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Abstract A water mass analysis of the Coral Sea thermocline waters provides a description of their
distribution, pathways and mixture based on recent oceanographic cruises in this region of strong
western boundary currents. The Optimum Multiparameter method is used to determine the relative
contribution of core water masses based on their measured temperature, salinity and dissolved oxy-
gen. The thermocline waters, carried by the broad South Equatorial Current (SEC), are essentially com-
posed of four core water masses of different origins. Coming from the south, the South Pacific
Tropical Water South (SPTWS, r 5 25.3 kg m23) and the Western South Pacific Central Water (WSPCW,
r 5 26.3 kg m23) enter the Coral Sea by the channel between the island of New Caledonia and the
Vanuatu archipelago. Coming from the north, the South Pacific Tropical Water North (SPTWN,
r 5 24.5 kg m23) and the Pacific Equatorial Water (PEW, r 5 26.3 kg m23) flow north of Vanuatu. The
upper thermocline water that exits the Coral Sea equatorward, is mainly composed of SPTWN carried
by the New Guinea Coastal Undercurrent. In contrast, upper thermocline waters exiting the Coral Sea
poleward, in the East Australian Current, is dominated by SPTWS. The relative contributions are differ-
ent in the lower thermocline where WSPCW dominates both western boundary currents. This refined
description is consistent with the dynamics of the main currents, with a very strong depth depend-
ence in the partitioning of incoming SEC waters.

1. Introduction

In the tropical southwest Pacific, thermocline waters, referring to the depth range of 100–400 m, can be
traced back to the center of the South Pacific subtropical gyre. These follow a peculiar pathway, first carried
westward by the South Equatorial Current (SEC) into the Coral Sea; then arriving at the Australian coast,
splitting, with the southern branch running poleward along the Australian coast creating the East Australian
Current (EAC) and the north branch forming a boundary current that flows equatorward into the Solomon
Sea, and ultimately feeding into the equatorial current system [Tsuchiya et al., 1989]. Because of its potential
influence on equatorial surface waters and on the characteristics of the El Ni~no Southern Oscillation (ENSO)
on decadal timescales [Gu and Philander, 1997], this circulation pathway has led to a major research effort,
the Southwest Pacific Ocean Circulation and Climate Experiment (SPICE) (A. Ganachaud et al., Ocean circula-
tion of the southwest pacific: New insights from the southwest Pacific Ocean and climate experiment
(SPICE), submitted to Journal of Geophysical Research: Oceans, 2014).

The ocean dynamics in the southwest Pacific are controlled by a branching of the SEC, the westward limb
of the south Pacific subtropical gyre that extends from the equator to 30�S (Figure 1). Upon its arrival near
the dateline, the SEC divides around the major islands and reefs of Fiji (18�S, 178�E), the Vanuatu archipel-
ago (16�S, 168�E), and New Caledonia (22�S, 165�E). It creates a complex system of western boundary cur-
rents (WBCs) and zonal jets. The main two jets entering the Coral Sea are the North Vanuatu Jet (NVJ), which
is broad and shallow (0–500 m depth), and the narrow and deep (0–1500 m depth) North Caledonian Jet
(NCJ) [Webb, 2000; Gourdeau et al., 2008] which originates from the East Caledonian Current (ECC) along the
east coast of New Caledonia [Gasparin et al., 2011]. Observations [Andrews and Clegg, 1989; Sokolov and Rin-
toul, 2000; Gasparin et al., 2012; Davis et al., 2012; Kessler and Cravatte, 2013a] and numerical models [Melet
et al., 2010] suggest two thermocline water pathways between the Coral Sea and the equator: one is via the
WBC that flows northward along the northeast coasts of Australia, around the Gulf of Papua and into the

Key Points:
� Quantification of the thermocline

water mass distribution in the Coral
Sea
� Determination of the pathways of the

thermocline water masses in the
Coral Sea
� Relationships with the dynamics of

the main currents

Supporting Information:
� Description of supporting figure files
� Figure S1
� Figure S2
� Figure S3
� Figure S4
� Figure S5
� Figure S6
� Figure S7
� Figure S8
� Figure S9
� Figure S10
� Figure S11
� Figure S12
� Figure S13
� Figure S14

Correspondence to:
F. Gasparin,
fgasparin@ucsd.edu

Citation:
Gasparin, F., C. Maes, J. Sudre, V.
Garcon, and A. Ganachaud (2014),
Water mass analysis of the Coral Sea
through an Optimum Multiparameter
method, J. Geophys. Res. Oceans, 119,
7229–7244, doi:10.1002/
2014JC010246.

Received 16 JUN 2014

Accepted 12 AUG 2014

Accepted article online 19 AUG 2014

Published online 29 OCT 2014

GASPARIN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 7229

Journal of Geophysical Research: Oceans

PUBLICATIONS

http://dx.doi.org/10.1002/2014JC010246
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9291/
http://publications.agu.org/


Solomon Sea; the second is a direct inflow from the northern Coral Sea to the southern Solomon Sea (two
bifurcating arrows in the middle of the Coral Sea, Figure 1).

In the southwest Pacific, thermocline water masses are mainly composed of Central Waters found through-
out the tropics and subtropics and of Equatorial Waters mainly located in the equatorial band between 10�S
and 10�N [Sverdrup et al., 1942; Tomczak and Hao, 1989]. Tomczak and Godfrey [2003] distinguish two den-
sity layers within the thermocline. At around 200 m (r � 25, here and in the following, r is the relative den-
sity defined as the absolute density minus 1000 and is expressed in kg m23), Tropical Waters identify the
subsurface salinity maximum waters originating from two different surface salinity maxima [Donguy and
Henin, 1977; Donguy, 1994]. A first salinity maximum originates from the Central Pacific near French Polyne-
sia (18�S, 150�E), and is carried by the SEC to the Coral Sea at density r 5 24.5; this warm (20�C< T< 25�C),
salty (S> 35.7) and oxygenated (O2 � 140 lmol l21) water mass is known as the South Pacific Tropical Water
North (SPTWN) [Wyrtki, 1962; Sokolov and Rintoul, 2000; Qu and Lindstrom, 2002]. Further south, a second
subsurface salinity maximum is observed and arising from the Subtropical Convergence zone around New
Zealand between 30�S and 40�S [Sokolov and Rintoul, 2000]. With a slightly larger density (r 5 25.2), this
water mass, called South Pacific Tropical Water South (SPTWS), is slightly colder (16�C< T< 22�C), slightly
fresher (S�35.6) and more oxygenated (O2 � 180 lmol l21) than the SPTWN [Wyrtki, 1962; Sokolov and Rin-
toul, 2000; Qu and Lindstrom, 2002]. Arriving in the Coral Sea with similar Temperature-Salinity characteris-
tics, these two water masses can be distinguished using their oxygen concentration characteristics
[Tomczak and Hao, 1989].

At deeper levels (around 300–400 m, r 5 25.5–27), the ‘‘lower thermocline’’ is mainly composed of Western South
Pacific Central Water (WSPCW) coming from the south and the Pacific Equatorial Water (PEW) originating from
the East. The WSPCW is formed in the Subtropical Convergence around New Zealand, and subducted through
Ekman pumping and then transported toward the tropics along its isopycnal [Roemmich and Cornuelle, 1992;
Sprintall and Tomczak, 1993; Tsubouchi et al., 2007; Holbrook and Maharaj, 2008]. This water is salty (S �35.3),
and highly oxygenated (�180 lmol l21) [Sokolov and Rintoul, 2000; Qu et al., 2009]. The less-documented PEW is
formed in the tropics in the Central Pacific following the equatorial current system [Tomczak and Hao, 1989].
This water mass is fresher (�35.15) and less oxygenated (�110 lmol l21). WSPCW and PEW have a temperature
range close to 13–14�C [Tomczak and Hao, 1989; Sokolov and Rintoul, 2000; Qu et al., 2009].

Figure 1. Location of hydrographic stations from seven oceanographic cruises used in the analysis (black-3 5 WOCE-P11 (Jun 1993),
red-� 5 WOCE-P21 (Jun 1994), black-� 5 SECALIS-1 (Jul 2004), orange-3 5 SECALIS-3 (Jul 2005), blue-3 5 SECALIS-4 (Dec 2006), purple-
� 5 FLUSEC-1 (Aug 2007), red-3 5 P21-REVISIT (Jun 2009)). The currents are indicated by the arrows. Water mass cores are defined from
within the hatched area. The 100 m, 500 m and 2000 m levels are indicated by blue/green colors. Country/Current/Strait names are indicated
as follows: Indispensable Strait (IS); Papua New Guinea (PNG); South Equatorial Current (SEC); East Caledonian Current (ECC); North Caledonian
Jet (NCJ); North Vanuatu Jet (NVJ); Gulf of Papua Current (GPC); New Guinea Coastal Undercurrent (NGCU); East Australian Current (EAC).
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In this paper, we use an Optimum Multiparameter (OMP) analysis to analyze Coral Sea thermocline waters
and describe their distribution, pathways and mixture following the main SEC pathways from the eastern
Coral Sea and its bifurcation toward the equator and the pole (Figure 1). The main objective of this paper is
to reassess the distribution of the different thermocline water masses using an OMP analysis with recent
CTD-O2 data, in combination with earlier hydrographic data, and to quantify the relative contributions, in
comparison with the classical approach based on temperature/salinity/oxygen diagrams.

The paper is organized as follows: Hydrographic data and the OMP method are described in section 2.
Water masses are defined in this section, and a range of experiments are described that allow for the deter-
mination of the relative contribution of each water mass. In section 3, the distribution of each water mass
within the thermocline is determined along the SEC pathways. Finally, a summary and discussion are pre-
sented in section 4.

2. Optimum Multiparameter Method

The OMP analysis, introduced by Tomczak and Large [1989], allows the mixture ratios of water masses to be
determined through the use of their hydrographic properties. Here we consider seven oceanographic
cruises (Table 1) completed between 1993 and 2009 during the WOCE and SPICE programs. The eastern
Coral Sea was sampled by cruises WOCE-P21, SECALIS-1 and P21-REVISIT in the New Caledonia-Vanuatu
channel and by SECALIS-4 and FLUSEC-1 north of Vanuatu (Figure 1). The middle of the Coral Sea between
New Caledonia and the Solomon islands (Guadalcanal) was sampled by SECALIS-3. Further west, the
entrance of the Solomon Sea in the western Coral Sea was sampled by FLUSEC-1 and WOCE-P11. The OMP
is an inverse method based on a system of linear equations in which contributions (%) of a given Source
Water Type (SWT, specific properties characterizing a water mass) are fitted to the observed water proper-
ties which are, for our cruises, potential temperature (h), salinity (S), and oxygen (O). Given the characteris-
tics of each SWTi (hi, Si, Oi), the OMP resolves the following system of property conservation equations:

x1:h11x2:h21x3:h31x4:h45hobs1Rh

x1:S11x2:S21x3:S31x4:S45Sobs1RS

x1:O11x2:O21x3:O31x4:O45Oobs1RO

x11x21x31x4511RM

8>>>>><
>>>>>:

(1)

where xi is the contribution (%) of each SWTi (here using four SWT), R are residuals, ‘‘obs’’ refers to observed
properties from our data. The last equation is mass conservation.

The system of equations can be written in a matrix form

Gx2d5R (2)

where G is the SWT definition matrix, d is the observation vector, x is the solution vector (ratios of each
SWT) and R is the residual vector.

Each equation is weighted by the standard deviation x of each property, following Maamaatuaiahutapu et al.
[1992]. The weights depend on two components that are the measurement errors and the arbitrariness in

Table 1. Oceanographic Cruises Considered in the Studya

Cruise Date Context References

WOCE-P11 Jun 1993 WOCE Sokolov and Rintoul [2000]
WOCE-P21 Jun 1994 WOCE Tsimplis et al. [1998]
SECALIS-1 Jul 2004 SPICE Gasparin et al. [2011]
SECALIS-3 Jul 2005 SPICE Gourdeau et al. [2007a, 2008]
SECALIS-4 Nov 2006 SPICE Gourdeau et al. [2007b]
FLUSEC-1 Aug 2007 SPICE Maes et al. [2008]; Gasparin et al. [2012]
P21-REVISIT Jun 2009 WOCE Uchida et al. [2011]

aFor each cruise, Conductivity-Temperature-Depth-Oxygen (CTD-O2) profiles provide temperature, salinity and dissolved oxygen con-
centration from the surface to at least 2000 m depth with respective accuracy of 0.005�C, 0.001 and 1 lmol kg21, according to the
WOCE standards (CTD sections are provided in the supporting information Figures S1–S7). Only selected hydrographic stations are used
to obtain closed sections enabling an estimate of the exchange between the Coral Sea and the surrounding regions.
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SWT parameter choices. Our weights are therefore similar to those of Maamaatuaiahutapu et al. [1992] used
in the South Atlantic. In practice, our weights (Table 2) are expressed in the units of each parameter, so that
the relative weights are not directly comparable with the Tomczak and Large [1989] weights. But the resulting
T, S and mass conservation equations are given a much higher weight than oxygen. As an independent test,
we did a sensitivity experiment based on subtropical thermocline weights as in Tomczak and Large [1989],
and found no significant changes in the distribution of water masses.

The system is solved by a least square method to minimize the residuals:

RTR5ðGx2dÞT W21 ðGx2dÞ (3)

where T is the transposed matrix operator and W21 is the the diagonal weight matrix (covariance matrix) W
(5 x2I, where I is the identity matrix).

Residuals (3) provide an assessment of the quality of the solution [Tomczak and Large, 1989; Poole and
Tomczak, 1999]. A mass conservation residual lower than 5–7% is a criterion used in common OMP practice
for the reliability of the solution [Poole and Tomczak, 1999; Budillon et al., 2003]. However, we will use a dif-
ferent criterion based on the 90% of confidence if the residuals follow the v2 distribution. In this case, the
weighted residuals should be lower than 0.25 [Maamaatuaiahutapu et al., 1992].

Following Maamaatuaiahutapu et al. [1992], 100 perturbation experiments were performed to assess the
robustness of the solution by randomly varying each property of SWT (matrix G) within its standard devia-
tion x based on observed variability (Table 2). The standard deviation of the solutions was found to be very
low (<10% of the mean), and so in the following we present only the average of these perturbation experi-
ments. The typical error solution is considered as 10%.

2.1. Water Mass Properties and Experiments
SWT characteristics correspond to the aforementioned water masses at the entrance of the Coral Sea, near
170�E (Table 2, hatched area in Figure 1). At the surface (above r 5 23.5), tropical atmospheric conditions
produce Tropical Surface Water (TSW) (indicated by the ‘‘�’’ symbols in Figure 2) which are warm (>25�C),
fresh (<35.00), and saturated in oxygen (�190–200 lmol kg21) and are located above 200 m depth.

The SPTWS and the SPTWN (�100–300 m depth) correspond to the aforementioned salinity maxima
(squares in Figure 2). This North-South contrast is related to the regional oceanic circulation: around 163�E
between New Caledonia and Solomon islands, a clear front between 15�S and 16�S is observed down to
r 5 27 (Figure 3), separating the zonal NCJ (18�S–16�S) and NVJ (north of 15�S) (Figure 1). Such a front was
also observed on glider transects [Gourdeau et al., 2008]. North of 12�S, low oxygen anomalies in both ther-
mocline and intermediate waters mark an inflow from the Indispensable Strait [Gasparin et al., 2012].

Between r 5 25.5 and r 5 26.5 (�300–600 m depth), the salinity is higher between New Caledonia and
Vanuatu than north of 16�S (Figure 2). There is also a front in oxygen at 16.5�S in that same density range (Fig-
ure 3) with high oxygen (160–185 lmol kg21) on the southern side and low oxygen (115–160 lmol kg21) on
the northern side. The salty and oxygenated water of the south represents the WSPCW, while the fresher and
less-oxygenated water of north represents the PEW (‘‘•’’ in Figure 2) [Tomczak and Hao, 1989].

Table 2. Source Water Type (SWT) of Each Water Mass Considered in the Experimentsa

G

W 5 x2ISurface
Upper Thermocline Lower Thermocline

Intermediate
TSW SPTWN SPTWS WSPCW PEW AAIW x

r >24 �24.5 �25.3 �26.3 �26.3 �27
T (�C) 28 22 19.5 14.5 14.5 5.5 0.25
S 34.5 35.9 35.65 35.25 35.13 34.45 0.07
O2 (lmol kg21) 200 120 175 180 115 180 5
M (xiXi 5 1) 1 1 1 1 1 1 0.01

aWater masses characteristics and x is the standard deviation of each property. G, W and I are respectively the SWTs matrix, the
weighting matrix and the identity matrix (see section 2). TSW 5 Tropical Surface Water. SPTWS 5 South Pacific Tropical Water South/
SPTWN 5 South Pacific Tropical Water North. WSPCW 5 Western South Pacific Central Water/PEW 5 Pacific Equatorial Water.
AAIW 5 Antarctic Intermediate Water.
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Figure 3. Water mass properties between Huon (North of New Caledonia) and Guadalcanal (East of the Solomon Islands); SECALIS-3 cruise;
(a) salinity and (b) oxygen concentration (in lmol kg21) as a function of latitude and density (m3 kg21). Contour lines show the full values
while isopycnals anomalies from the mean of the section stations are indicated by color.
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Figure 2. Temperature-Salinity (T-S) and Temperature-Oxygen Concentration (T-O2) diagrams from hydrographic stations located in the
northern part (in green, stations from the SECALIS-4/FLUSEC-1 cruises) and in the southern part of the Coral Sea (in red, stations from the
WOCE-P21/SECALIS-1/P21-REVISIT cruises). Temperature is expressed in �C, and oxygen concentration in lmol kg21. The black signs indi-
cate the properties of the water masses used in the OMP (‘‘�’’ 5 TSW, ‘‘w’’ 5 SPTWS and SPTWN, ‘‘•’’ 5 WSPCW and PEW, ‘‘3’’ 5 AAIW). Geo-
graphic station positions are indicated in the inset.
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Below r 5 26.5 (below 500 m depth), the lower salinity and higher oxygen result from the influence of the
fresh and oxygenated Antarctic Intermediate Water (AAIW) coming from the south (‘‘3’’ in Figure 2) [Sokolov
and Rintoul, 2000; Qu and Lindstrom, 2004; Maes et al., 2007].

The system (2) is under-determined for six water masses as we have only limited to three parameters plus
mass conservation (1). It requires the use of subsets of four SWTs. We first use a Mixed configuration which
considers the four thermocline SWTs (Figure 4a and Table 3). This is used as a first guess of water mass con-
tribution because (i) reliable solutions are only found in a thin layer (r 5 24.5–26.3, blue dots in Figure 4)
due to the relatively close characteristics of the thermocline SWTs. (ii) The Mixed experiment can not resolve
(with low residuals) the surface (0–200 m) and intermediate (400–600 m) levels because we miss the contri-
bution of the TSW/AAIW to the mixture. We do not present these Mixed configurations as they are only
used to guide our configuration choices, but they are found in the supporting information (Figures S8–S12).

To go beyond this limitation, we adopt the vertical stacking strategy which enables us to separate the equa-
tion system (2) into different subsystems [Sudre et al., 2011]. We use a series of four configurations, as shown
on Figure 4 and Table 3. Using TSW, we can focus on Tropical Waters contributions (SPTWS/SPWTN, upper
part of the thermocline) with either the UpperWSPCW (no PEW) or the UpperPEW (no WSPCW) (Figures 4b and
4c). For these two experiments, we focus on areas where WSPCW or PEW contributions are expected to be
low. For instance, the UpperWSPCW experiment (where PEW is not considered) is applied in the New
Caledonia-Vanuatu channel, suspected to have low PEW contribution. This hypothesis is then validated by
looking at the PEW contribution with the LowerSPTWS experiment (No SPTWN). We use the perturbation

experiments to assess the robustness
of this experimental setting.

3. Results

3.1. Entrance of the Coral Sea
3.1.1. New Caledonia-Vanuatu
Channel
Because the lower thermocline in
the New Caledonia-Vanuatu channel
is essentially composed of WSPCW
(see supporting information Figure
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Figure 4. The five experiments used in the analysis illustrated by a TS diagram (a) Mixed experiment, and O2T diagrams (b) UpperWSPCW, (c) LowerSPTWS, (d) UpperPEW, (e) LowerSPTWN for sec-
tions in the eastern Coral Sea (WOCE-P21/SECALIS-1/P21-REVISIT (Figures 4a–4c) and SECALIS-4/FLUSEC-1 (Figures 4a, 4d, and 4e)). SWTs are indicated by the large symbols, as indicated
in Figures 4a and 4b (in red, the ones included in the inversion) and properties that were determined reliably through the inversion (mass residual lower than 1.4) are indicated in blue.

Table 3. Experimental Settingsa

Experiment SWT Hypothesis

Mixed SPTWS-SPTWN-WSPCW-PEW
UpperWSPCW TSW-SPTWS-SPTWN-WSPCW No PEW contribution
UpperPEW TSW-SPTWS-SPTWN-PEW No WSPCW contribution
LowerSPTWS SPTWS-WSPCW-PEW-AAIW No SPTWN contribution
LowerSPTWN SPTWN-WSPCW-PEW-AAIW No SPTWS contribution

aColumn 1 refers to the experiment label; followed by the SWTs used and
underlying hypotheses. The Mixed experiment considering the four thermocline
SWTs is only resolved (with low residual fit) on a thin layer. This first experiment is
indispensable for comforting choice of hypothesis. Upper experiments focus on
SPTWS/SPTWN contributions while Lower experiments on WSPCW/PEW imply to
drop a thermocline water mass.
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S8), we drop the PEW and we use the UpperWSPCW experiment to describe the upper thermocline composi-
tion in this area. The OMP results for sections P21 (WOCE and REVISIT) show that the SPTWS contributes more
than 80% of total water column between 100 and 300 m depth (below r 5 24.5) on the three sections (Fig-
ures 5a and 5b), as suggested by the O2 distribution (supporting information Figures S2 and S7). The SPTWS
core is centered on r 5 25.4 (>80%) and located east of New Caledonia, in the East Caledonian Current (ECC)
at 164–167�E [Gasparin et al., 2011]. East of this, we find the SPTWN contribution (�20–30%) which is mainly
supplied through the Vanuatu islands and/or by recirculation from the north [Maes et al., 2007; Ganachaud
et al., 2008]. Slightly north of the P21 track, SECALIS-1 shows a tighter core of SPTWS near the New Caledonia
coast as well as higher SPTWN contributions off the SPTWS core. This reflects the contraction of the ECC near
the tip of New Caledonia at this latitude [Gasparin et al., 2011]. The SPTWN contribution reflects the lower oxy-
gen (�165 lmol kg21) and higher salinity (>35.7) observed around r 5 24.5 (supporting information Figures
S2, S3, and S7). The low residuals (Figure 5c) indicate that the water content is well explained by our SWT
choices between 100 m and 400 m. Above 100 m, the expected large temporal variability due to contact with
the atmosphere limits the OMP diagnostics.

To distinguish WSPCW from PEW contribution in the lower thermocline, we use the LowerSPTWS experiment
on these same sections and focus on the lower thermocline below r 5 25.4 and above r 5 26.8 (300 m to
600 m depth, Figure 6). There, WSPCW dominates, centered around r 5 26.3 with concentrations above
90% in the ECC core, near the coast of New Caledonia, where oxygen is high (supporting information Fig-
ures S2, S3, and S7) [Gasparin et al., 2011]. The WSPCW horizontal extents varies: for P21-REVISIT, it occupies
almost the full channel while during WOCE-P21, it is confined to the west. SECALIS-1 confirms the contrac-
tion of the ECC against the New Caledonia coast as observed in the upper thermocline. The PEW is only
present at low concentration in the east of the section which suggests that the remaining contribution is a
mixture of AAIW and upper thermocline water masses.
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Figure 5. (a, b) Composition (in %) of the upper thermocline water masses in the channel between New Caledonia and Vanuatu from the WOCE-P21 (Jun 1994, inset), P21-REVISIT (Jun
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This analysis in the New Caledonia-Vanuatu sections highlights that the thermocline waters are dominated
by the SPTWS in the upper part and by the WSPCW in the lower part following the ECC along the coast of
New Caledonia. The latter point is consistent with previous analyses reported by Gasparin et al. [2011]. In
addition, we performed inversions along a section in the channel from the CSIRO Atlas of Regional Seas
(CARS) climatology [Ridgway and Dunn, 2003], and confirm that SPTWS and WSPCW dominate (supporting
information Figure S13). SPTWN/PEW do not appear on CARS showing that our sections show more details
of the water mass distribution variability and remain consistent with CARS.

3.1.2. North of Vanuatu
North of Vanuatu, the Mixed experiment suggests that the WSPCW contribution is lower than the PEW con-
tribution (and SPTWS lower than SPTWN, see supporting information Figure S9), so that we use the
UpperPEW experiment (no WSPCW) to depict the distribution of the upper thermocline (Figure 7). The upper
thermocline is mainly occupied by the SPTWN which is centered around r 5 24.5. Its highest concentrations
(80%) are located north of 13�S but dominate the entire sections (>50–60%). As in the New Caledonia-
Vanuatu channel (Figure 5b), the SPTWS occurs between r 5 24.5 and r 5 26.3 surfaces. Mass residuals are
higher in the north, above r 5 24.5, which indicates the presence of a different, unaccounted for, SWT that
probably comes from the Indispensable Strait [Gasparin et al., 2012].

For the lower thermocline depiction, we use the LowerSPTWN experiment (No SPTWS, Figure 8). Between
r 5 25.4 and r 5 26.8, the WSPCW is confined south of 12�S while the PEW occupies the rest of the section.
Below 500 m and north of 11�S, higher residuals indicate an equatorward change of intermediate waters
properties in this area due to mixing with a deeper water mass (Circumpolar Deep Water), as suggested by
an increasing of salinity and a decreasing of oxygen (supporting information Figures S4–S6) [Kawabe and
Fujio, 2010].
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Unlike in the New Caledonia-Vanuatu channel where SPTWS and WSPCW dominate thermocline waters,
north of Vanuatu the thermocline is mainly constituted of SPTWN and PEW. This distribution east of the
Coral Sea relates to the circulation; in the New Caledonia Vanuatu channel, the SPTWS and the
WSPCW coincide with the ECC and the NCJ while north of Vanuatu the SPTWN and the PEW are located
in the NVJ.

3.2. Middle of the Coral Sea
In the middle of the Coral Sea, water properties are similar to those east of the Coral Sea (supporting
information Figures S4 and S5). But, because of the ubiquitous presence of two water masses at each
thermocline level, we cannot ignore one to apply the vertical stacking strategy in this region for this
section and we restrain our analysis to qualitative description. The front at around 16�S separates
waters coming from the North of Vanuatu versus those from the New Caledonia channel. The
SECALIS-3 section crosses the NCJ and the NVJ (Figure 1), and the Mixed experiment shows broad
patterns in agreement with the position of the NCJ (17�S, carrying SPTWS/WSPCW) (supporting infor-
mation Figure S10).

3.3. Entrance of the Solomon Sea
Around the tip of PNG, the Mixed inversion suggests low SPTWS contribution and high SPTWN contribution
at the upper level, while around r 5 26.4, the WSPCW dominates in the NGCU with little PEW contribution.
East of 155�E, SPTWN and PEW dominate (see supporting information Figure S11). To confirm this initial
guess, we use the UpperWSPCW (No PEW) and focus on NGCU waters (Figure 9). As for the Mixed experiment,
the SPTWS contribution is low (20–30%) while SPTWN dominates (50–60%) in the upper thermocline at the
tip of PNG. The residuals are higher (0.30–0.45) on the eastern end of the section, again suggesting addi-
tional, unaccounted for, contribution from Indispensable Strait.

10

10

20

20

30

30

40

40 506070 8024.5

25.4

26.3

26.8

de
pt

h 
(m

)

a)
SECALIS−4

  0

200

400

600

10

10

20

20 304050 50

24.5

25.4

26.3

26.8de
pt

h(
m

)
b)

  0

200

400

600

0.15

0.15
0.3

0.3

0.45

0.45

0.6

0.6

0.75

0.75

0.9

0.91.05

1.05

24.5

25.4

26.3

26.8de
pt

h(
m

)

c)

11S12S13S14S

  0

200

400

600

10

10

20

20

30

30

40

40

50

50

6070
80 24.5

25.4

26.3

26.8

SPTWN
FLUSEC

102030405060
24.5
25.4

26.3

26.8

SPTWS

0.15

0.15

0.15

0.3

0.
3

0.3

0.3 0.45

0.45

0.6

0.6

0.6

0.750.9
1.05 1.2

24.5
25.4

26.3

26.8

Residuals

13S 12S 11S

(%
)

10
20
30
40
50
60
70
80
90

0.3

0.6

0.9

1.2
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In the lower thermocline (LowerSPTWN), the PEW contributions are around 20–30% while the WSPCW is
higher than 50–60% around the southeast tip of PNG (Figure 10). This water mass distribution relates to the
tilted bifurcation against Australian coast [Qu and Lindstrom, 2002; Kessler and Cravatte, 2013a]: in the
NGCU, the upper thermocline is dominated by SPTWN coming from the NVJ, while the lower thermocline is
made of WSPCW brought by the NCJ. SPTWN and PEW dominate the east part of the Solomon Sea entrance,
east of 155�E in Figures 9 and 10).

On the WOCE-P11 section south of PNG, the Mixed experiment suggests that both SPTWS and WSPCW are
located south of 16�S while a mixture of SPTWS/SPTWN is present in the upper thermocline (see supporting
information Figure S12). The lower thermocline seems to be dominated by the WSPCW. The predominance
of SPTWS south of 16�S is confirmed by UpperWSPCW (Figure 11). South of PNG, SPTWS contributions are
higher than during FLUSEC-1. Given the high occurrence of SPTWS in the upper thermocline, we use the
LowerSPTWS configuration (Figure 12) to diagnose the relative SWT contributions in the lower thermocline.
Those are slightly different than those of the FLUSEC-1 cruise: WSPCW and PEW have similar contributions
and could reflect mesoscale, interannual or decadal variability, as discussed below.

3.4. Vertical Stacking Validation and Limits
To assess the reliability of the vertical stacking strategy, the sum of the six water masses contributions, esti-
mated by two different inversions depending on the section (UpperWSPCW or UpperPEW experiments and Low-
erSPTWS or LowerSPTWN experiments), is averaged over each section (Figure 13a). Because each inversion is
independent, our description from the compilation of these experiment have residuals up to 20% of the sig-
nal at the surface and 30% between 300 and 400 m. The larger surface residual can be explained by aliasing
of the atmospheric variability in the mixed layer. The 30% residual on the three sections in the NC-Vanuatu
channel around 350 m is located between r 5 25.4 and r 5 26.3 at the interface between the two thermo-
cline layers (Figure 13b, P21-REVISIT). It occurs at the water mass edges on the eastern side of the section
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Figure 8. Same as Figure 5, but for the lower thermocline north of Vanuatu from the LowerSPTWN (No SPTWS) experiment.
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due to the fact that we miss either PEW or SPTWN in UpperWSPCW and LowerSPTWS respectively. But, these
unresolved contributions do not imply significant changes of the global scheme, and the vertical stack-
ing has small residuals in most places over 0–600 m. Nevertheless additional parameters such as dis-
solved nutrients within the linear system (1) will avoid the vertical stacking hypotheses and greatly
improve the resolution of the water mass distribution, in particular near the upper/lower thermocline
water interface.

4. Summary and Discussion

Previous water mass descriptions in the Coral Sea were qualitatively based on Temperature-Salinity-Oxygen
properties. Here an OMP analysis provides a quantitative description of the thermocline water mass distri-
bution in relation with their pathways. Our results show distinct patterns that depend on depth/density, as
summarized schematically on Figure 14. In the upper thermocline (red/green arrows), most of the SPTWN
coming from the NVJ is directed equatorward, while most of the SPTWS from the NCJ is directed poleward.
In the lower thermocline (blue/purple arrows), while the poleward EAC is mainly composed of WSPCW, the
NGCU is composed of a mixture of the four thermocline water masses. This partition, also found in the
numerical model of Grenier et al. [2013], reflects the tilted bifurcation of the SEC against the Australian coast
[Qu and Lindstrom, 2002; Kessler and Cravatte, 2013a], with the larger influence of the lower NCJ waters and
a larger influence of the upper NVJ waters.

In the eastern Coral Sea, we have shown that the SPTWS (r 5 25.4) and the WSPCW (r 5 26.3) dominate
in the New Caledonia-Vanuatu channel. The corresponding cores are confined just against the east coast
of New Caledonia, in the ECC (Figure 14). At the SPTWS level (�r 5 25.3), Gasparin et al. [2011] noticed
that the salinity increases away from the coast of New Caledonia while oxygen concentration decreases,

Figure 9. Same as Figure 5, but for the upper thermocline at the entrance of the Solomon Sea from FLUSEC-1 (Aug 2007) cruise from the UpperWSPCW (No PEW) experiment.
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and suspected that ECC waters are mixed with a saltier and more oxygenated water from the east. We
show here that SPTWS dominates (80%) the upper thermocline in the ECC core for all sections. East of
the ECC, SPTWN (20–30%) tends to erode the SPTWS core. The SPTWS horizontal extension was most sig-
nificant during P21-REVISIT, consistent with a widening of the ECC at that time [Gasparin et al., 2011].
The Grenier et al. [2013] model suggested that all NCJ thermocline waters transit through the New
Caledonia-Vanuatu channel, either in the ECC or through the Vanuatu islands, which is consistent with
our results.

North of Vanuatu (13�S), the SPTWN (r 5 24.5) and the PEW (r 5 26.3) occupy the entire thermo-
cline (>70%), except against the Solomon Islands where different waters could arrive through
Indispensable Strait [Gasparin et al., 2012] (Figure 14). Between 13�S and 15�S, we find a mixture
of SPTWS, SPTWN, WSCPW and PEW possibly caused by recirculations of the NCJ and NVJ [Qiu
et al., 2009].

During FLUSEC-1, most of the upper thermocline at the entrance of the Solomon Sea in the NGCU is
composed of SPTWN (more than 60% compared to 20% of SPTWS) but these contribution are reversed
during WOCE-P11. This difference can be attributed to the oceanic variability, either interannual
(cruises are 14 years apart) or shorter time scales as WOCE-P11 crossed a large eddy [Kessler and Cra-
vatte, 2013b]. The Grenier et al. [2013] model analysis suggested that in the NGCU, 20% of the water
came from the NCJ (�SPTWS) and 50% from the NVJ (�SPTWN), similar to our estimate during the
FLUSEC-1 cruise. Such partitioning was also found using a similar OMP analysis on the CSIRO Atlas of
Regional Seas (CARS) climatology [Ridgway and Dunn, 2003], confirming that P11 sampled an excep-
tional event (supporting information Figure S14).

Figure 10. Same as Figure 5, but for the lower thermocline at the entrance of the Solomon Sea from FLUSEC-1 (Aug 2007) cruise from the LowerSPTWN (No SPTWS) experiment.
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At deeper levels, the southward shift of the NCJ bifurcation implies that a large part of WSPCW heads north-
ward [Qu and Lindstrom, 2002; Kessler and Cravatte, 2013a] resulting in high WSPCW contributions (50–60%
compared to the 20–30% of PEW) in the NGCU (Figure 14). South of 18�S, in the EAC, the WSPCW dominates
with no PEW.

East of 157�E at the Solomon Sea entrance, the water mass composition is not well resolved. Southward cur-
rents have been observed in this area [Cravatte et al., 2011; Davis et al., 2012; Gasparin et al., 2012; Hristova
and Kessler, 2012; Kessler and Cravatte, 2013a]. Besides we suspect water contributions from the Solomon
Strait [Cravatte et al., 2011], or from the Indispensable Strait [Gasparin et al., 2012] which would explain the
poor resolution.

In conclusion, the OMP analysis confirms the strong relationship between the water properties and jets
highlighted by Webb [2000]. It allowed a true quantification of the respective SWT contribution, that com-
pletes the qualitative depiction solely based on water properties. Future studies should further refine this
type of analysis, adding in oceanic nutrients as recently collected during SPICE, notably in the NCJ bifurca-
tion region and inside the Solomon Sea [Eldin et al., 2013; Ganachaud et al., submitted manuscript, 2014].
This will enable the analysis to take into account all thermocline water masses in a single inversion instead
of relying on the vertical stacking hypothesis.
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Figure 11. Same as Figure 5, but for the upper thermocline west of the Coral Sea from WOCE-P11 (Jun 1993) cruise from the UpperWSPCW (No PEW) experiment.
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Figure 12. Same as Figure 5, but for the lower thermocline west of the Coral Sea from WOCE-P11 (Jun 1993) cruise from the LowerSPTWS (No SPTWN) experiment.

Figure 13. (a) Sum of the six water masses contribution estimated by two inversions (vertical stacking) depending on sections (UpperWSPCW

or UpperPEW and LowerSPTWS or LowerSPTWN, see text) averaged over each section. Line colors depend on the section location: blue in the
NC-Vanuatu channel, red at the north of Vanuatu and black around PNG. (b) Sum of the six water masses percentages for the P21-REVISIT
section. 100% indicate that the water composition has been fully described by the SWTs from the different experiments (a unique experi-
ment per SWT).
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