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CONTRIBUTION TO THE QUESTION OF THE 
EQUATORIAL COUNTER CURRENT 

R. B. MONTGOMERY 
National Research Council, Washington 

AND 

E. PALMEN 
Thalassological Institute, H elsingfors 

1. EXAMINATION OF THE THEORY FOR THE 
EQUATORIAL CURRENTS 

The question of the dynamics of the equatorial counter currents 
of the several oceans was scarcely brought nearer solution by the 
research of recent years. The attempt of Sverdrup (1932), which 
Defant (1935) has further pursued, to explain the counter current as 
a result of the asymmetry about the equator of the westward-flowing 
north and south equatorial currents, does not suffice. This may be 
shown by the following short exposition. 

With symmetric wind distribution about the equator ( doldrums 
coinciding with equator) the dynamic balance can be illustrated 
schematically by the shape of the sea surface and of the internal 
density discontinuity in Figure 35A. If the doldrums lie north of 
the equator, as is the normal case in both the Atlantic and Pacific 
Oceans, the condition of dynamic balance still merely stipulates that 
along a meridional section the sea surface and the internal boundary 
must have a slope giving equilibrium with the Coriolis force on the 
longitudinal motion. With a westward current corresponding at every 
vertical of the meridional section to the strength of the trade winds 
one would expect the calm zone to be characterized by stagnant water 
(or, taking lateral friction into account, by a weak westward current). 
For this case dynamic balance requires a condition as in Figure 35B. 
The equator is distinguished by a trough in the sea surface and a 
ridge in the internal boundary; the doldrums, however, are revealed 
merely by a horizontal course of these two surfaces. On the other 
hand, the presence of a counter current demands a scheme of the type 
in Figure 35C, which will be recognized from the papers of Sverdrup 
and Defant. 

( 112) 
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It is therefore not allowable to consider the counter current as a 
part of the equatorial flow necessary for a balance of forces in the 
meridional direction. The circumstance that the mass distribution 
actually . co~responds to the schematic representation of Figure 35C 
merely s1gmfies that this distribution is dynamically required in the 
presence of a counter current asymmetric to the equator. The cause 
of the counter current must be sought elsewhere. 

One is thus brought back to the thoughts expressed by Ekman as 
early as 1906, for these appear to offer a foundation for the present 
investigation. 

When a uniform and constant wind covers the whole surface of a 
homogeneous limited ocean of uniform depth the integral from top 
to bottom of the water transport must everywhere be zero, because 
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Figure 35. Isobaric lines on a meridional section (extending to a depth of about two hundred 

meters) of the tropical waters in an idealized two-layered ocean. The lower layer is motionless 
and the waters in the upper layer flow westward ("W") or eastward ("E") as indicated. A, 
symmetry about the equator and no counter current. B, a stagnant zone north of the equator. 
C, a counter current north of the equator. 

there are no preferred regions for it to become finite. The transport 
of the pure drift current is perpendicular cum sole to the wind direc-
tion. According to Ekman (1906, p. 532) the rise of the sea surface 
nearly coincides with the wind direction. There is a deep current 
uniform from top to bottom directed perpendicular contra solem to 
the rise of the sea surface. Its speed is always less than that of the 
drift current at the surface, and is approximately proportional to the 
ratio of the depth of frictional influence to the depth of the ocean. 
When this ratio is a small fraction, the bottom current becomes neg-
ligible so that there is balance between the wind stress and the pres-
sure gradient associated with the slope of the sea surface. This means 
that there is balance between the transport of the drift current and the 
transport of the deep current. 

Ekman regards the equatorial currents as a modification of this 
very simple scheme. The northeast and southeast trade winds blow 
over two zones of the ocean; between them and on the poleward sides 
are calm zones. It is assumed, following the preceding result, that 
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the component of the pressure gradient in the direction of the :wind 
(longitudinal) is uniform throughout the ocean, and of such ma_gmtude 
that its integral over the volume of the ocean balances the m!egral 
of the wind stress over the surface of the ocean. Locally there 1s not 
balance between these two forces, but bottom friction balances the 
pressure gradient in the calm zones and balances the difference be-
tween wind stress and pressure gradient in the trade wind zones. To 
produce this bottom friction the deep current must have longitudinal 
components of the same order of magnitude as the surface velocity of 
the pure drift current. 

Associated with the deep current are meridional pressure gradients 
and deformations of the sea surface. In the trade wind zones the 
deep current flows westward as the equatorial currents, in the zone 
of doldrums it flows eastward as the equatorial counter current. Thus 
according to Ekman the counter current is a compensation current 
which flows downslope as a consequence of the longitudinal pressure 
gradient maintained by the trades. 

Actually the ocean is vertically stable. There is a surface layer, 
which may be considered vertically homogeneous, below it a layer of 
strong stability (Sprungschicht), and then a more gradual increase 
downwards of potential density. Due to this stability there is no 
necessity for the longitudinal pressure gradient to extend downward 
to great depth. As will be discussed in Section 3, one may expect 
that this gradient will not extend deeper than the bottom of the 
Sprungschicht. It should be nearly constant from the sea surface 
to the bottom of the surface layer, and then decrease to zero at the 
bottom of the Sprungschicht. In the simplified numerical estimates 
which will follow, the gradient will be assumed constant from sea 
surface to middle of Sprungschicht, and to vanish below the latter 
depth. Hence the gradient must be much more intense than in a 
homogeneous ocean. 

A longitudinal pressure gradient of similar type has already been 
observed in the Caribbean Sea by Parr (1937), who found a slope 
of the sea surface rising westerly along the axis of the Carribbean 
Current, amounting to 17 · 10-s (about 30 cm in 1750 km) . This 
estimate was reduced to 13 · 10-s by Sverdrup (1938, p. 287), who 
further found the vertical integral of the pressure gradient to be 3.6 
dyne cm-2 • The trade winds in the Caribbean in March and April , 
when the mass distribution used in these calculations was obtained, 
blow about 9 m sec-1, which Sverdrup showed to exert a nearly 
compensating stress on the sea surface. 

The longitudinal slope of the sea surface in the equatorial Atlantic 
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Ocean may be estimated from the wind strength as follows. The 
quadratic relationship 

(1) •o = gy2 w2 
giv:s the wind stress , 0 in terms of the wind speed W, if the coefficient 
y

2 
1s known. In this formula Q represents air density. According 

to the different estimates, especially those of Taylor (1916), Ekman 
(1928), Rossby and Montgomery (1935, pp. 12-14), Sverdrup (1936, 
pp. 12-15) and Palmen and Laurila (1938, pp. 29-31), a probable 
value of y2 is about 25 · 10-4_ Thus one obtains, using the mean 
values of wind speed in Table I, a wind stress of 0.72 dyne cm-2 for 

TABLE I 

MEAN MONTHLY WIND VELOCITY FROM SHIP OBSERVATIONS IN THE ATLANTIC 

TRADE WIND ZONES, IN M SEc-t (FROM SHAW, 1936, P. 277) 

Month N.E. trades* S .E. tradest 

I 5.9 5.3 
II 6.3 5 .8 
III 6 .0 5 .6 
IV 6 .7 6 .0 
V 6 .4 5 .5 
n 6.1 5.0 
VJJ 5.8 4 .6 
VIII 6.7 3 .7 
U 6.4 4 .3 
X 6 .1 3.3 
XI 6.7 4.4 
XII 6.4 5 .2 

6 .3 

* 10°-30° N. between 30° W. and the African coast. 

Mean 4 .9 

t 10°-20° S., 0°-10° E. and 0°-20° S., 0°-10° W. 

the northeast trades and 1.19 dyne cm-2 for the southeast trades. In 
view of the quadratic relation one should properly use somewhat 
greater values since the wind is not constant. 

The average westward component of the wind stress over the 
trade wind zones 10°-30° N. and 0°-20° S. may then be about 0.75 
dyne cm-2 and over the whole zone between 30° N. and 20° S. about 
0.6 dyne cm-2• This stress must be balanced by the eastward pres-
sure gradient of the whole zone.1 If the Sprungschicht is 100 meters 

1 Actually the regions north and south of the trade winds should be taken into 
consideration. Thus the Gulf Stream System could be regarded as a return 
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below the surface, the pressure gradient must be abo:1t 6 · 10-5 cm-2 

g sec-2 • The corresponding slope of the sea surface 1s 6 · 10-s, or 24 
cm in 4000 km. Over this distance the counter current would attain 
a speed of y2gh = 217 cm sec-1 if there. were no retarding friction . 
The actual speed of the counter current 1s only about 50 cm sec-1, 

this speed being attained at a point nearer the origin than the down-
stream end of the current. Downstream from this point, therefore, 
the pressure gradient must be approximately balanced by a retarding 
force-whether this is vertical friction or lateral friction is difficult to 
determine definitely. 

Ekman's (1906, pp. 578-579) discussion of wind-produced currents 
in a stratified ocean may be applied to the counter current. Lateral 
friction is neglected, and it is assumed that the current is very long so 
that acceleration is negligible and that the net meridional transport 
in each layer of constant potential density is zero. There must be 
a stress of about 0.6 dyne cm - 2 transmitted in some manner to the 
ocean bottom from the Sprungschicht. In particular, if the water 
below the Sprungschicht is continuously stratified, the direction of flow 
must be due eastward at all depths below the Sprungschicht. The 
retarding force on the water above the Sprungschicht must then be 
transmitted directly as a shearing stress all the way from the bottom. 
For a depth of 4000 meters and an eddy viscosity of, for instance, 10 
cm-1g sec-1, the magnitude of the surface current would have to be 
24,000 cm sec-1. The actual current is of a much smaller order of 
magnitude, so this treatment obviously has no application. 

But suppose the stratification is discontinuous, so that there are a 
number of homogeneous layers below the Sprungschicht. Then it 
is permissible to have meridional components of velocity, provided 
there is no net meridional transport for each layer. If the thickness 
of each layer exceeds twice the depth of frictional influence, there is 
a longitudinal gradient current of v1 in the bottom layer, 3v1 in the 
next layer, 5v1 in the next, and so on (Ekman, 1906, p. 579). In thiE 
case V1 would have to be of the order of magnitude of 15 cm sec-1 • 

Even if there were only two layers, the necessary velocity immedi-
ately below the Sprungschicht would thus have to be about 45 cm 
sec-1. In the axis of the Atlantic counter current at the sea surface 
the speed certainly does not exceed 80 cm sec-1 (Koninklijk Neder-
landsch Meteorologisch Instituut, 1926, charts of "Equatorialstroo-

flow similar to the equatorial counter current. North and south of the trades, 
however, the prevailing westerlies are present to drive the return flow, so it 
seems permissible as a fir st approximation to assume balance of longitudinal 
forces within the zone 30° N. to 20° S. 
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men"; Schott, 1935, Tafel XXIX and Tafel XXX; Schott, 1939, Tafel 
26 and Tafel 27; in the last paper only the eastern half of the charts 
is applicable), and the decrease from the surface to below the Sprung-
schicht is about 50 cm sec-1 (Montgomery, 1938, Fig. 7). So the 
speed immediately below the Sprungschicht does not exceed 30 cm 
sec-1, which is probably insufficient for the existence of even two 
layers of the type discussed. Furthermore, the vertical distribution 
of density in the deep water indicates that probably there would have 
to be more than just two layers in order for each to be sufficiently 
homogeneous. 

It must be concluded that the retarding force on the counter current 
is not transmitted to the ocean bottom. Nevertheless it is possible 
that the retarding force is vertical friction on the bottom of the 
counter current, for this vertical friction may act only to accelerate 
the underlying water. If a shearing stress • is absorbed by an under-
lying layer of thickness D, after moving a distance x downstream 
along the counter current the layer would attain a speed of y2.x/DQ. 
After moving a distance of 3000 km a layer 1000 meters thick subject 
to 0.6 dyne cm-2 would therefore have a speed of 60 cm sec-1. 

Such a speed certainly does not occur. But the layer in question 
may have sufficient meridional motion so that a given water mass 
does not remain long enough under the counter current to be greatly 
accelerated. It is a fact that the motion at depths of 150-400 meters 
under the eastern half of the Atlantic Equatorial Counter Current has 
a pronounced northward component (Montgomery, 1938, pp. 50-51). 

The vertical shear at the Sprungschicht in the counter current is 
about 6 · 10-3 sec-1 (Montgomery, 1939). To transmit the necessary 
stress of 0.6 dyne cm-2 the eddy viscosity must have a value of 100 
cm-1g sec-1• Montgomery found that the vertical eddy diffusivity 
in the same place does not exceed 0.4 cm-1g sec-1, and concluded 
that its value is probably only a tenth of this. So the former co-
efficient would have to be 250 to 2500 times as great as the latter. 
Taylor (1931a, 1931b) gives the corresponding ratio as only 5 to 50 
for cases where the stability ranges between 0.075 · 10-5 and 1.5 · 10-5 

cm-1, whereas in the present case the stability is about 5 · 10-5cm-1 

(Montgomery, 1939). This comparison makes it seem doubtful that 
the vertical eddy viscosity can be as great as 100 cm-1g sec-1, and 
hence that the retarding force on the counter current is essentially 
vertical rather than lateral friction. 

Rossby (1936, p. 5-6) has drawn attention to the fact that the 
winds (in all seasons of the year) exert an anticyclonic torque on the 
waters of the North Atlantic (as well as of the South Atlantic) and 
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that, since bottom friction is apparently far too slight to exert the 
necessary counteracting torque, lateral friction provides the dominant 
cyclonic torque. It seems likely, therefore, that also in the equa-
torial counter current the dominant retarding force is lateral friction. 

In the following section the presence of a longitudinal pressure 
gradient along the equator will be demonstrated, and its magnitude 
will be found to agree with the prediction of Ekman's theory. It is 
thus proven that the counter current is produced by this gradient 
maintained by the trade winds. But, whereas Ekman ascribes the 
retarding force to vertical friction, it appears at present more likely 
that this should be ascribed to lateral friction, at least to large extent. 

The idea that the trade winds maintain a westward rise of sea level 
was advanced by a number of authors during the nineteenth century. 
It apparently originated with Franklin (1786, p. 315), who wrote that 
the Gulf Stream "is probably generated by the great accumulation of 
water on the eastern coast of America between the tropics, by the 
trade winds which constantly blow there." The first to explain the 
Atlantic Equatorial Counter Current (Guinea Current) in this way 
seems to have been A. G. Findlay. Pillsbury (1890, p. 472) quotes 
him as saying that "later investigation seems to point to the fact that 
it is a flowing back of the waters heaped up to the westward by the 
prevalent winds." 

2. THE OBSERVED LONGITUDINAL PRESSURE GRADIENT 

The trades are not purely east winds, as assumed in the discussion 
above, so it is not a simple matter to evaluate the " longitudinal" or 
axial pressure gradient in the water. Under the northeast trades 
there is a "northward" transport of surface water due to the pure 
drift current, and a "southward" transport associated with the axial 
gradient. The vertical integral of the velocity gives a net current 
which flows predominantly westward and is known as the equatorial 
current. Associated with it is a "meridional" or cross-stream gradi-
ent. The axial gradient is, specifically, the one directed along the 
path of the net (north or south) equatorial current. The path must 
be known accurately in order to avoid including part of the cross-
stream gradient. But, since the actual current direction varies with 
depth, it is not easy to locate this path. 

Professor Albert Defant has kindly placed at our disposal his chart 
of the absolute topography (corresponding to a standard atmospheric 
pressure) of the surface of the Atlantic Ocean, as yet unpublished. 
This shows firstly that the available observations are still insufficient 
to obtain a clear picture of the average topography, for there are many 
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~rr~gularities which are undoubtedly of transient nature.2 Secondly, 
1t 1s found that the chart definitely demonstrates the presence of a 
longitudinal pressure gradient, for between 10° N. and 30° N. and 
between 5° S. and 25° S. the contours run predominantly north-south. 
At 18_0 N. ~he surface is indicated as more than 45 cm higher on the 
American side than on the African, at 15° S. the difference is about 
30 cm. The former value, representing an average slope of 9 • 10-8 

is large because it includes not only the axial gradient along the At~ 
!antic North Equatorial Current but also a large part of the cross-
stream gradient, the current having a pronounced southward com-
ponent in the eastern half of the ocean. This is schematically 
described in Figure 36. It does not seem practicable to separate the 

N 
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GRADIENT 

GRADIENT 

Figure 36. Scheme of the cross-stream gradient in the Atlantic North Equatorial Current. 

axial and cross-stream components in this current. Professor De-
fant's charts for deeper surfaces show that cross-stream pressure com-
ponents predominate at 100 db and 200 db, and that all gradients in 
tropical regions become very small indeed at 500 db. 

In this connection the slope of the sea surface in the region of the 
Atlantic North Equatorial Current as revealed by Professor Defant's 
chart may be somewhat more closely examined. The course of the 
contours of the sea surface for about 20° N. is schematically copied 
in Figure 37 A, and the contours of the 100 db surface in Figure 37B. 
The slope of the sea surface corresponds to the combined influence 

2 It would be an interesting problem to find out the extent to which these 
irregularities are to be ascribed to the weather conditions at the time of the 
observations. In any case one may well assume that considerable variations in 
the depth of the Sprungschicht arise from this cause. 
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of the axial pressure gradient, which coincides approximately ~ith 
the direction of the northeast trades, and of the cross-stream gradient 
associated with the axial flow. Since the equatorial current at the 
surface may be regarded as the resultant of a pure drift current and 

s 
LOI+' 

Figure 37. Schematic representation of the topography of two isobari c surfaces in the north 

equatorial current. A, sea surface. B, 100 db surface. 

DEFLECTING FORCE 

A 
FRICTION 

WIND STRESS 

DEFLECTING FORCE 

Figure 38. Equilibrium of forces on a vertical column of water extending from the sea sur-
face to the bottom of the current. A, north equatorial current. B, equatorial counter current. 

of a gradient current parallel to the contours, the water here flows 
uphill. At the depth of 100 db., however, the axial component of the 
gradient is very small because it is almost entirely limited to the sur-
face layer, and the current flows approximately as a pure gradient 
current along the contours of Figure 37B. The same scheme, modi-
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fied for the opposite sense of the Coriolis acceleration, naturally holds 
for the south equatorial current. Thus for each depth the equatorial 
current can be constructed from a drift-current spiral and from the 
gradient current at the depth in question. 

The circumstance that the cross-stream gradient in the Atlantic 
North Equatorial Current decreases upward from the 100 db. surface 
is associated with the poleward increase of density of the surface 
layer. It is thus primarily a thermal effect, i.e., an effect of heat and 
mass exchange across the sea surface. 

Since the wind is very weak over the counter current, the direction 
of motion may be expected to be quite uniform with depth. Further-
more the axis of the Atlantic Equatorial Counter Current is fairly well 
defined by the salinity and oxygen distribution (Montgomery, 1938, 
Charts 9-18). Accordingly we have attempted to determine the axial 
gradient along this current, but the values from different stations are ' 
too scattered to give even a rough estimate. This is apparently be-
cause the cross-stream gradient is intense (Montgomery, 1938, Figs. 
6 and 7). 

The balance of forces for a vertical column of water in the north 
equatorial current and in the counter current is shown schematically 
in Figures 38A and B respectively. In the first case the wind stress 
is approximately balanced by the pressure gradient and by the Corio-
lis force, for friction with the deep water as well as with the water 
flanking the current on both sides appears to be of lesser magnitude. 
On the other hand the axial gradient in the counter current can be bal-
anced by no other force than vertical or lateral friction. 

The ideal locality for determining the longitudinal gradient is at 
the equator itself. Here there can be no cross-stream gradient be-
cause deflecting force and compensating pressure gradient vanish. 

Table II and Figure 39 show the anomaly of dynamic height, of 
the sea surface and other isobaric surfaces, above the 1000 db sur-
face for stations near the equator in the Atlantic. Assuming the 1000 
db surface to be level, the values give the topography of the various 
surfaces (corresponding to a standard atmospheric pressure). It 
has been found previously that in the tropics the 1000 db surface seems 
to be a more suitable reference plane than deeper surfaces (Mont-
gomery, 1938, p. 19). The Atlantis data is from Bulletin Hydro-
graphique pour l'annee 1931, that for Dana is from Dana Report No. 12 
(1937), and that for Meteor is from Wtist (1938). . 
It is seen that the resulting values of sea level are consIStently 

higher at the western stations than at the eastern ones. In order to 
obtain mean values for the slope of the different isobaric surfaces, the 
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western and eastern stations within one degree of the equator have 
been averaged separately. The distance between the centers of the 
two groups is 3700 km. The average heights and resulting slopes are 

TABLE II 

ANOMALY OF DYNAMIC HEIGHT IN DYNAMIC CENTIMETERS FOR STATIONS NEAR 

THE EQUATOR IN THE ATLANTI C OCEAN 

Ship 
Station 
Latitude 
Longitude 
Date 

0 db 
50 db 

100 db 
150 db 
200 db 
300 db 
400 db 
500 db 
600 db 
700 db 
800 db 
900 db 

1000db 

Ship 
Station 
Lati /11-JP 
Longi tude 
Date 

0 db 
50 db 

100 db 
150 db 
200 db 
300 db 
400 db 
500 db 
600 db 
700 db 
800 db 
900 db 

1000db 

Atlantis Atlantis Meteor M eteor M eteor M eteor Dana 
1180 1179 257 258 211 212 4000 

0°20'N. 0°45'N. 0°58'8. 0°36'N. 1°01'8. 0°36'N. 0°31'8. 
43°33'W.42°38'W.38°44'W.37°06'W. 30°00'W. 29° 12'W. ll 0 02'W. 
22 III 32 21 III 32 4 II 27 6 II 27 18 X 26 19 X 26 4 III 30 

140.6 
117.6 
98.9 
89.0 
80.6 
66.3 
53.4 
43.6 
33.3 
25.3 
16.2 
7.9 

0 

132.0 
109.0 
96.0 
86.0 
78.0 
64.4 
51.4 
41.2 
32.0 
23.4 
15.0 
7.0 

0 

137.7 
115.2 
94.7 
82.5 
75.2 
62.7 
51.5 
41.5 
32.3 
23.6 
15.3 
7.4 

0 

138.3 
116.2 
96.5 
85.4 
77.9 
64.8 
52.8 
42 .3 
32.9 
24.0 
15.5 
7.6 

0 

134.7 
113.2 
94.5 
84.9 
77.6 
63.9 
51. 7 
41.3 
32.1 
23.2 
14.8 
7.0 

0 

138.1 
115.6 
98.2 

. 88.3 
80.8 
67.3 
55.2 
44.3 
34.3 
24.8 
15.8 
7.4 

0 

124.7 
102.9 
92.1 
84.4 
76.9 
63.2 
52.0 
41.8 
32.4 
23.7 
15.3 
7.4 

0 

Meteor M eteor M eteor Meteor M eteor M eteor 
243 225 242 233 232 240 

1° 18'8. 0°03'N. 0°40'R. 0° L6'N. 1°08' J _ 0° 31' T. 

\! 0 31' W. 9° 30' W. 4° 57' W. 1 ° 03' W. 0° 59' W. 1 ° 52' E. 
29 XII 26 17 XI 26 27 XII 26 27 XI 26 26 XI 26 20 XII 26 

119.3 
101.6 
92.3 ' 
84.8 
77.4 
63.6 
52.0 
42.1 
32.7 
23.8 
15.5 
7 .5 

0 

125. l 
107.1 
96.5 
88.4 
80.9 
66.3 
53.8 
43.5 
34.0 
24.9 
16.3 
8 .1 

0 

124.2 
103.1 
92.4 
84.6 
77.0 
63.1 
51. 6 
41.'!, 
32.0 
22.9 
14.5 
7.0 

0 

123.2 
103.4 
94.5 
86.4 
78.5 
64.4 
52.9 
42.7 
33.1 
23.8 
15.1 
7.2 

0 

126.1 
103.5 
94.2 
86.1 
78.1 
63.9 
52.5 
42.1 
32.3 
23.2 
14.8 
7.1 

0 

119.7 
101.3 
92.8 
84.8 
77.0 
62.8 
51.2 
41.3 
32.0 
22.9 
14.4 
6.9 

0 
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given in Table III. The straight lines in Figure 39 were drawn from 
the values of this t able. It is found that the pressure gradient be-
comes very small already at 150 meters depth. The vertical integral 
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Figure 39. Anomaly of dynamic height of isobaric surfaces along the equator in the Atlantic 
Ocean. The scale exaggerates the slopes of the isobaric surfaces about 2 · 106 tim es. 

TABLE III 

AVERAGE ANOMALY OF DYNAMIC HEIGHT FOR 5 WESTERN STATIONS (Atlantis 
1180, 1179; Meteor 257, 258, 212) AND FOR 5 EASTERN STATIONS (Dana 4000; 
Meteor 225, 242, 233, 240) " ' I THTN ONE Di;;rrn.EE OF 'rHE EQUATOR IN THE 

ATLANTIC OCEAN AND RESULTING. SLOPE OF lsOBARlC S URFACE S 

Isobaric surface Western stations Eastern stations Slope 

db dynamic cm. dynamic cm. 

0 137.3 123.4 3 .8 · 10-s 

50 114.7 103.6 3.0 

100 96.9 93.7 0.9 

150 86.2 85.7 O_l 

200 78.5 78.1 0.1 

300 65.1 64.0 0 .3 

400 52.9 52.3 0 _2 

500 42.6 42_1 0 .1 

600 33.0 32.7 0.1 

700 24.2 23.6 0.2 

800 15.6 15.1 0.1 

900 7.5 7.3 0.1 
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of the pressure gradient from sea surface to 150 meters according to 
these values is 0.29 dyne cm-2• 

Suitable published material from the Pacific Ocean is limited to 
four Dana stations (Dana R eport No. 12, 1937). Table IV gives 
the station values, as well as the slopes resulting from the difference 
between the average for the three western stations and the single 
eastern station, the intervening distance being 14000 km. 

TABLE IV 

ANOMALY OF DYNAM IC HEIGHT IN DYNAM IC CENTIMETERS FOR Dana STATIONS 

NEAR THE EQUATOR IN THE PACIFIC OCEAN AND RESULTING SLOPE OF 

ISOBARIC SURFACES 

Station 3775 3756 3767 M ean 3558 

Latitude 0°02' s. 0° 46' s. 1° 28' s. 0° 18' s. 
Longitude 131 ° 18' E . 134 ° 12' E. 138° 43' E. 134° 44' E. 99° 07' w. Slope 

Date 29 VII 29 15 VII 29 23 VII 29 18 IX 28 

0 db 192.0 199.0 201.8 197.6 135.0 4.5·10-8 

50 db 161.1 168.4 172.1 167.2 120.8 3 .3 
100 db 131.2 140.3 138.8 136.8 109. 7 1. 9 
150 db 109.5 117.5 115.6 114.2 100.5 1.0 
200 db 95.2 102.2 97.6 98.3 92.0 0.4 
300 db 74.1 78.8 73.9 75.6 75.9 0 .0 
400 db 59.8 61. 7 58.1 59.9 61.4 -0.1 
500 db 47.2 48.7 46.0 47.3 49.4 -0.2 
600 db 36.1 37.4 35.2 36.2 38.2 -0.1 
700 db 25.9 27.1 25.1 26.0 27.4 -0.1 
800 db 16.6 17.5 16.0 16.7 17.4 0 .0 
900 db 8.0 8.5 7.8 8.1 8.3 0 .0 

1000db 0 0 0 0 0 0 

In the Pacific also the sea surface slopes upward from east to west 
along the equator, at about the same angle as in the Atlantic. The 
longitudinal pressure gradient extends deeper in the Pacific, for there 
is still an appreciable gradient at 200 meters. The integral of the 
gradient from surface to 300 meters is 0.45 dyne cm-2 . 

Finally Figures 40 and 41 give a schematic representation of the 
topography of the sea surface in the vicinity of the equator, the first 
for the doldrums symmetrical with the equator and the second for a 
northward displacement of the doldrums. The velocity distribution 
with respect to the axis of the counter current is identical in the two 
cases. For the symmetrical distribution the counter current is 
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SOUTH EQUATORIAL CURRENT 

\ \ \ \ 
Figure 40. Scheme of the topography· of the sea surface wi t h symmetry about the equator. 
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Figure 41. Scheme of the t opography of t he sea surface with a displacement of t he counter 

current northward from the equator. 
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bounded by troughs. The balance of forces f?r t~e half of the cur-
rent in the northern hemisphere is as shown m Figure 38. For the 
asymmetrical distribution in Figure. 41 conditi?ns are more compli-
cated. The northern trough li es, as m the previous case, between the 
north equatorial current and the counter current. The meridional 
slope of the sea surface in the counter current must however be greater 
corresponding to the greater magnitude of the Corioli s force. The 
southern boundary of the counter current coincides with a ridge north 
of the equator, not with a trough as in the previous case, and along 
the equator lies a trough instead of a ridge. Figure 41 corresponds to 
the schematic cross-section in Figure 35C. 

Figure 41 is drawn under the assumpt ion that the southeast trades 
are pure east winds, so that at the equator, where the Coriolis force 
vanishes and the westward wind stress is balanced by a pressure 
gradient directed eastward, the contours run north-south. Taking 
into account the south component of the southeast trades, however, 
the contours must cut the equator at an acute angle. The contours 
must run more southwest-northeast and, if accelerative forces can be 
neglected as well as the component of friction normal to the wind, 
they must cross the wind at right angles. This circumstance brings 
about a further asymmetry about the equator, which one can recog-
nize clearly on the charts placed at our disposal by Professor Defant. 
In this respect the modification by the monsoon of the southeast trades 
near the African coast has a strong effect. 

3. THE DEPTH OF THE L ONGITUDINAL PRESSURE 
GRADIENT 

It was assumed in Section 1 that the longitudinal pressure gradient 
does not extend below the principal Sprungschicht. This conclusion 
was based on the following considerations. 

For simplicity consider at fir st a closed basin of resting water with 
a constant variation of potential density from top to bottom. Then, 
if a wind blows over the whole surface with constant velocity, the 
potential density distribution wi ll come to equilibrium in some such 
form as in Figure 42, provided there is no non-isentropic mixing. 
Only the potential density surfaces which reach to the sea surface are 
distorted, because in the deeper layers there can be no motion and 
hence no pressure gradient. 

Act1:1ally the tropical waters are not uniformly stratified. Instead 
there is a marked Sprungschicht, with only weak stratification above 
and below it . Due to this modification the pressure gradient would 
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probably decrease on descending through the Sprungschicht and 
vanish at its bottom. 

This result d~es not hold strictly in the case of the equatorial cur-
rents,_ for the w~nd does not blow uniformly over the whole region in 
quest10n. But if the ~urrents may be regarded as essentially long 
(of _much greater longitudinal than meridional extent), then in all 
sect10ns parallel. t~ the equator the potential density distribution 
must be nearly similar except for vertical displacements of whole iso-
lines .. This ~eans that the longitudinal pressure gradient at a given 
potential density must be nearly the same on all sections. Now, if a 

Figure 42. Vertical section of probable potential density distribution in a closed basin under 
the influence of a constant wind. 

longitudinal pressure gradient exists in the deeper layers, it must be 
locally balanced by the deflecting force on meridional motion, by longi-
tudinal acceleration or by frictional forces on longitudinal motion. 
The deflecting force vanishes at the equator, and since it has the op-
posite sense on either side of the equator its net effect on meridional 
motion must vanish. Any longitudinal motion in the deeper layers 
would, according to Ekman's theory, be largely a closed circulation 
contained within the equatorial regions (westward flow in north and 
south equatorial currents, eastward flow in counter current). Such 
a closed circulation has no net longitudinal acceleration, and further-
more the· sum of the longitudinal frictional forces is probably small. 
Hence there is still reason to expect the longitudinal pressure gradient 
to be small or non-existent below the Sprungschicht. 
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Figure 43 shows the o1-distribution alo1,1g the equator, based_ on 
the same stations as Figure 39. (The O"t-values for Meteor stat10ns 
are from Wi.ist, 1932.) Below 250 meters the isolines show only ir-
regularities, which are probably due to seaso~al ~nd other fl.uct~ations. 
This gives some justification for the assumpt10n m the last sect10n that 
an isobaric line as shallow as 1000 db is level. 

A marked downward slope from east to west extends down to only 

01 = 26.4, at 100-150 meters depth. D etermination of the bottom 

TABLE V 

u, AT Dana STATIONS NEAR THE EQUATOR IN THE PACIFIC OCEAN 

Depth 3756, 3767, 3775 3558 

meters 134° 44' E. 99°07' w. 

0 21.68 24.85 

10 21 .70 24.97 

25 21.72 25.16 

50 21 .90 25.40 

75 22 09 25.81 

100 22.47 26.16 
150 24.32 26.30 
200 25.27 26.44 
300 26.28 26.57 

400 26 80 26.83 
500 27.00 27.02 
600 27.12 27.06 
800 27.30 27.24 

1000 27.41 27.40 
1200 27.48 27.48 

of the Sprungschicht is necessarily rather arbitrary, but it appears 
to coincide roughly with o1 = 26.4, so the expectation above is borne 
out. Also in Table III it was found that the slope of the isobars prac-
tically disappears between 100 and 150 meters. 

The 01-distribution along the equator in the Pacific is shown by 
Table V. The downward slope of o1-lines from east to west extends 
down to the same 01-value as in the Atlantic. In both oceans the 
slope extends down to the depth where the stability has decreased to 
a value corresponding to a change of 0.1 in O" t in about 20 meters, 
which may be called the bottom of the Sprungschicht. 
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Figure 43. at-distribution along the equator in the Atlantic Ocean. The exaggeration of the 
vertical scale with respect to the hori zontal is about 10' for t he upper diagram , about 10" for 

the lower diagram. 
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4. MAXIMUM ESTIMATE OF LATERAL EDDY VISCOSITY 

In the fir st section the question of the retarding force on the equa-
torial counter current-whether it is vertical or latera l fri ction-was 
discussed without reaching a definite conclusion. Assuming, however, 
that only lateral friction is of importance, it is possible to estimate 
the necessary lateral eddy viscosity. 

It is assumed that the Sprungschicht is contracted to a surface of dis-
continuity separating resting water below from the lighter and verti-
cally homogeneous water of the counter current above, and that there 
is no meridional motion. In the longitudinal direction there is balance 
between the longitudinal pressure gradient and lateral friction. The 
y-axis is placed northwards, the x-axis eastwards and coinciding with 
the axis of the counter current . So this balance of forces on unit 
vertical column, where the upper layer has thickness Z and the lateral 
eddy viscosity is expressed by ri , is written 

a ( au) ap 
ay ZYJ ay - z ax 1 °· 

In order to integrate this equation easily it is assumed that meridi-
onal variations of Z and of ri are negli gibl e. If b is the half width 
of the counter current, integration gives: 

1 ap 
U = - -- (b2 - y2)_ 

2YJ ax 
Designating the speed in the axis of the current by u0 , 

1 b2 ap 
YJ=--- -

2 Uo ax· 
Actually the speed and pressure gradient decrease with "depth. 

Since it is simplest to obtain corresponding values at the sea surface, 
these will be used in evaluating the last expression. Only the Atlantic 
Equatorial Counter Current is considered because less information 
is avail able from the Pacifi c. The slope of the sea surface according 
to T_able III is 3.8·10-8, so ap/ax = - 3.8·10-5 cm- 2g sec- 2 ap-
proximately. As the speed of the counter current may be taken the 
result from dynamic calculation, namely u0 = 65 cm sec-1 (Mont-
gomery, 1938, p. 19). One means of estimating the width of the cur-
rent is to take it as half the distance between the axes of low salinity 
north and south of it on the 01-surfaces in the Sprungschicht (Mont-
go1:1ery, 193~, C~arts 12 and 15) . At 40° W., where the speed was 
estimated, this gives a total width of about 300 km. So b = I.5 • 107 
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cm. Hence, from the formula above, ri=7·107 cm-1g - sec-1 . 

This maximum estimate of the lateral eddy viscosity agrees well with 
the maximum estimate of the lateral eddy diffusivity in the Sprung-
schicht of the Atlantic Equatorial Counter Current, namely 4 -107 

cm-1g sec-1 (Montgomery, 1939). 
~t must be emp~asized again that this is only a very rough estimate, 

wluch rests especially on the above assumption that vertical friction 
is unimportant. As was shown in Section 1, this assumption may not 
be justifiable. 
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