Canaveral—May 11, 1933
Stations 1611-1617.
2. Jacksonville—May 12-13, 1933
Stations 1618-1626.
- 3. Onslow Bay—May 16-17, 1933
Stations 1633-1642.
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Fic. 29.—Temperature section along the Mid-Atlantic Ridge, July 26-Aug. 6, 1931.
Examination of these profiles will not only familiarize the reader with the distribution
of temperature and salinity over much of the western North Atlantic, but will also en-
able him to judge critically any discussion of the permanent current system which sur-
rounds the Sargasso Sea.
Mip-ATLaNTIC SECTIONS

THE NORTH ATLANTIC CURRENT

Between July 26 and August 6, 1931, while on her first cruise, the “Atlantis” occupied
25 hydrographic stations on a 950 mile line, closely paralleling longitude 30°W and ex-
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tending from latitude 52°28'N to a point some 170 miles south of the island of Flores.
The observations were made, for the most part, just west of the crest of the Mid-Atlantic
Ridge. According to Ekman (1928), the various branches of the Atlantic Current (as the
continuation of the Gulf Stream beyond the Grand Banks is now generally called) in
crossing this ridge must react to the shoaling of the bottom by first bending towards the
south and then towards the north after the crest of the rise has been passed. This point
should be kept in mind while examining this “Atlantis” profile (Figs. 29 and 30) for it
may not have crossed any of the branches of the great easterly flowing current at right
angles. Because of the shallowness of the Azores Bank, the southern stations of this line -
must cross an especially complicated system of eddies and curving currents.

Partly because of technical difficulties, and partly because too few unprotected ther-
mometer readings were secured, this series of observations is not entirely satisfactory.
No readings were taken from below 2000 meters and because of the wire angle many of
the stations failed to reach even this depth. '
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F1G. 30.—Salinity section along the Mid-Atlantic Ridge, July 26-Aug. 6, 1931.

Figure 29 (constructed on the same scale as the Bermuda profiles) shows the tempera-
ture at the surface as increasing gradually from north to south, but the two major bands
of slope exhibited by the deeper isotherms is evidence that the transition from the rela-
tively cold northern waters to the warmer conditions of the eastern Sargasso Sea was not
gradual, but was interrupted by several lines of relatively swift current. The most north-
ern of these lay between latitudes 51°27'N. and 49°23’N., where in the course of 124
miles, the 10° isotherm dipped downward by about 400 meters. The slope of the colder
layers was even greater, because south of this most northern branch of the North Atlan-
tic Current, the main thermocline layer had a greatly increased thickness.

In a second, less marked, band of gradient (between stations 1015 and 1017), the 10°
isotherm further sank to 8oo meters, which is about its average depth everywhere in the
Sargasso Sea (see page 70).

Although these two bands of current are the most pronounced feature of the temper-
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ature section, we cannot disregard the extremely wavy nature of the isotherms in the
southern half of the profile. We have here to deal with a difficult problem, because it
cannot be known with certainty whether such waves are caused by deep eddies or by
oscillations in the depth of the thermocline layer. Evidence presented later (page 00)
indicates that these distortions, though probably fluctuating in position, seem to result
from deep bands of current.

The corresponding salinity section (Fig. 30) shows, in the south, almost identical dis-
tortions of the isohalines at mid-depths. But near the surface and at the northern end of
the section, the distribution of salinity does not so closely follow the thermal trends, this

 being the first case which we have so far examined where the salinity and temperature

sections at mid-depths do not agree. The distribution of salinity at the s northern sta-
tions calls for a southern component of the surface waters (above 40 meters).® Then be-
tween 40 and 200 meters a wedge of higher salinity (35.78 °/,,) Was apparently spreading
northward, while below it, an extremely fresh layer (34.86-34.90 °/..) was penetrating

downward and in the reverse direction.

This situation can be further illustrated by the marked differences between the T-S

' diagrams for the 5 northern stations (1001~1007), all within the band of current, shown
‘at the left in Fig. 31, contrasted with the fact that the T-S correlation did not much fur-
“ther change south of station 1007 for the next 160 miles (stations 1008—1012).

We can conclude that the most northern branch of the North Atlantic Current as it

‘crosses this line is relatively shallow when compared to the true Gulf Stream between
. Cape Hatteras and Nova Scotia, and that there is a northern component to the move-
“ment of the waters just below the surface, while beneath this water of low salinity pene-
trates southward and downward along the slope of the 6° isotherm.!” But in crossing the

current the relatively fresh, intermediate layer is so subjected to turbulence that its very

‘low salinities (< 34.90°/o0) are soon absorbed and disappear. Since this water has clearly

originated further north, the situation is the counter part of that reported by Wiist
(1928, 1935) and others from the South Atlantic (Lat. 42°-48°S.). The “Atlantis” data
indicate that in the North Atlantic the southward movement of Sub-Arctic water at

‘mid-depths (“Sub-Arctic intermediate layer” according to Wiist’s (1935) terminology)

is relatively weak. In mid-ocean this fresher layer coming from the northern “polar front”

‘Wwas not traceable as a layer of minimum salinity south of about latitude 48°N. It, there-
-fore, cannot play an important role at mid-depths in the Sargasso Sea. The fact that this
~southward flow of relatively fresh water is so much weaker than its counterpart in the

South Atlantic constitutes for mid-latitudes one of the major differences between the
two oceans.
It is important also to note that this most northern branch of the Atlantic current

«carried no water warmer than 15° or more saline than 35.7 /4. Although it presumably

originated from the Gulf Stream off the southern extremity of the Grand Banks, by mid-
ocean, mixture with northern water had greatly diluted the upper layers.

The details of the temperature-salinity correlation for the northern third of this
“Atlantis” section can be examined at the left (Group A) in Fig. 31. For the layer

1 This is probably a good example of the transfer of surface water to the right of the wind direction. The influence of
the wind on the surface movements will be discussed later (page 82).
¥ Seven recent (Sept. 1935) “Atlantis” stations on a line northward from latitude 40°N. show the existence of this
low salinity layer roughly 400 miles further to the west. Evidently the sinking and southward penetration of the relatively
gesh,d nlca)rtli{em water begins to affect the northern branch of the Gulf Stream System only a short distance east of the
rand Banks.
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bounded by the isotherms of 10° and 6°, the readings are all considerably fresher than in
Gulf Stream or Sargasso Sea water. Even at stations 1011 and 1012, roughly 280 miles
south of the northern edge of the band of strong easterly current, the salinities for 7°
water are 0.6 to 0.8 °/,, less than in the Bermuda sections. That the freshening of the
northern branch of the North Atlantic Current is due largely to its absorption of the Sub-
Arctic intermediate layer and is not caused by its close proximity to the Labrador Cur-
rent in the Grand Banks region, seems probable. With the exception of the shallow sur-
face film, the main freshening of the current is clearly centered at mid-depths and the
resulting temperature salinity correlations bare no stamp of a previous admixture of the
much fresher and colder Labrador Current. ‘
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. 31.—Temperature-salinity correlation along the Mid-Atlantic Ridge compared with the mean relationship (broken

curves) found in the western Sargasso Sea.

The T-S ratios of the central group of stations (group B Fig. 31) on this “Atlantis”
profile show a relative increase in salinity at mid-depths from north to south, but the
observations are quite scattered and the change is not a gradual one. 1t should be noted
that the observations from stations 1014-1016 (Lats. 46°—45°N.) most closely resemble
water from the western Sargasso Sea, while south of the second band of current the salin-
ities at mid-depths are somewhat higher. In the same manner the observations from
south of the Azores (group C Fig. 31) show even higher relative salinities especially be-
tween the temperatures of 10° and 5°. The curve giving the T-S correlation at one of
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these (1032) has been drawn and is clearly of the form shown by Jacobsen (1929) to be
indicative of a strong admixture of water of Mediterranean origin. The extent of this layer
influenced by the outflow from the Mediterranean is discussed on page go. We need only
note here that for 200 miles north and south of the Azores, between the depths of 600
and 1600 meters, the salinities for a given temperature are usually considerably higher
than in the western Sargasso Sea. -

Tue NorTHERN EQuaTOorRIAL CURRENT

This section, consisting of 21 stations, paralleling longitude 41°W., and extending
southward from latitude 35°10’N. nearly to the equator is representative of mid-ocean
conditions for the southern half of the North Atlantic. While its most northern stations
lie in the eastern part of the Sargasso Sea and the southern stations in the doldrum belt,
the great majority of the observations cut across the northeast trade wind region. Con-
sequently the data are instructive for the study of wind currents.

While engaged in this work, the “Atlantis” experienced mostly fine weather. It was,
therefore, possible to keep an accurate navigational record, and the trade winds being
light during this period, little trouble was experienced from excessive wire-angles, except
at the most southern stations where the current at the surface was observed to be ex-
tremely swift and shallow.

The distribution of temperature for this section is shown in Fig. 32. Because of the
great length of the profile (about 1950 nautical miles), in plotting the data it was ad-
visable to decrease the longitudinal scale so that 3 nautical miles here equals 10 meters in
depth (between o and 2000 meters). This produces a distortion of about 1: 547, approxi-
mately 509 more than that to which the Bermuda sections are drawn. Since the stations
extend nearly north and south, a latitude scale has been added below the observations.
Likewise included is a record of the wind direction and velocity (Beaufort scale) experi-
enced by the “Atlantis.” '

The main feature shown by this temperature profile (Fig. 32) is a concentration of the
warmer isotherms (26° to 10°) between the depths of 5o and 200 meters towards the
southern end of the line, producing there great stability just below the shallow wind
stirred surface layer. North of latitude 10°N. this extremely sharp thermocline be-
gins to deeper and the isotherms separate gradually until at the northern end of the sec-
tion the thermal arrangement of the water layers with depth is very similar to that found
in the western Sargasso Sea. Since the greater part of this gradual deepening and de-
crease in intensity of the layer of most rapid thermal change with depth takes place
between latitudes 10°N. and 25°N., the part of the section showing maximum thermal
slope corresponds roughly to the trade wind belt. .

The regular increase in surface temperature from north to south was to be expected
because of the latitudinal range. On the other hand, the thickness of the wind stirred,
superficial layer abruptly decreased south of latitude 32°N. Probably the three northern
stations showed this much deeper layer of small thermal stability because they lay far
enough north to come under the influence of winter chilling and stronger winds. The
three marked humps (at stations 1159, 1163, 1174) in the deeper isotherms are not so
easily accounted for. But as the observations have been carefully checked, it seems
improbable that the depth determinations at these stations were at fault.

The corresponding salinity profile (Fig. 33) shows that for the surface layer the
changes in salinity did not parallel the gradual thermal trend. On the basis of salinity
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four rharked zones can be distinguished. At the northern stations the surface readings
(about 36.50 °/,,) were very similar to the mean of the “Atlantis” winter observations
near Bermuda. Then between latitudes 28°N. and 16°N. was found a band having val-
ues higher than 37 °/oo- Since at the time the section was run this region of highest
salinity corresponded in position to the horse latitudes and to the northern third of the
trade wind belt, it probably was the result of high evaporation and slight precipitation
typical of those latitudes. South of station 1169 (Lat. 16°22’N.) the salinity suddenly
dropped to about 36.20 °/5.. These fresher conditions near the surface were characteris-
tic as far south as latitude 7°N. (station 1175) where the even less saline waters ( <35.9
°/00) of the doldrum belt were first met with.!8

Much more pronounced is the wedge-shaped mass of low salinity water at mid-
depths in the southern half of the profile. The axis of this wedge sloped downward from
south to north, for the minimum sahmty (34-56 °/00) was at about 700 meters near the
equator, while its most northern’tip (latitude 22°N.) lay at a depth of 1000 meters.

It 1s now well established by Wiist (1928, 1935) and others that this layer of
low salinity (Sub-Antarctic intermediate layer) has its origin at the surface in high
southern latitudes. It is a much more widespread feature of the South Atlantic than are
the high salinities found at similar depths in the eastern North Atlantic, resulting from
the outflow from the Mediterranean.

The effect of the 1ntermed1ate, low sahmty layer on the distribution of density (s,)
in the southern half of this “Atlantis” section is shown in Fig. 34. Near the surface, the
extremely marked thermocline of course produced a very stable layer, but below this, the
disagreement between ‘the trends of temperature and of salinity cause a much smaller
slanting of the isopicnals than would be expected from the temperature distribution
alone. In fact, below 600 meters, the mean slope of the isopicnals is actually reversed,
that is, the density for a given depth very slightly decreases from north to south. In
short, there is little evidence in this density profile that below a depth of 600 meters the
trade winds produce any westerly flow.

While crossing the trade wind belt the “Atlantis” navigational record showed westerly
currents varying between 8 and 20 miles per day. These conditions persisted as far south
as station 1174 (Lat. 8°20'N.). Then in a few hours 12 miles of easterly set was experi-
enced and strong tide rips were seen at the surface. Since a reversal in slope of the isolines
near the surface appears at this point on the temperature profile (Fig. 32) as well as the
density profile (Fig. 34), we have in this instance a striking illustration of how the ther-
mal trends are nearly always reliable evidence of current direction. This counter current
was evidently only superficial and narrow, because the isopicnals do not show a reversal
in slope below a depth of 300 meters, while south of station 1176 a westerly current was
again encountered. The causes which might be expected to produce a shallow counter
current in these low latitudes will be discussed later (page 86).

The correlation between temperature and salinity along this line of “Atlantis” sta-
tions (Fig. 35) shows that in the north (stations 1157-1163), the waters have much the
same characteristics when plotted on a T-S diagram as at the stations of the Azores
region (Fig. 31). We can conclude that at least as far west as longitude 40°W. and about
as far south as latitude 25°N. the influence of the outflow of water from the Mediter-
ranean is a general feature of the eastern Sargasso Sea.

18 The causes for these three abrupt changes in salinity are further discussed on page 82.
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The central group of stations (1164-1167) on this section show much the same T-S
ratio as we have found characteristic of the Bermuda region, although only the obser-
vations of the two northern stations of this group fall entirely within the two parallel
curves copied from Fig. 22.

Further south (beyond latitude 18°N.) and at mid-depths the influence of the water
from the South Atlantic becomes increasingly strong as evidenced by the two mean T-S
curves (the three northern stations of this group on the right and the five southern sta-
tions on the left) and the points from intervening stations shown in Fig. 35. Above the
layer of lowest salinity, and especially in water warmer than 10°, nearly all the observa-
tions fall along the two mean T-S curves and intermediate mixtures do not appear. This
sudden change in T-S ratio comes between stations 1171 and 1172 (at approximately
latitude 13°N.) and is confined only to a shallow layer between the depths of 200 and 300
meters.

Since deeper down the changes in T-S correlation within the layer of Sub-Antarctic
intermediate water are gradual from near the equator to the northern tip of the “wedge”
(latitude 18°N.), and since this layer has a considerable thickness (9goo-350 meters), the
situation is favorable for a study of the coefficient of mixing. Unfortunately no accurate.
estimate can yet be made of the velocity of a particle of water in the heart of this
“wedge.” Although in the “Atlantis” section the northern component of this layer is
clearly shown by the distribution of salinity, the westerly component is perhaps as great,
due to the effect of the trade-winds, so that a given particle of water must move obliquely -
in a north-westerly direction. Because the time interval is not known for the change in
T-S correlation at mid-depths no reliable calculation for g, the coefficient of mixing, can
_be made by the method of Jacobsen (1928). However, if we assume an average value
for u, which is generally assumed to be between 1 and 20, we can make a very
rough calculation of the time interval by means of Jacobsen’s formula. If u is given a-
value of 10 c.g.s. units and the data from stations 1176 and 1169 are used, we find that
it would require about 1000 days for internal mixing to produce the observed change in -
T-S correlation at mid-depths (6co to 8co meters) between these two stations. In terms
of velocity, the results work out at 0.65 miles per day for the northward component of
the movement. Evidence presented later (page 93) indicates that this value may not be
very. far from correct. - ‘

ANTILLES CURRENT SECTIONS
HAITI—BERMUDA

It is a well established fact that a considerable part of the Northern Equatorial Cur-
rent enters the Caribbean Sea through the passages between the islands of the Lesser
Antilles. This is especially true of the exceedingly strong, shallow westerly flow which is
found just outside the continental shelf along the north-east coast of South America.
Because the islands must offer some obstacle to the free entrance of the Equatorial Cur-
rent, it seems reasonable to assume that an increase in velocity may result for that part
of the westward flow which does not enter the Caribbean, but continues northwestward
along the line of the Bahama Islands to join the outflow from the Straits of Florida, just
north of Little Bahama Bank. This current is known as the Antilles Current, and ac-
cording to Wiist’s (1924) calculations it supplies the Gulf Stream with about half as
much water as does the outflow from the Straits of Florida.

Since the flow of this current has a considerable northward component, it should be
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relatively warm at the surface. Furthermore, if any of the surface water from the equa-
torial region crosses Mona Passage without entering the Caribbean, we can expect to
find a relatively fresh layer at the surface in the Antilles Current. Moreover, if this cur-
rent is deep enough to carry any of the Sub-Antarctic intermediate water northward,
it will also be characterized by relatively low salinities at mid-depths.

During the period April 7-13, 1932, the “Atlantis” occupied 12 stations on a line be-
tween Silver Bank (northeast of Haiti) and Bermuda. The first station was made in deep
water 25 miles northeast of the banks. Since the section is approximately 690 nautical
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F1c. 36.—Temperature section, Haiti-Bermuda, April 7-13, 1932.

miles in length, the same scale is used in plotting the observations as for the lines west of
Bermuda.

If the gradual deepening of the thermocline layer from south to north in this section
(Fig. 36) is compared with the thermal changes for similar latitudes in mid-ocean (Fig.
32), we find that both the depths of the isotherms and their slope are very similar in both
sections. Even the surface layer warmer than 24° extends about the same distance north
in both profiles. In short, the thermal trends in Fig. 36 indicate the same broad, slow
type of westerly flow found at corresponding latitudes in mid-ocean. There is no thermal
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evidence for a much swifter current following the line of the banks northeast of Haiti.

.The salinity section (Fig. 37) gives the same general picture. But while the corre-
spondence between temperature and salinity is in general extremely close, there were two
notable points of disagreement. First, near the surface at the southern end of the section
(stations 1208 and 1209) can be seen a relatively fresh layer which in all probability has
come from the equatorial region; second, at station 1209 at mid-depths (800-1200 me-
ters), relatively low salinities again imply a southern origin. However, as will be shown
later (Fig. 57) this freshness at mid-depths is not much greater than for the same latitude
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Fic. 37.—Salinity section, Haiti-Bermuda, April 7-13, 1932.

in mid-ocean and it is only at the surface that we can find certain evidence of a north-
westerly drift from low latitudes. In short, the Antilles Current as shown by this April
section is almost indistinguishable from the broad westerly flow characteristic of the
northern half of the northeast trade wind belt. Except for the shallow, relatively fresh
surface layer near the islands, there appears to be little justification of differentiating
between the Antilles Current and the continuation of the Northern Equatorial Current.

At the northern end of this section, near Bermuda, the slight fall in temperature and
salinity at all depths in the thermocline layer is additional evidence that this is the usual
state. :
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BERMUDA TO ELBO CAY

In February 1933 a similar series of observations was secured across the southwestern
quadrant of the Sargasso Sea, running from near Bermuda to within a few miles of Elbo
Cay, in the northern Bahama Islands. These 15 stations on a line approximately 690
miles in length include observations from the zone of steep submarine slope, along which
the Antilles Current might be expected to flow.
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F16. 38.—Temperature section, Bermuda-Elbo Cay, Feb. 12-20, 1933.

Although the water near the surface warmed gradually from 21° in the center of the
section to 24° off Elbo Cay, the temperature section (Fig. 38) shows nearly horizontal
conditions throughout most of the thermocline layer and at greater depths. The three
southern stations constitute the only exception. With this very regular distribution of
temperature, except possibly near the Bahama Islands, only very moderate currents
could have existed during the period covered by these February observations.
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The thermal trends at the southern stations cannot easily be interpreted. Apparently
the slope of the isotherms down to a depth of 400 meters calls for a southward movement,
but deeper down the gradient is reversed and at mid-depths the movement was prob-
ably northward. At any rate the “Atlantis” observations show no thermal evidence of a
broad or powerful Antilles Current, readily distinguishable from the general westerly
movement continuing from the Northern Equatorial Current.
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Fic. 39.—Salinity section, Bermuda-Elbo Cay, Feb. 12-20, 1933.

"The corresponding salinity observations (Fig. 39), agreeing closely with the thermal
trends, afford little further evidence of the character of the Antilles Current. Near the
surface and at the three southern stations a relatively fresh layer is again indicative of a
southern origin. It therefore seems probable that the northward flow at mid-depths along
the continental slope was more powerful than the contrary movement near the surface
and that the resulting current was narrow (about 40 miles wide) and relatively weak.
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It must be remembered, however, that at other times of year, the Antilles Current
may be much better developed. Since it is primarily a wind current, it is reasonable to
suppose that in summer, when the trades follow the sun northward, the resulting flow
as it passes Elbo Cay might be broader and swifter.

If the “Bache” observations (Bigelow 1917, Wiist 1924) are to be relied on, immedi-
ately north of the Bahamas there must occur a narrowing of the broad gradient dis-
played in these two “Atlantis” profiles. Until further observations have been made, the
term Antilles Current must remain somewhat indefinite. On the basis of the present'data,
the term had best be reserved for the shallow and weak stream of equatorial water near
the islands. This appears to be superimposed on a broad general westerly movement, the
continuation of the Northern Equatorial Current.
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Fic. 40.—Locations of stations constituting the “Atlantis” sec-
tions across the Florida Current, May 11-17, 1933. The bathy-
metric contours (in meters) of the Blake Plateau
are also shown.

FLroripA CURRENT SECTIONS

In the latter part of April 1933, the “Atlantis” made three sections (Fig. 40) which
show the changes that take place within the Florida Current as it flows along the con-
tinental slope between the Straits of Florida and Cape Hatteras: off Cape Canaveral,
just after the current has emerged from the Straits; off Jacksonville, about 120 miles
northward; and off Onslow Bay, where it first reaches deep water. The first two lines show
the current while it is flowing over the relatively shallow (less than 1000 meters) Blake
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Plateau.’® Off Onslow Bay, on the other hand, the continental slope extends to much
greater depths and is nearly as steep as north of Cape Hatteras.

In order that these profiles of the Florida Current may be directly comparable to the
Gulf Stream sections off Chesapeake Bay, the same scale has been used in each case.

CAPE CANAVERAL

Because of the swiftness of the current and the difficulty in navigating across its
path, the western stations on this line did not cut the axis of the stream at right angles
(see Fig. 40). As a result, the slope of the water layers shown in the profiles (Fig. 41) is
not as steep as it would have been if the whole section had run east and west. In other
words, although the actual distance between station 1611 (the most eastern station) and
station 1615 (on the edge of the continental shelf) was 37 miles, if these observations were
projected on a section normal to the current’s path, the distance would be reduced to
about 28 miles. Nevertheless, it is probable that the observations cross the greater part
of the swiftly moving water in this part of the Florida Current.
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F16. 41.—Temperature and salinity sections across the Florida Current off Cape Canaveral,
May 11, 1933,

The “Atlantis” section off Cape Canaveral can be compared with the “Bache’” obser-
vations (Bigelow 1917) off Jupiter Inlet (88 miles further south). A complete discussion
of these and other earlier observations in the Florida Current has been published by Wiist
(1924). The three western “Bache” stations cross about the same width of current as the
five eastern “Atlantis” stations. Besides being less complete, the depths of the former
observations have not been corrected for the wire angle as found by unprotected ther-
mometers for this method had not then come into common practice. This perhaps ac-
counts for the main difference between the two profiles. The “Atlantis” data (Fig. 41)
show a maximum slope at depths of from 300 to 500 meters between stations 1613 and 1614
while Wiist’s drawing of the “Bache” isotherms and isohalines indicates a more gradual
and even slope across the whole width of the Florida Current.

¥ In a previous paper (Iselin 1932), the author made the mistake of referring to this bathymetric feature as the
Pourtales Plateau.
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In the surface layer (down to 50 meters) the “Atlantis” observations showed nearly
horizontal isotherms, but the salinity diminished from west to east. Below this the
temperature decreased gradually to 6.97° at 610 meters at the most eastern station,
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Fic. 42.—Temperature-salinity correlation across the Florida Current off Cape Canaveral compared with
the mean relationship found in the Yucatan Channel (solid curve on the left) and in the Antilles Current
off Elbo Cay (solid curve on the right).
and this value is probably near the minimum for water that has passed northward
through the Florida Straits. On the other hand, the isohalines of from 36.4 to 35.0 /o,
were crowded into a layer about 280 meters thick. This disagreement between the trends
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of temperature and salinity was largely brought about by a wedge-shaped body of high
salinity water (the maximum reading being 36.58 °/.,) which occupied the depths im-
mediately below the surface layer.

The temperature-salinity correlation across this section is plotted in Fig. 42, a differ-
ent symbol being used for the observations of each of the five stations. The points of
the outside station (1611) and of the inshore station (1615) at the edge of the continen-
tal shelf have been connected by broken lines to show the two extreme T-S curves for this
group of observations. It can be seen that from east to west the maximum salinity at
each station decreased. The diagram suggests that this was caused by a more complete
mixture of the upper layers at the western stations. This explanation is supported by the
fact that the slope of the isotherms at mid-depths calls for greater velocities over the con-
tinental slope than at the two eastern stations. In short, in the western half of the Florida
Current the situation is favorable for turbulence to dilute the wedge-shaped layer of
relatively high salinity both from above and from below.

There is another possibility which may play an important réle in the disagreement
between the trends of temperature and salinity above 200 meters in this part of the Flor-
ida Current. As has been pointed out by Nielsen (1925) and Parr (1935), most of the wa-
ter flowing through the Straits of Florida has come directly from the Caribbean Sea and--
has not made a circuit of the Gulf of Mexico, for the greater part of the current running
northward through the Yucatan Channel turns sharply eastward around the western end
of Cuba. However, it is possible that near the surface in the western part of the current
oft Cape Canaveral some water of true Gulf of Mexico origin may also be present. Until
more complete data are available this question must remain in doubt, although the low
salinity near the bottom at station 1615 appears to have resulted from this cause.

Fig. 42 also illustrates a point more important for our present purposes. In this dia-
gram the right hand, solid curve gives the mean T-S ratio in the Antilles Current off
Elbo Cay (stations 1476-1478). The left hand, solid curve was constructed in a similar
manner from the observations of six ‘“Atlantis” stations?® (May 4—5, 1933) across the Yu-
catah Channel. Because of the shallowness of the Florida Straits opposite Bimini, the
course of the lower part (water colder than 6.5°) of this curve does not concern us here.
It can be seen at once that all the observations off Cape Canaveral in water colder than
16° tend to fall near the Yucatan Channel curve and for any given temperature have
salinities about o.10 °/, lower than Antilles current water. In other words, the T-S cor-
relation in this most southern of the “Atlantis” Florida Current sections proves that in
the deeper layers none of the water had an Antilles Current origin. At the two most east-
ern stations and from about 300 meters in depth two observations from the Cape Cana-
veral section are characteristic of the Antilles Current water at about 500 meters depth.
While the discrepancy in depth makes it seem improbable that this resemblance is sig-
nificant, nevertheless, it is possible that at about 300 meters some of the water at the two
eastern stations had come from the Antilles Current.

Near the surface the salinities (36.0-36.2 °/,,) of this “Atlantis” section are somewhat
lower than any observed off Elbo Cay and it is therefore probable that, with the possible
exception of the 300 meter layer, the Antilles Current and the Florida Current remain
separated until some point north of Cape Canaveral. In other words, east of this section
the isolines must make a further dip downward as they cross the Antilles Current so as
to enter the Sargasso Sea at their usual depths.

% We are indebted to Dr. A. E. Parr for permission to use these data, as he is now engaged in preparing a report of the
temperature and salinity distribution in.the Caribbean Sea and the Guif of Mexico.
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JACKSONVILLE

Off Jacksonville, Florida, the trend of the whole line of stations is approximately at
right angles to the current’s path and the profile (Fig. 43) extends seaward about 75
miles from the 200 meter curve. '

In the comparatively short distance (120 miles) northward from the Cape Canaveral
to the Jacksonville section, the slope of the thermocline layer across the Florida Current’s
path has become steeper. On the northern profile this layer (16° to 8°) again met the con-
tinental slope at about the same depths, but on the eastern end of the Jacksonville line
it descended much deeper than off Cape Canaveral. This difference allowed a consider-
ableincrease in thickness at the eastern Jacksonville stations of the layer having salini-
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Fic. 43.—Temperature and salinity sections across the Florida Current off Jacksonville, May 12-13, 1933.

ties higher than 36.4 °/.. In short, the trend of the isotherms and isohalines off Jackson-
ville calls for a deeper and more powerful current, but the strongest flow, as evidenced
by the steepest slanting of the isolines, is again in the waters just above the continental
slope.

The correspondence between the temperature section and the salinity section is close
for the waters colder than 16° and less saline than 36.2 °/+c- But a wedge of high salinity
water, (36.4 °/5,) just below the surface layer again causes some disagreement. In this
layer oE Jacksonville, the isohaline of 36.6 °/,; bounds a core which has shghtly hlgher
salinity values than any of the Cape Canaveral observations. This slight increase is not
31gn1ﬁcant in determining the source of the water in this layer because the maximum
salinity in the Yucatan Channel is so nearly the same as in the Antilles Current.

The T-S diagram of this group of stations (Fig. 44) shows the deeper observations
falling mid-way between the curves for the Antilles Current water off Elbo Cay and the
Caribbean water in the Yucatan Channel, evidence that as it flows northward from

P e~ o A
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Cape Canaveral the Florida Current receives a considerable admixture of off-shore water.
Moreover, the depths of the observations from the most eastern station off Jacksonville
correspond closely to the depth scale shown along the curve for Antilles Current water.
In short, off Jacksonville, the depths for a given temperature at the “Atlantis” eastern
station (1626) closely correspond to the conditions of the western Sargasso Sea, but the
relatively low salinity values at mid-depths in the heart of the current are proof that a
considerable proportion of Caribbean water still remains only slightly influenced by the
union of the Antilles Current with the outflow from the F lorida Straits. Whether or not
the increase in volume of the Florida current which takes place just south of this Jack-
sonville profile should be entirely attributed to its unjon with the Antilles Current must
for the present remain in doubt. Any water from the southwestern Sargasso Sea (with the
exception of the surface layer) which might also at the same point join the northward
flow could not be distinguished by the T-S diagram method for the reason that it would
have so similar a temperature-salinity correlation.

ONSLOW BAY

Fig. 45 gives the distribution of temperature and salinity across the northern section
of this group just after the current has left the Blake Plateau. The stations extend some
76 miles seaward from the edge of the continental shelf. For the superficial layers, the
most noticeable change from the more southerly sections just examined is the increased
volume of the warm, relatively fresh surface layer being carried northward by the cur-
rent. Because of the more northerly location of this section, this increase is more apparent
than real, for the temperature and salinity at the surface in the heart of the current off
Onslow Bay contrasts sharply with the colder more saline waters just to the eastward.
On the other hand, as off Jacksonville, below this pool of warm, relatively fresh surface
water, a wedge-shaped layer of high salinity is again found. Likewise, at mid-depths a
very similar distribution of temperature and salinity again shows that the steepest slope
occurs in the thermocline layer of the waters nearest the continental slope. In short,
the “Atlantis” section off Onslow Bay, down to a depth of 8oco meters, closely corre-
sponds to the Jacksonville line. Evidently on leaving the relatively shallow area of the
Blake Plateau, the current undergoes no great structural change above 800 meters until
it has passed Cape Hatteras and first becomes separated from the continental shelf by
the slope water. Deeper down, the slant of the isolines is evidence that on leaving the
plateau, the Florida Current greatly increases in depth and that a considerable volume
of water colder than 8°, coming from offshore, joins in with the northeastward flow.

The T-S diagram of the Onslow Bay observations (Fig. 46) shows that in the heart
of the current (stations 1637-1639), water characteristic of the Caribbean can be found
still. Further offshore and below 800 meters, the temperature-salinity ratio of the ob-
servations are very similar to those found at corresponding depths off Elbo Cay. But it is
more probable that the deep water which has here joined the current came from the
Sargasso Sea for it is logical to assume that after the great incréase in volume south of .
Jacksonville little Antilles Current water remained un-united with the main northward
movement.

The changing T-S correlation within the heart of the F lorida Current as determined
from “Atlantis” observations are tabulated below, as well as mean values from the three
chief sources of the current.
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TEMPERATURE
REecron
60 70 80 90 IOO IIO
Yucatan Channel 34.88 34.88 34.96 35.07 35.20 35.33
Cape Canaveral — 34.88 34.96 35.08 35.22 35.36
Jacksonville — — 35.02 35.12 35.23 35.38
Onslow Bay 35.04 35.06 35.12 35.14 35.22 35.36
Antilles Current 35.04 35.07 35.12 35.20 35.30 35.42
Southwestern Sargasso Sea?! 35.07 35.10 35.13 35.20 35.30 35.42

THE DEPTH OF THE 10° ISOTHERM IN THE WESTERN NORTH ATLANTIC

The broad structural features of the waters of the whole area covered by the “Atlan-
tis” observations can be conveniently reviewed by examining in horizontal projection
the regional differences in depth of the 10° isotherm in the western North Atlantic.

This particular isotherm was chosen because its depth is great enough in the slope
water band to lie for the most part below the layer subject to seasonal climatic changes,
while in the Sargasso Sea it is not so deep as to be much below the center of the main
thermocline layer. In other words, by tracing the 10° isothermobath, we are really fol-
lowing the layer most influenced by the effect of the broad features of the circulatory
system.?? Thus over much of the area the depth contours of this thermal plane coincide
with the direction of flow of the permanent current system. Their concentration will be
closely proportional to the current velocities at mid-depths.

In constructing the chart (Fig. 47) it was possible to use with advantage observations
from many of the earlier expeditions. Because of the relative wealth of data in some parts
of the area, it would be possible to draw the contour lines for intervals smaller than 100
meters; nevertheless, this procedure would have no real significance because, as shown
previously, the thermocline layer is subject to oscillations in depth of the order of magni-
tude of at least 100 meters.

The chart (Fig. 47) shows that in the slope water region the 10° isotherm varies in
depth between 200 and 300 meters, except in the eddy south of Cape Sable, previously
mentioned (page 24). Although few pertinent data are available, there is reason to be-
lieve that a similar clockwise whirl occasionally develops off New York and perhaps also
in the bight between Sable Island and the Grand Banks.

Continuing offshore from the North American continental shelf, the chart clearly
demonstrates the steep downward slope of the 10° isothermal surface as it crosses the
Gulf Stream between Cape Hatteras and the tail of the Grand Banks. Then a long nar-
row trough shaped depression, bounded by the depth contour for goo meters, marks the
region in which 10° water is occasionally found as deep as 1000 meters. Southeastward
across the Sargasso Sea the water layers, though relatively undisturbed, slope very
gradually upward as far as the 700 meter contour. Within this area only the observa-
tions from near Bermuda show local irregularities. As mentioned frequently above, the
island is surrounded at mid-depths by water slightly colder for a given depth than else-

2 It will be shown later (page 76) that this contribution to the Gulf Stream comes from two sources: the northerly

edge of the Northern Equatorial Current and the southern branch of the North Atlantic Current which curves back to the
southwest just beyond the Grand Banks.

% Because of the close control on density which temperature exerts in the open ocean, the 10° isotherm coincides in
depth over most of the North Atlantic with the isopicnal (o) of 27.20. The variations in salinity of 10° water in the area
under consideration in general only produce small deviations from this mean value. The extreme density values for 10°
water are 26.935 near the equator in the sub-antarctic intermediate layer and 27.315 near the Azores where the high salini-
ties at mid-depths result from the admixture of Mediterranean water. )
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where in the western Sargasso Sea. Complex factors are possibly at work here. A rela-

tively weak anti-clockwise eddy seems to surround the islands and this may be dependent
on the mixing effect of the base of the islands on the water-layers at mid-depths. In
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Fic. 47.—Chart showing the depth of the 10° isotherm in the western North Atlantic.

short, the cone of the island perhaps acts as a stirring mechanism by which the deeper,
colder waters are here mixed more rapidly with the warm surface layer than elsewhere in
the Sargasso Sea.
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As will be discussed later (page 81), the southern limit of the Sargasso Sea can log-
ically be placed along the 700 meter contour line shown in Fig. 47. South of this point
the more’ vigorous westerly flow of the Northern Equatorial Current is reflected by the
increased upward slope of the water layers. The fact that southeastward from Bermuda
as far as the 700 meter contour the 10° isotherm is not strictly horizontal, but is inclined
slightly upward, shows that within the Sargasso Sea the waters must be moving slowly
in a clockwise direction. This gradient is very weak in the southern quadrant, but be-
comes stronger in the west as the flow begins to parallel the Gulf Stream System. Thus,
unless the Sargasso Sea be given very much smaller boundaries, we must bear in mind
that its waters, though relatively motionless, are to some extent taking part in the great
anticyclonic current system which surrounds it.

In the surface layer, the boundary between the easterly moving waters of the north-
ern Sargasso Sea and the westerly, wind driven flow of lower latitudes presumably coin-
cides with the horse latitude belt. Because this zone of relative calm between the north-
east trades and the prevailing westerlies fluctuates seasonally, and because the develop-
ment of the Azores high is frequently disturbed in winter by the passage of severe storms
to- the northward, the wind system, and consequently the surface currents, cannot be
said to revolve around a definite axis. However, the center of motion is generally well
east of Bermuda.

In contrast to this fairly symmetrical though fluctuating pattern of the wind system
and, therefore, of the superficial currents, the axis of rotation of the waters at mid-depths
(i.e., of the thermocline layer) in the Sargasso Sea can be definitely located, according to
Fig. 47, as resolving around an elongated axis paralleling the Gulf Stream and lying well
north of Bermuda. In short, it is difficult to escape the dynamic significance of the course
of the goo meter (Fig. 47) contour inclosing an elongated depression where 10° water is
occasionally found as deep as 1000 meters. We have seen already (page 37) that in this
part of the Sargasso Sea the temperature-salinity correlation is very constant and there
can be no doubt in this region as to the interpretation of the isothermobaths in terms of
general current direction at mid-depths. It is indeed surprising to find that Bermuda lies
southeast of the axis of motion of the thermocline layer and that the prevailing wind
there is contrary to the direction of flow at mid-depths. '

Continuing southward, beyond the 700 meter contour the 10° isotherm rises in a regu-
lar manner as shown by the parallel arrangement of the contour lines. Thus the flow of
water at these depths across the trade wind belt appears to be independent of the bot-
tom configuration and parallel to the latitude lines. In other words, the planetary effect
described by Ekman (1928) is clearly dominant over the topographic effect. The ex-
tremely close approach to the surface of 10° water in latitude 8°30’N. already demon-
strated in section (Fig. 32) is here confirmed by a number of observations from other
expeditions. :

In contrast to the regular and gradual type of current in the south, the region north
and east of the Grand Banks is one of elaborately curving and branching narrow bands of
current. It is evident that here the bottom topography begins to play an increasingly
important part in determining the course of the various branches of current. Not only
is this true of the shallower isolines (100-400 meters) as they curve around the Grand
Banks and trend northward to the mouth of the Labrador Basin, but the two deepest
contours (80o and goo meters), which recurve to the right just east of the tail of the
banks, follow the slope of the bottom around a considerable shoal area where the depth
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is less than 3000 meters. The course of the intervening isolines (500—700 meters) is some-
what doubtful owing to the scarcity of observations. Additional data will probably
show that these lines also are influenced by the bottom configuration.

At the entrance of the Labrador Basin, where a ridge partly obstructs the deep chan-
nel, the northern branch of the current again turns eastward to cross the Mid-Atlantic
Ridge in about latitude 51°N. A second band of current, shown by the 500~700 meter
contours in Fig. 47, crosses the ridge at about latitude 47°N. and then curves southward
towards the Azores.

It is clear from Fig. 47 that the area between the Grand Banks and the Mid-Atlantic
Ridge is one from which much additional data are needed. While the course of the north-
ern branch of the North Atlantic Current (100-400 meter contours) is fairly well estab-
lished, the trends of the deeper lines are probably subject to wide fluctuations. In the
same way, only the most pronounced features of the pattern of the stream lines are worth
considering in the neighborhood of the Mid-Atlantic Ridge.

The depression indicated just south of the northern branch of current in mid-ocean
possibly results from a clockwise eddy around Faraday Shoal (Lat. 49°40’N., Long.
29°W.). But the fact that the 10° isothermal surface is nearer the surface just south of
the central branch of the current probably has less dynamic significance, for it is partly
caused by a deeper tongue of relatively warm and saline “Mediterranean” water (see
Fig. 31). The more widespread area south of the Azores, where the depth contours show
values of less than 700 meters, also at least partly results from the same cause.

The current system which is called for by the trend of the contour lines as they cross
longitude 30°W. in Fig. 47 does not agree with the dynamic study made of this same
region by Helland-Hansen and Nansen (1926), for their observations indicated that the
branching of the main easterly current does not occur until after the Mid-Atlantic Ridge
has been passed. Until a thorough survey has been made of this complicated region east
of the Grand Banks, it is not worth while to speculate further.

THE GULF STREAM SYSTEM

Previous SuBSURFACE INVESTIGATIONS

Having examined the distribution of temperature and salinity in the western North
Atlantic, we are now ready to consider in more detail the current system which forms the
western and northern boundary of the Sargasso Sea. Although the importance and mag-
nitude of this phenomenon has long been appreciated, most early studies were based
primarily on surface observations, so that many of the theories advanced by the pioneer
investigators hardly come into discussion® in the light of modern subsurface data. Even
in recent times the chief obstacle for a better understanding of the general problem in the
Gulf Stream has, of course, been the almost complete lack of subsurface observations in
the current itself. After the pioneer temperature and salinity investigations of Bartlett
in the Straits of Florida (1878) and the current measurements of Lt. Pillsbury (1836-7),
twenty-seven years elapsed before the “Bache” section was made off Jupiter Inlet. Off
Cape Hatteras, no really reliable section was made until the “Dana” Expedition (1921).
Off the Grand Banks, the “Michael Sars” occupied a line of stations in 1911, while in the
same region since 1926 the observations of the International Ice Patrol Service have oc-

2 In a recent paper, Schumacher (1935) has given an excellent summary of the development of the descriptive ap-
proach to the problem of the Gulf Stream System.
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casionally extended out to warm water. Except for these few scattered stations, the
distribution of temperature and salinity across the Gulf Stream’s path has remained a
matter of conjecture. The difficulty that until receritly blocked most attempts at accu-
rate work arose from the swiftness of the current. Only since the development of unpro-
tected thermometers has it been possible to observe with precision the slope of the mov-
ing water layers.

TuE TuREE SuBDIvisions oF THE GULF STREAM SYSTEM

The first result of the “Atlantis” sections in the western North Atlantic is to empha-
size the subsurface changes in structure, already pointed out by Wiist (1930), along the
length of the current system which marks the western and northern limits of the Sar-
gasso Sea. We have seen that from the Straits of Florida to Cape Hatteras the current
presses close to the continental slope. Then between Cape Hatteras and the Grand
Banks, it is separated from the continental shelf by a relatively motionless band of water
which we have called slope water. Beyond the southern corner of the Grand Banks the
single band of current begins to split up so that by mid-ocean several major branches will
probably eventually be distinguished.

The whole of this current system has generally been called the “Gulf Stream.” Un-
fortunately, as most early studies of the current were by means of surface observations
alone, this term has too often been associated only with the warm superficial layer of the
stream and is, therefore, unsuitable for the complicated, relatively cool, deep terminal

branches in the northeastern North Atlantic. Nielsen (1925) has pointed out that since

the Gulf of Mexico contributes little to the volume of water flowing through the Straits
of Florida, the word “Gulf”’ is particularly misleading and both he and Wiist (1924) pre-
fer to use the name Florida Current for the strong northward flow along the continental
slope of the southern Atlantic coast states. Of recent years oceanographers have begun
to speak of the North Atlantic Current, meaning the easterly flow in mid-latitudes be-
yond the Grand Banks. Since there is obviously need of a uniform and fully defined ter-
minology among students of this current system, the following has been proposed (Iselin
1933) by the author as a possible solution to the existing confusion and is presented here
in greater detail. As far as shipping and popular usage are concerned it would be difficult,
if not unwise, to urge any change in the meaning of the term “Gulf Stream as it is ordi-
narily employed. However, among scientists there is a real need to restrict and define its
meaning.

Gulf Stream System.—This includes the whole of the northward and eastward flow,
beginning at the Straits of Florida and in¢luding the various branches and eddies found
in the eastern North Atlantic whose paths can be traced back, as continuous distortions
of the isosteric surfaces at mid-depths, to an origin off the ““tail” of the Newfoundland
Banks.

This terminology, which has been accepted by Wiist (1934), recognizes the fact that
the current, though continuous, is complex. The words “Gulf Stream” are retained be-
cause, as a general term, they have become too widely used to discard now.

On the southeastern 51de of the current, the boundary is seldom clearly marked be-
cause the swiftness of the flow decreases gradually in a horizontal direction (see Fig. 27).
Not only is it at times difficult to determine the boundary at the surface between the
Gulf Stream System and, for example, the Sargasso Sea, but the deep limits of the cur-
rent are also somewhat vague unless a minimum velocity is set to define what is part of
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the Gulf Stream System and what is not. On the basis of the present study 10 cm. per
sec. seems a logical and convenient boundary to arbitrarily set for the current.

Because of changes in structure, the Gulf Stream System can be subdivided longi-
tudinally into three major parts.

1. The Florida Current. This includes all the northward moving water (with veloci-
ties greater than 10 cm. per sec.) from the Straits of Florida to the point just beyond
Cape Hatteras where the current ceases to follow the continental slope. The current
through the straits should also be included. The starting point might most logically be
placed on a line south of Tortugas where eventually observations may be expected to
show that the water from the Yucatan Channel is joined by a smaller outflow from the
Gulf of Mexico. Since the union with the Antilles Current of the water which has passed
through the straits causes no change in the structure of the Florida Current, no further
subdivision of this sector of the Gulf Stream System seems necessary.

The three chief characteristics of the Florida Current are that it greatly increases in
volume as it travels northward, that it flows most swiftly along the continental slope,
and that for the greater part of its length (because of the bottom conformation) it re-
mains relatively shallow. For the latter reason, it transports northward no water colder
than about 6.5° until after the northern limit of the Blake Plateau has been passed.

2. The old term Gulf Stream is best reserved for the middle sector of the current and
therefore is here restricted to the northeasterly flowing water (having a velocity greater
than 10 cm. per sec.) from the point just north of Cape Hatteras, where the current first
leaves the continental slope, to the region east of the Grand Banks, where the stream
begins to fork.

The name Gulf Stream has been so generally applied to this part of the current that
it would only add to the confusion to suggest a new term. Since this name is not entirely
logical, it seems wise to give it a rigid definition so that among scientists at least, there
will be no chance of misunderstanding. Especially, it seems best to use this name for the
whole depth and width of the current (within the proscribed velocities) rather than lim-
iting the meaning, as has often been done, to just the warmer surface layers. Eventually
perhaps the unfortunate connotation of heat which the name now carries will be lost.

When a shallow displacement of the warm surface layer is found in the slope water
region, it should be spoken of as “water of Gulf Stream origin,” for though it has come
from the Gulf Stream, it has none of the characteristics of a major current, i.e., no deep
slanting of the isosteric surfaces would be found, because these movements are only
superficial. Likewise, when through fluctuations in the transport of the main stream or
through other causes, tropical water is met with in the center of an eddy (see Fig. 15)
and entirely separated from the Gulf Stream, it should be given a suitable designation.
Frequently, in the past, coastal sections terminating in the centers of such eddies have
been thought to extend out to the Gulf Stream itself.

Finally, the chief characteristics of the Gulf Stream are that it is separated from the
continental shelf by the relatively dead slope water, that it flows deeply without further
greatly increasing the transport, and that the flow is normally in one band as evidenced
by the uninterrupted slope of the water layers across its path.

3. The North Atlantic Current is the name most often applied to the third (most east-
erly) section of the current system. Until more is known about the paths which the vari-
ous branches follow, this must be used as a general term covering all the easterly and
northerly currents from the point east of the “tail” of the Grand Banks, where the
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Gulf Stream first divides. Included are all the lines of flow (with velocities greater than
10 cm. per sec.) which can be traced back as continuous, deep (below 200 meters) dis-
tortions of the isosteric surfaces to a common origin from the Gulf Stream.

In the eastern North Atlantic the paths of the branches of the North Atlantic Cur-
rent are often masked by a shallow, widespread and variable wind driven surface move-
ment, commonly known as the “North Atlantic Drift.”

Only through subsurface observations can the exact courses of the terminal branches
of the Gulf Stream System eventually be determined. It is well established that one of
these swings northward to supply the Irminger Current and that a branch of it also en-
ters the Norwegian Sea, where it is called the Norwegian Atlantic Current. Other more
southerly branches have been traced by Helland-Hansen and Nansen (1926) who find
that they terminate in great eddies off the European Coast. When more is known about
the permanence and paths of these complicated eddies, they can each be given appropri-
ate names.

The chief characteristics of the Atlantic Current are that it is usually not traceable
from surface observations alone and that the transition from northern conditions to those
of the Sargasso Sea does not take place in one deep slanting of the water layers, as in
the case across the Gulf Stream, but in a number of steps, the bands of flow being sepa-
rated by dead water or even by counter currents and eddies. '

TuE SourceEs AND CHARACTER OF THE GULF STREAM SYSTEM

Fig. 48 shows diagrammatically the sources (broken lines) and the path (solid lines)
of the Gulf Stream System. Although we are concerned in this report primarily with a
study of the current between the Straits of Florida and the point where its terminal
branches cross the Mid-Atlantic Ridge, nevertheless, as suggested in the chart, the water
emerging from Florida Straits has a considerable past history which we cannot entirely
neglect. '

We have seen that the Northern Equatorial Current is a broad (1200 miles wide) rela-
tively slow and, especially in the south, somewhat shallow type of movement. Obviously
‘the portion of this current which passes through the northern Caribbean must approxi-
mately equal the outflow from the Straits of Florida, provided no significant amount of
water is added to the Gulf of Mexico by land drainage and rainfall. For our present pur-
"poses these factors can be disregarded, because the volume of water added to the Gulf of
Mexico can amount to but a small fraction of the discharge through the Florida Straits,
which, according to Wiist (1924), approximates 25 X 10° cubic meters per second.? More
than three times this volume (82 X 10¢ cubic meters per second) was transported by the
Gulf Stream off Chesapeake Bay in April 1932% (page 43). Moreover, it has been shown
(Fig. 47) that the total slope across the Northern Equatorial Current is only slightly less
than that across the Gulf Stream. In other words, it can be argued that the volume of the
Northern Equatorial Current (plus the volume of the southwestward flow across the
central Sargasso Sea must approximately correspond to the total transport of the Gulf

% For example, the maximum volume of the Mississippi River only amounts to .12X10% cubic meters per second.

2 These volumes and those given in the succeeding pages seem to be representative of the current’s transport. While
fluctuations in depth of the thermocline layers on each side of the Gulf Stream off Chesapeake Bay during 1932 (see page
32) must have been accompanied by a change in volume of about 20%, the April stations give a middle value for the
transport during 1932. ,

The figures given here include the movements having calculated velocities of less than 10 cm. per sec., although this

is inconsistent with the definition of the Gulf Stream given above (page 73). The water moving at less than 10 cm. per sec.
accounts for only about 13% of the total northward flow.
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Stream off Chesapeake Bay and that less than one-third of this water has passed through
the Caribbean.

Presumably the Caribbean receives a representative sample from that part of the
Equatorial Current which has crossed the ocean between latitudes 10° and 19°N. In
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Fic. 48.—Diagrammatic chart showing the sources (broken lines) and pattern (solid lines) of the Gulf Stream System.
In the Western half of the ocean each streamline represcslzzi nt(lile transport of approximately 12X 108 cubic meters per
this band the Sub-Antarctic intermediate layer increases in intensity from north to south
(Fig. 33). Thus the water at mid-depths which enters the Caribbean at the latitude of
Barbados, for example, will be somewhat different from that which flows through Ane-
gada Passage. In other words, as the slow wind driven movement advances westward
across the Caribbean, it may be expected at mid-depths to vary somewhat in T-S ratio
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from nofth to south, because of the considerable differences in latitude of the various
points of entrance. These slight differences must gradually disappear through mixing as
the northern Caribbean is reached, for we have seen (Fig. 42) that the waters at mid-
depths in the Florida Current off Cape Canaveral are very uniform in T-S correlation.

The channel across the southern Caribbean basin is some 315 miles broad at its nar-
rowest point south of Hayti. The Yucatan Channel has a width of about 105 miles, while
the Florida Straits opposite Bimini are only 44 miles wide. Thus in cross section the cur-
rent is successively reduced as it flows northward and, therefore, must increase corre-
spondingly in velocity. The transverse area of the channel (above the depth of 700 me-
ters) diminishes approximately according to the following ratio: Caribbean eastern basin
11, Yucatan Channel 3, Florida Straits 1. Thus for depths not greater than the shoalest
part of the Straits of Florida, the mean velocity of the flow across the Caribbean must be
less than 44 of that at the same depth in the narrowest part of the Florida Current.
These considerations have been introduced to emphasize the narrowing and intensifying
of the flow which takes place south of latitude 25°N. in contrast to the gradual broaden-
ing of the Gulf Stream System north of this point.

Emerging from the straits, the Florida Current is soon joined by the Antilles Current.
According to Wiist (1924) this additional contribution, which from the “Atlantis” ob-
servations appears to take place south of the Jacksonville line (page 67), amounts to
about 12 X 108 cubic meters per second. From this point northward it is probable that the
current gains steadily in volume until it leaves the shallow depths of the Blake Plateau.
Here it experiences a relatively sudden and great increase in depth by the joining in from
the southwestern Sargasso Sea of considerable water having temperatures lower than 8°.
During the remaining short distance northward to the Chesapeake Bay-Bermuda sec-
tion, any increase in the volume probably takes place at all depths along with the widen-
ing and deepening of the current.

If these considerations are in the main correct, and if we realize that the original out-
flow from the Florida Straits must be continually diluted through turbulence, the Gulf
Stream velocity section off Chesapeake Bay (Fig. 277) can for the purposes of discussion
be rationally broken up as in Fig. 49.

The area marked A includes all water warmer than 20°. The velocity calculations
show that in this part of the current, the transport amounts to about 10.6 X10f cubic
meters per second.? For the same layer in the Florida Straits, Wiist’s diagrams indicate
a volume of about 13X 10° cubic meters per second, and in the Antilles Current, 4 X 10°
cubic meters per second. These amounts, when added together considerably surpass the
transport of the warm layer off Chesapeake Bay, but it seems probable that this part of
the flow .as it moves northward not only varies widely in volume depending on the
wind’s direction, but also on the whole, gradually loses water through chilling and hor-
izontal stirring. At any rate, it can safely be assumed that the part of the current bounded
by the isotherm of 20° does not gain in volume, as it flows northward from the mouth of
the Florida Straits because of the admixture of inshore or offshore water.

Area B (Fig. 49) includes only water colder than 8°, the greater part of which has
presumably joined the current since it passed the northern edge of the Blake Plateau.
The transport of this subdivision of the current, according to the “Atlantis” velocity

% Tt should be pointed out again that these figures are based only on the “Atlantis” April profile (Figs. s, 6, and 27).
Wiist’s values for the transport through the straits are possibly slightly more reliable in that they are derived from a study
of several sets of data.
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calculations, amounts to about 12.7 X 10° cubic meters per second and only a very small
part of it can have passed through the Florida Straits.

It seems probable that after passing Cape Hatteras some of the slope water is drawn
by friction into the flow northward. Area C, having velocities less than 20 cm. per sec.
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F1e. 49.—Subdivisions of the velocity profile across Gulf

Stream off Chesapeake Bay, April 2022, 1932. The figures

give the transport (in millions of cubic meters per second)
of the different parts of the current.

is an arbitrary attempt to mark off the profile in question that part of the Gulf Stream
containing a strong admixture of slope water. Area C accounts for a transport of only
0.7X 10% cubic meters per second. ‘

In the same way, it might be supposed that on the eastern side of the current the wa-
ters having corresponding velocities had recently joined from the Sargasso Sea. This part
of the current (Area D) has a volume of approximately 12.1 X 10° cubic meters per second.

The remaining division (Area E) carries 46.1 X 10® cubic meters per second. From
Wiist’s figures we find that this part of the current was originally supplied with less
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than 26.4X10° cubic meters per second of Florida Strait and Antilles Current subsur-
face water. Thus it can be argued that even in the heart of the current, where about half
the total volume is carried, the original water is about 0% diluted in the course of only
600 miles of northward flow. While off Onslow Bay, as we have seen (page 69), there still
remains a small core of nearly undiluted, 10°~11° water characteristic of the Caribbean,
by the time this comes abreast of Chesapeake Bay these low salinities have been con-
siderably increased through further mixing with surrounding waters as is shown by the
following data: :

10° 11°
Onslow Bay 35.22 35.36
Chesapeake Bay 35.28 35.41

The immense increase in volume which the Florida Current experiences as it flows
northward comes from three main sources. It seems probable that the contribution from
the Antilles Current is by far the smallest of these. If we accept Wist figures, which seem
high in the light of the two “Atlantis” sections discussed above (pages 55 and 60), there
still remains about 45 X 10® cubic meters per second to be divided between the two other
sources; namely, the water arriving to the southwestern Sargasso Sea from the northern
edge of the Northern Equatorial Current, and the return flow from the Grand Banks
region (see Fig. 48). Possibly, these two contributions are of about equal volume as has
been indicated by the stream lines in Fig. 48. If this is so, in the western half of the
ocean each of the diagrammatic stream lines shown in this illustration can be considered as
- representing the transport of about 12 X 10 cubic meters per second. Until we know more
about the fluctuations in volume of the great North Atlantic eddy, there would be no
advantage in attempting to arrive at more exact values for the various subdivisions.

It might be supposed that the comparatively narrow, swift type of flow so charac-
teristic of the Florida Current and of the Gulf Stream results from the confining effects
of the Florida Straits. But this seems not entirely the case when we consider the immense
volume of slowly moving water from the southern Sargasso Sea across which the gradient
narrows as it joins in with the Gulf Stream System south of Cape Hatteras. It is sug-
gested that the character of the great Atlantic eddy is greatly influenced by the NE-SW
trend of the continental shelf of North America. Thus even if the Straits of Florida did
not exist, there would be a tendency towards a narrowing and intensifying of the broad
circulatory movement initiated by the trade winds as the flow reaches the western margin
of ocean and is forced to make a right angle bend to the north. Indeed this is also the case
in the North Pacific. -

After passing Cape Hatteras, the Gulf Stream System reaches its full development
and the available observations indicate no marked change in the structure of the current
until longitude 60° W is reached. From this point eastward to the southern extremity of
the Grand Banks there is some indication that the flow begins to broaden out and to
weaken. The few reliable stations off the mouth of the Laurentian Channel call for the
northward loop of part of the current as indicated in Fig. 48. However, it is by no means
improbable that in this region part of the flow recurves completely to the left and be-
comes absorbed by the slope water, for beyond doubt the latter is continually losing
water to the Gulf Stream further west. This important question is now being investigated.

Beyond the tail of the Grand Banks, the breakdown of the current becomes more
evident. Not only is it well known by navigators that surface velocities are lower, but the
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available subsurface data call for a complicated branching of the main stream (Fig. 47).
Moreover, 1t is in this region that the northern branch of the current first begins to ab-
sorb Sub-Arctic intermediate water and thus the temperature-salinity correlation at mid-
depths begins to change markedly.

Unfortunately the conditions within the current in the important sector south of the
tail of the Grand Banks is very imperfectly known. The work of the International Ice
- Patrol has proved that, though subject to variations, the Labrador Current, after round-
ing the southern extremity of the banks and flowing some 60 miles westward, ordinarily
curves back to the left and turns eastward paralleling the Gulf Stream. This 1s the situa-
tion diagramatically represented by the dotted line in Fig. 48.

It has often been suggested that the close proximity of these two currents off the tail
of the banks might result in intermixture (and even cabbeling) on a large scale. When the
available observations are examined in detail, because of the horizontal distribution of
density, no situation can be found favorable for such mixing. It seems more probable
that the Labrador Current never comes in actual contact with the Gulf Stream in the
region south of the Grand Banks. The warming and the increase in salinity which the
cold water experiences can be attributed to its mixing with eastern slope water and
the latter may in turn exert a freshening effect on the surface layer of the Gulf Stream,
which 1s thereby only indirectly influenced by the arctic water.

The evidence is also fragmentary for the course of the Gulf Stream System immedi-
ately after it has rounded the southern extremity of the Grand Banks. In general it is
well established that the main current follows the bottom contours northward, parallel
with the eastern face of the banks as far as the entrance to the Labrador Basin (latitude
50° N). However, it is clear that by no means all the water makes this northern circuit. On
the evidence of Fig. 47, the southern half of the current appears to proceed eastward to
about longitude 40° W where part of it bends northward and part southward, the latter
fraction returning, as shown in Fig. 48, to the southwestern Sargasso Sea.

In contrast to our uncertainty as to the course and intensity of the two southern
branches emanating from the Gulf Stream, the path of the northern branch is fairly well
known through recent post-season cruises of the International Ice Patrol (Fig. 47).
Especially in the region of the deep entrance to the Labrador Basin, a number of reliable
stations call for a sharp eastward bend of the current. Apparently the ridge, which partly
blocks the deep channel, helps to turn the current at this point.

Through the ¢ Atlantls observations in mid-ocean (longitude 30° W), the internal
structure of the northern branch of the North Atlantic Current can again be examined
(Figs. 29 and 30). Here the current was about 140 miles wide in July 1931 and the ob-
servations clearly show the freshening effect of the northern water, both at the surface
and at mid-depths (200-600 meters).

In Fig. 48 the terminal branches of the Gulf Stream System have been copied from
Helland-Hansen and Nansen (1926) and are therefore marked off from the lines of flow
called for by the more recent observations. The disagreement along the Mid-Atlantic
Ridge is not as great as might at first appear. Only a relatively slight readjustment of the
streamlines is necessary to logically connect up the two areas. It is also probable that this
part of the current system is subject to wide variations.

Until further observations are made in the region just west of the Mid-Atlantic Ridge,
it is fruitless to seek to locate closely the longitude where the Gulf Stream System first
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begins to split up or to attempt a quantitative estimate of the transport of the various
branches. On the other hand, the available observations are sufficient to demonstrate
some of the characteristics of the North Atlantic Current, which can be summarized as
follows:

1. The broad, uninterrupted type of flow found in the trade wind latitudes does not
reappear in the great North Atlantic eddy when it comes under the influence of the pre-
vailing westerly winds. ; )

2. The flow continues deep and follows several lines, their paths not being apparently
as much influenced by the wind as by the bottom contours.

3. The gradient across each of the eastward flowing bands of current remains rela-
tively steep, possibly because of the increase of the Coriolean force in higher latitudes.

4. Only one branch (the most northern and also the shallowest) carries water out of
the great North Atlantic eddy. This branch probably acts near the surface as the north-
ern boundary for water more saline than 35 °/,.. Thus the fluctuations in its path in the
eastern half of the ocean may produce the apparent expansions and contractions of
“Atlantic water” which have led to the transgression theory of LeDanois (1934).

5. A second and less powerful branch crosses the Mid-Atlantic Ridge in about lati-
tude 46°30” and, being protected by the northern stream, remains relatively uncon-
taminated by Sub-Arctic water. In the eastern half of the ocean this current dissipates its
energy in two great eddies off the coast of central Europe. '

6. From this region the water is probably transferred to the Northern Equatorial
Current System by the local wind and, therefore, must be withdrawn mainly from the
superficial layers.

7. A third and most southerly subdivision of the Gulf Stream water recurves to the
right after passing the Grand Banks and after broadening out moves southwestward as
a slow, deep current to rejoin the Florida Current south of Cape Hatteras.

8. The various deep branches of the North Atlantic Current (and especially their
final dissipation) are partly masked by a shallow and variable wind-driven movement
generally known as the North Atlantic Drift. For this reason shallow observations

have not greatly aided the understanding of the current system in the northeastern quar-
ter of the ocean.

THE SARGASSO SEA

Its Bounpary

While the limits of the western half of the Sargasso Sea are clearly marked by the
Antilles Current, the Florida Current and the Gulf Stream, in terms of circulation the
exact course of the remainder of its boundary, amounting to slightly more than half,
is a matter for speculation. Possibly it is more rational to think of the Sargasso Sea as
blending gradually to-the south into the Equatorial Current than to try to assign it a
definite, southern, hydrological boundary. In the same way, in the southeast it may prove
difficult to point out any natural line of separation between the Sargasso Sea and the
Canaries Current. To the northeast, the middle branch of the North Atlantic Current
may prove, on closer investigation, to be sufficiently permanent and unmistakable to be
classed as a natural current boundary. :
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In the case of the southern and eastern quadrants, any limitation to the area known
as the Sargasso Sea must take into account the north and south migration of the trade
wind belt. Thus the Sargasso Sea is to some extent a shifting subdivision of the ocean and
the term has its greatest use when the area is not given too rigid bounds, but merely ap-
plied in a general way to the relatively slow-moving core of water around which the
swifter flow of the great North Atlantic eddy revolves.
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FiG. 50.—The distribution of salinity during the winter months at the surface of
the western North Atlantic.

We cannot logically point to any surface feature as even roughly marking the limits
of this area (except of course in the western quadrant) because of the shifting and vari-
able nature of the climatic factors. If we look below the surface, the course of the 10°
1sothermobath for 700 meters seems to be a reasonable choice (Fig. 47), as this will pre-

"sumably shift seasonably with the wind, and also is representative of the line normally
dividing the slow movements in the Sargasso Sea from the swifter currents which sur-
round it.

THE SurracE MoveMENTS IN RELaTION TO THE WIND

We have seen that at mid-depths the water layers of the Sargasso Sea are relatively
undisturbed by currents and that variations of temperature and of salinity occur only
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slowly in a horizontal direction. Because of the rather gradual climatic transitions from
region to region in the central North Atlantic, it might be expected that the surface layer
would likewise only show gradual changes. Indeed, such studies as have been made of the
surface temperature distribution (Kon. Ned. Meteor. Inst. 1918, Harwood and Brooks
1933) give support to such a view, for the isotherms in general are shown as extending
east and west, and the temperature as ingreasing in a regular gradation from north to
south. However, in an area as large as the Sargasso Sea the density of the surface water
cannot be everywhere the same, and in different parts of the region the climatic factors
are probably altering the water at different rates. Thus it is most important to try to dis-
cover whether or not the surface movements are influenced by the horizontal distribution
of density as well as by the frictional force of the wind at the surface.
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F16. 51.—Detail of the trends of temperature and salinity in the surface layer across the northern edge of the
Sargasso Sea high salinity belt, March 3-10, 1932.
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The “Atlantis” observations have at last made it possible to construct a surface
salinity chart of part of the Sargasso Sea for the winter months (Fig. 50) and we are now
able to examine the superficial movements with greater assurance than is possible by a
consideration of temperature alone. While the number of data are few for such a vast
area, when combined with some of the earlier observations they enable us to point out
certain features that would not appear readily if the usual method of averaging all avail-
able surface readings from each 2° square were resorted to. In particular, Fig. ;% brings
out the two extremely sharp zones of transition in mid-ocean lying just north and just
south of the isohaline of 37 °/s. Another abrupt change at latitude 7° N marks in mid-
ocean the northern limit of the relatively fresh equatorial water. This fourfold division
of the surface layer into bands of relatively uniform salinity was also mentioned on page
52. The explanation of this situation must be sought partly in the climatic factors, and
partly in the effect of the clockwise wind system.

According to Ekman’s (1928) mathematical studies, there should result in the sur-
face layer under the action of a steady wind a net transport to the right (in the northern
hemisphere) of the direction from which the wind blows. Since the prevailing winds of
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the North Atlantic are easterly in low latitudes and westerly further north, there
should be a tendency for the surface water to accumulate in the center of the Sargasso
Sea, the return being effected presumably either by a sinking?” in the horse-latitude belt,
or by an opposite movement just below the depth of direct wind action. The former
scheme of circulation for the surface waters has been for some years generally accepted
(Sandstrom 1919, Merz and Wiist 1922) but the modern data recently have brought the
latter to the fore (Defant 1936). The “Atlantis” observations only partially support these
views; especially there is no evidence of the accumulation of a deep homogeneous layer
in the center of the wind system.
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Fig. 52.—Detail of the trends of temperature and salinity in the surface layer across the southern edge of the
Sargasso Sea high salinity belt, March 11-13, 1932,
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At the time the “Atlantis” observations in mid-ocean were made, the horse-latitude
belt was encountered between latitudes 23° and 26° N. In other words, the relatively
calm belt between the trades and the prevailing westerlies occupied a zone, coinciding
with, but somewhat narrower than, the band of water having the highest salinity (Fig.
50). Here the homogeneous layer had a depth of between 100 and 110 meters. North of
latitude 30° N, the stronger westerly winds had mixed the water thoroughly to a depth
of 300 meters. South of the water more saline than 37 °/,., the-homogeneous layer de-
creased in depth somewhat irregularly. il =) '

The abrupt®® nature of the northern zone of transition (Fig. 50) between the iso-
halines of 36.6 °/oo and 37 °/co gives no support to the type of lateral transfer near the
surface demanded by Ekman’s studies, although at the time this sudden change was en-

27 It is not necessary to assume that a mass sinking occurs. The same effect would be produced if the assimilation of
surface water through turbulence takes place at an increased rate in the central area. That such a mechanism is not very
effective seems probable when we consider that at the center of the eddy forces tending to produce turbulence are at a
minimum. ’

28 Because of the distortion in the diagram, the isohalines appear to be vertical above the depth of 100 meters. We
should bear in mind that the actual slope may have amounted to only 100 meters downward in a distance of 100 miles,
an angle of less than 0.1° from the horizontal.
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countered, the wind was steadily SW and force 4 Beaufort. On the other hand, the
southern zone of salinity convergence, well within the trade wind- belt, did show some
recurving of the isohalines (Fig. 52), indicating at first glance either that the easterly
trade winds were here able to bring about a northward shift of the surface layer or that
the saline water was spreading southward with an axis at roo meters. The situation in the
north seems more in accordance with the early scheme put forward by Sandstrém (1919,
page 241),% while only at the southern convergence does the trend of the isohalines appear
to agree with Ekman’s results, the mathematical basis of which cannot be questioned.

None of these interpretations of the data are to us entirely satisfactory. It seems more
reasonable to conclude that in the Sargasso Sea the surface movements, which theoreti-
cally should be set up by the wind, are opposed to some extent by powerful climatic
factors. This explanation is supported by a consideration of the horizontal distribution
of density. For example, in the northern Sargasso Sea the belt of water having salinities
of between 36.5 and 36.45 °/oo and which is thoroughly mixed in winter down to a depth
of about 300 meters, has a density (¢,) not far from 26.5, while the more saline and
lighter core of water to the south has densities of between 25.65 and 25.10 (Fig. 34).
Since these two contrasting layers were separated by a rather sharp zone of transition, it
1s evident that mixed water is not found in any considerable quantity. It is also evident
that along the northern edge of the saline central core, the frictional force of the wind
at the surface opposes the Archimedian tendency of the lighter water to spread out
over the colder and deeper layer to the north. But it is most unlikely that these two
forces could remain balanced for long and it, therefore, seems probable that the full ex-
planation cannot be had without a study of the internal dynamic forces. .

Unfortunately at the time these “Atlantis” observations were made, it was not sus-
pected that the surface conditions of the Sargasso Sea were as complex as they now
appear to be. For a satisfactory study of thesituation disclosed in Figs. 51 and 52 the sta-
tions should have been made at much closer intervals and readings obtained from addi-
tional depths. The evidence at hand suggests that while the contrast in density between
the stormy, well stirred northern water and the more saline, warmer band to the south
is undoubtedly maintained by a well-marked climatic difference, the sharpness of the
zone of separation is best explained as the result of a shallow easterly current caused
by the contrasting densities of the two masses of water in question. Such a current would
carry off the mixed water and thus maintain a sharp boundary. It seems probable that
shallow, narrow currents of this type are a more general feature of oceanic, surface cir-
culation than has previously been supposed and that the forces which maintain them are
much the same as those which produce coastal currents. In both cases two bodies of water
of contrasting densities are separated by a narrow zone of current, across which there is
often found a rapidly changing temperature-salinity correlation. Thus it may be a mis-
take to interpret movements-in the surface layer on the basis of either temperature or
salinity alone. In the case of coastal currents at any ate, the zone of most rapid current
seems to be very resistant to the frictional force of the wind.

As mentioned above, at the southern boundary of the high salinity belt the observa-
tions (KFig. 52) can perhaps be interpreted either as a southward penetration of the most

_ ™ Sandstrdm stressed the screwing movement of the water as it spirals inward towards a sinking center. His diagrams
indicate that the sinking mainly occurs around the edge of a central core of water. Thus under this scheme there would be
little tendency for the fresher northern water to overlay the margins of the highly saline, central mass.
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saline water with an axis of movement at about 100 meters® or as a northward move-
ment of the surface layer under the frictional force of the wind. However, the corre-
sponding temperature section shows that there existed only a very gradual change in
temperature across this zone of salinity convergence. This consideration precludes any
vigorous north-south transfer of the superficial water. Again we are forced to fall back
on a shallow current, (in this case also towards the east) maintained by the difference in
density of the two masses of water for which it marks the boundary.

This discussion of the surface conditions demonstrated by the “Atlantis” observa-
tions would not be complete without some further mention of the Equatorial Counter-
Current met with in latitude 5° N and already demonstrated in section (Figs. 32, 33 and
34). In a recent paper, Defant (1935) has more fully set forth the extremely complex con-
ditions which exist within the surface layer in low latitudes. Here again one cannot but
feel that sufficient attention has not generally been given to the effect of the high rain-
fall near the equator and the resulting low density of the surface layer.

Near the equator the density of the shallow homogeneous layer is maintained in win-
ter not far from 23.5 (Fig. 34). Through the Archimedian tendency and also aided by
the easterly wind, this relatively light water must seek to spread northward over the
denser (24.5) water produced in the southern part of the northeast trade wind belt. How-
ever, on advancing only a short distance north of the equator it is drawn into the Counter
Equatorial Current, which as Sverdrup (1932) and Defant (1935) have shown, owes its
existence to the fact that the equatorial currents are not symmetrical with the geo-
graphical equator. While the forces which are chiefly responsible for the Counter Equa-
torial Current are of an underlying nature, they are aided by the surface distribution of
density. The relatively fresh equatorial water, which is drawn into the band of easterly
current and thus subjected to vigorous mixing with the heavier, more saline water to the
north, is continually being carried off to the east and therefore the sharp surface bound-
ary zone is maintained.

We are here dealing with a factor not yet fully understood, but apparently of wide-
spread importance in the superficial circulation of the ocean. When in a limited region the
production of relatively light surface water is sufficiently continuous, the wind forces
seem not to be able to offset the current brought about by the horizontal density con-
trasts.

In my opinion, the conditions which assist in maintaining the Counter Equatorial
Current are partly responsible for its narrowness and swiftness and are comparable to
those which cause the sharp changes in surface salinity further north, only in the latter
cases the resultant currents are so narrow and weak that they have not yet been ob-
served. Conclusions on these complex questions must remain tentative because until re-
cently only very few observations existed to demonstrate the sharpness of the stratifica-
tion (both vertical and horizontal) of the superficial layers of the open ocean between
latitudes 30° N and 30°S.

On the basis of the new data it seems evident that as far as the superficial move-
ments are concerned 1n an area such as the Sargasso Sea further observations and special
studies are required. Although in many parts of the ocean, and especially in winter in the

% By far the most exhaustive study of surface conditions in low latitudes has recently been published by Defant
(1936). Unfortunately the present manuscript was already in the hands of the printer. As far as can be seen from a hasty
reading of Defant’s study of the North Atlantic Tropospheric layer, his interpretation of the “Atlantis” observations does

not fundamentally disagree with that given here. However, in order not to delay the publication of this report, it seems
best not to attempt here to discuss the new ideas advanced on the basis of the “Meteor” data.
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northwest quadrant of the Sargasso Sea, the water is homogeneous down to a sufficient
depth so that Ekman’s drift current theory cannot be criticized on the basis of vertical
stratification, the surface layer is not homogeneous in a horizontal direction. The transi-
tion zones at the surface between bodies of water of different density are extremely sharp,
either because of the inability of waters of different density to mix readily or, as seems
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Fic. 53.—Temperature-salinity correlation at all “Atlantis” stations within the Sargasso Sea.

more probable, because of shallow currents which are set up in response to the local
dynamic forces. Whatever the final solution to these puzzling problems, there must be
a mechanism in the vast areas where surface conditions change only gradually to transfer
downward the frictional force of the wind, for one fact is certain, only through the wind
can the broad, slow, deeper type of currents found at mid-depths in the trade wind Jati-
tudes be accounted for.
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Tue LaTERAL MOVEMENTS AT MI1pD-DEPTHS

It has been shown (page 38) that west of Bermuda and below the depth of seasonal
variations (300 meters), the “Atlantis” observations within the Sargasso Sea were re-
markably consistent in temperature-salinity correlation. The question at once arises
whether or not the typical T-§ curve (Fig. 22) holds good for other regions within the
Sargasso Sea. As a first approach to the problem, the observations from the g6 available
“Atlantis” stations within the area bounded by the 700 meter contour of the 10° iso-
thermal plane (as shown in Fig. 47) are plotted in Fig. 53. Through these points a smooth
curve has been drawn reproducing the mean 7-§ correlation for the region west of Ber-
muda (Fig. 22). It can be seen that especially at mid-depths a considerable number of
the observations depart from this curve by more than the observational error in salinity.
However, it can be shown that these departures occur in a fairly regular manner, and
that they can be traced back to the two major lateral movements at mid-depths.
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Fic. 54.—Salinity anomaly section from Chesapeake Bay eastward to mid-ocean. Each dot represents an observation
yielding o anomaly. The sign of the anomalies within the isolines has been recorded, but not their values. Because of
seasonal changes, no observations from depths shallower than 300 méters have been plotted.

The salinity anomaly method, first used extensively in deep water by Helland-
Hansen and Nansen (1926), is the best available means of examining the mid-layers of
the Sargasso Sea. The anomalies plotted in Figs. 54 to 57 were calculated from the curve
given in Fig. 53. Departures in salinity were measured horizontally. Negative values
have been assigned to observations falling to the left of the curve, positive to those
on the right. The values correspond to parts per hundred thousand in salinity. Anomalies
of 2 or less have been disregarded, being within the observational error. In other words,
a departure of +.02 °/,o in salinity from the mean curve is considered as having o
anomaly. ’ :

It has been shown repeatedly (Helland-Hansen and Nansen 1926, Jacobsen 1929)-
that the relatively high salinities centering at 1200 meters in the eastern North Atlantic
result from the outflow and downward mixing off the Straits of Gibraltar of the highly
saline Mediterranean water. By a somewhat different method, Wiist (1935) has traced
this movement westward in horizontal projection. However, the sensitiveness of the
salinity anomaly method enables us to point out several details that otherwise are not
apparent.

After reaching mid-ocean in relatively strong concentrations (anomalies >10 in
Fig. 54) the main wedge-shaped tongue of Mediterranean water becomes somewhat
broken up by the internal circulation of the Sargasso Sea. On the evidence of the “At-
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lantis” stations (Fig. 54) bodies of water carrying small positive anomalies here become
separated from the main movement and drift southwestward in the slow clockwise eddy
to reappear frequently in the Bermuda sections. Thus for about 700 miles east of Ber-
muda the anomalies are somewhat scattered and of lower values than are often observed
just west of Bermuda or further south. Nevertheless some effect of the Mediterranean
outflow can be followed as positive anomalies eastward from Gibraltar (with an axis at
1200 meters) for a surprisingly great distance.

The small negative anomalies at the western end of this section and at a shallower
depth (300-500 meters) were to be expected because of the relative freshness of the
thermocline layer in the slope water band (Fig. 23). '
> Even more impressive is a similar plotting of the “Atlantis” equatorial current
profile (Fig. 55) which shows in cross section at its northern end the southward extension
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F1g. 55.~—Salinity anomaly section across the National Equatorial Current. Fach dot represents an observation
yielding o anomaly. The sign of the anomalies within the isolines has been recorded, but not their values.

in mid-ocean of the layer of Mediterranean influence. This diagram is evidence that posi-
tive anomalies as high as 410 are present at mid-depths in the eastern Sargasso Sea as
far south as latitude 26° N. At a shallower depth (500700 meters), where the westerly
current is more rapid, positive values higher than 5 were found to extend at least 300
miles further south. Between the depths of 1500 and 2000 meters (in other words, below
the layer of maximum influence) small positive anomalies (41 and +2) were consistently
observed even as far south as latitude 15° N. :

As mentioned above, in Wiist’s recent paper (1935) a number of diagrams have been
published showing the influence of the Mediterranean outflow on the distribution of
temperature, salinity and oxygen. This author has named the layer in question, “upper
North Atlantic deep water,” and by choosing as an axis a level sloping downward to-
wards the equator, has traced the movement southward into the South Atlantic and
even to high southern latitudes. On the evidence presented in Fig. 55 it seems to be a
mistake not to differentiate more clearly between the influence of the Mediterranean
outflow with its axis at about 1200 meters, and the general southward movement which
at slightly greater depths carries water into the South Atlantic. The main strength of the
southward component of the Mediterranean outflow appears to be dissipated along the
northern edge of the Northern Equatorial Current where it meets and mixes with the
relatively fresh Sub-Antarctic intermediate layer. Only at slightly greater depths, where
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the characteristics of the water indicate a mixture of bottom water and water from the
under side of the Mediterranean tongue, is there any evidence that the influence of the
saline layer can be traced further south.

The same diagram (Fig. 55) can be used with equal effect to study the northward and
somewhat shallower penetration of the Sub-Antarctic intermediate water. Between
latitudes 20° and 25° N the two opposite influences to some extent counteract each other
through mixture, so that four observations from this region (1000-1300 meters) show o
anomalies. Further west where the strength of the Mediterranean water is somewhat
less, future stations may show a larger area where greater quantities of water having o
anomalies are produced by the blending of these two great lateral movements. The rela-
tive importance of this mechanism in the production of typical Sargasso Sea water can-
not be judged until we know what percentage of the Sub-Antarctic intermediate water
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Fic. 56.—Salinity anomaly section, Nova Scotia-Haiti. Each dot represents an observation yielding o anomaly.
The sign of the anomalies within the isolines has been recorded, but not their values.

is drawn into the Caribbean by the westerly currents of low latitudes, and how much
of it is absorbed along the northern edge of the trade wind belt.

A more westerly section, also crossing the Sargasso Sea in a longitudinal direction,
is shown in Fig. 56. In the north, between the depths of 300 and 600 meters, the negative
anomalies are again, evidence of the fresher conditions of the slope water area. Then in
the central part of the western Sargasso Sea, below a depth of about 1100 meters, a num-
ber of positive anomalies show the widespread influence of the water affected by the
Mediterranean outflow. In the south, the fact that these rather scattered positive read-
ings are interrupted by a tongue of relatively fresh water extending as far north as lati-
tude 27° is evidence that the general clockwise circulation of the Sargasso Sea carries the
remains of the Sub-Antarctic intermediate layer far to the northwest before it finally
disappears.

The influence of the two important lateral movements at mid-depths in the Sargasso
Sea cannot easily be shown in a three-dimensional diagram. But the main facts demon-.
strated by the three sections just examined can be drawn in flat projection provided
depth is to some extent disregarded. In general, the greatest positive anomalies are at
about 1200 meters depth, while because of the slope of the water layers across the North-
ern Equatorial Current, the largest negative values are found at about 750 meters near
the equator and at about 1000 meters along latitude 20° N.
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In Fig. 57, showing the horizontal variations of the observations yielding greatest
posmve and negative anomalies over the greater part of the North Atlantic, the observa-
tions of nearly all previous expeditions could readily be combined with those of the
“Atlantis.” In the northeastern sector of the ocean the anomalies have been copied from
a chart published by Helland-Hansen and Nansen (1926) and since their standard curve
was based on stations from the eastern half of the ocean, the resulting anomalies are
slightly lower than those determined from the average curve of the Bermuda region.

As has been shown by Wiist (1935), the main influence of the Mediterranean water
spreads westward in a fairly symmetrical manner, the course of the isolines for anomalies
of 420 and +10 (Fig. §7) offering further 1llustrat10n of this point. However, the posi-
tive anomalies lower than 410 are mainly concentrated in the southwestern Sargasso
Sea as might be expected from the general clockwise movement of the great North
Atlantic eddy. It appears, however, that another factor also influences the salinity
anomalies in the western Sargasso Sea for the chart (Fig. 57) shows a large area to the
northeast of the Grand Banks where at 300-500 meters negative anomalies higher than
10 are found, these being the result of the southward spreading of Sub-Arctic inter-
mediate water mentioned previously (page 47). Although the evidence is as yet incon-
clusive, this influence seems to extend west of the tail of the Grand Banksin two branches:
the first, north of the Gulf Stream in the eastern slope water and, the second, south of the
Gulf Stream where the return flow from the most southern branch seems to carry nega-
tive anomalies in the direction of Bermuda. Thus it is that only west and north of Ber-
muda can be found any considerable area having no deviation from the T-§ curve here -
used as a standard.

South of the main tongue showing Mediterranean influence a few stations are found
which give both negative and positive anomalies, the latter being from slightly shallower
depths. We have already examined this situation in profile (Fig. 55).

Of greater interest is the wide-spread influence of the Sub-Antarctic intermediate
water in the Caribbean and Gulf of Mexico. Here the axis of the greatest negative anom-
alies occupies depths varying between 600 and 800 meters. However, it is clear from
Fig. 57 that much of this relatively fresh layer is able to escape through the Straits of
Florida, proving that at the shallowest part of the straits the outward flow exists down
to the bottom. In the Florida Current the same layer which carries negative anomalies
greater than 10 northward nearly to Cape Hatteras is characterized by minimum oxygen
readings (Rossby 1936). Within the current this layer is of course inclined downward
towards the east, its axis closely following the slope of the 8° isotherm.

It would be extremely helpful if we could learn something about the rates at which the -
two main movements disclosed in Fig. 57 take place. Since at the present time so little
is known about the relative values of horizontal and vertical turbulence, it is perhaps
permissible to enter here into some rough calculations even though the nature of the
data and our lack of understanding of the processes of turbulence preclude any possi-
bility of arriving at values which can be trusted except as to their orders of magnitude.

In the case of the Mediterranean outflow, we are at first on fairly certain ground,
Nielsen (1912) having made a study of the amount of undiluted Mediterranean water
(salinity 38 °/0o) Which each year must flow into the North Atlantic. In view of the di-
mensions of the channel of the Straits of Gibraltar and of the character of the currents
observed there, his estimate of 56,200 cubic kilometers per year, seems entirely reason-
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able. In passing through the straits, this water must mix with (and thereby carry down-
ward®) a much greater volume of Atlantic water (salinity >35.5 °/,,) for at 1200 meters
off the western side of the straits the salinity of the so-called Mediterranean water® is
already diluted from a value of 38 to about 36.1 °/.,.

If the effect of the downward admixture of Atlantic water in the immediate vicinity
of the Straits of Gibraltar be disregarded, a simple calculation will show that on the basis
of Nielsen’s figures an amount of salt, sufficient to produce the observed positive anoma-
lies, is poured into the North Atlantic from the Mediterranean in a period of about 12—
15 years. Having neglected the effect of the downward mixing Atlantic water, we can
feel sure that the actual rate of renewal is more rapid than this. Thus there can be no
doubt that the interchange between the two oceans remains close to equilibrium.

Since the distance from Gibraltar to the western edge of the positive anomalies
> 10 shown in Fig. 57 is more than 2500 miles, the order of magnitude of the average
westerly component in the axis of this movement is about 200 miles per year, or at least
0.5 miles per day, on the above basis. :

It would seem reasonable that if 56,200 km? of water of salinity 38 °/., sinks in a year
to mid-depths off the Straits of Gibraltar and at the same time carries down some At-
lantic water, the Sub-Antarctic intermediate layer must supply the mid-depths of the
North Atlantic with a volume of water carrying a corresponding deficit of salt. Such a
calculation is of course extremely rough, not only because of the unknown nature of the
mixing in the neighborhood of the straits, but also because in the case of the Sub-Antarc-
tic intermediate layer no reliable figure can be assigned to the average salinity. However,
if the mean value is placed at 34.6 °/o0, at least seven volumes of Sub-Antarctic inter-
mediate water must mix with one volume of pure Mediterranean water to counteract
the latter’s influence on the salinity at mid-depths in the North Atlantic.

The uncertainty is admittedly even greater when this argument is extended one step
further. However, further speculation is perhaps justified because additional evidence
as to the value of the coefficient of vertical mixing in oceanic water is much needed. If
reasonable average dimensions are assigned to the thickness and width of the Sub-
Antarctic intermediate layer as it enters the North Atlantic and if it is assumed that the
layer roughly compensates for the effect of the Mediterranean outflow, on the basis of
Nielsen’s figure for the latter’s volume, it can be shown that on the average the relatively
fresh water must advance northward at least o.5 miles per day. Since this is in agreement
with the value of 0.65 miles per day which was arrived at by Jacobsen’s method (page
55), we have supporting evidence that the coefficient of mixing at a depth of 600-800
meters in the tropical North Atlantic may indeed have a value of about 10 c.g.s. units.

It seems probable that when more complete data are available the general method
outlined above may become extremely useful in calculating both the rate of the deeper
movements in the sea and the variations of the mixing coefficient from layer to layer.
Perhaps on these grounds this preliminary study of the influence in the Sargasso Sea of
the two great lateral movements can best be justified. ' '

% On page 81, when discussing the connection between the two southern terminal branches of the North Atlantic
Current and. the beginning of the Northern Equatorial System, it is stated that some of the water arrives at the region
east of the Azores as a relatively deep current, while the main outflow, under the action of the wind, must be from the
superficial layers. Off the Straits of Gibralter the downward mixing of Atlantic water probably serves as a mechanism for
the removal of some of the deeper layers carried eastward by the Guif Stream System.

% It is now quite customary to refer to the relative saline waters at mid-depths in the eastern North Atlantic as Medi-
terranean water, although it only exists there in a much diluted state.
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Tue InTERNAL MIXING

Below the depth of seasonal variations the greater part of the observations from the
Sargasso Sea, especially from its western half, depart only slightly in temperature-salinity
correlation from the smooth curve given in Fig. 53 and it is evident that the variations
from this mean relationship can be explained chiefly by the lateral movements at mid-
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F1G. §8.—~Temperature-salinity diagram showing the characteristics of the various bodies of water
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region, is also shown. :

depths which have just been examined. But a clear demonstration of all other factors
that may influence the shape of this curve is difficult, because a full understanding of the
circulation of the North Atlantic is required.

Jacobsen (1929) has attempted to account for the shape of T-S curves of stations
from the North Atlantic on the basis of the mixing of six primary types of water which
can be plotted as points on the diagram. These points (E,A,C,S,M, & B) and the connect-
ing straight lines used by Jacobsen are reproduced in Fig. 58 along with the mean T-S
curve (solid curve) for the Sargasso Sea copied from Fig. 53.

As pointed out by Jacobsen, most T-S curves from the central North Atlantic follow -
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closely the S-C line for the major part of their length. But the layer having the charac-
teristics of this part of the curve is comparatively shallow (300-goo meters). Moreover,
a study of the “Atlantis” mid-ocean section (Fig. 55) shows that unmixed S water (Sub-
Antarctic intermediate) and C water (surface water from the central Sargasso region)
probably never occur within 1200 miles of each other. Other serious difficulties can be
found on attempting to explain the course of Sargasso Sea T-S curves by the scheme ad-
vanced by Jacobsen.

An equally preliminary, but perhaps more satisfactory, approach to this problem
can be outlined as follows. If the Sargasso Sea were not affected by lateral movements
at mid-depths, its waters would be nearly a pure mixture of bottom water and surface
water, in which case, the relationship between temperature and salinity could be ex-
pressed by a straight line connecting a point close to B with one near C on Fig. 58. The
variations in the nature of bottom water are very slight, especially in the western basin
of the North Atlantic, so that no serious difficulty arises in supposing that the character-
istics of bottom water can be represented as a single point on the diagram. For the sur-
face water the situation is more complex. Probably in winter in any given locality, the
water 1s at the lowest limit of the homogeneous surface layer varies only slightly from
year to year (Fig. 20). It is also probable that in considering the characteristics of the
surface water which are transferred downward through turbulence, the winter conditions
are all important, for it is only at this season that wind stirring extends downward to a
considerable depth. A plotting of the “Atlantis” winter observations over much of the
Sargasso Sea shows a great majority of the points falling near C’ (Fig. 58), another group
near C”, and a smaller number along the broken line between. Apparently the point C’
1s characteristic of the winter surface conditions in the western and northern Sargasso
Sea, where the mixing is most vigorous, and the point C”’ of the highly saline, central
area. It is purely by chance then, that the T-S ratio of the superficial layer over most of
the central North Atlantic closely parallels Jacobsen’s line SC (Fig. 58).

It seems probable that were it not for lateral movements at mid-depths, internal mix-
ing would produce for the Sargasso Sea a temperature-salinity correlation which could
be expressed by a straight line joining the point B with a point C’. The maximum depar-
ture of the mean curve given in Fig. 60 from this simplified situation occurs for 10°
water and amounts only to about 0.4°/,. on the salinity scale. In other words, the main
thermocline layer is only slighly less saline than would be produced by a pure mixture of
surface and bottom water. The comparative freshness of the water at mid-detphs seems
to be explained by the important réle which the Sub-Antarctic intermediate layer plays
in the western North Atlantic.

There are two ways'in which the mid-layers of the Sargasso Sea receive water of rela-
tively low salinity. In the first place, there arrives directly from the south a supply of
water having the characteristics of the curved line $’S’, which was constructed from the
observations at mid-depths at “Atlantis” stations 1166 and 1167, situated near the tip
of the wedge-shaped Sub-Antarctic intermediate layer (Fig. 55). Secondly, according to
Wiist’s (1924) figures for the Florida Straits, there is introduced indirectly® into the Sar-
gasso Sea by way of the Florida Current a large volume (at least 3 X 10° cubic meters per
second) of water having the characteristics of the curved line A’A’ which was constructed
from the “Atlantis” observations in the Florida Current off Cape Canaveral.

% This water, carrying negative salinity anomalies (Fig. 57), is diluted through horizontal turbulence with the Sar-

gasso water along the right hand edge of the current. Also part of this deficit of salt is carried into the Sargasso Sea via
the southern branch of the Gulf Stream System.
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The outflow from the Mediterranean is, of course, exerting an opposite effect on the
course of the mean T-S curve for the Sargasso Sea. From this source there comes to the
northern edge of the Northern Equatorial Current a good supply of relatively saline
water. In mid-ocean, the characteristics of this water can be represented by the curve
M'M’ constructed from the “Atlantis” observations at stations 1162 and 1163 (Fig. 55).
Along the southern boundary of the Sargasso Sea the turbulence resulting from the
deep wind current mixes the remnants of the Sub-Antarctic intermediate layer with the
layer influenced by the outflow from the Mediterranean, thus producing a supply of
water of intermediate character which is carried by the wind current to the southwestern

'Sargasso Sea, where much of it is absorbed into the Gulf Stream System.

Besides these more active regions of mixing, turbulence is everywhere continually
blending together the various primary types of water which are manufactured in the Sar-
gasso Sea, or which are brought thither by currents. The results, for the greater part of
the region, is a smooth curve connecting the characteristics of the deep water with those
of the surface layer. The dominant part which the Sub-Antarctic intermediate water
plays in the shape of this curve is explained both by the relatively large supply of this
water entering the North Atlantic and by the current system at a mid-depths set up by
the wind in low latitudes. The contrary influence, the Mediterranean water, results from
a smaller outflow, which to some extent is prevented by the wind system from spreading
westward except in a much diluted state. Moreover, as has been shown by Wiist (1935)
part of the Mediterranean influence becomes drawn into the general southward move-
ment which supplies salt to the deeper layers (15002500 meters) of the South Atlantic.
A good part of the salt thus lost from the North Atlantic moves south from the under
side of the axis of the layer of greatest Mediterranean influence. As Jacobsen (1929) has
shown, in the eastern half of the ocean there is a considerable volume of this water which
1s a direct mixture of Mediterranean (M) water and bottom (B) water.

The scheme outlined in the preceding pages is contrary to the former widespread
belief that the Sargasso Sea is a center of sinking. Such direct vertical movements (except
in high latitudes) are not supported by the available observations. It seems more prob-
able that the vertical transfer in the Sargasso Sea only takes place extremely slowly
through internal turbulence, by which process the surface water is transferred downward
on the whole less effectively than the deep water is stirred upward.

This point of view is supported by the following reasoning. The depth scale along the
mean T-S curve (Fig. 58) shows that at about 800 meters (the heart of the main thermo-
cline) the percentages of deep water and surface water are approximately equal. In other
words, only down to this relatively slight depth does there exist a greater proportion of
surface water, while deeper down the characteristics of bottom water quickly begin to
predominate, so that at 1400 meters the mixture shows approximately go%, of the char-
acter of bottom water and only 109, of surface water. Until we can make more exact
estimates of the amounts of Sub-Antarctic intermediate water and of Mediterranean
water which take part in the Sargasso Sea in the mixture at 700—1500 meters these esti-
mates are, of course, only roughly approximate. Nevertheless, it is evident that the down-
ward stirring of surface characteristics affects strongly a much less extensive depth zone
than the upward mixing of bottom water.

Further support is given to this reasoning when we consider that in the center of the
Sargasso Sea the factors causing internal turbulence are at a minimum. Since the area is
relatively free from currents, the most effective vertical mixing should occur in the
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deeper layers where the stability is only slight. Except for a short period in winter, the
waters of the Sargasso Sea always have considerable stability above a depth of about 1200
meters which must hinder the downward mixing of surface water.

If the above theory be in the main correct, there are two paths by which the upward
mixing deep water of various origins leaves the Sargasso Sea. On the one hand, the north-
ern branch of the North Atlantic Current is continually carrying off to the north a con-
siderable volume containing, even at relatively shallow depths (Fig. 31), a good percent-
age of water of deep characteristics. On the other hand, as Wiist (1935) has shown, there
is also a slow southward seepage into the South Atlantlc which is continually removing
water from depths just below the main thermocline. This southward flow, carrying water
with temperatures of about 4.5° and salinity of about 35°/,. (Fig. 32 and 33), contains
a high percentage of deep water, mixed only with a small amount of the Mediterranean
outflow and an even smaller quantity of water stirred downward from the superficial
layers. Thus on the whole both of these outward movements from the Sargasso Sea act
as mechanisms whereby the deep water is drawn into the horizontal circulation. While
the northern branch of the North Atlantic Current is a fairly direct mechanism for carry-
ing water into the superficial layers, the southward seepage of water into the South
Atlantic only approaches the surface on reaching high southern latitudes (Wiist 1935).

SUMMARY AND CONCLUSIONS

1. The “Atlantis” observations (1931-1934) provide the first adequate and satisfac-
tory data for a study of the broad features of the distribution of temperature and salinity
in the western half of the North Atlantic Ocean.

2. Two areas relatively free from current have been examined, namely the slope
water and the Sargasso Sea.

3. The permanent currents in the region under consideration fall into two systems:
the Northern Equatorial System and the Gulf Stream System. The latter separates the
slope water from the Sagrasso water.

4. In both of these regions long period, vertical oscillations have been shown to take
place in the depths occupied by the thermocline layer. Such changes accompany varia-
tions in the transport of the Gulf Stream System, At the same time, there probably exist
also short period changes, possibly tidal in origin.

5. The Northern Equatorial System is directly caused by the trade winds and hence
1s widespread and, except near the surface, has relatively small velocities. The westerly
movement of the water causes a gradual slope upward towards the equator of the water
layers constituting the thermocline. Approximately two-fifths of this westerly flow enters
the Caribbean and, after being slightly modified by mixing, emerges through the funnel-
like opening of the Straits of Florida to form the beginning of the Gulf Stream System.
A second and probably minor subdivision, known as the Antilles Current, follows the
line of the West Indies northwestward and also contributes to the Gulf Stream System.
A third and major subdivision, namely the northern part of the trade wind current,
moves slowly westward outside (northeast) of the Antilles Current to join the Gulf
Stream System south of Cape Hatteras. Finally, there is also absorbed south of Cape
Hatteras a considerable volume of water coming from the northeast, supplied in part

by the most southern branch of the Gulf Stream, which recurves just east of the Grand
Banks.
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6. The Gulf Stream System, in contrast to the pure wind currents of low latitudes,
is relatively narrow and swift, being characterized by the steep slope of the isotherms
and isohalines across its parth. On the basis of changes in structure, demonstrated by the
“Atlantis” sections, this system may be subdivided longitudinally as follows: the Florida
Current, the Gulf Stream and the North Atlantic Current.

7. Although the Gulf Stream System is chiefly initiated by the westerly moving wind
currents of low latitudes, it seems to be to a large extent unaffected by the prevailing
winds of higher latitudes. The narrowing and intensifying of the flow as it parallels the
American coast cannot yet be adequately explained. Nor is it understood just what
factor causes a branching of the current east of the Grand Banks, from which point on
the name North Atlantic Current is appropriate. The paths which these branches follow
seem to be largely determined by the topography of the bottom.

8. The northern branch of the North Atlantic Current, which is probably the most
vigorous, is relatively shallow and carries water far to the north, away from the general
circulatory system surounding the Sargasso Sea. Its path is probably variable, and this
fact explains the periodic “‘transgressions of Atlantic water” described by LeDanois
(1935), for the northern branch of the North Atlantic Current in general marks the limit
near the surface of water more saline than 35°/,,. The middle branch of the current
remains deep as it nears the region off the coast of Europe where the energy is to a large
extent dissipated in great eddies. A third subdivision, less clearly defined, appears to
curve around sharply to the right and to return more directly to the southwestern Sar-
gasso Sea.

9. Although at mid-depths in the Sargasso Sea temperature and salinity only change
extremely gradually in a horizontal direction, the surface layer, at least in winter, shows
several sharp zones of salinity transition which separate bodies of water having contrast-
ing densities. While the surface waters of this region were found to be homogeneous down
to a sufficient depth so that Ekeman’s theoretical studies cannot be criticized on the basis
of vertical stratification, the sea is not homogeneous in a horizontal direction. The transi-
tion zones between the areas of different density remain sharp, either because of the in-
ability of the adjoining bodies of water to mix readily, or because of shallow currents
which are set up in response to the dynamic forces across the boundaries, and which to
some extent block the lateral transfer which the wind would otherwise produce.

10. The loss of water to the north from the great Atlantic eddy is largely compen-
sated for in the SargassoSea by the continual absorption from beneath through turbulence
of deep water which is predominantly northern in origin. At a shallower depth some
northern water (Sub-Arctic) is also being continually absorbed into the northern branch
of the North Atlantic Current and thus is returned more directly to the north.

11. The longitudinal transfer across the equator must likewise balance. From the
standpoint of the North Atlantic, the intake occurs both above the depth of 1200 meters
and near the bottom The southward movement then must occupy the mid-depths.

12. It has been shown that on the whole the waters of the Sargasso Sea are remark-
ably constant in temperature-salinity correlation. Therefore the salinity anomaly method -
is a particularly sensitive one for tracing the slow lateral seepages of water at mid-depths. -
A study of all available data for the central North Atlantic indicates that there are two
great movements of this type which exert widespread influences. The layer centering at
1200 meters and containing a slight admixture of Mediterranean water has been traced
as far west as Bermuda and in mid-ocean as far south as the trade wind belt. Here it
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meets and mixes with the remnants of the relatively fresh Sub-Antarctic intermediate
layer. The latter, as it penetrates northward from the equator, tends to spread northwest-
ward and a relatively strong concentration of it has been observed in the Florida Current.

13. While everywhere in the surface layer climatic factors play an all important role
in controlling the temperatures and salinity of the water, below a depth of about 300
meters in the Sargasso Sea the waters are only modified through internal mixing. In this
way, water is slowly absorbed from the Sub-Antarctic intermediate layer in the south
and from the layer of Mediterranean influences in the east. The Sargasso Sea loses water
in two main directions. In the first place, it contributes in the southwest at all depths to
the Gulf Stream System and partof this water escapes to the north. Secondly, it contrib-
utes in the southeast water from the deeper layers (15002500 meters) which, along with
a mixture of diluted Mediterranean water and bottom water, passes slowly into the South
Atlantic. In no other way can the relatively high salinities at these depths south of the
equator be explained.

14. The relatively slow lateral movements found at mid-depths in the central North
Atlantic, though important in the interchange between this ocean and the neighboring
seas, do not as greatly influence the temperature-salinity correlation of the mid-layers
as does the upward mixing of deep water and the downward stirring of the surface water.
The blending through turbulence of the characteristics of these two contrasting layers
to a large extent accounts for the temperature-salinity ratio of the thermocline. A con-
sideration of the typical T-S curve of the Sargasso Sea suggests that in this area surface
water only exerts a strong influence in a relatively shallow depth zone, and that since
little such water is carried away to the north, the region is not such an effective center of
sinking as has been generally supposed.
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