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In physical oceanography the admitted limitations of the Bjerknes circula-
tion theorem sometimes are lost sight of and therefore the current trend of 
inquiring emphasis on these limitations is encouraging. The intelligent 
interpretation of dynamic calculations and the determination of absolute 
current directions and velocities therefrom, depend upon a knowledge of 
the location and shape of a motionless reference surface. In the past the 
arbitrary selection of isobaric surfaces for reference has been the resort to an 
approximation found useful in the absence of more definite knowledge re-
garding the true location and shape of such a motionless surface or surfaces. 
In recent years various oceanographers have proposed various non-spheroi-
dal reference surfaces such as the oxygen-minimum layer, and a surface 
approximating an isentrope of constant vertical stability. The state of our 
knowledge has not yet reached the point where we can define such a surface 
which is universally applicable. Until that stage of development is reached 
each unique region must be dealt with individually and the several particu-
lar solutions may help in ultimately laying bare that general solution. 

In the southern part of the Labrador Sea the oxygen minimum surface 
cannot be used since it is not present. Observation and experie_nce of the 
International Ice Patrol has shown that the direction and velocity of the 

, , surface currents as indicated by the drift of icebergs are essentially in agree-
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Figure 53. Horizontal distribution of anomaly of specific volume. 
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ment with dynamic topographic maps referred to the 1500-decibar urface. 
Prior to 1935 deeper reference surfaces were not used for this re"'ion chiefly 
because of the errors which would have been introduced throu"'h nece ary 
extrapolations in the many cases where observations did not ex-tend to 
deeper levels. However, during the summer of 1935 a network of tation 
in this area were all occupied to as near bottom as wa practicabl and the 
questi on arose as to what reference urf::tce would be the be t . 
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In order to find the most nearly motionless level in the area as a whole the 
least variability in vertical differences in dynamic height for any 500-meter 
layer was selected as a criterion. The investigation showed that the desired 
level was at about 2000 meters. The method was then checked by inspec-
tion of horizontal gradients of anomaly of specific volume. Figure 53 shows 
the horizontal distribution of anomaly of specific volume for the 1500-, 
2000-, 3000-, and 4000-decibar surfaces and demonstrates that the horizon-
tal gradients are least in the 1500-and 2000-decibar surfaces. It will also 
be seen that with the exception of the region immediately south of Cape 

Figure 54. At left : Dynamic topography at 3,500 decibars relative to 2,000 ctecibars. 
At right: Potential bottom temperatures. 

Farewell, the 2000-decibar surface is indicated as most nearly motionless on 
the basis of this criterion. Such a criterion rests on an assumption which at 
that time was reasonable but without proof. Restated, the assumption was 
that the surface in which the velocity was most nearly uniform was also the 
surface in which the velocity was most nearly zero. 

Deep level dynamic topographic charts were then drawn with reference 
to the 2000-decibar surface and these gave a circulation picture of the deep 
water consistent with other criteria of the circulation of the deep and bottom 
waters of the Labrador Sea. Admittedly, because of the small density 
gradients involved and because of the probably undulatory character of the 
motionless surface if one exists, the accuracy of deep level current maps is 
highly questionable as to velocity. It is believed, however, that the indi-
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cated directions of How are reliable in the main . One bit of evidence con-
fi rming these maps, and therefore the selecti on of the motionless surface, 
is to be found in examining the bottom temperatures. From the material 
of this survey it was possib le to construct a reliable chart of the potential 
temperature at bottom. F igure 54 shows the dynamic topographic map of 
the 3500-decibar surface relat ive to 2000 decibars and the potential bottom 
temperatures for depths greater than 1500 meters. Each part of this figure 
will be seen to indicate the southward movement of water along the Ameri -
can side of the basin. 

During the summer of 1937 an adjacent area to the south, east of the 
Grand Banks, was surveyed. At many of the stations the observations ex-
tended to 4000 meters. Although these stations were so wi dely spaced that 
it is not possible to deduce from them detail ed patterns of circulation, they 
nevertheless afforded the opportunity of studying the major features. In a 
manner similar to that used in the 1935 survey, the horizontal distribution of 
anomaly of specifi c volume was examined by means of the construction of 
horizontal sections for several of the deeper levels. Inspection of these 
sections indicated that the smallest horizontal gradients of anomaly of 
specifi c volume occurred at 2000 or 2500 meters depth. Again using this as 
the criterion of least motion, the 2000-decibar surface was selected for 
reference in the construction of dynamic topographic maps. In Figure 55 i 
shown the resulting topography at the surface of the sea and at 3500 deci-
bars both referred to the 2000-decibar surface. The picture of the circula-
tion at the sea surface is in accord with the direction of drift indicated by the 
wire angle at stations where li ght wind or calm weather prernil ed, and wi th 
the set indicated by astronomical observations on runs bet\\een tations. 
Further verification is found in the depth of the 10° isotherm. Iselin (1 ) 
has found this to be a convenient indicator of the circulation in the western 
North Atlantic and examination of those stations taken in or near the 
Atlantic Current shows a notable correspondence between the contour lines 
of this thermal surface and the indicated course of the dynamic isobaths. 

Examination of the anomalies of dynamic height at level below 2000 
decibars with reference to that surface indicated increasing relatiYe Yeloci-
ties to 3500 decibars and a decrease from 3500 to 4000 decibars. In the 
preceding discussion of the 1935 survey of the adjacent area to the north it 
was pointed out that the deep water was moving southward along the 
American side. Here we see the continuation of this southward fl ow of tJ1e 
deep water past F lemish Cap and continuing as fai· as latitud 40° N ., the 
southern limit of the survey. Most of the flow continue clo e in to the 
edge of the Grand Banks but some of it travels more directJ outhward 
along the 41st meridian, being separated from the major portion b~ a whorl 
which is roughly concentri c with the bottom depression at about 44° N ., 
42° w. 
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Now a rough check on the assumption that the 2000-decibar surface is 
most nearly motionless is made possible by the distribution of the isobaths 
in the 3500-decibar map with respect to the overlying Atlantic Current. 
The volume of fl ow of the Atlantic Current past the section east of F lemish 
Cap, determined by numerical computation and checked by planimeter 
measurements of a velocity profile, was 39.3 mill ion cubic meters per second 
relative to the 2000-decibar surface. At 3500 decibars the velocity is greater 
at this section than in any other part of the survey. If the 2000-decibar 
surface is motionless the average velocity in this section at the 3500-<lecibar 
surface is 6.6 centimeters per second southerly and the average velocity of 
the water in the rectangular cross section between the 2000- and 3500-<leci-
bar levels is taken at 3.3 centimeters per second southerly. However, if 
the 3500-decibar surface is motionless the average velocity is 6.6 centi-
meters per second northerly at 2000 decibars; the average velocity in the 
rectangle is 3.3 centimeters per second northerly; and all of the velocities 
used in determining the volume of flow of the Atlantic Current above 2000 
decibars are too small by 6.6 centimeters per second in which case the 
volume of flow of the Atlantic Current past this section becomes 39.3 + 25.5 
+ 9.7 or 74.5 million cubic meters per second northerly. 

Now the 3500-decibar map indicates that the deep water velocity past 
the section running southeasterly from the Tail of the Grand Banks is much 
less than it is east of Flemish Cap. Again taking the 2000-<lecibar surface as 
motionless, the average velocity at the 3500-<lecibar surface at the southern 
section is 2.6 centimeters per second southerly, whereas if the 3500-<lecibar 
surface is motionless this represents the average northerly velocity at 2000 
decibars. If half this figure or 1.3 centimeters per second be taken as the 
average velocity of the water between the 2000-and 3500-<lecibar surfaces 
under the Atlantic Current at this section, the resulting volume of flow 
between these surfaces is about 5.9 million cubic meters per second, directed 
northerl y if 3500 decibars is the motionless surface and directed outherly 
if 2000 decibars is the motionless surface. Furthermore, if the 3500-decibar 
surface is motionless any determination of the volume of flow aboYe 2000 
decibars relative to that surface will be based on velocities which are 
uniformly too low by 2.6 centimeters per second which will re ult in a di -
crepancy of 15.8 million cubic meters per second. Thus if the 3500-<lecibar 
surface is motionless, and we assume that the Atlantic Current passing the 
Flemish Cap section is the same as the Atlantic Current passing the southern 
section, a determination of the volume of flow past the latter ection from 
0 to 2000 decibars relative to 2000 decibars should give 74.5 - 5.9 - 15. , 
or 52.8 million cubic meters per second; but if the 2000-<lecibar surface is 
motionless, the result should be 39.3 million cubic meters per second. 
Numerical computation, again checked by planimeter measurements of a 
velocity profile of the Atlantic Current past thi outhern ection, actually 
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showed a volume of flow of 42.8 million cubic meters per second, which is 
much nearer the figure of 39.3 than the alternate figure of 52.8. Restating 
these figures in another manner: if the 3500-decibar surface was motionless 
the Atlantic Current in passing from the southern section to the Flemish 
Cap section increased from 64.5 to 74.5 or 10 million cubic meters per second 
which is 15½%, whereas if the 2000-decibar surface was motionless the 
Atlantic Current decreased from 42.8 to 39.3 or 3.5 million cubic meters per 
second which is 8%. Considering that we have been discussing only the 
northern branch of the Atlantic Current and considering the assumption 
that the volume of flow past the two sections is the same, the foregoing 
would seem to indicate that the 2000-decibar surface is more nearly motion-
less than the 3500-decibar surface. 

Attention is again directed to the other assumptions made in this trans- · 
port balance; namely, that the deep water velocities are sufficiently reliable 
to make the check significant, and that the vertical distribution of the deep 
water velocity is near enough to being linear for the purpose of the check. 

From the dynamic topographic maps of the sea surface and the 3500-
decibar surface, as well as other maps not shown, the direction of flow is 
indicated to have been roughly parallel to the bottom contours at all levels. 
This is true regardless of the reference surface selected, only the direction of 
flow along the dynamic isobaths being dependent upon the selection of the 
proper reference surface. In other words at any level the flow is either from 
the Tail of the Grand Banks toward Flemish Cap or from Flemish Cap to-
ward the Tail of the Grand Banks. The temperature-salinity correlation 
was investigated at each end of the area surveyed. All of the observations 
from depths greater than 1500 meters from the stations comprising the 
section east of Flemish Cap were plotted and the individual station curves 
drawn. These are shown at the left in Figure 56. The two broken lines, 
separated by about 0.03 °loo salinity, represent approximately the range of 
observational error. A similar plot of temperature against salinity was 
made for all observations from depths greater than 1500 meters from the 
stations comprising the section running southeasterly from the Tail of the 
Grand Banks and is shown in the middle of Figure 56. Again the individual 
station curves have been drawn and the envelopes indicated by broken lines. 
The separation of the envelopes is again about the range of observational 
error except in the vicinity of about 3.25°, where the characteristic shape of 
the individual station curves require a lower-salinity hump. From these 
two plots have been derived the mean curves representing the temperature-
salinity correlation for the two extreme edges of the survey, along the course 
of the current, for depths greater than 1500 meters, and shown at the right 
in Figure 56. From this it will be seen that the two correlation curves cross 
and that in the upper part of the figure the water off Flemish Cap is fresher 
than off the Tail of the Banks, whereas in the lower part of the plot, in the 
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deeper water, that off the Tail of the Banks is fresher than that off Flemish 
Cap. Now if we consider that the source of this fresher water of more nega-
tive salinit y anomaly is the downward-mixing, cabbeling (5 ), mixed water 
containing Labrador Current water as a constituent and found along the 
boundary between the Labrador and Atlantic Curren ts (.'3) (4), then the 
interpretation is that in the upper levels the Atlantic urr nt is traveling 
from the Tail of the Banks toward Flemish Cap, which we know to be the 
case, and that in the deeper levels the water below the Atlantic Current is 
moving in the opposite direction, from F lemish Cap toward the Tail of the 
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Figure 56. Temperature-salinity correlation for depths greater than 1,500 meters. Left : 
Stations 2523-2528 occupied July 7-9, 1937, east of F lemish Cap. Middle : tations 2475--
2484 occupied June 22-25, 1937, southeast of the tail of the Grand Banks. Right: Com-
parlson of mean curves. 

Grand Banks. The corollary is that at some level in between, the water i' 
motionless and that this motionless level is at about where the t wo cun·e 
shown at the right in Figure 56 cross. The presence of the hump in the 
curve for the Tail of the Grand Banks makes it difficult to ay from thi 
figure where this motionless level is located more exactl y than that it i 
between temperatures of about 2.7° and 3.4° C. which corre pond to depth 
of about 3200 and 1750 meters respectively. This is looked upon a trong 
evidence in favor of the existence of a motionless surface uch as was a -
sumed in the construction of the dynamic topographic maps referred to the 
2000-decibar surface, the depth of which surface is within the limit s indi-
cated from this consideration of the temperature-salinit y correlations. 

Because it was indicated, on the assumption of the 2000-decibar urface 
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as the most nearly motionless, that the most rapid motion of the deep 
water occurs in the 3500-decibar surface, this surface was selected for the 
illustrations which have been described. For the same reason and for com-
parison with the dynamic topography of the 3500-decibar surface referred 
to the 2000-decibar surface a potential density surface of a1f = 27.90 was 
selected for an isentropic (2) analysis since the depth of this density surface 
is in the neighborhood of 3500 meters. Potential temperatures at this 
isentropic surface have been determined and isotherms have been drawn for 
the same survey from which was derived the deep level current map which 
has figured in the foregoing discussion. For purposes of comparison, Figure 
57 shows this dynamic topographic chart of the 3500-decibar surface 
relative to 2000 decibars at the left, and the isothermal chart of potential 
temperature at the surface of a1, = 27.90 at the right. The axis of minimum 
temperature is the most striking feature of this illustration and has been 
traced in as a heavy broken line. It indicates the flow of the cold deep 
water from the Labrador Sea southward beneath the Atlantic Current. 
This is the same general picture of the circulation of the deep water that is 
given by the topographic chart at the left. The similarity of the two parts 
of the illustration is considered to be a further confirmation of the approxima-
tion to zero velocity at the 2000-decibar surface since this is the reference 
surface used in the construction of the dynamic topographic map shown. 
As was pointed out earlier in connection with the topographic map the 
stations are so far apart that details of circulation cannot be derived from 
the map. This is of course also true for the isothermal chart of the isen-
tropic surface shown. All of the isotherms might well be drawn as broken 
lines to indicate the uncertainty as to their course. However, this much is 
regarded as certain: that the axis of minimum potential temperature is well 
defined and the southward flow clearly indicated. There is a choice open as 
to whether the axis passes east or west of the central station at the north 
end of the diagram. In the isentropic analysis the axis has been shown as 
passing east of this central station in order to preserve the simplest diagram. 
In the dynamic chart the axis seems to pass to the west of this central 
station. The main point is that the two circulation pictures are in general 
agreement. 

Perhaps it should be emphasized here that the idea of flow along an isen-
tropic surface is subject to the same necessity for proof that confronts the 
Bjerknes circulation theorem. It is subject to limitations and a very 
pertinent limitation in the region under discussion is that the flow is not 
isentropic in regions where cabbeling is taking place. It has already been 
mentioned that along the boundary of the Labrador Current cabbeling is in 
evidence. The left hand edge of this isentropic chart is therefore question-
able. This presence of cabbeling may be a factor in the reason for the 
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variable depth of the isentropic surface selected. Figure 58 illu strates the 
extent of this variation in depth. Here the depth of the isentropic surface 
has been plotted for each of three sections across the axis of minimum 
potent ial temperature. In each case the western end of the section is at 
the left . The broken vertical lines indicate the intersection of the cold axis 
with the vari ous sections. The three curves have been so oriented that the 
intersections wi th what is regarded as the major cold axis have a common 
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abscissa. This illu stration shows that in each of the sections the depth of 
the surface shoals abruptly in approaching the western end. This is noted 
because it is particularly along the western edge of the fi gure that cabbeling 
probably occurs. The fi gure also illu strates the degree to which the depth 
of the isentropic surface approaches that of the 3500-decibar surface. 

We have now considered a number of indicators all of which are in sub-
stantial agreement in support of the existence of a most nearly motionless 
level a t a depth of about 2000 or 2500 meters in the region immediately 
eastward of the Grand Banks. Summarizing, this evidence is contributed 
by patterns of flow, bottom temperatures, a volume transport balance, 
temperature-salinit y correlations, and a deep-water isentropic analysis. 
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