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Large-scale, westward-extending tongues of warm (Pacific) and cold (Atlantic) water are
found between 2000 and 3000 meters both north and south of the equator in the Pacific
and Atlantic oceans. They are centered at 5° to 8° north and 10° to 15° south (Pacific)
and 5° to 8° north and 15° to 20° south (Atlantic). They are separated in both oceans by
a contrasting eastward-extending tongue, centered at about 1° to 2° south, in agreement
with previous helium isotope observations (Pacific). Thus, the indicated deep tropical
westward flows north and south of the equator and eastward flow near the equator may
result from more general forcing than the hydrothermal forcing previously hypothesized.

The upper ocean circulation is known to
be vigorous and basically east-west in ori-
entation, but despite many years of ocean-
ographic observation of the tropical Pacific,
relatively little is known about the circula-
tion below a depth of about 1000 m. More
is known about the deep tropical Atlantic
circulation because of its strong water mass
signatures in temperature, salinity, oxygen,
and nutrients. In the Pacific the discovery
of helium tongues of hydrothermal origin
has resulted in the hypothesis that the
dominant large-scale tropical circulation
centered at about 2500 m depth consists of
westward flow in two broad bands north and
south of the equator (I). Recent detailed
and large-scale observations made as part of
the World Ocean Circulation Experiment
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(WOCE) and South Atlantic Ventilation
Experiment are allowing the detailed de-
scription of the major elements of the cir-
culation at these depths. In this report,
evidence of longitudinally extensive east-
west flows at these depths within 15° to 20°
of the equator is presented, as indicated in
the fields of temperature, salinity, and ox-
ygen measured with unprecedented latitu-
dinal resolution; similarity between flow
patterns that have been hypothesized for
the Pacific and Atlantic is demonstrated.
The existence of large-scale zonal flow at
depth in the South Pacific is well known
because of its hydrothermal signature.
Plumes of water with high *He/*He ratios
emitted from the East Pacific Rise at 15°S
(2) were observed along 125°W, 135°W,
and the dateline (I, 3), in a core centered
at 2500 m at 15° to 20°S. Upward motion
from hydrothermal sources directly over the
rise that feeds the warm, helium-rich
tongue extending to the west was demon-
strated by Hautala and Riser (4). The
South Pacific plume is also evident in maps
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of potential temperature and salinity (5). A
North Pacific helium plume at 5° to 10°N
was also apparent in the early observations
at 125°W and the dateline (3) and has since
been observed in more detail by Craig at
135°W (5) and by Jenkins at 10°N (6).
Craig concluded that the source of the
North Pacific *He maximum was also the
East Pacific Rise, between 5° and 10°N (I).
Both Pacific plumes are also characterized
by marked temperature (1), silica, oxygen,
potential vorticity, and velocity shear sig-
natures. As a result of the South Pacific *He
observations, Stommel suggested (7) that
hydrothermal venting on the East Pacific
Rise forced westward jets at mid depths.
Alternatively, he suggested that general
abyssal thermohaline circulation (8) is aug-
mented with strong local hydrothermal
forcing (9).

Primary temperature and salinity data from
WOCE meridional hydrographic sections at
135°W (Fig. 1) and 151°W, which were made
in June to September 1991 aboard the re-
search vessel Thomas Washington, reveal these
zonal features in the Pacific Ocean. Data from
a section at ~125°W, made in 1971 (10),
complement the new data. The data show
that the shallower isopycnals are depressed
from 20° toward 5° to 7° on both sides of the
equator and form a bulge upward at the
equator. In contrast, deeper isopycnals are
elevated toward the equator and bulge down-
ward at the equator. The deepest isopycnals
are elevated to their shallowest point at the
equator.

Potential temperature on isopycnals at
depths of 2000 to 4000 m shows large-scale
warm and cold anomalies (Figs. 2 and 3).
On the largest scale, warm (salty) waters are
in the south and in the tropics, whereas
colder (fresher) waters reside in the subtrop-
ical South Pacific and in the northern North
Pacific. The warm southern waters are pro-
duced by the mixing of the relatively saline
North Atlantic deep water (NADW) into
the circumpolar deep water (CPW) of the
Antarctic circumpolar current. All low tem-
perature and salinity on the isopycnal must
be produced by vertical diffusion, because
the only lateral source of water is the Ant-
arctic (5). The colder, fresher water in the
North Pacific is also oxygen-poor and silica-
rich and is known as Pacific deep water; it
has no surface source there. On a smaller
scale, a double lobe of high-temperature
waters spans the equator on all isopycnals
from 36.92 to 37.020,. The highest temper-
atures at 135°W (Fig. 3B) are in two separate
regions, centered at 12°S and 6°N and at
36.96 to 36.980, (2700 to 2900 dbar). The
temperature anomalies decrease above and
below this range and are not apparent at
36.800, (1800 dbar, not shown) or near the
bottom at 37.04c,. This pattern corresponds
well with that observed in *He/*He ratios (1,
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3). The peak temperature south of the equa-
tor is higher than that north of the equator,
perhaps because both warm tongues origi-
nate in the south as CPW or because a
hydrothermal heat source for the southern
tongue is more intense. The minimum in
the temperature profile between the two
lobes is slightly south of the equator, be-
tween 1° and 3°S.

At 151°W (Fig. 3A), the pattern is
similar and the highest temperatures rela-
tive to the background are at 36.96 to
36.980,. The highest temperatures here are
at 8° both north and south of the equator.
The pattern at 125°W (Fig. 3C) is more
difficult to discern, but it too has maximum
temperature anomalies at 36.96 to 36.980,,
located asymmetrically about the equator at
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12°S and 7° to 8°N, with a minimum
temperature also at about 2°S. The double-
lobed structure is not apparent east of the
East Pacific Rise (for example, Fig. 3D).
To determine the lateral extent of the
deep tropical temperature structure, we
mapped the potential temperature at 36.96c,
for the Pacific (Fig. 2). The isopycnal depth is
near 2600 m in the tropical Pacific. We used
all currently available WOCE conductivity,
temperature, and depth (CTD) sections, sev-
eral well-sampled pre-WOCE CTD sections,
and a selection of high-quality bottle data.
The South Pacific warm tongue is defined
clearly by the historical data including the
125°W Geosecs section and is apparent on
Reid’s map of salinity at 2500 m (5). The
warm tongue in the North Pacific contrasts

Fig. 1. Potential density anomaly
referenced to 2000 dbar (o, val-
ues are shown in units of kilo-
grams per cubic meter), nominal-
ly along 135°W in the Pacific
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(WOCE P17). Isopycnals below
2000 m slope down from 20° to
between 5° and 7° on either side

of the equator and bulge upward

at the equator. The 151°W section
has similar features.

2000 2
————— =\_A
_____ AN
g b
E 3000 AN Y (PRIl Tl
& "‘C}'\"/\J\ISIOO
a PRV - S
f‘-« I iad - M, TN -7
\ AN N T RN
37.02) v S, =TT M
37 04 Sz |
4000 7.0 x
M
Ay
5000
6000
20°S 0° 20°N
Latitude

Fig. 2. Map of potential tempera-
ture (in degrees Celsius) at
36.960,, interpolated vertically from
discrete data with the use of a cu-
bic spline. The densely sampled
sections at 150° to 155°W, 135°W,
and 85° to 88°W and the line of
stations at about 125°W are the four

sections used in Fig. 3. The error is
approximately 0.02°C, arising pri-
marily from differences in standard
sea waters used for the calibration
of salinity. Some attempt was made
to correct for this bias. Important
contoured features are identifiable
in individual data sets, for which the
error is less than 0.01°C. The warm
tongues on either side of the equa-
tor extend westward from the East
Pacific Rise at 5° to 8°N and 10° to
15°S. A zonal cold tongue is locat-
ed slightly south of the equator. The
relatively warm water in the Antarc-

tic is circumpolar deep water, and the relatively cold water in the North Pacific is Pacific deep water.
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less with the background (also seen in Fig. 3).

The two warm tongues appear to extend
westward from the warmest pools in the east-
ern Pacific north and south of the equator.
These correspond with the high *He features
found by Craig (I). Two meridional warm
tongues extend northward in the eastern
South Pacific, one just east of the East Pacific
Rise and one along the South American
coast; they are separated by a southward-
extending cold tongue. Whether the main
source of heat for the two zonal plumes is the
East Pacific Rise or, instead, the Southern
Ocean (for the South Pacific plume) and the
eastern boundary (for the North Pacific
plume) is not clear from these data. The
narrow cold feature just south of the equator
extends eastward from near the western
boundary and may be supplied either by the
colder Pacific deep water of the North Pacific,
the cold center of the anticyclonic gyre in the
western South Pacific through a western
boundary current that is very narrow between
8° and 15°S, or by local upwelling.

These features substantiate, with greater
spatial resolution and lateral extension,
Craig’s hypothesis (1) from *He data of a
pattern in which flow is westward in the
warm tongues at 10° to 12°S and 5° to 10°N
and eastward at 1° to 3°S. Firing’s direct
current measurements (11) along 159°W
from 3°N to 3°S, averaged over 16 months,
show that the most energetic flow below
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Fig. 3. Potential temperature (in degrees Cel-
sius, CTD) on surfaces of potential density
referenced to 2000 dbar, o, at (A) 151°W
(WOCE P16 south of Hawaii, July to September
1991, north of Hawaii, May to June 1984), (B)
135°W (WOCE P17, June to July 1991), (C)
125°W (Geosecs, April to May 1974), and (D)
85° to 88°W (WOCE P19, January to April
1993). In each panel, the topmost (warmest)
isopycnal is o, = 36.90 kg m~3. Isopycnals are
shown in (D) as multiples of a. The depth range
is 2000 to 4000 m (see Fig. 1). Warm anomalies
are present at 5° to 8°N and 10° to 15°S in all
sections (suggesting westward flow), separat-
ed by a cold region centered at 2°S (suggest-
ing eastward flow).

2000 m is eastward at 2.5 cm/s between
2600 and 3000 m, centered at 2°S, consis-
tent with the location of the cold tongue
(Fig. 2). The South Pacific part of this
pattern is similar to Reid’s adjusted geo-
strophic circulation at 2500 m (5).

Flows similar to those of the tropical Pa-
cific are evident in the tropical Atlantic. Like
the Pacific, the Atlantic has two thick water
masses in this depth range: NADW and
CPW. NADW has higher salinity and oxygen
than CPW; its high salinity originally arises
from the Mediterranean Sea, and its high
oxygen arises from the Labrador Sea and
Arctic Ocean. CPW contains a component of
NADW that has circulated southward
through the South Atlantic to the Southern
Ocean and then around Antarctica, where its
salinity is lowered by mixing with waters of
Antarctic and North Pacific origin. The oxy-
gen of CPW is lowered by age and by admix-
ture of oxygen-poor Indian and Pacific waters.
The large-scale horizontal intermingling of
NADW and CPW in the Atlantic results in
lateral variations in salinity and oxygen on
isopycnals (12, 13).

In the South Atlantic, NADW spreads
southward along the western boundary and
CPW spreads northward in the eastern part of
the ocean (13-15). Salinity and oxygen on
isopycnals, ranging from 36.80 to 37.040,
(1400 to 3000 m between 20°S and 40°N),
show alternating east-west tongues of NADW
and CPW (12-14). On Reid’s maps (13), a
tongue of low salinity and low oxygen CPW
extends westward in the North Atlantic cen-
tered at 5° to 10°N; a tongue of high salinity
in the upper NADW and high oxygen in the
middle and lower NADW extends eastward
near the equator; a tongue of low salinity and
high oxygen extends westward in the South
Atlantic between 8° and 20°S. The eastward
flow of upper NADW along the equator was

demonstrated in Weiss’s measurements of
chlorofluorocarbons  (15); only the upper
NADW contains measurable CFCs, indicat-
ing that it is the most recently ventilated of
these waters.

At 25°W (Fig. 4), depressions in salinity
and oxygen indicating westward flow are
found, one north of the equator at 5° to 8°N
and two south of the equator at 5° to 8°S and
at 12° to 18°S; the 5° to 8°S tongue is not
apparent in most data sets but is a strong
feature on the 25°W section. The Atlantic
signatures of zonal flow are less dramatic than
those in the Pacific, possibly because they are
obscured by the large-scale trend from waters
with low salinity and high oxygen in the
Southern Ocean to waters with high salinity
and low oxygen just below the Mediterranean
tongue at about 30°N. There is remarkable
horizontal and vertical homogeneity in salin-
ity and oxygen between 16°S and 13°N; the
interleaving CPW and NADW signatures are
weakly imposed, as if the region is somewhat
isolated from the gyres to the north and south
except for a small amount of newer CPW and
NADW switled in, delineating the tongues
under discussion.

As in the Pacific, these tongues are the
primary large-scale features of salinity and
oxygen between 20°S and 15°N. If flow were
along the axes of the tongues, rather than
around them, westward flow would be indi-
cated at 5° to 8°N (5° to 8°S) and 12° to 18°S,
and eastward flow at 8° to 12°S and at 1° to
2°S. The similarity of structures in the thick
deep-water layers in the Pacific and Atlantic
oceans and the near symmetry between
Northern and Southern hemisphere flows in
both the Pacific and Atlantic suggest that the
forcing mechanism is general rather than spe-
cific to one region.

The Stommel and Arons model (8),
which provides our basic understanding of
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Fig. 4. (A) Salinity and (B) oxygen
3 on surfaces of uniform potential
density anomaly relative to 2000
dbar at 25°W in the Atlantic
Ocean (July to September 1988
for 3°S to 63°N; January to April
1989 for 54°S to 1°N). Isopycnals
are shown as multiples of o. The
depth range is 1600 to 2700 m.
The salinity pattern in the Pacific

is reversed in the Atlantic; in both
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oceans the off-equatorial, west-
ward-extending tongues are of
CPW, which is fresh in the Atlantic
and salty in the Pacific relative to
the deep waters from the North-
ern Hemisphere in each ocean.
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abyssal circulation, on the assumption of a
flat-bottomed ocean driven by uniform up-
welling, predicts that flow is poleward and
eastward throughout the interior ocean.
However, in both the Pacific and Atlantic,
the westward-extending tongues have the
proper characteristics for CPW, which thus
spreads equatorward from the Southern
Ocean in the eastern South Pacific and
South Atlantic. Thus, if the Stommel and
Arons model were appropriate, the westward
flow we observe would have to lie above the
maximum in deep upwelling (16). The
equatorial tongues, which suggest eastward
flow, have been well-documented in the
Atlantic (12—-15); Béning and Schott’s re-
cent model (17) suggests that a kelvin wave
mechanism can produce such a current and
its slight southward shift relative to the
equator. A second model that has been
suggested for the South Pacific warm tongue
is hydrothermal forcing from the East Pacific
Rise (7, 9). Hydrothermal heating probably
increases the temperature of waters in the
eastern Pacific, although vertical diffusion
also may be effective in spreading heat and
salt downward in the tropics. The stronger
signature of the warm tongue in the South
Pacific relative to the North Pacific may be
the result of asymmetric thermal forcing
from the ridge crests. However, hydrother-
mal forcing is not likely the sole forcing
mechanism for these deep low-latitude flows
because there is no hydrothermal signature
in the Atlantic.
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