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Observations of the Mindanao Current During the Western Equatorial

Pacific Ocean Circulation Study

RoGER Lukas,! Eric FIRING,! PETER HACKER,2 PHILIP L. RICHARDSON,3> CURTIS A. COLLINS,*

RANA FINE,5 AND RICHARD GAMMONS

The Western Equatorial Pacific Ocean Circulation Study (WEPOCS) III expedition was conducted
from June 18 through July 31, 1988, in the far western equatorial Pacific Ocean to observe the
low-latitude western boundary circulation there, with emphasis on the Mindanao Current. This survey
provides the first quasi-synoptic set of current measurements which resolve all of the important
upper-ocean currents in the western tropical Pacific. Observations were made of the temperature,
salinity, dissolved oxygen, and current profiles with depth; of water mass properties including
transient tracers; and of evolving surface flows with a dense array of Lagrangian drifters. This paper
provides a summary of the measurements and a preliminary description of the resuits. The Mindanao
Current was found to be a narrow, southward-flowing current along the eastward side of the southern
Philippine Islands, extending from 14°N to the south end of Mindanao near 6°N, where it then
separates from the coast and penetrates into the Celebes Sea. The current strengthens to the south and
is narrowest at 10°N. Direct current measurements reveal transports in the upper 300 m increasing
from 13 Sv to 33 Sv (1 Sverdrup = 1 x 10 m? s~!) between 10°N and 5.5°N. A portion of the
Mindanao Current appears to recurve cyclonically in the Celebes Sea to feed the North Equatorial
Countercurrent, merging with waters from the South Equatorial Current and the New Guinea Coastal
Undercurrent. Another portion of the Mindanao Current appears to flow directly into the NECC
without entering the Celebes Sea. The turning of the currents into the NECC is associated with the

Mindanao and Halmahera eddies.

1. INTRODUCTION

The western equatorial Pacific Ocean circulation and its
variability is important to understand because it has poten-
tially large impacts on the Earth’s climate. In particular, the
role of the interaction of the strong low-latitude western
boundary currents with the equatorial circulation in the
development of the El Nifio/Southern Oscillation (ENSO)
phenomenon is unknown, but there are hypotheses which
suggest that these interactions are important [e.g., White et
al., 1985; Wyrtki, 1987]. Also, these boundary currents
supply waters of the Pacific Ocean to the flow through the
Indonesian Archipelago, which has been shown to play a
large role in the basin-scale general circulation and heat and
mass balances [Godfrey and Golding, 1981; Piola and Gor-
don, 1984; Gordon, 1986; Godfrey, 1989].

The data available until recently have been relatively
sparse and ill suited for resolving the circulation and its
variability; the historical hydrographic data do not provide
good spatial coverage of these boundary currents and the
equatorial circulation, both because of relatively large sta-
tion spacing and because of coarse sampling in the vertical
(see Toole et al. [1988] for a summary of these historical
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data). The historical current measurements consist of short-
duration time series by Russian investigators and of low-
resolution relative profiles obtained by Japanese investiga-
tors using current meters lowered from shipboard
[Montgomery, 1962; Guan, 1986].

Some problems existed with the historical data sets that
had been used to study the Mindanao Current prior to 1986.
There had been no quasi-synoptic mapping of the currents
along with the sampling of the water masses. The separation
of the current from the coast had not been observed. The
source water properties for the Indonesian throughflow were
not well known, especially their transient tracer properties.
The fate of the South Equatorial Current/New Guinea
Coastal Undercurrent waters had not been determined.

In 1985, U.S. and Australian investigators began a series
of cruises to explore the hydrography and currents of the
western equatorial Pacific Ocean. The first two sets of
cruises in this Western Equatorial Pacific Ocean Circulation
Study (WEPOCS) took place in July-August 1985 (WEP-
OCS I) and January-February 1986 (WEPOCS 1I; Lindstrom
et al. [1987]). These cruises were designed to determine the
source waters of the Equatorial Undercurrent and to study
the ocean response to the monsoon in the region from 143°E
to 155°E (Figure 1).

One of the major findings was the discovery of a shallow
western boundary undercurrent (the New Guinea Coastal
Undercurrent) which transports about 8 Sv (Sverdrup; 1
Sv =1 x 10° m? s7!) from the Solomon Sea through the
Vitiaz Strait and into the Bismarck Sea [Tsuchiya et al.,
1989]. A portion of this current appears to peel off within the
WEPOCS region into the eastward-flowing Equatorial Un-
dercurrent (EUC), but at 143°E the major fraction was still
flowing northwestward along the New Guinea coast.

In the third U.S. WEPOCS cruise, the focus of attention
shifted farther west, to the region from 124°E to 143°E, and
north to the Mindanao Current and the North Equatorial
Countercurrent (NECC). The overall objective of the WEP-
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Takahashi [1959, p. 142] noted the existence of ‘‘a cold
region of distorted elliptic form”’ east of Mindanao in obser-
vations made by Japanese researchers in the early 1950s and
related this feature to the circulation inferred from dynamic
topography. Wyrtki [1961] noted the existence of this quasi-
permanent Mindanao eddy associated with the turning of
NEC waters at the coast of the Philippines, and their
subsequent flow to the east in the North Equatorial Coun-
tercurrent. Wyrtki also discusses the seasonal variation of
the eddy in relation to the fluctuations of the currents
surrounding it.

The dominant feature on the map of the dynamic height of
the sea surface relative to 1000 dbar constructed by Ma-
suzawa [1968] is the depression of the sea surface near 7°N,
130°E, which is the sea surface signature of the Mindanao
eddy. The Mindanao Current flows between the center of
this eddy and the coast of Mindanao Island, with speeds of 1
m s ! or more, extending offshore about 100 km according
to Masuzawa [1969]. Wyrtki [1961] shows that the current
extends to a depth of about 600 m, relative to 1250 m. On the
basis of isopycnal slopes near 600 m, Masuzawa [1969]
suggests that the current may extend deeper.

A substantial fraction of the water flowing southward in
the MC appears to follow the coast of Mindanao into the
Celebes Sea, but much of it appears to return to the Pacific
to the north of Halmahera, where it becomes the NECC.
How much of this water is “‘lost’’ to the throughflow is
unknown. How much this water is modified within the
Celebes Sea as it mixes with other waters is also unknown,
but it seems that the low salinity tongue on the 300 cL t !
potential density surface shown by Masuzawa [1969] may be
partly due to entrainment of low-salinity waters as the MC
flows through the Celebes Sea and back into the Pacific.

2.2. The New Guinea Coastal Currents

The confluence of waters of northern and southern hemi-
sphe.e origin which occurs in the far western equatorial
Pacific between the islands of Mindanao and Halmahera was
investigated by Wyrtki [1956]. Here upper thermocline wa-
ters in the Mindanao Current and the SEC meet and are
deflected eastward, though some waters of southern origin
appear to make their way into the Indonesian seas, primarily
south of Halmahera Island, but occasionally north of Hal-
mahera as well. The eastward turning of the current along
the New Guinea coast appears to be associated with the
existence of an anticyclonic eddy.

Russian data from R/V Vitiaz were analyzed by Cannon
[1966], and his analysis on the 300 cL t~! surface (in the
center of the thermocline) shows the high-salinity, low-
oxygen water mass along the northern coast of New Guinea
which we now know to be a manifestation of the circulation
associated with the New Guinea Coastal Undercurrent
(NGCUC; Tsuchiya et al. [1989]). These waters can be
distinguished from the high-salinity Tropical Waters (called
Subtropical Lower Waters by Wyrtki [1956]) of northern
hemisphere origin on the basis of their oxygen content, but
only near this isopycnal surface. Moiseyev [1970] discusses
the layers and lens found in R/V Vitiaz temperature data
from this area. The geographic distribution suggests that
these are related to mixing near the confluence of southern
and northern waters in the far western equatorial Pacific.

The Japanese have made most of the direct current
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measurements near the New Guinea coast. The vertical
section of currents along 133.5°E and 137°E during January—
February presented by Masuzawa [1968] in his Figure 2
illustrates the existence of the shallow eastward and south-
eastward Northwest Monsoon Current, overlying the strong
northwestward flow of what appears to be the NGCUC,
though Masuzawa considers this flow part of the SEC. The
NGCUC is found between 100 and 400 m in the 137°E
section, with a maximum speed of 92 cm s~ ! toward the
WNW at 200 m depth. In the 133.5°E section, the flow is only
20cm s ! to the NW, and it is found between 200 and 300 m
on the equator. The eastward flow of the NECC appears to
extend south only to 2°N in these sections. This is consistent
with the analysis of the NECC boundaries by Tsuchiya
[1961].

The various WEPOCS observations clearly show the
NGCUC at 143°E, with about 10 Sv continuing towards the
west. This is just about equal to the eastward transport in the
EUC at this longitude so it is tempting to suggest that all of
the water of the NGCUC returns to the east, but water mass
properties indicate that about one-third of the water in the
EUC at this longitude derives from northern hemisphere
sources. Thus it appears that about 3 Sv from the NGCUC
does not return in the EUC [Tsuchiya et al., 1989]. The fate
of this water is not yet known.

3. WEPOCS III OBSERVATIONS

The WEPOCS III Expedition took place from June 18 to
July 31, 1988. Leg 1 began in Guam and ended in Palau on
July 2. Leg 2 departed Palau on July 5 and ended in Manila.
The cruise track is shown in Figure 1.

3H1%

Thirty-five surface drifters were deployed during WEP-
OCS III [Wooding et al., 1990]; they had small surface floats,
drogues centered at 15 m, and drogue sensors. The drag area
ratio of the drogues to tether plus surface float was around
50/1. All buoys measured sea surface temperature at a depth
of a few centimeters below the surface. Buoy positions were
calculated by Service Argos in France from the Doppler shift
of the transmitted signal as it was received by polar-orbiting
satellites. Each buoy transmitted continuously for its first 90
days at sea which resulted in approximately six fixes per
day. After that the buoys transmitted every other day to
reduce tracking costs. Data processing was performed at
Woods Hole as described by Richardson and Wooding
[1985].

3.2

Throughout the cruise an RD Instruments 150-kHz acous-
tic Doppler current profiler measured velocity structure from
20 m to a typical maximum depth of 350 m. Profiles mea-
sured nearly once per second were vector averaged over
S-min intervals in geographical coordinates. Dual-channel
Transit and Global Position System (GPS) position fixes
were recorded from a Magnavox 1157 integrated satellite
navigation system. A rubidium clock was used to extend
GPS coverage to 12 h/d.

Problems discussed by Chereskin et al. [1989] were mini-
mized by overriding default operating parameters, so that
the profiles are expected to be accurate to better than 5 cm
s 7! as relative profiles. Because of the strong currents in the

Drifter Launches

ADCP Observations
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Drifter velocity vectors averaged by 1° squares, July-September 1988. ADCP current observations are
included. Gridded data have been smoothed (see text).

Fig. 3.

From the drifter array we observed the component currents
and associated eddies of the far western equatorial Pacific
circulation, including the Mindanao Current (MC), the Min-
danao Eddy (near 7°N, 128°E), the South Equatorial Current
(SEC), the Halmahera Eddy (near 4°N, 130°E), the origin of
the North Equatorial Countercurrent (NECC), the flows in
the Celebes Sea, and the flow in the Makassar Strait (Figure
2).

The Mindanao Current had near-surface speeds over 1 m
s~ ! and a width of about 100 km in the area south of
Mindanao. Of 11 drifters seeded in the MC, three were
advected directly into the NECC, two moved into the
Celebes Sea and out again into the NECC, and six drifters
entered the Celebes Sea without returning; two of these
grounded, two failed or were stolen, and two continued
through Makassar Strait with speeds of about 80 cm s .

The drifters launched in the Mindanao Eddy described
closed loops with a diameter of about 250 km. The circula-
tion in this eddy seemed weaker than in the Halmahera Eddy
(see below) and appeared to weaken further over the suc-
ceeding months.

Buoys were launched in the SEC as it accelerated to its
maximum flow. Five buoys launched north of New Guinea
between 1°N and 3°S converged into a narrow, swift current
near 136°E. The fastest buoy was that launched closest to the
New Guinea coast, moving westward at over 1 m s . Three
buoys drifted into and around the Halmahera Eddy, one
grounded on Halmahera Island, and three retroflected near
135°E before reaching the Halmahera Eddy.

The Halmahera Eddy was revealed by closed loops of
about 300 km diameter; the overall size appeared to be about
470 km. Four drifters looped around the eddy, and one
slowed near the center. The speed of the drifters in the eddy
was about 50 cm s !, and the period of drifter circuits in the
loops was about 20 days.

The NECC was clearly present during the expedition, with

T
130E

140'E 150 E

buoys from both the MC and SEC traveling eastward in it.
The drifters described a meandering path upon entering the
NECC near its origin; the meander peaks were separated
zonally by 700-800 km, and the meridional displacement of
the drifters was about 400 km. There was no zonal displace-
ment of the meander pattern with time which would be
characteristic of phase propagation. Over a period of about 1
month, the range of the meanders decayed from 400 km to
200 km. Average drifter speed was about 80 cm s~ with
some buoys moving at over 1 m s~ !. Highest speeds were
found near the origin of the NECC in the west (near 130°E),
and slowest speeds of less than 20 cm s ! in the east (145°E
to 150°E).

Averaging all July-September drifter velocity measure-
ments in 1° squares and lightly smoothing the gridded values
(Figure 3), we find a remarkable similarity to the climatolog-
ical mean ship drifts (Figure 4) averaged from May through
November and smoothed in the same way. (Smoothing was
done with the diffusion equation. An anomalous value was
reduced by 83% relative to the background field, with 60% of
the reduction going to the eight nearest neighbors.) The
Halmahera Eddy is not seen as a closed circulation in the
climatology, as it is in the July 1988 drifter tracks, but it is
indicated by a southward dip in the NECC at about 135°E.
Note also the sharp northward bump in the NECC between
135°E and 140°E in both the drifter measurements and the
ship drifts. The similarity between the drifter tracks and
climatology suggests that the WEPOCS III observations
were not atypical, despite the cold event that was underway
[Kousky, 1989].

4.2. ADCP

The dominant features in the map of upper-ocean ADCP
currents are the MC and the Halmahera Eddy (Figure 5).
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Fig. 6. Meridional component of ADCP-measured current along (a) 12°N, (b) 10°N, (c) 8°N, and (d) 7°N, averaged
horizontally over 10 km. () The velocity component normal to the southernmost section which runs southeast from the
southern tip of Mindanao at 5.5°N to the island of Tobi at 2.5°N. Because of poor navigational resolution near the coast
at 7°N, the peak southward velocity of the Mindanao Current may be underestimated, and the northward flow at 400
m, 126.8°E, may be overestimated. Southward flow is hatched.

(Figure 2), is evident only as a weak feature in the ADCP
measurements made in July.

Southeast of Mindanao and northeast of Halmahera is the
Halmahera Eddy. There is little indication in this near-
surface current field of eastward flow in the NECC. Instead,
it appears that water enters the Halmahera Eddy north of
Halmahera, circulates anticyclonically around the eddy, and
exits southward near 133°E on the southeast side of the
eddy. This picture is confirmed by the drifter trajectories
during July. The partition of NECC source waters among
four possible sources (the SEC, directly from the MC, the
MC via the Celebes Sea, and from the Molucca Strait) is not
at all clear from the ADCP currents and the drifter tracks,

and remains to be studied through a complete isopycnal
analysis.

In the midthermocline (200-250 m; Figure 5) the MC looks
much as it does near the surface apart from a reduction in
speed by roughly half. Elsewhere the midthermocline cur-
rents differ substantially from the near-surface currents.
There is little westward flow in the thermocline that can be
identified as the NEC, and little indication of anticyclonic
circulation in the region of the Halmahera Eddy. The field of
motion may include several unresolved eddies; if so, it
appears that the surface eddies and the subsurface eddies are
not vertically aligned.

The downstream changes in the MC can be seen more
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within the MC as it passes over the sill. The O, maximum
near 8°C that is found in the current outside the sill is
apparently wiped out by this intense mixing as the current
continues into the Celebes Sea. Similarly, a deep salinity
maximum between 8°C and 9°C is strongly modified as the
current passes over the sill.

In the MC at 10°N, the low-salinity, high-tritium core has
the TS characteristics of North Pacific Intermediate Water
(NPIW). Reid’s [1965] map of NPIW on the 125-cl =1
surface shows the low-salinity (less than 34.4 psu) water
extending southward along the Mindanao coast to 8°N. The
low-salinity core in the MC is centered above 125 cl t™!,
because at these low latitudes the deeper component of
NPIW has been sheared off by intrusion of the relatively
higher salinity of Antarctic Intermediate Water (AAIW;
[e.g., Wyrtki, 1961; Toole et al., 1988]). On maps of 150 cl
t ! (Figure 9) the tracer extrema in the NEC observed on
shallower surfaces are not evident because of the poleward
contraction of the subtropical gyre on denser surfaces. At
this density the Mindanao Eddy appears as a salinity mini-
mum. Furthermore, some NPIW, evidenced by a tritium
maximum, can be traced to the Halmahera Eddy. Similar to
the distributions observed on shallower levels, the tracer
values on the 150-cL t~! surface decrease sharply with
distance into the Celebes Sea.

There is no maximum in F-12 on 150 cL t ~! corresponding
to the tritium maximum near Halmahera, due to the different
spatial and temporal dependence of the source functions for
the CFCs compared to tritium. The absence of a CFC
maximum on this density surface is due to the comparable
CFC levels in the intermediate waters of southern (AAIW)
and northern (NPIW) origin; given the meridional uniformity
of the CFC forcing at the sea surface, this implies similar
ventilation rates and transit times from temperate latitude
source regions in each hemisphere to the western equatorial
Pacific. The steep latitudinal gradient in the tritium source
function selectively tags the NPIW component, clearly dis-
tinguished against the background of underlying AAIW of
very low tritium content. Offshore the tritium values are only
half of those near the coast. The high tritium values in the

115°E
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MC are similar to those observed in the North Pacific
subtropical gyre [Van Scoy et al., 1991], and show that the
water is of northern hemisphere origin.

An important aspect of the CFC transient tracers is the
possibility of assigning apparent ventilation ages to the
deeper density layers. The use of F-11 and F-12 for this
purpose is limited to ventilation processes which occurred
before about 1976. The precision of the WEPOCS III CFC
data was substandard; however, ventilation ages to the
nearest decade for broad density intervals can still be
assigned with good reliability. All waters sampled in the
WEPOCS III study area with density oy < 25.7 are ‘‘mod-
ern’’ (their F-11/F-12 apparent ventilation age is less than
10-15 years). Water masses of intermediate density (25.7 <
oy < 26.5) have apparent ventilation ages in the range of
15-20 years. Subpycnocline waters in the density range
26.5 < o, < 27.0 have apparent ventilation ages of 20-25
years. Although waters below o, = 27.0 have measurable
CFC tracer burdens (CFC-free waters are found below about
oy = 27.3), these values lie too close to the blank for reliable
dating by the F-11/F-12 ratio method.

The prominent near-surface features of the equatorial
current system such as the MC, NGCUC, and the EUC have
all been ventilated in the last 10-15 years. The salinity
minimum (oxygen and tritium maximum) of the modified
NPIW at o, = 26.5 (Figure 9) is estimated to have been
ventilated approximately two decades earlier, probably in
the subarctic frontal region northeast of Japan [cf. Reid,
1965]. The apparent CFC ventilation ages of 15-20 years for
pycnocline waters in the density range 25.7 < o < 26.5 are
consistent with the 14-year time scale estimated from tritium
penetration on o, = 26.2 by Fine et al. [1987].

\
5. DIscuUsSION

As discussed by Lukas [1988], earlier estimates of Mind-
anao Current transport have ranged from 8 to 40 Sv (Table
1). Our estimates of 0-300 m from WEPOCS 111, 13-33 Sv,
are well within this historical range. The various estimates of
Mindanao Current transport include both temporal and

155°E

10°N

Fig. 11.

Schematic of the near-surface (0-100 m) currents of the low-latitude western boundary region during

WEPOCS III.



LUKAS ET AL.: OBSERVATIONS OF THE MINDANAO CURRENT DURING WEPOCS

long hours overcoming the problems. The high-quality observations
reported here would not have been possible without the expertise of
Dave Muus, Art Hester, Marie Beaupre, Dave Bos, Doug Masten,
and Carl Mattson of the Scripps Oceanographic Data Facility; the
careful freon analyses of Dave Wisegarver, Fred Menzia, and Kevin
Sullivan; the assistance of Jefrey Snyder, Gary Arakaki, and Steve
Poulos for Doppler current profiling and navigation; and the enthu-
siasm and help of Mimi Baker, Dave Fratantoni, Ross Gushi, Kathy
Prunier, and Janet Sprintall. Sharon DeCarlo, Willa Zhu, and Frank
Bahr were instrumental in processing portions of the data and
provided the graphics for this paper. We thank H. Gote Ostlund of
the Tritium Laboratory for providing the tritium measurements.
JIMAR contribution 90-221, SOEST contribution 2448, WHOI
contribution 7371. The support of the National Science Foundation
under grants OCE-8716509 and OCE-8716510 is gratefully acknowl-
edged. The assistance provided by Richard Lambert to the WEP-
OCS program is particularly appreciated.

REFERENCES

Cannon, G. A., Tropical waters in the western Pacific Ocean,
August—-September 1957, Deep Sea Res., 13, 1139-1148, 1966.
Cannon, G. A., Characteristics of waters east of Mindanao, Philip-
pine Islands, August 1965, in The Kuroshio, A Symposium on the
Japan Current, edited by J. C. Marr, pp. 205-211, East-West

Center, Honolulu, Hawaii, 1970.

Carpenter, G. H., Surface circulation associated with the Mindanao
and Halmahera eddies, M.S. thesis, 112 pp., Nav. Postgrad. Sch.
Monterey, Calif., 1989.

Chereskin, T., E. Firing, and J. Gast, On identifying and screening
filter skew and noise bias in acoustic Doppler current profiler
measurements, J. Atmos. Ocean. Tech., 6, 1040~1054, 1989.

Fine, R. A., W. H. Peterson, and H. H. Ostlund, The penetration of
tritium into the tropical Pacific, J. Phys. Oceanogr., 17, 553-564,
1987.

Firing, E., and S.-N. Jiang, Variable currents in the western Pacific,
measured during the US/PRC Bilateral Air-Sea Interaction Pro-
gram and WEPOCS, in Proceedings of the Western Pacific
International Meeting and Workshop on TOGA COARE, ORS-
TOM, Nouméa, New Caledonia, 24-30 May, edited by J. Picaut,
R. Lukas, and T. Delcroix, pp. 205-214, Institute Francais de
Recherche Scientifique pour le Développement en Coopération,
Centre ORSTOM, Nouméa, New Caledonia, 1989.

Gammon, R. H., J. D. Cline, and D. Wisegarver, Chlorofluo-
romethanes in the Northeast Pacific Ocean: Measured vertical
distributions and application as transient tracers of upper ocean
mixing, J. Geophys. Res., 87, 9441-9445, 1982.

Godfrey, J. S., A Sverdrup model of the depth-integrated flow for
the world ocean allowing for island circulations, Geophys. Astro-
phys. Fluid Dyn., 45, 89-112, 1989.

Godfrey, J. S., and T. J. Golding, The Sverdrup relation in the
Indian Ocean and the effect of Pacific-Indian Ocean throughflow
on Indian Ocean circulation and on the East Australian Current,
J. Phys. Oceanogr., 11, 771-779, 1981.

Gordon, A. L., Interocean exchange of thermocline waters, J.
Geophys. Res., 91, 5037-5046, 1986.

Guan, B., Current structure and its variation in the equatorial area
of the western North Pacific Ocean, Chin. J. Oceanol. Limnol., 4,
239-255, 1986.

Hacker, P., E. Firing, R. Lukas, P. L. Richardson, and C. A.
Collins, Observations of the low-latitude, western boundary cir-
culation in the Pacific during WEPOCS 111, in Proceedings of the
Western Pacific International Meeting and Workshop on TOGA
COARE, ORSTOM, Nouméa, New Caledonia, 24-30 May, edited
by J. Picaut, R. Lukas, and T. Delcroix, pp. 135-143, Institute
Francais de Recherche Scientifique pour le Développement en
Coopération, Centre ORSTOM, Nouméa, New Caledonia, 1989.

Hu, D., and M. Cui, The western boundary current in the far-
western Pacific Ocean, in Proceedings of the Western Pacific
International Meeting and Workshop on TOGA COARE, ORS-
TOM, Nouméa, New Caledonia, 24-30 May, edited by J. Picaut,
R. Lukas, and T. Delcroix, pp. 123-134, Institute Frangais de
Recherche Scientifique pour le Développement en Coopération,
Centre ORSTOM, Nouméa, New Caledonia, 1989.

Kousky, V. E., The global climate for September-November 1988:
High Southern Oscillation Index and cold episode characteristics
continued, J. Clim., 2, 173-192, 1989.

7103

Lindstrom, E., R. Lukas, R. Fine, E. Firing, S. Godfrey, G.
Meyers, and M. Tsuchiya, The Western Equatorial Pacific Ocean
Circulation Study, Nature, 330, 533-537, 1987.

Lukas, R., Interannual fluctuations of the Mindanao Current in-
ferred from sea level, J. Geophys. Res., 93, 67446748, 1988.
Lukas, R., Observations of air-sea interaction in the western Pacific
warm pool during WEPOCS, in Proceedings of the Western
Pacific International Meeting and Workshop on TOGA COARE,
ORSTOM, Nouméa, New Caledonia, 24-30 May, edited by J.
Picaut, R. Lukas, and T. Delcroix, pp. 599-610, Institute Frangais
de Recherche Scientifique pour le Développement en Coopéra-

tion, Centre ORSTOM, Nouméa, New Caledonia, 1989.

Masuzawa, J., Second cruise for CSK, Ryofu Maru, January to
March 1968, Oceanogr. Mag., 20, 173-185, 1968.

Masuzawa, J., The Mindanao Current, Bull. Jpn. Soc. Fish. Ocean-
ogr., 99-104, 1969.

Mitchum, G., and R. Lukas, Westward propagation of annual sea
level and wind signals in the Western Pacific Ocean, J. Clim., 3,
1102-1110, 1990.

Moiseyev, L. K., Thermal structure of equatorial currents in the
western Pacific, Oceanology, Engl. Transl., 10(3), 314-323, 1970.

Montgomery, R. B., Equatorial undercurrent observations in re-
view, J. Oceanogr. Soc. Jpn., 487-498, 1962.

Piola, A. R., and A. L. Gordon, Pacific and Indian Ocean upper-
layer salinity budget, J. Phys. Oceanogr., 14, 747-753, 1984.

Pollard, R., and J. Read, A method for calibrating shipmounted
acoustic Doppler profilers, and the limitations of gyro compasses,
J. Atmos. Ocean. Tech., 6, 859-865, 1989.

Reid, J. L., Intermediate waters of the Pacific Ocean, Johns
Hopkins Oceanogr. Stud., 2, 1-85, 1965.

Reid, J. L., and A. W. Mantyla, The effect of the geostrophic flow
upon coastal sea level elevations in the northern North Pacific
Ocean, J. Geophys. Res., 81, 3100-3110, 1976.

Richardson, P. L., and C. M. Wooding, Surface drifter measure-
ments in the Atlantic North Equatorial Countercurrent 1983-1985,
Tech. Rep. WHOI-85-31, 130 pp., Woods Hole Oceanogr. Inst.,
Woods Hole, Mass., 1985.

Schott, G., Die aquatorialen strommungen des westlichen Stillen
Ozeans, Ann. Hydrogr. Mar. Meteorol., 67, 247-257, 1939.

Takahashi, T., Hydrographical researches in the western equatorial
Pacific, Mem. Fac. Fish. Kagoshima Univ., 7, 141-147, 1959.

Toole, J. M., E. Zou, and R. C. Millard, On the circulation of the
upper waters in the western equatorial Pacific Ocean, Deep Sea
Res., 35, 1451-1482, 1988.

Toole, J. M., R. C. Millard, Z. Wang, and S. Pu, Observations of the
Pacific North Equatorial Current bifurcation at the Philippine
Coast, J. Phys. Oceanogr., 20, 307-318, 1990.

Tsuchiya, M., An oceanographic description of the equatorial
current system of the western Pacific, Oceanogr. Mag., 13, 1-30,
1961.

Tsuchiya, M., Upper waters of the intertropical Pacific Ocean,
Johns Hopkins Oceanogr. Stud., 4, 1-50, 1968.

Tsuchiya, M., and R. Lukas, Western Equatorial Pacific Ocean
Circulation Study (WEPOCS II), Shipboard chemical and physi-
cal data report, 13 January 1986-14 February 1986, SIO Ref.
87-20, ODF Publ. 223, 253 pp., Scripps Inst. of Oceanogr.,
Oceanogr. Data Fac., La Jolla, Calif., 1987.

Tsuchiya, M., R. Lukas, R. Fine, E. Firing, and E. Lindstrom,
Source waters of the Pacific Equatorial Undercurrent, Prog.
Oceanogr., 23, 101-147, 1989.

Van Scoy, K. A., R. A. Fine, and H. G. Ostlund, Two decades of
mixing tritium into the North Pacific Ocean, Deep Sea Res., in
press, 1991.

White, W. B., G. A. Meyers, J. R. Donguy, and S. E. Pazan,
Short-term climatic variability in the thermal structure of the
Pacific Ocean during 1972-82, J. Phys. Oceanogr., 15, 917-935,
1985.

Wisegarver, D. P., and J. D. Cline, Solubility of trichlorofluoro
(F-11) and dichlorodifluromethane (F-12) in seawater and its
relationship to surface concentrations in the North Pacific, Deep
Sea Res., 32, 97-106, 1985.

Wooding, C. M., P. L. Richardson, and C. A. Collins, Surface
drifter measurements in the Western Equatorial Pacific Ocean
Circulation Study (WEPOCS III), June 1988-December 1989,
Rep. WHOI-90-37, 129 pp., Woods Hole Oceanogr. Inst., Woods
Hole, Mass., 1990.



