
HAL Id: hal-00406806
https://hal.science/hal-00406806v1

Submitted on 20 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Bifurcation of the subtropical south equatorial current
against New Caledonia in December 2004 from a

hydrographic inverse box model
Alexandre Ganachaud, Lionel Gourdeau, W. Kessler

To cite this version:
Alexandre Ganachaud, Lionel Gourdeau, W. Kessler. Bifurcation of the subtropical south equatorial
current against New Caledonia in December 2004 from a hydrographic inverse box model. Journal of
Physical Oceanography, 2008, 38 (9), pp.2072-2084. �10.1175/2008JPO3901.1�. �hal-00406806�

https://hal.science/hal-00406806v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Bifurcation of the Subtropical South Equatorial Current against New Caledonia in
December 2004 from a Hydrographic Inverse Box Model*

ALEXANDRE GANACHAUD� AND LIONEL GOURDEAU

Institut de Recherche pour le Développement, Laboratoire d’Etudes en Géophysique et Océanographie Spatiales, UMR5566,
IRD/CNES/CNRS/UPS, Nouméa, New Caledonia

WILLIAM KESSLER

Pacific Marine Environmental Laboratory/National Oceanographic and Atmospheric Administration, Seattle, Washington

(Manuscript received 20 August 2007, in final form 8 February 2008)

ABSTRACT

The South Equatorial Current (SEC), the westward branch of the South Pacific subtropical gyre, extends
from the equator to 30°S at depth. Linear ocean dynamics predict that the SEC forms boundary currents
on the eastern coasts of the South Pacific islands it encounters. Those currents would then detach at the
northern and southern tips of the islands, and cross the Coral Sea in the form of jets. The Fiji Islands, the
Vanuatu archipelago, and New Caledonia are the major topographic obstacles on the SEC pathway to the
Australian coast. Large-scale numerical studies, as well as climatologies, suggest the formation of three jets
in their lee: the north Vanuatu jet (NVJ), the north Caledonian jet (NCJ), and the south Caledonian jet
(SCJ), implying a bifurcation against the east coast of each island. The flow observed during the SECALIS-2
cruise in December 2004 between Vanuatu and New Caledonia is presented herein. An inverse box model
is used to provide quantitative transport estimates with uncertainties and to infer the pathways and bound-
ary current formation. For that particular month, the 0–2000-m SEC inflow was found to be 20 � 4 Sv (1
Sv � 106 m3 s�1) between Vanuatu and New Caledonia. Of that, 6 � 2 Sv bifurcated to the south in a
boundary current against the New Caledonia coast (the Vauban Current), and the remainder exited north
of New Caledonia, feeding the NCJ. The flow is comparable both above and below the thermocline, while
complex topography, associated with oceanic eddy generation, introduces several recirculation features. To
the north, the NCJ, which extends down to 1500 m, was fed not only by the SEC inflow, but also by waters
coming from the north, which have possibly been recirculated. To the south, a westward current rounds the
tip of New Caledonia. A numerical simulation suggests a partial continuity with the deep extension of the
Vauban Current (this current would then be the SCJ) while the hydrographic sections are too distant to
confirm such continuity.

1. Introduction

The subtropical part of the Pacific South Equatorial
Current (SEC) carries thermocline waters toward the

Australian coast. This water originates to the east, in
the center of the subtropical gyre (Donguy 1994), and
bifurcates at the coast of Australia, with a fraction feed-
ing the East Australian Current system and the remain-
der flowing north to the Solomon Sea and eventually
reaching the equator (Tsuchiya et al. 1989). This circu-
lation pattern extends down to intermediate levels, as
revealed by water mass properties and float trajectories
(Qu and Lindstrom 2004; Davis 2005; Maes et al. 2007).
However, the SEC splits upon encountering the major
topographic obstacles of Fiji (180°E), the Vanuatu ar-
chipelago (�168°E), and New Caledonia (�165°E).
Vanuatu and New Caledonia overlap meridionally to
span a latitude width from 14°S to 23°S (Fig. 1a). (The
reefs of New Caledonia extend to 18°S so that the bar-
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rier is about twice as long at the 50-m isobath as the
island itself.) These two island groups form a broad
channel about 500 km wide with the Loyalty Islands in
between. Linear ocean dynamics require the incoming
SEC waters to form boundary currents against the east
side of islands or seamount ridges (Godfrey 1989),
which then cross the Coral Sea zonally as narrow cur-
rents (Webb 2000). This “island rule” of Godfrey
(1989) is a linear calculation that determines the net
meridional wind-driven Sverdrup mass transport be-
tween an island and the coast to its east, including the
western boundary transport along the east coast of the
island (Wajsowicz 1993; Pedlosky et al. 1997). Figure 1b
shows the island rule streamfunction as integrated from
South America and then from island to island, includ-
ing Australia (not in Fig. 1), based on the European
Remote Sensing (ERS) satellite scatterometer winds.
This calculation suggests a 10–11 Sv (1 Sv � 106 m3 s�1)
northwestward transport between New Caledonia and
Vanuatu, with an important part of the flow occurring
at the northern tip of New Caledonia. This linear cal-
culation also requires that 6–7 Sv of the SEC inflow

north of 23°S is deflected south and exits the area
within a western boundary current becoming a jet to
the west of New Caledonia as it detaches.

The jets, first identified in numerical models and cli-
matologies (Webb 2000; Qu and Lindstrom 2002; Ridg-
way and Dunn 2003; Kessler and Gourdeau 2006), are
the north Vanuatu jet (NVJ), centered at 13°S; the
north Caledonia jet (NCJ; Fig. 1a), centered at 18°S;
and the south Caledonia jet (SCJ; Fig. 1a), centered at
26°S. For convenience, we will define the SEC flow
exiting the Vanuatu–New Caledonia region as being ei-
ther northwestward or southward. While the broad-
scale SEC inflow has been known since Wyrtki (1962a),
its splitting and the existence of its jets is a more recent
discovery. The NCJ has been observed for the first time
at the northern extremity of the New Caledonia reef as
a thin, intense flow extending in depth down to 1500 m
(Gourdeau et al. 2008). The SCJ has been seen in mod-
els (Webb 2000) and climatologies (Ridgway and Dunn
2003, their Fig. 8a), but has never been measured near
New Caledonia. How the SEC splits depend on the
many ridges and channels within the archipelagoes. The

FIG. 1. (left) SECALIS-2 cruise: topography (m) and station position (stars). Land is hatched. Overlaid is the Montgomery potential
and currents on �� � 25 m2 s�2, derived from the CARS climatology (Ridgway et al. 2002; Ridgway and Dunn 2003), along with the
main currents described in the text (NCJ, SEC, and SCJ). (right) Island rule streamfunction, derived from the wind field (Sv). White
squares show the topographic resolution from the CARS climatology data.
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Commonwealth Scientific and Industrial Research Or-
ganisation (CSIRO) Atlas of Regional Seas (CARS)
climatology provides an indication of the large-scale
features, with about 10–12 Sv flowing northwest be-
tween New Caledonia and Vanuatu. (This transport es-
timate is based on a meridional calculation at 167°E,
thereby avoiding most boundary current issues; but it is
equivocal over short distances based on this climatol-
ogy.) There have been two previous examinations of
hydrographic sections in this region that have produced
very different estimates of the transport (Sokolov and
Rintoul 2000; Andrews and Clegg 1989). Neither is di-
rectly comparable to the present study, but the differ-
ences should be understood and will be discussed be-
low.

The lack of knowledge of the amount of water tran-
siting between New Caledonia and Vanuatu, and the
suspected presence of boundary currents and bifurca-
tion of the SEC against the eastern coast of New Cale-
donia motivated a series of hydrographic surveys be-
tween the two archipelagoes—the SECALIS cruises
(Ganachaud et al. 2006; Gourdeau et al. 2008). The
second SECALIS cruise (SECALIS-2) formed a closed
box between Vanuatu and New Caledonia and another
one south of New Caledonia. This cruise is analyzed
here to describe how the large-scale flow interacts with
the topographic features, and to give some insights on
the pathways feeding the north and south New Cale-
donia jets. We calculate geostrophic and Ekman trans-
ports and adjust them with a hydrographic inverse box
model (Wunsch 1996) so that conservation of mass and
other quantities are ensured. The inverse model cor-
rects the barotropic and Ekman components and a full
error calculation allows a quantitative statement about
the transport values and uncertainties to be made. The
analysis is compared with a high-resolution ocean
model simulation to provide a synoptic view of the cir-
culation.

2. Data and inverse model

a. Hydrographic data

During the SECALIS-2 cruise, 30 CTD stations (Fig.
1) were collected between the surface and 1000–2000
m. The cruise track was designed to estimate the
boundary currents and net (coast to coast) transports
between New Caledonia and Vanuatu, forming a closed
box with its two northern legs. On the southern leg
along 166.7°E, most CTD stations reached only a depth
of 1000 m for technical reasons, but two end-point sta-
tions (25°S, 166.7°E and 22.7°S, 166.2°E) reached 2000
m to allow calculation of the integral transport. Obser-
vations of temperature and salinity were made with an

autonomous Sea-Bird CTD-19. The temperature and
salinities had a respective resolution (precision) of
0.001°C (0.001°C) and 10�4 PSU (0.005 PSU), which is
sufficient for our present application (Ganachaud et al.
2006). Currents in the first 250 m were recorded on a
shipboard broadband 150-KHz ADCP. The cruise was
conducted in December 2004, when seasonal analyses
suggests that the SEC is close to its maximum value
(Kessler and Gourdeau 2007; Morris et al. 1996), with a
possible (although not detected in the Kessler and
Gourdeau numerical model) impact on the NCJ. The
trade winds were strong just before the cruise, but weak
during the cruise.

In addition to the classical CTD treatment detailed in
the cruise report (Ganachaud et al. 2006), temperature
and salinity profiles were filtered using a 7-m median to
remove spikes before integration on 20-m bins. This
operation ensured static stability over the water col-
umn. Missing data in the first 60 db were extrapolated
upward; missing data in the last 10 db were extrapolat-
ed downward. Geostrophic velocities in the vicinity of
sloping topography (“bottom triangles”) were calcu-
lated by horizontally extrapolating the next, deeper sta-
tion pair density slope (see Ganachaud 2003 for a dis-
cussion). One station just south of the Santo, Vanuatu,
deep tip (16.1°S, 166.8°E) was removed from the cal-
culation as probably in error (see the discussion).

b. Inverse model

Geostrophic currents and transports between station
pairs are calculated relative to a deep reference level, or
the depth of the shallowest station along sloping bot-
tom. Large mass imbalances are found between the sec-
tions based on this initial guess, and an inverse model is
used to adjust the flow and estimate uncertainties on
diagnostics. The following two distinct boxes are de-
fined (Fig. 1a): a north box based on the Havannah–
Santo–Huon, New Caledonia, trajectory, and a south
box using the south meridional section at 166.7°E
closed by the two 2000-m stations (see below). The
basic inverse model technique follows that of Wunsch
(1996) using a Gauss–Markov method to estimate ref-
erence-level velocities and Ekman transport along the
hydrographic sections enclosing the domain so that the
circulation satisfies basic conservation requirement
(e.g., Ganachaud 2003). Mass (for both boxes), heat,
and salt (for the north box) conservation constraints
were applied over five isopycnal layers defined by po-
tential density surfaces (Table 1). The Ekman trans-
ports across the sections were estimated by integration
of the December 2004 Quick Scatterometer (Quik-
SCAT) average winds (information online at http://
www.remss.com) and adjusted by the inverse model.
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Precipitation products (online at http://www.cdc.noaa.
gov/cdc/data.cmap.html) provide a December 2004 es-
timate of 6 mm day�1 on average, which corresponds to
a mass flux of 0.01 Sv over the north box, and much less
for the south box. This is much smaller than mass re-
sidual uncertainties, and freshwater fluxes were not re-
solved.

A priori requirements on mass conservation were de-
termined following the error estimates of Ganachaud
(2003). Those are given in Table 1 for the north box. A
larger allowance of �2 Sv was attributed to the deepest
layer to account for possible exchanges with the ocean
below 2000 db. Anomaly equations are used to enforce
heat (layer 3–4) and salt (layer 1–4) conservation with a
weight inversely proportional to the mass conservation
a priori error times the standard deviation of tempera-
ture or salinity variations within the respective layers,
with a scaling factor. This scaling factor is determined
experimentally so that all constraints are met and mass
residuals are indistinguishable from zero within error
bars (Table 1). Cross-isopycnal transfers are allowed
within the box, within the range from �1 	 10�4 cm s�1

at the bottom of layers 3–4 to �1 	 10�3 cm s�1 at the
bottom of layers 1–2. For the southern box, mass con-
servation solely was required as in Table 1, which is the
constraint provided by the western section (made of the
two 2000-m stations) that is an integral between 25°S
and the New Caledonian reef. This configuration was
used to take advantage of a deeper reference level be-
tween the two 2000-m stations.

For the northern box, the reference level was set at
2000 m, and initial reference velocities were chosen at
0 � 1 cm s�1, except in the following shallow waters
near the shelf: 1) in the Grand Passage (0 � 10 cm s�1);
2) close to Huon (5.75 � 5 cm s�1); and 3) close to
Havannah (10 � 5 cm s�1 southeastward). Those shal-
low station pair reference velocities were chosen using
surface ADCP velocities averaged over 150–206 m, be-
low direct wind influence. Overall in the north box, and
using such initial reference velocities on the sides, ship-
board ADCP (S-ADCP) and geostrophic velocities av-
eraged over three stations agree within 2–7 cm s�1.

Away from the boundaries, initial uncertainties (or the
range of adjustment) on deep reference velocities were
taken at 1 cm s�1 and increased according to vertical
shear near the reference level. Those are close to the
final ones (see Fig. 4) because the information gained
through the inversion (i.e., the reduction of uncertain-
ties) is on the large scales. Within the inverse model
formulation of either Wunsch (1996) or Ganachaud
(2003), this would mean that only the off-diagonal ele-
ments of the error covariance matrix are significantly
modified. For the southern box, the initial reference
velocities were taken at 0 � 5 cm s�1 along the merid-
ional section (1000-m reference level) and 0 � 1 cm s�1

for the western section (2000-m reference level) be-
cause of the deeper level and larger station spacing.

A solution to the reference level velocities, the Ek-
man transports, and the advective and diffusive vertical
transfers between layers within the box must be found
so that all constraints (13 for the north box and 5 for the
south box) are met. The initial Ekman transports re-
quired little change for overall balance, with final esti-
mates at 0.3 � 0.5 Sv northward (Huon–Santo), 0.7 �
0.5 Sv westward (Havannah–Santo), and 0.1 � 0.5 Sv
westward across the south meridional section.

3. Results

a. Water masses

Water masses are identified by two prominent fea-
tures in temperature and salinity (Fig. 2). Our analysis
follows Wyrtki (1962b) and Sokolov and Rintoul
(2000). Salinities attain a maximum near �� � 25 (� �
21°C) marking the South Pacific Tropical Water
[(SPTW), see Qu and Lindstrom (2002); also called
Subtropical Lower Water (SLW) by Wyrtki (1962b)] of
eastern origins (Donguy 1994; Yeager and Large 2004;
Johnson 2006). The salinity maximum occurs near 200
m in both sections in the north box (Figs. 3a,b) while it
extends to the surface south of 22°S (Fig. 3c), consistent
with the CARS climatology (Ridgway and Dunn 2003).
This outcrop was noted on the World Ocean Circula-
tion Experiment (WOCE) 155°E section by Sokolov

TABLE 1. Potential density surfaces used to constrain the inverse model; approximate corresponding waters masses; constraint on
mass budget in the north box; dimensionless scaling factor applied to the heat and salt anomaly equations (NC � not constrained).

Upper (��, kg m�3) Lower (��, kg m�3) Water mass Mass (Sv rms) Heat scaling Salt scaling

Surface 24 Tropical Surface Water 5 NC 0.1
24 26 Subtropical Lower Water 2 NC 0.1
26 27 Subantarctic Mode Water 1 0.5 0.1
27 27.5 Antarctic Intermediate Water 1 0.5 0.1
27.5 2000 m Upper Circumpolar Deep Water 2 NC NC

Surface 2000 m 5 NC NC
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and Rintoul (2000) as being the boundary between the
SPTW, with warm and salty characteristics of central/
east Pacific origins (Donguy 1994), and Subtropical
Mode Water (STMW; � � 14°–20°C), emanating from
the north part of the Tasman Sea (Donguy and Hénin
1977; Roemmich and Cornuelle 1992; Roemmich et al.
2005; Tsubouchi et al. 2007; Holbrook and Maharaj
2008). Near 167°E, this distinction coincides with the
southern tip of New Caledonia, as suggested by the
south boundary of the maximum salinity tongue
(Sokolov and Rintoul 2000, their Fig. 4). North of 22°S,
both water masses are brought from the east by the
SEC (Sokolov and Rintoul 2000). For our transport
calculations, SPTW and STMW are grouped in a single
layer, Wyrtki’s “SLW,” which encompasses the salinity
maximum between �� � 24 and �� � 26 (Fig. 2).

North of 22°S, the SPTW is capped by Tropical Sur-
face Water (TSW) above �� � 24, with warm tempera-
tures (25°–28°C) and low salinities (34.5–35.3) associ-
ated with high precipitation in the South Pacific con-
vergence zone (Donguy 1987, 1994).

Near 600 m, waters in the density range close to �� �
27 (� � 8°C) were identified as the Subantarctic Mode
Water (SAMW) by McCartney (1977). SAMW forms
by deep convection on the northern edge of the Ant-
arctic Circumpolar Current and is advected northward
into the South Pacific subtropical gyre. Climatological
water properties suggest that the Vanuatu–New Cale-

donia SAMW comes from the southeast Pacific and is
carried by the SEC [see Sokolov and Rintoul (2000) for
a thorough discussion]. In our inverse model, we use a
broad layer between �� � 26 and �� � 27 that com-
prises the SAMW waters.

Near �� � 27.2 (� � 5.5°C), a pronounced salinity
minimum identifies the Antarctic Intermediate Water
(AAIW) that is created by subduction in the South
Pacific polar front (50°–60°S). AAIW of southeastern
origins invades the Coral and Tasman Seas through a
north branch that flows between New Caledonia and
Vanuatu and a south branch that flows south of New
Caledonia (Wyrtki 1962b; Tsuchiya 1991; Sokolov and
Rintoul 2000). At 20°S, the AAIW salinity minimum is
most pronounced (Fig. 3a) between 700 and 900 m, and
is 100 m shallower on the north section, following the
density horizon (Fig. 3b). The salinity minimum is en-
hanced against the coast of New Caledonia in both sec-
tions (Figs. 3a,b), as well as in the south section at
23.5°S (Fig. 3c).

Between �� � 27.5 (�1300 m) and our maximum
depth of 2000 m lies the “oxygen minimum waters,”
described by Wyrtki (1962b) as the transition between
the AAIW and the Coral Sea Circumpolar Deep Water
(CDW). The CDW is formed in the Southern Ocean
and is identified as a weak salinity maximum (S �
34.73, � � 1.6°C) near 2800 m in the Tasman Sea
(Wyrtki 1962b; Sokolov and Rintoul 2000). The Coral

FIG. 2. Potential temperature–salinity relation during the SECALIS-2 cruise. Each symbol
is assigned to a specific leg.
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Sea, however, is an enclosed basin isolated from these
waters below the sill depth of the Cato Trough near
Australia (23°S, 155°E) at about 2800 m so that the
salinity is homogeneous below that depth in the Coral
Sea. Wyrtki described these oxygen minimum waters as
advecting slowly from the north of the Solomon Sea
and filling the Coral Sea. We labeled the layer between
�� � 27.5 and 2000 m, a mixture of CDW and AAIW,
as the “upper Circumpolar Deep Water,” bearing in
mind that its origins are not entirely clear.

Because the upper waters (SLW and TSW) are of
different relevance in the large-scale context than the
lower waters (SAMW, AAIW, and upper CDW), we
separately diagnose the transports above and below
�� � 26.

b. Transports in the northern box

The SECALIS-2 velocity field through the Havan-
nah–Santo section displays a southeastward boundary
current against the east coast of New Caledonia near
22°S, transporting 3.8 � 0.4 Sv above �� � 26 (Fig. 4a,

third panel), which has been called the Vauban Current
by Hénin et al. (1984). This current extends below �� �
26, carrying an extra 1.8 Sv (Fig. 4a, lower panel) for a
total of 5.7 � 2 Sv. The transport is to the southeast at
all depths, with the SLW contributing most (Table 2,
second column, “Havannah–Lifou”). North of the Loy-
alty Ridge, the flow is broad and to the west (positive
on Fig. 4a; the section is meridional on that leg), cor-
responding to the SEC inflow into the box, which was
found to be 7.8 � 0.6 Sv above �� � 26 and 12.6 � 3 Sv
below, the horizontally integrated flow being westward
in all layers. This inflow is split into two streams—a
broad one south of 18°S and a narrow one against Santo
(Fig. 4a, lower two panels). The total inflow above 2000
m between Havannah and Santo, including Ekman
transport, is 14 � 3.6 Sv.

On the Huon–Santo section (Fig. 4b, upper two pan-
els), a strong northwestward current is found against
the east coast of New Caledonia and is conveniently
identified as part of the NCJ (Webb 2000) although it is
still, at this latitude, a boundary current. The NCJ is

FIG. 3. Potential temperature and salinity sections along (a) the east leg (left; Havannah–Santo) and the north leg (right;
Huon–Santo) and (b) the south leg.
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composed of two cores—one against the coast and a
secondary, broader one centered about 100 km off-
shore, aligned with the Loyalty Ridge (164.3°E). The
upper NCJ transport is 6.7 � 0.4 Sv (Fig. 4b, panel 3).
It is flanked to its east by a broad southward counter-
current in the middle of the section (164.5°–166°E) and
another northwestward current against Santo; each of
these currents transport about 12 Sv, but in opposite
directions so that the total cancels out (Fig. 4b, lower
two panels). Across this section, the net transports are
northward for all water masses (Table 2).

The net transport above 2000 m through the Huon–
Santo section is close to that of the Havannah–Santo
one, with 14.4 � 3.6 Sv (5.7 � 0.5 Sv above �� � 26), as
expected through the mass conservation requirement.
The transport in the narrow Grand Passage between
the Huon Atoll and the northern New Caledonia reef
(500 m deep 	 30 km wide; Fig. 1) is explicitly calcu-
lated as part of the inversion, based on the two stations
taken on its edges (Fig. 1); however, it is weak and
below the estimated uncertainties (0.16 � 1.8 Sv east-
ward). Because a strong westward current is commonly

observed there by sailors, we made a sensitivity test by
requiring an a priori westward ageostrophic transport
of 5 � 3 Sv spread over depth according to the more
recent ADCP measurements of Gourdeau et al. (2008).
The inverse model corrected the Grand Passage refer-
ence velocity and ageostrophic transports to cancel this
a priori estimate, reflecting the fact that such large
transport in the Grand Passage would go against our
conservation requirement. We conclude that in Decem-
ber 2004, the flow through the Havannah–Santo and
Huon–Santo sections did not require a strong Grand
Passage transport at the present level of uncertainty.

c. Transports across the southern section

The adjusted velocities in the section south of New
Caledonia (Fig. 1a) show a strong westward flow
against the coast and an eastward flow south of 24°S
(Fig. 4c, upper two panels). The S-ADCP data (not
shown) suggest weaker velocities than the geostrophic
ones in the 150–200-m range in both extremities of the
section. The origin of this difference (10–15 cm s�1) is
not understood. It may be attributed to transient ageo-
strophic processes related with the sudden drop in the
trade winds episode preceding the cruise or to tides or
internal wave aliasing. The westward flow against the
coast may correspond to the SCJ (see the discussion
below), carrying 3.4 � 1 Sv above �� � 26 (Fig. 4c,
panel 4) for a total of 6 � 3 Sv above 1000 m. The
eastward flow to its south (5.7 � 0.8 Sv above �� � 26
for a total of 8.6 � 3 Sv) may be the northern part of the
South Subtropical Countercurrent (STCC; Merle et al.
1969; Kessler and Gourdeau 2007).

4. Discussion: SEC pathways in December 2004

The estimated SECALIS-2 transports through our
inverse box model are summarized in Fig. 5. To illus-
trate the large-scale circulation context, we refer to the
2004 yearly mean, vertically integrated transport of the
OCCAM simulation at 1⁄12° (information online at
http://www.noc.soton.ac.uk/JRD/OCCAM/). This con-
figuration is documented in Lee et al. (2007). The
model includes a mixed layer, and its vertical resolution
ranges from 5 m to the surface to 200 m at depth with
a total of 66 levels. The topography resolution is at 2
min. This numerical model shows how and where the
SEC bifurcates against New Caledonia, after splitting
against Fiji (180°W) and Vanuatu (Fig. 6).

a. Thermocline transports, north box

The thermocline waters (white arrows on Fig. 5, de-
fined as flowing above �� � 26) give a 7.8 � 0.6 Sv SEC

FIG. 3. (Continued)
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FIG. 4. (a) Havannah–Santo and (b) Huon–Santo sections. The top two panels give the
estimated reference velocity (line) with uncertainties (shaded area, one standard deviation)
and absolute velocity field for the SECALIS-2 cruise. Positive is (a) westward (northwestward
as one approaches 22°S) and (b) northward; �� surfaces are overlaid. The two lower panels
indicate the cumulative transports from (a) south and (b) north for the upper (surface to
�� � 26) and lower (down to 2000 m) layers (1std dev uncertainty shaded). (c) South section
(positive westward; transport cumulative from south).
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inflow into the area (8.5, if one includes the Ekman
transport), of which 4 � 0.4 Sv turns south and exits
south of the Loyalty Islands in the Vauban Current.
This latter estimate may be an extreme, as suggested by
a series of unpublished 0–250-m S-ADCP sections be-
tween New Caledonia and the Loyalty Islands (G. El-
din 2007, personal communication). The OCCAM
simulation shows a weak Vauban Current, with most of
the southward flow occurring east of the Loyalty Is-
lands (Fig. 6). About 4 Sv of the SEC inflow occurs
against the coast of Santo within a horizontal salinity
maximum (Fig. 3b). The upper 265-m pathway in a
global ocean general circulation model (OCCAM; not
shown, but similar to the 0–2000 flow of Fig. 6) suggests
a quasi-direct flow east of the Loyalty Islands ridge,
connecting the SEC inflow and the NCJ as observed

along the SECALIS-2 sections. The net thermocline
water transport in the Vanuatu–New Caledonia chan-
nel is of 4.7 � 0.6 Sv northwestward, including Ekman.
It exits to the north partly in the NCJ and partly near
Santo. (Mass cannot be exactly conserved between the
two sections because of unavoidable residual noise and
round-off errors on Fig. 5.) For that same density range,
Sokolov and Rintoul (2000, their Fig. 16) inferred a
much larger transport (16 Sv). Kessler and Gourdeau
(2007) pointed out that such an enhanced SEC might
have been a lagged response to the 1991/92 El Niño.
However, the Sokolov and Rintoul (2000) estimate was
based on transports calculation along a hydrographic
section much farther west (155°E) and extrapolated to
our region (165°E) based on climatological water mass
properties. While the transport along 155°E is well de-

TABLE 2. Transports by water masses (Sv). Positive is northward (Havannah–Lifou and Huon–Santo); northwestward (Lifou–Santo).
Ekman transport not included; uncertainties are one standard deviation. The transports do not sum up exactly as small imbalances are
accommodated by cross isopycnal transfers and residual noise.

Water mass Havannah–Lifou Lifou–Santo Huon–Santo

Tropical Surface Water �1.2 � 0.1 0.9 � 0.2 0.7 � 0.2
Subtropical Lower Water �2.7 � 0.3 7 � 0.5 4.7 � 0.4
Subantarctic Mode Water �1 � 0.4 6.5 � 0.6 5.3 � 0.5
Antarctic Intermediate Water �0.7 � 0.7 4.1 � 1.2 3.9 � 1.1
Upper Circumpolar Deep Water �0.2 � 0.4 2.1 � 1.3 �0.5 � 1.1

FIG. 4. (Continued)
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termined, its partition between the different channels
to the east is uncertain, because much of it occurs in
narrow boundary currents that are neither resolved nor
interpretable in large-scale water mass properties. The
other existing estimate for the total transports in this
channel comes from Andrews and Clegg (1989) who
found no clear NCJ—a possible sampling issue (the au-
thors had to extrapolate many profiles using a projec-
tion on normal modes, and the consequences on bound-
ary current transport estimates is not clear).

b. Deep layers, north box

Below the thermocline (dark arrows on Fig. 5), the
circulation patterns are similar. Dotted pathways were
drawn based on cross section transport continuity, and
pathways taken by Argo floats (Maes et al. 2007). The
net deep SEC inflow is large (12.6 � 3.1) with only 2 �
1.5 Sv exiting south in the deep component of the
Vauban Current. Most of the SEC inflow feeds the NCJ
whose velocity field core extends deeper than 1500 m,
consistent with the finding of Gourdeau et al. (2008)
north of New Caledonia.

Because half of the deep part of the Vauban Current

occurs in the first station pair below the last common
depth of the two stations near the Havannah Channel
(544 m), it results from the sum of horizontally linearly
extrapolated density values and the additional baro-
tropic adjustment by the inverse model. To test the
robustness of this current, an experiment was done
where the flow below 544 m was set to zero between
these two stations. After adjustment by the inverse
model, this configuration resulted in a 0.8 � 1.2 Sv
southward current occurring over the next station pair
to the east, a lower value that is still consistent within
uncertainties with the 2 � 1.5 Sv. We therefore kept the
“extrapolated” solution as our most realistic candidate,
with 2 � 1.5 Sv. The net deep northward flow is 2 Sv
less in the north section than in the south section, which
is allowed in the inversion because of residual uncer-
tainties resulting from measurement noise of unre-
solved flow against the island shelves.

During the SECALIS cruise, a CTD station was
made against the deep topographic protuberance below
700 m, south of Santo (16.1°S, 166.8°E; Fig. 1a). Includ-
ing this station in the geostrophic calculation implied a
strong westward flow (6 Sv, 30 cm s�1) just against the
protuberance, with a counterflow south of it. Such
strong current is highly unlikely because the Vanuatu
Ridge is closed at these depths, and we have no dy-
namical explanation for such current against an eastern
boundary, so we excluded the 16.1°S station as a prob-
able alias of the unresolved high-frequency signals. The
northernmost station (15.75°S, 166.7°E) was used as the
endpoint of both Huon–Vanuatu and Havannah–Santo
sections in either case, so that the exclusion of the sus-
pect profile did not change the coast-to-coast integrated
transports, because those depend only on end stations.

A meridional CTD section north of the Huon Atoll,
corroborated by a glider survey along the same track,
estimated the NCJ transport at 10 Sv along 163°E in
July 2005, but between the surface and 600 m (Gour-
deau et al. 2008), similar to that of SECALIS-2 (11.4 �
1 Sv). These close estimates may be fortuitous because
of time variability and the fact that the Gourdeau et al.
estimate may have included a northern-origin compo-
nent in the NCJ, as suggested by numerical models
(e.g., Figure 6) and Argo floats (Maes et al. 2007).
While the NCJ was observed by Gourdeau et al. as a
single core at 163°E, its upstream component estimated
from SECALIS-2 is made of two cores—one against
the Huon Atoll and the other one about 50 km to the
east (Fig. 4b), possibly in the lee of the Loyalty Ridge.

c. Net flow, north box

Of the 20 � 4 Sv SEC transport between the surface
and 2000 dbar crossing the meridional section south of

FIG. 5. SECALIS-2-estimated transports across selected sec-
tions (Sv), with Ekman transport excluded. The white numbers
and arrows refer to transports above �� � 26, and the dark ones
between �� � 26 and 2000 m (northern box, north of 22°S) or
�� � 27.75 (approximately 1000 m; lower box, south of 22°S). The
uncertainty (1 std dev) is given in the parenthesis.
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Vanuatu, 14 � 3Sv exits the channel northwestward,
while 6 � 2 Sv turns south in the Vauban Current. This
circulation is generally consistent with the CARS cli-
matology (Fig. 1), with a broad westward inflow across
167.6°E between 22° and 16°S (see also Ridgway and
Dunn 2003, Fig. 8f). CARS climatology suggests a net
westward flow between New Caledonia and Vanuatu
that is slightly smaller than ours, with 10–12 Sv. The
CARS climatology estimate is similar to that of the
Island Rule (Fig. 1b), which also predicts a Vauban
Current/SCJ transport at about 6 Sv, as we found
herein. The net inflow is by far smaller than the
Sokolov and Rintoul (2000) extrapolation at 41 Sv, per-
haps for the same reasons as discussed in section 4a
above.

d. Bifurcation

The upper- and lower-layer transports in Fig. 5 both
imply a bifurcation of the incoming SEC waters within
the box. The time-averaged OCCAM transports over 1
yr (Fig. 6) show a relatively clear illustration of this
bifurcation occurring near 20°–21°S. Examination of
OCCAM snapshots and corresponding altimetric ob-
servation (J. Sudre 2007, LEGOS, personal communi-
cation) shows that at any given time, the eddy field
combined with the presence of the Loyalty Islands and
the Grand Passage blurs this picture and shows convo-
luted SEC pathways, which can be at all depths, with
several branches that are likely sensitive to the numer-
ous topographic features. Sensitivity experiments based

on regional model simulation show that the bifurcation
is highly dependant on the model configuration and
may occur both east and west of the Loyalty ridge
(Couvelard et al. 2008).

e. South box

A westward flow against the southern tip of New
Caledonia is measured directly for the first time. A
similar but weaker boundary current was observed
south of the Fiji Islands (Stanton et al. 2001), upstream
of the SEC. Such flow is implied by the “island rule”
dynamics discussed above, and the CARS climatology
shows such a westward flow down to the bottom, just
south of New Caledonia, between 23° and 25°S (Fig. 1;
and Ridgway and Dunn 2003, their Fig. 8f). This CARS
climatology current resulted from interpolation of CTD
data scattered in time and space there (Ridgway and
Dunn 2003, their Fig. 2). In the CARS climatology this
boundary current is flanked by a shallow (0–500 m)
eastward current corresponding to the STCC, south of
25°S. A similar current is observed south of 24°S during
SECALIS-2, but with a deeper extent.

f. SCJ

The island rule, CARS and numerical simulations
(Webb 2000) suggest continuity between the southward
branch of the SEC (the deeper part of the Vauban
Current) and the westward flow against the southern
tip of New Caledonia. Such continuity is not possible
for confirmation from SECALIS-2, but OCCAM (Fig.

FIG. 6. Integrated transports between 0 and 2000 m from the annual 2004 average OCCAM simulation at 1⁄12°.
The arrows give the direction of the transport; the shading its magnitude (m2 s�2).
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6) suggests that part of the south-bifurcated waters ef-
fectively take this SCJ route while 5–6 Sv recirculates
eastward. In the deep layers, the SECALIS-2 data show
an AAIW salinity minimum against New Caledonia
(Fig. 2c), while the thermocline salinity maximum out-
crops. This minimum is consistent with the hypothesis
of continuity with the lower Vauban Current, while not
proving it.

5. Conclusions

The SECALIS-2 cruise provides a first snapshot of
the circulation and transports in the broad channel be-
tween New Caledonia and Vanuatu, as well as a de-
scription of the hypothesized, but previously unob-
served, current structures south of New Caledonia. The
use of an inverse box model allows for quantitative es-
timates of velocities, transports, and uncertainties. The
SECALIS-2 results permits a description of the water
pathways above and below the thermocline, with the
broad, westward SEC splitting into branches as it encoun-
ters the numerous topographic features of the region.

Figure 5 provides a summary of the estimated trans-
ports. In December 2004, the net westward SEC flow
between New Caledonia and Vanuatu was 20 � 4 Sv, of
which 6 � 4 Sv bifurcated south, consistent with linear
ocean dynamics (the “island rule”) and numerical
model analyses. The remainder, 14 � 4 Sv, exited to the
north between New Caledonia and Vanuatu, partially
within a northward boundary current against the east
coast of New Caledonia, and partially against the west
coast of Santo Island. A bifurcation of the SEC waters
is implied, as can be seen near 20°S in high-resolution
numerical simulations. Numerical simulations also sug-
gest that part of the southward flow against New Cale-
donia veers clockwise and rounds the southern tip of
New Caledonia to form the South Caledonian Jet
(SCJ), in agreement with the island rule. The SECA-
LIS-2 observations show such an important westward
flow just south of New Caledonia, consistent with a
SCJ, but cannot distinguish it from temporary eddy
flows. The snapshot has its inherent limitations, and the
next development of this work will be the analysis of
variations of the circulation with time, based on all four
SECALIS cruises and the few other existing CTD pro-
files in the area. As Argo profiles accumulate, they will
provide a fuller picture of the SEC, but the large trans-
ports occurring in narrow boundary currents will con-
tinue to require direct surveys such as the SECALIS
cruises.
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