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CffiCULATION IN A MERIDIONAL PLANE IN THE 
CENTRAL EQUATORIAL PACIFIC 

BY 
TOWNSEND CROMWELL 

Pacific Oceanic Fishery Investigations 
U. S. Fish and Wi/,dlife Service 

ABSTRACT 

Meridional sections of rr,, salinity, inorganic phosphate, and dissolved oxygen, 
based on new data from the central equatorial Pacific, show evidences of upwelling 
near the equator. An Equatorial Front in the ocean surface layer is described. 
Sinking occurs along this front, which is found most often just north of the equator. 
Reasons are advanced for the existence of horizontal convergence and sinking in a 
region slightly to the north of the equator during southeast tradewinds when no 
front is present. Horizontal divergence and convergence apparent in a qualitative 
model of horizontal flow near the equator seem to be important in producing vertical 
motion. The circulation in a meridional plane in the surface layer is discussed, with 
strict adherence to the principles of isentropic analysis. The role played by the 
circulation in supporting a large population of zooplankton and fishes is discussed. 

INTRODUCTION 

Currently the U. S. Fish and Wildlife Service, through its Pacific 
Oceanic Fishery Investigations program (POFI), is investigating the 
tuna resources of the central equatorial Pacific Ocean (Sette, 1949). 
Since knowledge of the ocean circulation is basic to an understanding 
of such a study of productivity, the program includes an investigation 
of the physical and chemical environment. From January 1950 through 
August 1952, the HUGH M. SMITH occupied 365 hydrographic stations 
comprising a number of sections across the equatorial current system 
(see Fig. 1). 

Measurements of the following were made at sea: temperature, using 
deep-sea reversing thermometers; inorganic phosphate, using the 
Automatic Servo-operated Photometer (Snodgrass, et al.); and oxygen 
by the Winkler titration. Water samples were taken to the Honolulu 
laboratory for chlorinity determination by the Knudsen method. 
Part of the large amount of hydrographic data collected has been 
examined in an attempt to determine the circulation in a meridional 
plane across the major equatorial currents. 

Defant (1936) has described a model which he suggests illustrates 
the basic features of the meridional circulation of the tropical Atlantic, 
and Sverdrup, et al. (1942) and Sverdrup, et al. (1944) have stated 
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Figure 1. Positions of 365 h ydrographic stations occupied by the M /V H u oH M . S MITH 

during seven cruises to equatorial waters. The cross sections of Fig. 2 are based on cruise 2 
stations ( t.) along primaril y 172° W Long. Those of Fig. 3 are based on cruise 5 stations ( O) 
along 158° W Long. 

that the same circulation exists in the Pacific. Montgomery (1938) 
has raised serious doubts that a circulation of the type they describe 
exists in the tropical Atlantic and Pacific. He has demonstrated the 
importance of isentropic analysis of flow in the ocean and its applica-
tion to the meridional circulation. The qualitative discussion which 
follows is intended to adhere rigorously to isentropic principles.1 

Our data were examined first for evidence of vertical motion. The 
regions of upwelling and of sinking are revealed on cross sections like 
those shown in Figs. 2 and 3. 

1 In this paper the principles of isentropic analysis are applied to flow on surfaces 
of constant"'· For a discussion of the degree of inadequacy of"' surfaces to repre-
sent surfaces along which sea water flows, see Montgomery (1938: 11-14). 
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HORIZONTAL DIVERGENCE AND UPWELLING 

The dense surface water that appears near the equator (Figs. 2 and 
3) contrasts strikingly with adjacent surface water and suggests up-
welling. Charts of sea surface temperature, such as those of Schott 
(1935) and Sverdrup, et al. (1942), show this feature as a band of cold 
water along the equator that decreases in prominence toward the west. 
This meridional contrast may be maintained in part by a strong west 
current at the equator, as drawn by Schott (1935), the water from the 
east being relatively dense. This does not seem to be the entire 
explanation, however, since the high concentration of inorganic 
phosphate in this dense water probably cannot be explained on the 
basis of horizontal flow from a source of nutrient-rich surface water 
at even the closest land to the east. At 50 miles per day it would take 
approximately 80 days for a parcel of water to reach the central 
Pacific from the Galapagos region, and during this time it is likely that 
the phytoplankton would deplete the inorganic phosphate were there 
not a continuing renewal from below. 

Kinematically, this renewal clearly can take place along <1t surfaces. 
The <1 1 = 23.60 surface, which in Fig. 2 intersects the sea surface at 
two points near the equator, submerges both northward and south-
ward into the thermocline. Meridional flow along this surface in 
either direction would bring water from the region of the thermocline 
to the sea surface near the equator. Thus, referring again to Fig. 2, 
flow of water which lies between the surfaces <1, = 23.60 and <1t = 23.80 
may be likened to flow through a conduit that broadens vertically 
near the equator. Water within this layer which nears the equator 
from the south rises to the surface, its nutrients becoming available to 
plants in the euphotic zone. Further, some of this water may leave 
the euphotic zone, submerging as it continues northward within the 
"conduit." Vertical motion, then, can go on continuously with fl.ow 
along <1 1 surfaces and a stationary distribution of mass. Like most 
analogies this one should not be ~arried too far, however. Flow 
actually occurs through the "conduit walls," i. e., across surfaces of 
constant <1 1, as will be described later. 

The same general features of density distribution that appear in 
Fig. 2 appear also in Fig. 3, although a pocket of relatively light water 
centered between 2° and 3° N complicates slightly the picture north 
of the equator. 

There are several tongue-like features on the cross sections, particu-
larly in the salinity distributions. Little information about flow can 
be inferred from these features, however, without information about 
the mixing processes which may be of major importance in maintaining 
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Figure 2. Cross sections of.,,, salinity, inorganic phosphate, and dissolved oxygen along 
primarily 172° W (see Fig. 1) based on observations by the M/V HuoH M. SMITH, January 26-
February 8, 1950. Dots indicate positions of observations. Shaded zone in surface layer 
Is a front. Boundaries between east-flowing (E) and west-flowing CW) currents, as deter-
mined by dynamic calculations, drawn on ,,, cross section outside the 3° parallels. 

them. A case in point exists in the vicinity of the Countercurrent. 
Here tongues of high-salinity water pointing from the north and south 
are joined by a narrow neck of somewhat less saline water. This layer 
is one of maximum salinity in the vertical distribution, separating 
still fresher water below the thermocline from that in the surface layer. 
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Figure 3. Cross sections of "' • salinity, inorganic phosphate, and dissolved oxygen along 
158° W (see Fig. 1) based on observations by the M/V HUGH M . SMITH, July 28-August 6 , 
1950. Dots indica te positions of observations. Shaded zone in surface layer is a front. 
Boundaries between east-flowing (E ) and west-flowing (W) currents, as determined b y 
dynamic calculations, dra"n on "' cross section outside the 3° parallels. 
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This distribution can be maintained by mixing processes alone, the 
loss of salt vertically by diffusion from the neck being balanced by a 
replenishment due to lateral mixing. 

The saline layer in the upper part of the thermocline that originates 
far to the south of these sections (Defant, 1936) ends abruptly near 
the eqmttor, giving the appearance of saline tongues in Figs. 2 and 3 
(albeit somewhat less clear-cut in the former figure). Whether this 
saline layer extends to the equator by virtue of a current or lateral 
mixing cannot be demonstrated here, but its abrupt termination near 
the equator is consistent with upwelling. The high-salinity water in 
the upper part of the thermocline that is carried upward by upwelling 
will be mixed with waters of the turbulent surface layer, and the saline 
layer mixed away. 

There is no evidence of significant upward motion anywhere along 
the sections except near the equator. In general the surface layer 
consists of warm light water of low inorganic phosphate concentration, 
characteristic of water that has been near the surface for a considerable 
time. The u1 surfaces are not so oriented that flow along them could 
renew the surface layer, as can occur near the equator. 

In particular, there is no evidence to support the suggestion by 
Defant (1936) and Sverdrup, et al. (1942) that there is upwelling at 
the boundary between the North Equatorial Current and the Counter-
current. Although more than one east-flowing current is indicated 
on the u1 sections, the dynamic calculations indicate a major counter-
current with its northern boundary near 10½0 N and 9° N, shown re-
spectively on Figs. 2 and 3. The thermocline is relatively near the sea 
surface along this boundary because of the "geostrophic effect," i. e., 
because of the dynamics of a steady current in the northern hemisphere 
which requires that dense water be found along the left boundary. 
It does not follow, of course, that upwelling is occurring or that it 
need occur at all to maintain this mass distribution. Because of the 
shallow position of the thermocline along this zone, however, nutrient-
rich water may on occasion reach the surface as a result of wind 
stirring or through the direct absorption of radiant energy, which 
would allow upward motion across u I surfaces. Occurrences of the 
former would be sporadic, during excessive winds, and upward motion 
due to the latter would be slow, since little radiation penetrates to the 
thermocline. Probably neither process is of comparable importance 
to that of upwelling in adding nutrients to the surface layer in the 
central Pacific. Our hydrographic cruises have revealed that the 
surface layer near the Countercurrent boundary is nutrient-poor 
(Figs. 2 and 3). 
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Figure 4. Thermal structure of the Equatorial Front at 172° Won February 5, 1950. 
Uppermost curve is surface temperature showing frontal discontinuit, at 1 ° 50' N (also see 
Fig. 5). Middle diagram, showing subsurface therILal structure, is an enlarged view of a 
small part of the cross section of Fig. 2. The frontal zone is shaded. Note tba t the vertical 
exaggeration ( ,;, 300 : 1) gives rise to an apparent thickening of the frontal zone below the 
sea surface. The arrows indicate positions of the six BTs which are reproduced in the 
lower part of the fi gure. 

HORIZONTAL CONVERGENCE AND SINKING 

On several occasions (including the station lines on which Figs. 2 
and 3 are based) our vessels crossed a pronounced oceanic convergence 
or front near the equator. In Figs. 2 and 3 this Equatorial Front 
appears as a shaded zone in the surface layer just north of the equator. 
It does not occur at the boundary between the Countercurrent and the 
South Equatorial Current. The thermal structure of the front that 
appears in Fig. 2 is shown in detail in Fig. 4. It is well defined by the 
continuous horizontal and vertical temperature records. North of 
its intersection with the sea surface it is revealed by BTs as a stable 
zone within the surface layer. The actual surface thermograph record, 
showing a near discontinuity at the front, is reproduced as Fig. 5. 

Besides the front that appears in Fig. 3, there were indications of a 
second front at about 1 ° 45' N, between the pocket of relatively low 
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s 6 DAY--.._. 

Figure 5. Thermograph trace showing near discontinuity at the Equatorial Front at 
4 :47 p . m.., L . S. T. , F ebruary 5, 1950. 

density water near 2-3° N and the dense water centered near the 
equator. The second front is not drawn because it is barely discern-
ible in the BTs. 

How the front is formed is not known, but the maintenance of such 
an intense temperature gradient indicates a continuous renewal of the 
water types on one or both sides of the front. 

The BTs in Fig. 4 show striking homogeneity in the dense water 
immediately south of the front. Vertical turbulence would be virtually 
unimpeded in this water, and there is evidence to support the thesis 
that such turbulence is actually going on. For example, the BT traces 
show a sharp "corner" at the bottom boundary of the homogeneous 
surface layer. This characteristic of the trace along with the concen-
tration of gradient in the upper part of the thermocline would be 
eliminated were it not maintained by some active process, presumably 
by turbulence. 
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The existence of this homogeneous region suggests that some water 
that sinks beneath the front returns equatorward in the lower part of 
the surface layer. This would complete a cellular circulation in the 
meridional plane, with ascending flow near the equator, sinking near 
the front, surface flow towards the front, and equatorward flow below. 
Disregarding the effects of external factors which act to alter the 
density within the cell, the latter can exist only in homogeneous water 
and still be consistent with principles of isentropic flow. 

Although a distinct Equatorial Front is not common in the central 
Pacific, the thermal structure of the surface layer near the equator is 
usually complex, indicating the simultaneous existence of possibly two 
or three indistinct fronts, in the process of formation or dissipation. 

When the Equatorial Front is not present there seems to be no way 
of demonstrating convincingly with cross sections that sinking is or is 
not occurring. There is some theoretical basis for expecting hori-
zontal convergence and sinking north of the equator during southeast 
tradewinds, and this will be discussed later. 

QUALITATIVE THEORETICAL CONSIDERATIONS 

The complete hydrodynamic expression for horizontal motion 
equates the acceleration to the vector sum of the horizontal compo-
nents of the following: 

(1) the Coriolis force (the deflecting force due to the earth's rotation) 
per unit mass, 

(2) the pressure-gradient force per unit mass, 
(3) the frictional force (resulting from viscous and eddy stresses 

within the ocean and the wind stress at the sea surface) per 
unit mass. 

Ekman (1905), who described in detail the current that would be 
produced in a deep, homogeneous, unbounded ocean by a wind stress 
at the sea surface, assumed that this stress is balanced entirely by the 
horizontal component of the Coriolis force. The steady-state trans-
port of this "wind drift current" is directed one right angle cum sole 
from the wind direction (i. e., to the right of the wind direction in the 
northern hemisphere, to the left of the wind direction in the southern 
hemisphere). For a given wind stress the magnitude of the current is 
inversely proportional to the sine of the latitude. Thus, a given 
wind stress directed west will produce a smaller poleward transport at 
a high latitude than it would at some position nearer the equator. 
This is an important feature of convergence in the region of northeast 
trades, as discussed by Montgomery (1936). Weenink and Groen 
(1952) have stated that friction may be neglected in computing cur-
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rents outside latitude" ... 2 or 3 degrees ... ". Thus convergence 
of the type described by Montgomery may be significant as near to the 
equator as 2 or 3 degrees latitude. 

Neumann (1947), basing his argument on the concept of the wind 
drift current, has pointed out that convergence should occur along the 
northern edge of the belt of southeast tradewinds where the wind 
speed drops off toward the doldrums region. 

Ekman's model cannot approximate conditions near the equator 
where the deflecting force is negligibly small; for the ensuing discus-
sion, therefore, the equatorward limit of application of this model 
will be set at the 3° parallels in accordance with the work of W eenink 
and Groen. If the frictional force that acts to retard the current is 
incorporated into Ekman's wind drift concept, it is possible to discuss 
a model circulation that is meaningful in a low latitude. Since the 
magnitude of the retarding frictional force, and hence the magnitude 
of this current transport, is uncertain, the discussion will be limited to 
a few qualitative remarks. 

Fig. 6 illustrates the steady-state transports that will occur near the 
equator and away from the effect of boundaries, if only the frictional 
and deflecting forces are considered. The transport magnitude is 
drawn constant. In addition to vectors representing the transport 
that occurs with each wind direction, the meridional components are 
included in Fig. 6 to emphasize the regions of convergence and di-
vergence. For example, if the wind is steady and uniform from the 
east, the current in a band along the equator will be meridionally di-
vergent. Immediately at the equator, where there is no deflecting 
force and since we are assuming no pressure gradient, the transport 
of the current is in the direction of the wind. Poleward of 3°, Ekman's 
wind drift model applies and the steady-state transport is at right 
angles to the wind in both hemispheres, directed away from the 
equator. Between the equator and 3° there is a gradual change of 
direction of the current transport. The flow is strongly divergent. 
Thus, with a steady east wind along the equator, and under the 
special conditions described, there is a divergent current. 

During a wind from the west, the steady-state transport of the wind 
drift current outside the region between the 3° parallels is directe~ 
toward the equator. The flow is strongly convergent. If the wind 
blows from the south, these same considerations lead to parallel zones 
of divergent flow (south of the equator) and convergent flow (north of 
the equator). There is a transport of water across the equator toward 
the north. During a wind from the north the divergent and conver-
gent zones are interchanged and the transport at the equator is toward 
the south. 
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Southeast trades blow over a large part of the equatorial Pacific 
throughout the year. Under conditions of the model during a south-
east wind, there is convergence in a narrow band near 2-3° N, with 
divergence to the south as indicated in Fig. 6. 

Since the pressure gradient has not been considered in the discussion 
leading to the divergence and convergence features of Fig. 6, it should 
be expected that these features will never be found exactly as described 
in the real ocean. In the real ocean, which is bounded and over 
which the prevailing wind velocity varies in space, a pressure-gradient 
force develops when the wind has blown for a sufficient length of time. 
Apparently this pressure-gradient force reduces the angle between 
wind direction and current-transport direction to less than a right 
angle. For example, the current transport chart of the North Pacific 
(Sverdrup, et al., 1942; 727, fig. 205) shows that there is rather close 
agreement in transport directions with directions shown on charts of 
predominant winds. Thus, it seems that the actual transport of the 
current usually is not directed a full right angle from the wind direction. 

Nevertheless, vertical motion can occur even though the extreme 
divergence and convergence associated with the steady-state situa-
tions diagramed in Fig. 6 are never reached. Thus upward fl.ow can 
be induced by divergence resulting from only a slight turning of the 
current cum sole from the wind direction. Similarly, convergence and 
divergence zones will exist as drawn for north and south winds if the 
current deviates only slightly from the wind direction. However, the 
convergence indicated during a southeast wind depends on the exis-
tence of a current directed north at some latitude, north of which the 
meridional component of the current decreases because of a further 
turning of the total current cum sole. Since the pressure-gradient 
force generally reduces the angle between current transport and wind 
direction to considerably less than a right angle, the convergence 
which appears in Fig. 6 for a southeast wind will probably not be 
found in the real ocean. 

The divergence feature of the model in Fig. 6 seems to explain the 
upwelling which is apparent near the equator. The convergence 
feature is probably of importance in the real ocean when a wind is 
from the west or when the "southeast" trades back nearly to south. 
However, convergence north of the equator is expected during south-
east tradewinds due to the deceleration of wind speed which occurs 
near the doldrums and due to the convergence of the wind drift 
current. 
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Figure 7. Schomatic representation of circulation in the meridional plane near the equator 
during a southeast wind when front is present (abo•e) and when no front is present (below). 
Full lines indicate surfaces of constant "'· The arrows have the character of streamlines and 
do not represent trajectories. The arrow shaft lengths indicate roughly the relative magni-
tudes of flow. Small circles indicate regions of slight and variable flow in this plane. 

THE MERIDIONAL CIRCULATION 

Fig. 7 presents schematically the meridional circulation which 
appears to prevail during a steady southeast wind. The full lines 
represent constant <F t and are intended to be stationary in the two parts 
of the figure. The arrows have the character of streamlines and do 
not indicate trajectories. There are, of course, strong zonal currents. 

The surface water moves with a component northward under the 
influence of southeast trades. Horizontal divergence near the equator 
induces upwelling. The current near the surface can cross <F t surfaces 
toward greater density by virtue of an increase in the current's density 
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due to admixture of relatively dense water from below; this latter 
feature is indicated in the figure by arrows at mid-depth, shown 
crossing u I surfaces toward lower density. 

The surface water of greatest density occurs at the equator. Here 
the water is cooler than that which would be in radiative equilibrium 
with incoming solar radiation that tends to increase temperature (and 
decrease density) at this latitude. Therefore, as the water moves 
northward its density is reduced by warming and it crosses u1 surfaces 
toward lower density. Horizontal convergence occurs north of the 
equator during southeast tradewinds. Continuity is maintained 
partly by sinking along u I surfaces. 

On some occasions the northward current is blocked by an Equa-
torial Front, shown as a shaded zone in the upper diagram of Fig. 7. 
On such occasions some of the water in the lower part of the surface 
layer returns equatorward. In a region of persistent northeast winds 
across the equator, one would expect a meridional circulation similar 
to that appearing in Fig. 7, mirrored in the equatorial plane. 

INFLUENCE OF CIRCULATION ON ZOOPLANKTON 
DISTRIBUTION 

Graham (1941), using CARNEGIE data, has shown a high plankton 
population near the equator which he attributes to upwelling. Our 
results are in good agreement with this idea (King and Demond, MS). 
The plant and animal life that is dependent on the meridional circula-
tion just described should exhibit certain additional features in its 
distribution. 

Following the introduction of nutrients into the euphotic zone, e. g., 
by upwelling near the equator, phytoplankton and then zooplankton 
would be expected to increase. If the current near the equator has a 
northward component, as during southeast tradewinds, the plankton 
will be displaced northward. In general the maximum zooplankton 
concentration would be expected somewhere between the region of 
nutrient enrichment and the zone of horizontal convergence, the 
magnitude of the displacement northward being dependent on the 
time rate of zooplankton increase relative to the rate of flow north-
ward. If this flow is relatively rapid the zooplankton may be carried 
to the zone of horizontal convergence north of the equator or, if a 
front exists, to the convergent zone south of the front. Due to its 
ability of directed vertical swimming, the motile zooplankton can 
maintain its level against the slight downward flow associated with 
horizontal convergence and will tend to concentrate in the convergent 
zone. 
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the 140° W and 180th m eridians, combined grossly without regard for longitude or season. 
The number of observations included in the averagin g for each degree of latitude appear at 
the right. MIDDLE AND RIGHT : Zooplankton data concu1Tent with the h,·drograpbic sections 
of Figs. 2 and 3, respectively. 

King and Demond (MS) have reported zooplankton results from the 
central Pacific. The left histogram of Fig. 8 showing the meridional 
variation in zooplankton abundance is based on data collected during 
11 crossings of the equator between 140° W and the 180th meridian, 
a region over which southeast tradewinds predominate. All of these 
samples were taken with oblique hauls down to 200 m with nets having 
a body of 30XXX grit gauze and cod end of 56XXX grit gauze. The 
diagram includes data collected during each season. Apparently the 
maximum zooplankton concentration is related to the equatorial up-
welling. Although the peak abundance occurs at the equator, the 
bulk of the plankton is displaced a little toward the north, which is 
consistent with the proposed meridional circulation. 

The middle and right histograms of Fig. 8 are based on net hauls 
made concurrently with the hydrographic stations on which Figs. 2 
and 3 are based. These distributions seem to show the influence of a 
circulation like that shown in the upper diagram of Fig. 7. The 
former indicates a rather abrupt decrease in zooplankton abundance 
northward across the front. The latter shows the zooplankton con-
centrated near the front. 
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FISH CATCH (EXCEPT SHARKS) PER 100 HOOKS SET 
Figure 9. Abundance of large fish (except sharks) along 150° W Long. as lnc!Jcated by 

catching rate during SMITH cruise 11 across the equatorial currents. Shaded portion repre-
sents proportion of catching rate due to yellowfln tuna (Neothunnus macropterus) alone. 

RELATED FISH DISTRIBUTION 

An integral part of our program has been to relate the circulation 
to the distribution of large fishes. Systematic sampling of these 
fishes, principally of tunas, has been described in detail by Murphy 
and Shomura (MS). 

The results of a series of fishing stations along 150° W during 
August-October 1951 are shown in Fig. 9. Although complete hydro-
graphic observations could not be taken during the fishing, the thermo-
graph records show that there was no significant front. The circula-
tion was probably that which arises with southeast tradewinds which, 
according to the pilot charts, predominate near the equator during 
these months. 

The striking abundance of large fish, particularly of yellowfin tuna 
(Neothunnus macropterus), north of the upwelling suggests a causal 
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relationship to the circulation described in this paper. However, 
subsequent cruises have shown that the fish distribution sometimes is 
less clearly related to the circulation. Of course the fish dist.ribution 
depends on a complex of factors, many of which are not considered here. 
Generally, however, in that part of the central Pacific over which 
southeast tradewinds blow, the greatest catches occur north of the 
equator in the region of convergence. 

SUMMARY 
1. Two sets of meridional sections showing the distributions of 

density (ut), salinity, inorganic phosphate, and dissolved oxygen across 
the equatorial currents of the central Pacific have been presented and 
are discussed briefly. 

2. The sections show clearly the well known equatorial upwelling, 
but they do not support the thesis that upwelling is occurring at the 
northern boundary of the Equatorial Countercurrent. 

3. An Equatorial Front, separating dense upwelled water near the 
equator from water of lesser density found generally in the surface 
layer of the South Equatorial Current, is described. Horizontal 
convergence and sinking are apparently associated with this front. 
The front does not coincide with the boundary of the Equatorial 
Countercurrent. 

4. Reasons have been advanced for the existence of convergence 
north of the equator during southeast tradewinds when no front 
exists. 

5. By modifying Ekman's theory of the "wind drift current" to 
include the total effect of friction, it is possible to discuss qualitatively 
a model that applies at and near the equator. In terms of this model 
it has been shown that there is a zone of horizontal divergence and an 
adjacent zone of convergence near the equator_. The boundary 
between meridionally convergent and divergent flows shifts latitu-
dinally and is dependent upon the wind direction. The divergence 
feature of this model seems to explain the equatorial upwelling. The 
convergence may at times produce significant sinking. 

6. The circulation in a meridional plane across the equator during 
southeast tradewinds is summarized in Fig. 7. 

7. The distribution of zooplankton and tunas in the central Pacific 
suggests a strong influence by the meridional circulation described. 
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