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ABSTRACT

The Samoan Passage at about 10S, 169W appears to be the major channel through which the deep
and abyssal waters flow northward from the South Pacific. The northward flow, postulated from the
distribution of characteristics, is confirmed by direct measurements of the currents. The depsity field
and the water characteristics are consonant with an intensified deep western boundary cusrent, whose
quasi-geostrophic balance requires the densest water to lie shallowest on the western side of the Samoan
Basin, and from which it appears to cascade suddenly into the deeper waters of the North Tokelau Basin.
The density field and the water characteristics are also consonant with a southward flowing western
boundary current lying immediately above the abyssal flow. It is proposed that this shallower flow, at
depths somewhere between about 2000 and 3500 m, represents a return flow of water from the deep North

Pacific, with high nutrient and low oxygen content,

1. Introduction

That the characteristics of the bottom water of the
North Pacific Ocean are not formed in the arctic or
subarctic areas but reflect the influence of northward
flow from the South Pacific was first shown by Prest-
wich (1875). A map of the potential temperatures at
the bottom of the Pacific in depths greater than 4000m
was prepared by Wiist (1937), illustrating the gradual
increase from less than 0.5C in the central South
Pacific to more than 1.0C in the central North Pacific,
with the colder water crossing 10S in two tongues at
about 170W and 160W,

Wooster and Volkmann (1960) used additional data
in preparing a map of the potential temperature at
S km. With the available bathymetry, there did not
appear to be a passage from the South to the North
Pacific at depths as great as 5 km. The intervening
ridge appeared to be narrowest and deepest at about
9S, 169W, and they noted a sharp change in the tem-
perature (and horizontal temperature gradient) im-
mediately north of the sill.

With the available salinity measurements they were
unable to show a comparable change in salinity, but
they also examined the distribution of dissolved oxygen
and found a pattern consonant with the flow indicated
by the temperature field.

Knauss (1962) reviewed the deep temperature studies
and used the better-quality salinity data (that had
become available from salinometers) to show that the
salinity at the equator is somewhat higher than in the
central South Pacific. Reid and Lynn (1971), with the
more comprehensive data now available, have sug-
gested that the higher salinity of the bottom water

! Contribution from Seripps Institution of Oceanography.

near the equator is the last recognizable extension of
the saline tongue originating from the North Atlantic,
finally intersecting the bottom in the central Pacific.

Reid (1969) reported a passage at about 9S, 169W
that appeared to be deeper than 5 km and through
which deep water was flowing northward.

Gordon and Gerard (1970) examined the bottom
potential temperature north of 11S in the Pacific from
the available hydrographic cast data, from the Lamont
thermograd, and from measurements by an in-situ
salinity-temperature-depth recorder. They also found
the coldest water (<0.8C in potential temperature)
crossing the equator between 160 and 180W, and in
addition traced the colder water northward along
tracks extending both east and west of the Hawailan
Islands.

Edmond et al. (1971) have also reported bottom
temperatures south and east of the Hawaiian Islands
that indicate northeastward flow and they discuss the
vertical temperature structure as well, pointing out a
sharp temperature gradient near 4400 m within the
passage identified by Reid (1969).

In addition to the northward flow of bottom water
in the South Pacific, Wiist (1929) also proposed a
southward flow of warmer, slightly less saline water
between 1500 and 3000 m in order to balance the north-
ward flow at the bottom water and Subantarctic
Intermediate Water. Deacon (1937) also suggested a
southward flow of warm water of low oxygen content
above the bottom water and beneath the intermediate
water. Sverdrup et al. (1942), in their discussion of the
Antarctic circulation, suggest a southward and upward
flow of water from about 3000 m depth at 45S to near
200 m depth at 63S. More recently, Craig et al. (1972),
Gordon (1973) and Reid (1973) have also proposed a
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southward flow east of the Kermadec Ridge above the
salinity maximum.

The Scorpio expedition provided the first east-west
lines of stations through the central South Pacific.
The resulting vertical sections (Stommel et al., 1973)
define the salinity maximum more clearly than earlier
data. In particular, they show that the highest salinities
are on the west side and that the deep oxygen minimum
is really two overlapping minima, the eastern one being
slightly shallower and at lower density than the western
minimum. The Scorpio salinity data thus gave the first
evidence for the western intensification of the north-
ward flow (Warren ef al., 1968). The earlier section
made by Reid (1965) did not have enough good data
to reveal this feature.

After the Scorpio work, Warren and Voorhis (1970)
made direct current measurements at about 22S just
east of the Kermadec Rise. Substantial northward
flows were detected, though the area was more topo-
graphically complex than expected, and some zonal
flow was observed also. At this latitude a geostrophic
current requires a stronger pressure gradient than near
the equator, and they were able to make calculations
of relative geostrophic transport below a reference
surface that sloped from 3100 m near the Kermadec
Ridge to 4200 m farther east and found a northward
flow of about 12.9X10% m3 sec™™.

With the development during the last decade of
techniques for direct current measurements, it seemed
worthwhile to examine whether the postulated abyssal
flow from the South to the North Pacific Oceans could
be located and measured in the narrow opening near
Samoa. So near the equator the pressure gradients
might be too weak for an application of the geostrophic
method to be useful, especially if the speeds are low,
and it seemed necessary to use direct current measure-
ments as the primary tool in any investigation of the
flow near and north of Samoa.

Earlier measurements of the deep flow over the
abyssal plains of the North Pacific (Isaacs et al., 1966)
had found daily mean velocities of about 1 cm sec™
with semi-diurnal amplitudes of about the same amount.
The daily mean velocities themselves showed sufficient
variation to suggest that useful measurements of
transport across the abyssal plains could not be made
from series of only a few days’ length. However, where
a major transport cannot extend over an entire basin
but is confined by topography to a single narrow
passage, the velocity may be high enough for measure-
ments made even with simple techniques and over
short periods to give useful results.

2. The Styx expedition

These previous investigations have shown that the
colder waters extend northward east of the Tonga-
Kermadec Ridge to the basin just east of Samoa,
but do not give a clear indication of the passage north-
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ward from there. With these considerations in mind,
the Styx expedition (Reid, 1969) was carried out in the
area near the North Tokelau Basin from 18 June to
5 August, 1968, aboard the Research Vessel Alexander
Agassiz. The bottom topography is shown in Fig. 1,
and the positions of the Styx stations are shown in
Fig. 2. According to the maps of Udintsev ef al. (1963)
and Menard (1964), the most likely place for the
deepest passage to the Basin appeared to be at about
9-10S, 168-169W (the Samoan Passage), but another
passage might exist northward through 10S, 166W.
There might also be an eastward passage through about
16S, 162W (across the Austral Seamount Chain), and
the available data did not preclude that another
passage might exist, extending northward west of the
Tokelau Islands. Shortly before the expedition began,
data were taken aboard the Burfon Island (Scripps
Institution of Oceanography, 1971) at 14°19'S,
158°56’'W that showed the abyssal water east of the
Samoan Basin to be warmer than would be expected
if there were a deep passage to the east near 16S.
Therefore, the Styx expedition worked west, northwest,
north and northeast of Samoa, but did not investigate
the area to the southeast.

The positions of the Styx measurements are shown
in Fig. 2, with bottom topography taken from the
soundings available before the expedition, augmented
with those of the expedition itself and some later
crossings (Hollister ef al., 1974). Tabulations of the
depths reached by the hydrographic casts, the potential
temperatures observed at the bottom, and the averaged
results of each series of current measurements are
given in Table 1. Sources of the hydrographic data are
given in Table 2.

Departing from Samoa, the Styx expedition? first
measured water characteristics at the north end of the
Tonga-Kermadec Trench (as representing the extreme
forms of the waters moving northward) and then
traveled northwestward to the ridge connecting the
Fiji and Tokelau Islands, measuring depth and water
characteristics, and making several short series of
current measurements to test the equipment and tech-
niques and to sample the ambient deep velocity (Fig. 2).
No deep passes, cold waters, or significant flows were
encountered in that sector, and the vessel turned
eastward along the ridge toward the Tokelau Islands.
First evidence of a deep passage was found at about
10S, 170W and, after crossing the passage and taking a
deep cast (Station 16) and a 4-hr current measurement,
the Agassiz turned northward and followed the passage
to the deeper waters of the North Tokelau Basin
(Station 20, Fig. 2). The current meters at Station 17
showed flow at 3 m above the bottom to be about 5
cm sec™! toward 066°T and at 100 m above the bottom

2 Stations 1 through 6 were taken on previous legs of the
A gassiz’ track. Stations 3 through 6 were in the area of interest,
however, and are used herein,
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Fic. 2. Positions of hydrographic stations and current measurements and a simplified bottom topography. Styx Stations 1 and 2
are not in the area of this map. Stations with current measurements are circled. Not all of the closely spaced Styx stations can be
labeled. The east-west line beginning with Station 41 includes 41, 15, 33, 34, 32, 31, 17 and 30; that beginning with Station 35 in-
cludes 35, 40, 36, 39, 18, 37 (current meter only), and 38. Stations used on the vertical sections (Figs. 7 and 8) are connected by the

dashed lines. Sources of the hydrographic data are listed in Table 2.

to be about 7 cm sec™! toward 056°T; at Stations 18
and 19 the measured flows were more nearly northward
and at higher speeds. Along the passage the bottom
potential temperature had increased from 0.644C at
Station 16 to 0.637C at Station 17 and 0.724C at
Station 19. Farther north, in the Tokelau Basin, the
value was 0.756C at Station 20.

At this stage it appeared that one passage deeper
than 5 km had been assured; the ship could either
work back along the channel on its way to Samoa to
refuel or move east and return along the next possible
channel (along 164W from 3S to 10S). The latter choice
was made, and, though a deep trough was found, the
potential temperature at the bottom was much higher
at Stations 21 and 22 (0.982 and 0.900C) and the
bottom velocities were not indicative of any significant
flow. Because these were at the north end of the trough,

the ship came southward, but found even higher
temperature (1.048C at Station 23). This seemed
conclusive that none of the colder water (less than
0.90C) was passing through the trough, and the vessel
turned southwestward toward Samoa and en route
took a series of hydrographic stations in the deeper
waters (Stations 24-29). At Station 26 a current meter
was deployed to be recovered after refueling; it re-
mained down for 95 hr, and its velocity averaged 3.7
cm sec™? toward 348°T.

On the second leg three transects with current meters
and hydrographic casts were made across the Samoan
Passage and another sweep was made to the west to
see whether the water moving through the Passage
turned immediately to the west; no cold (less than
0.70C) water was found.
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TaBLE 2. Data used on the figures.

Geopotential anomaly
3000/3800
(Fig. 5)

Ship—TInstitution

4500/3800
NODC No.—Reference or Source

(Fig. 3)

Vertical

sections
north-south

(Fig. 7}

Depth, salinity,
and oxygen where
a5=50.26
(Fig. 9)

Potential
temperature
at bottom
(Fig. 6)

Albatross—Qceanografiska Inst.
770418—Bruneau et al. (1953)

v
Alexander Agassis—Scripps Inst. Oceanogr.

311222 (Styx)—S.1.0. (1971) v

v

v

Argo—Scripps Inst. Oceanogr.
(Nova)—Manuscript data

Burion Islend—U.S. Coast Guard
311214—S.1.0. (1971)

Carnegie—Carnegie Inst.
310002—Fleming et al. (1945)

Dana—Carlsberg Foundation
260009—Carlsberg Foundation (1937) v

Galathea—Galathea Committee
260014—Galathea Committee (1964)

Gascoyne—CSIRO, Australia
090033—CSIRO, Australia (1967)
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(“Robbie Ridge”), nowhere deeper than 4 km, between
the Tokelau Islands (at 171W) and the shallow Fiji
Border Plateau at 180°. Another deep valley, with its
southern entrance near Danger Island (166W), does
cut across the Manihiki Plateau, but bottom water
potential temperatures (at Stations 21, 22, and 23)
are greater than 0.9C and increase to the south.
Evidently, no cold bottom water passes north through
this narrow and rather tortuous valley, which may well
be blocked off by a shallow sill in the south.

After debouching from the Samoan Passage, the
colder bottom waters appear to spread both west and
north in the deeper water of the North Tokelau Basin
(an arm of the Central Basin). The lowest temperature
found north of the Passage was 0.736C at Station 5.

2) GEOSTROPHIC FLOW

The greatest problem in interpreting the geostrophic
flow from the field of geopotential is the choice of a
reference surface. The calculations of the Sverdrup
transport made by Welander (1959) indicate an anti-
cyclonic circulation in the South Pacific, and calcu-
lations of the relative geostrophic flow indicate that
near-surface waters of the South Pacific flow anti-

cyclonically with respect to the deeper waters (Reid,
1961, 1965; Reed, 1970; Gill and Bryan, 1971).

However, Stommel and Arons (1960a,b) have
modelled the abyssal circulation and account for the
northward flow postulated by Prestwich (1875) and the
westward intensification later observed along the Tonga-
Kermadec Ridge by the Scorpio expedition (Stommel
et al., 1973) and by Warren and Voorhis (1970). The
flow thus cannot be anticyclonic all the way to the
bottom. The question of the depth to which the anti-
cyclonic flow extends, or below which the northward
flow at the western boundary obtains, is critical to the
interpretation of the geopotential field measured by
the Styx expedition.

Warren (1973) has chosen the 2000-decibar (db)
surface as a reference level, basing the choice partly
upon the assumption that the oxygen minimum, which
lies at about that level in much of the South Pacific,
represents a layer of minimum flow. Reid (1973) has
proposed, as had Deacon (1937), that the oxygen
minimum might be interpreted as a stratum of water
returning southward from the North Pacific, where its
oxygen had been depleted and its nutrients increased.

Schubert (1935) first noted a stability maximum in a
substantial area of the western Atlantic Ocean just
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south of the equator at a depth of about 1000 m and
proposed that it may separate the northward-flowing
Intermediate Water from the underlying southward-
flowing North Atlantic Deep Water. He also noted a
deeper stability maximum (2000-4000 m) but did not
make a like interpretation as an interface between
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different water masses. Its depth is only slightly greater
than that of the 2C isotherm in potential temperature
that Wright (1970) proposed might separate the
southward-flowing North Atlantic Deep Water from
the northward-flowing Antarctic Bottom Water. Reid
and Lynn (1971) have shown that a comparable deep
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Fic. 4a. Stability along a section extending across the Samoan Basin from Stations 24-29

(position shown in Fig. 2). The quantity is E=

and Sverdrup (1914).

A'p/AZ [107% gm cm™ m™1] after Hesselberg

T16. 4b. Geostrophic flow (cm sec™) relative to the depth of the stability maximum (the
heavy dashed line) on the same section as in Fig. 4a. Speeds for the area between Stations

29 and 28 are placed to the left of Station 29.
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the other charts.)

stability maximum exists in the Indian and Pacific
Oceans, extending (at least) from 10S to 30S. We shall
assume in these calculations that this stability maxi-
mum represents the depth of minimum flow. Using it
as a reference, the shear is such that the water in the
western boundary current flows northward below it and
southward (as part of the anticyclonic gyre) above it.

Along the Styx line near 12S (Stations 29-24) and
generally south of 12S in the Samoan Basin, the
maximum lies near 3600 m in the west and slopes
downward to 3900 m in the east (Fig. 4a). Across the
Samoan Passage near 9S the stability maximum slopes
from less than 3800 m in the west to more than 4000 m
in the east, and it lies slightly deeper than 4100 m just
north of the passage. We show in Fig. 4b a vertical
section of the geostrophic velocity relative to the actual
depth of the stability maximum. It is noteworthy that
in the western part of the section the greatest shear is
at or near the depth of the stability maximum. It is
interesting also that on the vertical section of relative
geostrophic flow prepared by Warren (1973) from the
Scorpio data along 28S the greatest vertical shear near
the western boundary occurs near 3000 m; the stability
maximum there lies between 2800 and 3400 m.

The 3800-db surface may be useful as a reference,
but it cannot, of course, lead to absolutely correct
calculations of flow. Aside from the likelihood that the
depth of a true reference surface may vary in space
and time, there are practical limitations in the appli-
cation of the geostrophic method. In these low latitudes
a given speed would be geostrophically balanced by a

weaker gradient of geopotential than at higher lati-
tudes. In fact, it is not the gradient of geopotential but
geopotential itself that is measured, and over these
short distances (less than 30 km between some of the
stations) the differences in calculated geopotential are
near the threshold of the measurement errors in tem-
perature and salinity. As a consequence, the dertved
field of relative flow may be approximately correct
on the larger scale but deformed on the smaller scale;
the interpretation of direct current measurements with
the associated field of relative geopotential anomaly is
much more uncertain here than it would be at higher
latitudes and over broader flows, as, for example, in the
Drake Passage (Reid and Nowlin, 1971).

At 9S, for example, an error of one dynamic centi-
meter in geopotential anomaly results in a velocity
error of about 440/L [cm sec™'], where L is the station
separation in kilometers. For this reason, no useful
quantitative comparison of the current meters and
relative geostrophic flow can be made on the two short
lines of closely spaced stations at about 9 and 9.7S
(stations from 35 through 38 and 41 through 30 on Fig.
2). Tt is unfortunate that the current meter deployed at
station 26 (Fig. 3) was not placed farther west, between
stations 27 and 28. A comparison might have been
useful at this latitude, spacing and speed.

The relative flow at 4500 db (Fig. 5) is intensified
along the western boundary. This is fairly obvious
south of 10S, in the Samoan Basin, but less so to the
north. The geostrophic velocity section, SW to NE
across the Samoan Basin (Tig. 4b), illustrates this



JANUARY 1974 JOSEPH I.. REID AND PETER F. LONSDALE 67
180° 170° 160° 155°W
o° i

10°S fore

20°S

10°S

180°

= 2
160° 155°W
| A S R B S |
o 5

Centimeters /sec.

Fie. 6. Geopotential anomaly (dynamic meters) of the 3000-db surface with
respect to the 3800-db surface and currents measured near 3000 m depth.

westward intensification in the bottom flow, and the
weak southeasterly return flow on the north side of the
Basin, in more detail. A current meter moored 3 m
above the bottom near Station 26 for 95 hr recorded
a mean speed of 3.7 cm sec™ to the northwest. Geologic
evidence is consistent with the proposed distribution of
bottom velocities. Photographs of the sea floor near
the center of the Basin (Heezen and Hollister, 1971)
reveal no evidence of currents. However, in a band
between 4 and 4.8 km deep along the southwest side,
seismic reflection profiling reveals a wedge of sediments
up to 0.5 km thick, overlying turbidites, which is
covered with large-scale sediment waves (Spiess ef al.,
1973). This sedimentary unit was probably deposited
under the influence of a strong thermohaline current
and is analogous to the continental rise off the east
coast of the United States, which was deposited and
molded by a western boundary current (Heezen ef al.,
1966 ; Rona, 1969).

The flow at the 3000-db surface relative to the
3800-db surface is shown in Fig. 6. Not only the data
in Fig. 4b, but also those to the north and south, show
a southward flow along the western boundary and a
northward flow along the eastern side of the Passage.
It appears to be fed by flow from the east south of 10S.
This may be near the northern edge of the central
South Pacific anticyclonic gyre that is calculated from
the Sverdrup transport (Welander, 1959) and appears
in the numerical model of Gill and Bryan (1971).

3) DIRECT CURRENT MEASUREMENTS

The agreement between the directions of the vector-
averaged current measurements and the relative geo-

strophic flow (Fig. 5) is quite good, particularly for
those measurements that lasted 24 hr or more and that
showed the highest mean velocity. Although most of
the measurements were made in the abyssal waters, a
few were placed 500 and 1000 m above the bottom and
permit a brief examination of the shallower flow (Fig. 6).

At Station 15, just south of the Passage, the current
meters near the bottom showed strong northward flow
and those at shallower depths (300 and 1000 m above
the bottom) showed weak southward flow (Table 1).
Within the Passage (at Stations 31, 32 and 33) the
deepest measurements (below 4500 m) were all strongly
northward. Except for Station 32, which showed a
northward component of 4.6 cm sec™ at a depth of
3600 m, the measurements above 3800 m (Table 1)
were southward or weakly northward, consistent with
the irregular pattern seen on Fig. 6.

In addition to the rapid flow through the Samoan
Passage proper, current meter and hydrographic data
indicate there may be an important flow across the
irregular ridge between 170W and the Tokelau Islands.
This flow appears to be slower, but may be volumetric-
ally significant. Water which has passed through or over
this ridge to the two stations (40 and 36) at 8°29'S,
170°13'W and 8°30’S, 169°53'W is slightly less modified
in temperature and salinity structure than water at
the northern exit of the Samoan Passage (Station 19)
and may indicate shallower flow across 9S near 170W.
There may, of course, be one or more undetected narrow
passages for bottom-water flow through the complex
volcanic terrain between 169 and 171W.

The direct measurements of the northward flow of
bottom water in the Samoan Passage area (Fig. 5)
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allow a more detailed examination of the flow through
this irregular terrain. Greatest mean velocities and
maximum speeds occur in the narrowing 5-km deep
channel. The very highest speed probably occurs near
local topographic obstructions in the Passage. Even
within the 5-km deep trough there are sites (e.g., at
Stations 16 and 30) where the cold bottom water is not
moving rapidly. These are in enclosed basins or dead-end
valleys on the east side of the Passage which appear to
be bypassed by the main flow. The rapid lateral changes
in speed of the bottom waters may account for a
complex pattern of erosion and sediment deposition
throughout this region (Hollister et al., 1974).

¢. The water characteristics
1) THE VERTICAL SECTIONS

Starting on the north-south section (Fig. 7) at the
bottom, a salinity maximum is seen near 4000 m in the
southern part of the section, though the variation is so
slight that the exact depth of the maximum cannot be
very well determined. This maximum and the under-
lying colder and less saline waters have been described
as the remnants of the North Atlantic Deep Water
and Antarctic Bottom Water (Reid and Lynn, 1971).
A deep oxygen maximum is seen over about the same
distance, with its exact depth also uncertain.

Above the deep salinity maximum, the next in-
versions occur near 1000 m, where an oxygen minimum
is found, with an oxygen maximum and salinity mini-
mum just above it. The salinity minimum near 800 m
lies within the Intermediate Water (Reid, 1965), and
the shallow salinity maximum near 150 m depth has
been identified as Subtropical Lower Water by Wyrtki
(1962) after the comparable feature described by
Defant (1936) in the Atlantic Ocean.

In the deeper waters the flow is principally along the
section, but in the upper waters the flow is principally
zonal, or across the section (Reid, 1965), and the
shallower tongues should not be interpreted as paths
of northward or southward flow.

The same features are seen on the section across the
Samoan Basin (Fig. 8). The coldest water is at the
bottom, with a salinity maximum slightly shallower,
better developed on the east and west than in the center
[where the velocity section (Fig. 5) indicates a mini-
mum flow near the center of the gyre]. There is a
corresponding maximum in oxygen closer to the depth
of the salinity maximum than on Fig. 7, which is made
from data from three expeditions. Consideration of the
other Styx stations in the area suggests that the two
maxima lie very nearly at the same depth.

PETER F. LONSDALE 69

The density at the various depths of the salinity
maximum can be compared by calculating the density
the parcel would have if moved adiabatically to the
depth where the pressure is 4000 db. At the salinity
maximum, this parameter increases from less than
1.0459 gm cm™3, or 45.9 in ¢4, at about 50S, to about
46.02 in the Samoan Basin (Reid and Lynn, 1971). The
latter value is well above the value of 45.92 sefected by
Reid and Lynn (1971) to represent the lower North
Atlantic Deep Water, yet it corresponds here to a salin-
ity maximum and fairly near to an oxygen maximum
and the nutrient minima (Fig. 8b). In the South At-
lantic the North Atlantic Deep Water is recognized not
only by a salinity maximum but also by an oxygen maxi-
mum (Wiist, 1935) and a phosphate minimum (Watten-
berg, 1957). This oxygen feature shows on the sections
prepared by Duedall and Coote for the Atlantic (1972a)
and the Pacific (1972b) Oceans. It is marginally present
in the Scorpio data at 285 and 43S (Scripps Institution
of Oceanography et al., 1969), but appears on the
Scorpio vertical sections (Stommel e @l., 1973) only
in a minor way at 43S; it is not picked up at all by the
contour intervals on the Scorpio 28S section. The
corresponding nutrient minima near 4-5 km (Fig. 8b)
are clearly seen on the Scorpio sections, though only
the silicate minimum is detected on the Southern Cross
sections (Horibe, 1970).

On the Samoan Basin section, only the abyssal
northward flow can be detected from the temperature,
salinity and oxygen sections; above 4500 m these fields
all change monotonically upward to the level of prin-
cipally zonal flow. But the three nutrient fields have
another inversion in the 2000-4000 m range. Above
the bottom nutrient high, the North Atlantic Deep
Water remnant is recognized by its low nutrient
content (4-5 km), but above this there is a nutrient
maximum. We interpret this distribution as evidence
of western boundary current below about 4000 m
carrying to the north waters with Atlantic and Antarctic
characteristics, and a shallower but analogous western
boundary current carrying to the south waters with
characteristics (high nutrients) derived from the deep
and abyssal North Pacific. We believe this interpre-
tation is consistent not only with the field of geostrophic
flow relative to the stability maximum (Figs. 4b, 5
and 6), but also with the general distribution of charac-
teristics in the central Pacific Ocean, both north and
south of the Samoan Passage. It is also consistent with
the deep western boundary part of Stommel’s (1958)
model and with Welander’s (1959) calculation of the
Sverdrup transport, and roughly consistent with the
numerical model of Gill and Bryan (1971) of flow at
various intermediate depths.

Fic. 7. Potential temperature (°C), a., salinity (%), b., and oxygen (ml per liter), c.,
on a north-south section along the western boundary (position shown in Fig. 2).
Small squares indicate the depth of the isopycnal (¢5=50.26) chosen for Fig. 9.



70

JOURNAL OF

29[ 27 26 25 24 STA

Omp—
b i to7od——i-
- S2a0tssa T
N paa— 160~—
\_,/140
4001~ <_~i00° 7
N 80
T .60.’-’:' -
800 |- ~———2 59 —
1000 '
|000m
-
a. 2000
Ll
o
3000
4000
5000
00 | 1 |
6000 400 200 Okm
28
m 29| 27 26 25 24
- ’_,WKGO—\
400} T -
/f24“*
800 T~ :
000
1000m
o 2000 - |
L .
a o
3000} .
14
40004 -
5000 :
6000 1 :

STA.

L
400 200

28
m 29: 27 26 25 24 STA.

\/’_V&s 50

4001 -

800 |

ST T T T TS3600

—\_‘__.__——————'\

1000

I000m

2000 |-

! 1 1

6000 400 200 Okm
a.
28
29|27 26 25 24 STA
Om ] . L .
A P 2/_'\ |
1000 1L,

1000m

2000

3000

4000

5000

6000

400
-b.

200

Okm

PHYSICAL OCEANOGRAPHY

28
29127 26 25 24 STA

Om gg=

400

800

467

b B —

1000

I000m
3

2000

3000

4000

5000

6000

400

800

1000
1000m

2000

3000

4000 f+=

5000 [

6000

28
m 29| 27 26 25 24

400 200 Okm

mao—:r'—"—

. 00T Y
'_\_/l lo;
~\_/—]20 -

! |
400 200

Fic. 8. Potential temperature (°C), salinity (%) and dissolved oxygen (ml per liter), a., and phosphate, nitrate and silicate
(all in ug-at. per liter), b., on a section across the Samoan Basin. Position shown in Fig. 2.

VoLuME 4

STA.



REID AND PETER F., LONSDALE 71

JOSEPH L.

JaNuary 1974

‘papeys 918 97°(S Weyy SSI S $0 Wolj0q IYM SBALY
“97'0C S €0 213U 20TJINS a1y} I8 0 ‘(2031 fad ur) USBA¥O PaAoSSIp pue “q “(99) Lyurpes “e ‘(s1939w0303y) Yide(T "6 OLT

e

MoGS! 08I «0L1 .08l
S.02

S0l S.0f

0 : : :
MaSSI ] 0L <08

MoGS! =091 -0L1 «08!

0802 S<08 S.02

MGGl
8,02

s.0i- .01 Se01 T 3 S et e +{ 50!
. o : L -
y \/ M D
.C /2
S
0 -0 °0 N 0
7455 Rer] 0L _ce MeGSH 091 o o8|



72 JOURNAL OF PHYSICAL

2) DISTRIBUTION ALONG A DEEP ISOPYCNAL SURFACE

Because the abyssal flow is constrained by topography
and because water masses may change in depth as
they cross sills, the deeper characteristics are illustrated
both on vertical sections (Figs. 7 and 8) and on a surface
defined by a density parameter (Fig. 9). The density
surface chosen (Fig. 9) is that where the water would
have density (actually specific gravity, but the differ-
ence is negligible in this context) of 1.05026 gm cm™3
(or 05=>50.26) if moved adiabatically to the depth
where the pressure is 5000 db. The depth of this surface
(hereafter called an isopycnal surface or isopycnal)
varies across the Samoa Basin from less than 4000 m
in the west to more than 4400 m in the central and
eastern parts and more than 5000 m north of the
Samoan Passage. This isopycnal represents very nearly
the densest water that emerges toward the north from
the Passage. Apparently no water of this density moves
east south of the Manihiki Plateau. The Styx stations
near 4S, 156W are the only stations east of 160W that
show such a dense stratum. It appears more likely that
this water has come eastward near 3S from the Samoan
Passage.

Northward through the Passage the depth of the
isopycnal increases suddenly to more than 4800 m.
The water appears to cascade from about 4200 m
depth at the southern entrance to the Passage (about
10S) to more than 4700 m at 6S. Greater depths still
are found in some of the data near 3-3S west of 170W,
but these are from different expeditions; the depth
calculation for this isopycnal depends critically upon
the salinity, and the other expeditions, with different
methods and equipment, may not yield comparable
data.

It'is worthwhile to note that the east-west slope of
this isopycnal (attributed to geostrophic balance) is
such that water of this density lies at shallower depths
along the western boundary; denser water may cross
in the west than in the east. While the distribution of

the bottom potential temperature (Fig. 3) might -

appear to be consonant with a maximum flow along the
deepest part of the Samoan Basin, the depth of and
characteristics along the isopycnal (Figs. 9a-c) and the
relative geostrophic flow (Fig. 5) suggest instead not
only a western boundary current, but that it is the
westernmost waters that are at the proper depth to
move most freely through the Passage.

The salinity of the isopycnal (Fig. 9b) is highest in
the west, in the area of the strongest flow. The vertical
maximum in salinity appears to be slightly deeper
than this isopycnal in most of the observations within
the area of the Samoan Basin, though the maximum
is not so well defined at these latitudes as to make this
certain. Farther south, on the Scorpio line at 28S
(Scripps Institution of Oceanography et al., 1969) the
maximum is clearly found somewhat above the depth
of this isopycnal. We assume that, as the water within
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the high-salinity core moves northward, its salinity
is being eroded strongly by lateral mixing with the
waters to the north and, as Warren (1973) has proposed,
to the east. Vertical mixing with the overlying op-
positely flowing water may also contribute to the
northward increase in depth and density at the maxi-
mum, as the vertical gradient of salinity is greater above
than below the maximum and the maximum curvature
appears to be above the maximum salinity. As a result
the residual maximum appears deeper in the water
column (and at successively greater densities) until
finally, somewhere north of 58S, it appears at the bottom
of the column.

As the deeper waters pass into the Samoan Basin,
they become warmer by vertical mixing. On this density
surface the ultimate values in and just north of the
Passage are about 34.70-34.71%, in salinity and 0 80—
0.83C in potential temperature.

The dissolved oxygen concentration along the iso-
pycnal (Fig. 9¢c) is also consonant with a northward
flow of water along the western boundary. The abyssal
waters decrease in oxygen from south to north over
the whole central Pacific, and there appears to be a
higher concentration along the Tonga Ridge that
decreases abruptly through the Samoan Passage. The
distributions of phosphate and silicate in the deeper
waters reflect the oxygen distributions quite closely
and are not illustrated here.
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