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Abstract The climatological vision of the circulation within the Coral Sea is today well established with
the westward circulation of two main jets, the North Caledonian Jet (NCJ) and the North Vanuatu Jet (NVJ)
as a consequence of the separation of the South Equatorial Current (SEC) on the islands of New Caledonia,
Vanuatu, and Fiji. Each jet has its own dynamic and transports different water masses across the Coral Sea.
The inﬂuence of mesoscale activity on mean ﬂow and on water mass exchanges is not yet fully explored in
this region of intense activity. Our study relies on the analysis of in situ, satellite, and numerical data. Indeed,
we ﬁrst use in situ data from the Bifurcation cruise and from an Argo ﬂoat, jointly with satellite-derived
velocities, to study the eddy inﬂuence on the Coral Sea dynamics. We identify an anticyclonic eddy as
participating in the transport of NVJ-like water masses into the theoretical pathway of NCJ waters. This
transfer from the NVJ to the NCJ is conﬁrmed over the long term by a Lagrangian analysis. In particular, this
numerical analysis shows that anticyclonic eddies can contribute up to 70–90% of the overall eddy transfer
between those seemingly independent jets. Finally, transports calculated using S-ADCP measurements
(0–500 m) show an eddy-induced sensitivity that can reach up to 15 Sv, i.e., the order of the transport of the
jets.

1. Introduction
The circulation within the Coral Sea is presently well established from a climatological point of view. As the
South Equatorial Current (SEC) approaches the Coral Sea from the east, it hits the islands of New Caledonia,
Vanuatu, and Fiji. This results in its separation into two main jets entering the Coral Sea: the North Vanuatu
Jet (NVJ) between the Solomon Islands and Vanuatu (generally located between 118S and 158S) and the
North Caledonian Jet (NCJ) between Vanuatu and New Caledonia ﬂowing approximately at 188S [Webb,
2000; Sokolov and Rintoul, 2000; Ganachaud et al., 2008; Qiu et al., 2009; Kessler and Cravatte, 2013a; Ganachaud et al., 2014]. These jets cross the Coral Sea toward the Australian shelf where they contribute to the
formation of western boundary currents: the Gulf of Papua Current ﬂowing north toward the Solomon Sea
and the East Australian Current ﬂowing south toward the Tasman Sea [Ridgway and Dunn, 2003; Choukroun
et al., 2010; Burrage et al., 2012].
Despite their similar origins and pathways, the NVJ and the NCJ present different characteristics in their
journey to the western Paciﬁc. The NCJ is rather narrow (100 km) and vertically thick (1000 m), transporting about 15 6 5 Sv (1 Sv 5 106 m3 s21) of Paciﬁc central waters. On the contrary, the NVJ is wider
(300 km) and shallower (500 m), with a larger transport (about 20 6 5 Sv) [Gourdeau et al., 2008; Gasparin, 2012; Kessler and Cravatte, 2013a]. Together, the NVJ and the NCJ represent almost the entire ﬂow
that enters the Coral Sea, which is estimated at 25–45 Sv, depending upon the various studies and methods
used [Ganachaud et al., 2014]. Calculation methods, seasonal and interannual variabilities are often pointed
out as sources of uncertainty in mass transport estimations, unlike mesoscale activity that has been hardly
considered in previous studies.
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High-resolution regional oceanic models conﬁrm that the baroclinic ﬂow entering the Coral Sea is strongly
inﬂuenced by topography resulting with the NVJ and the NCJ [Kessler and Gourdeau, 2007; Couvelard et al.,
2008]. Model outputs also agree on the differences in vertical structure and transport between the westward jets [Hristova et al., 2014]. The latter study and Qiu et al. [2009] also showed that barotropic instabilities
of the NVJ and the NCJ are the cause of most of the Coral Sea mesoscale variability in both model and
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altimetry studies. The mesoscale activity is marked by a seasonal shift in the surface eddy population from
small and intense eddies in late winter (August–October) to large and weak eddies from December to February. On the global scale, model outputs and altimetry analysis show that eddy activity is a signiﬁcant feature of the Coral Sea dynamics and has to be considered as a structural component of the regional ocean
dynamics, Chelton et al. [2007] estimating that oceanic eddies contribute to 50% of the variability over
much of the World Ocean.
Moreover, the NVJ and the NCJ can clearly be distinguished one from the other by their different water
masses. Even though the surface waters, called Tropical Surface Waters (TSW), remain rather fresh owing to
high local precipitations [Wyrtki, 1962; Sokolov and Rintoul, 2000], they can be strongly inﬂuenced by waters
below the surface mixed layer. Gasparin et al. [2014] focused on the different water masses of both jets at
the entrance of the Coral Sea. According to their description, the NVJ thermocline waters are composed of
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) that are both typical of an eastern equatorial origin. The PEW is formed by convective
sinking of surface salty waters, due to high evaporation, south of the equator and west of 1708W (between
Polynesia and South America). After its journey across the South Paciﬁc Ocean, the salinity of the PEW is
detected between 0 and 500 m in the Coral Sea [Emery, 2001; Tomczak and Godfrey, 2013]. The NCJ thermocline waters are dominated by 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), saltier and more oxygenated than the NVJ
thermocline waters. The WSPCW is formed between Tasmania and New Zealand, in a region assumed to be
restricted to west of 1508W and generally south of 158S [Tomczak and Hao, 1989]. However, heat and salt
exchanges within the thermocline in the Coral Sea remain to be explored as Gasparin [2012] found a mixture of WSPCW at the entrance of the Solomon Sea. The transit of temperature and salinity anomalies at
these depths may alter the mean structure of the equatorial thermocline which plays an important role in
long-term variations of the tropical circulation (with time scales of 20–50 years). Below the main thermocline, the Antarctic Intermediate Water (AAIW) enters the Coral Sea between 400 and 1000 m. The AAIW is
in general characterized by a salinity minimum and an oxygen maximum. After its journey across the South
Paciﬁc anticyclonic gyre, the AAIW is advected by the SEC in the deep part of the two jets [Maes et al.,
2007]. Because of sharp contrasts in physical properties, the pathways of the NVJ and the NCJ through the
Coral Sea are generally assumed to be independent, but Gasparin et al. [2014] showed the presence of
water mass mixing within the thermocline, between 138S and 158S, possibly caused by the recirculation of
the two jets [Qiu et al., 2009]. Indeed, the barotropic instability associated with the NVJ and NCJ circulation
contributes to the meridional heat exchange and may induce water mass modiﬁcations.
The climatological vision of the circulation within the Coral Sea has evolved considerably since the pioneering work of Webb [2000] but the inﬂuence of the mesoscale activity, induced by the presence of numerous
islands among other forcing, is yet not fully explored. Nonetheless, some studies have underlined the role
of westward propagating eddies [Chelton et al., 2007, 2011; Roge et al., 2015] to deﬁne the circulation in this
area exposed to strong eddy variability [Thompson and Veronis, 1980; Kessler and Cravatte, 2013a]. Shortterm signals such as the eddy contribution are known for aliasing mean circulation observations: across a
meridional section sampled during the WOCE P11S cruise, Kessler and Cravatte [2013b] estimated that the
variability of section-mean surface current due to westward propagating eddies can transiently lead to an
uncertainty of one third or more of the measured transport. These observations show the impact of eddies
and small-scale variability in disturbing the interpretation of in situ measurements and in the mass transport
calculations, typically from estimates based on oceanographic cruises. Recent studies suggest that mesoscale activity not only inﬂuences the Coral Sea circulation by producing strong intraseasonal current ﬂuctuations but may also be responsible for water mass mixing. Indeed, Maes et al. [2007] showed complex
recirculation patterns within the Coral Sea: the trajectory of an Argo ﬂoat reveals a possible connection
from the NVJ to the NCJ. Similar trajectories of surface velocity drifters deployed in the North-Eastern part
of the Coral Sea show the same phenomenon with a displacement from the NVJ to the NCJ [Choukroun
et al., 2010]. Ganachaud et al. [2008] also pointed out that the NCJ is possibly fed with waters that have circulated further north. Therefore, the joint study of water mass properties and mesoscale features in the Coral Sea can provide a new insight into the potential role of eddies on the circulation, since coherent eddies
are able to participate in the heat and salt exchanges between water masses [Morrow et al., 2003; Fieux
et al., 2005].
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In this study we propose to identify whether an active connection exists between the NCJ and the NVJ
through water mass transport within eddies, and to quantify the part of the ﬂow concerned by this connection on the long term. We use jointly in situ observations from an oceanographic cruise performed in the
Coral Sea, Argo, and satellite data to study the mesoscale structures associated with the water masses identiﬁed during the campaign. The snapshot picture revealed from the oceanographic cruise is extended with
the analysis of Lagrangian particle trajectories at the scale of the Coral Sea calculated for up to 2 years. We
analyze with Lagrangian particles the output of a numerical high-resolution simulation to follow the trajectory of water masses and their potential trapping by eddies. This approach is contributing to a better understanding of the circulation of Coral Sea water masses in a context of strong mesoscale variability.

2. Data and Methods
2.1. Observations
The Bifurcation cruise [Maes, 2012] was performed from 1 to 15 September 2012 under the auspices of the
SPICE (SouthWest Paciﬁc Oceanic Circulation and Climate Experiment) program which aims to observe,
model, and better understand processes inducing the southwest Paciﬁc oceanic circulation [Ganachaud
et al., 2014]. The R/V Alis transited from Noumea (New Caledonia) to the Queensland Plateau (around 152–
1568E and 16–198S) before returning to Noumea (Figure 1). The main objectives of the cruise were to study
the sources and the characteristics of the NCJ [Maes, 2012].
Continuous measurements of horizontal currents have been performed by a Shipboard-Acoustic Doppler
Current Proﬁler (S-ADCP RDI OS 75Hz). Instantaneous horizontal velocities are estimated between 24 and
488 m below the surface (every 16 m) with an error of 65 cm s21 [Hummon and Firing, 2003].
Temperature, salinity, and dissolved oxygen have been collected with a Conductivity-Temperature-Depth
(CTD) Seabird 9111 sensor to achieve 40 proﬁles from the surface down to 2000 m maximum. The locations
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Figure 1. Daily absolute surface geostrophic currents [m s21] of the Coral Sea derived from the AVISO data set (5 September 2012). The
Bifurcation cruise route is indicated with a brown line. The positions of the CTD stations are indicated with red crosses (southern part of
the CTD transect, CTD 1 and 2) and blue points (northern part of the CTD transect, CTD 3–5). The deployment position and the trajectory
of the Argo ﬂoat WMO Id 5903381 are indicated by the pink star and the orange line, respectively. Two sets of Argo proﬁles are identiﬁed
as belonging to the NVJ waters pathway (green diamonds) and to the NCJ waters pathway (purple diamonds). The green lines show the
sections used for the Ariane Lagrangian analysis. These sections are, clockwise: SLI (‘‘South Lihou’’), from Lihou Reef to the Great Coral
Barrier; NLI (‘‘North Lihou’’), from Lihou Reef to Papua New Guinea; SOL (‘‘Solomon Sea’’), from Papua New Guinea to the Solomon Islands;
PAC (‘‘Paciﬁc’’), from the Solomon Islands to the Santa Cruz Islands; NVJ (‘‘North Vanuatu Jet’’), from the Santa Cruz Islands to the Vanuatu
Archipelago; NCJ (‘‘North Caledonian Jet’’), from the Vanuatu Archipelago to the northernmost extension of New Caledonia coral reef; ECH
(‘‘East Chesterﬁeld’’), from New Caledonia to the Chesterﬁeld Archipelago; WCH (‘‘West Chesterﬁeld’’), from the Chesterﬁeld Archipelago to
the Great Coral Reef. Isobaths 500 and 1000 m are also represented by black lines.
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of the ﬁve CTD proﬁles performed on 5 September 2012 and considered by this study are reported in Figure
1. They were planned to be located on the theoretical pathway of the NCJ. The CTD sensors have been pre
and postcalibrated and the resulting trend is linearly corrected, giving a classical precision of 0.0018C for
temperature and 0.005 for salinity (according to the practical salinity scale, 1978). In the following temperature and salinity will refer to absolute salinity and conservative temperature, respectively, according to
TEOS-10 standards [McDougall et al., 2012]. Dissolved oxygen data (hereafter oxygen data) have been calibrated with Winkler-type discrete samples (with compliant residues according to international standards of
20.003 6 1.730 lmol kg21) using postcruise samples analyzed in laboratory [Saout Grit et al., 2015].
Data from one Argo ﬂoat (WMO id 5903381) are used as a complementary source of information. This speciﬁc ﬂoat is very useful as it is the only one that sampled the studied area (Figure 1). The Argo proﬁler is
equipped with CTD sensors and also an optode that provides oxygen proﬁles that are scarce in this region.
The ﬂoat was positioned in the region of interest (around 138S and 1658E) in January 2011. The Argo proﬁler
data have been processed using a climatology-based quality control procedure [Takeshita et al., 2013]. To
compute the ﬂoat trajectory at the parking depth near 1000 m, only the positions at the time of submergence and resurfacing are used [Maes et al., 2007].
In situ measurements are systematically compared with two climatologies of the region: WOA2013 [Locarnini et al., 2013; Zweng et al., 2013] for temperature, salinity, and oxygen and ISAS-13 atlas [Gaillard et al.,
2015] for temperature and salinity. In situ data are in good general agreement with climatologies considering that the maximum deviations are 60.02 in salinity, 60.058C in temperature, but can reach up to 638C
at the surface, and 616 lmol kg21 in oxygen.
Daily Ssalto/Duacs products [Ducet et al., 2000], from AVISO (Archiving, Validation and Interpretation of Satellite Oceanographic 3) data base, for the period from 1 August 2012 to 31 October 2012, have been used
to extract absolute geostrophic velocities in order to set the Bifurcation cruise in a larger context. Sea Level
Anomalies (SLA) are calculated using several satellites (Cryosat-2, Jason-1/-2) and with respect to an average
calculated over 1993–1998 to produce 1/48 3 1/48 daily maps on a Mercator grid (since 15 April 2014).
There are many different methods to detect and track eddies [Sadarjoen and Post, 2000; Doglioli et al., 2007;
Nencioli et al., 2010]. Here we adopt some very simple deﬁnitions to investigate the origin and the dynamics
of a speciﬁc eddy. The eddy detection and tracking have been done by visually inspecting consecutive daily
maps of SSH. The eddy radius is deﬁned with the outermost closed contour of sea surface height and the
eddy center with the local extremum of sea surface height. The eddy average diameter is then calculated
using the mean of the eddy daily radii. In order to check the consistency of our eddy detection and tracking,
we also performed a comparison with the published Chelton data set [Chelton et al., 2011, http://cioss.coas.
oregonstate.edu/eddies/].
2.2. Numerical Lagrangian Diagnostics
The Lagrangian diagnostic tool Ariane was developed for tracing water mass movements, from the trajectories of numerical particles, in the output of ocean general circulation models [Blanke and Raynaud, 1997;
Blanke et al., 1999, http://www.univ-brest.fr/lpo/ariane]. This diagnosis allows to investigate all the possible
fates and origins of water masses provided that a sufﬁciently high number of particles and of integration
times are used. Here the particle trajectories are calculated in 2-D space for 2 years with the same Lagrangian methodology as in Maes and Blanke [2015] for their tracking of plastic debris across the Coral Sea. Both
current velocity data sets used here for the period 2010–2012 are provided by numerical models: (i) the 1/
128 PSY4V1R3 simulation by MERCATOR OCEAN provides the velocity ﬁelds at two separate levels, surface
and 100 m depth and (ii) the Naval Research Laboratory (NRL) Layered Ocean Model (hereafter NLOM) by
the International Paciﬁc Research Center (Honolulu, Hawaii) provides a surface velocity ﬁeld at 1/328 horizontal resolution.
Ariane is here used for integrating backward in time the trajectories of numerical particles initially distributed each day of 2012 across the section Ariane_SLI determined by its endpoints on Lihou Reef (at 1528E,
17.48S, see Figure 1) and the Great Barrier Reef (at 1528E, 20.58S). The calculations are stopped whenever
the particles return to that initial section or are intercepted on the seven remote sections located around
the Coral Sea (Figure 1). A small weight representative of the intensity of the local velocity is associated
with each numerical particle on its initial position. This weight (expressed as a mass transport) is assumed
to be conserved along each trajectory. A mass transport is then calculated between any remote section and
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the Ariane_SLI section by summing the weights of all the particles that reached the remote section. This
transport can be expressed as a percentage of the total transport and represents the intensity of the surface
connection established between any remote section and the Ariane_SLI section. The rest of the analysis will
focus on the connection between the Ariane_NVJ (see Figure 1) and Ariane_SLI sections. Following Blanke
et al. [2006], the connection inferred from the horizontal movement of all the weighted particle results as a
2-D transport ﬁeld. Thus, it can be expressed as a horizontal Lagrangian stream function that summarizes
and shows the time average of the connection under study [Blanke et al., 1999].
The analysis is restricted to some of the information provided by the horizontal movement of the particles.
We compare the transport ﬁeld inferred from the portions of trajectories associated with eddy-like variability and the transport ﬁeld inferred from the full trajectory details. As in Doglioli et al. [2006], the details of
individual trajectories are inspected to distinguish between portions captured by a rotating coherent eddy
(either anticyclonic or cyclonic) and portions with no evidence of rotation. In this study the calculations are
made from 6 h positions sampled along the entire length of the trajectories. First, we compute the direction
of the velocity vector at each position. Then, the change of direction (azimuth) of this vector is integrated
along each trajectory. Finally, the azimuth difference over periods of N days (by considering the azimuth N/
2 days after and N/2 days before any calculated position) lets us identify the portions of trajectories associated with eddy-like variability (when the difference is larger than a given threshold) and portions of nonrotating behavior (when the difference is smaller than this threshold). The characteristic time it takes for a
particle to circle twice around a coherent structure is determined from the mean diameter and tangential
velocities at the edge of the eddy [Hu et al., 2011; Kersale et al., 2013]. Here, characteristic time scales of the
order of 30–60 days were calculated using AVISO altimetry data for a particular anticyclonic eddy considered later in this study. A second calculation using S-ADCP velocities estimates the time scale to about 40
days. Thus, a threshold of N 5 40 days is considered to identify rotating portions of trajectory.

3. Results

Depth (m)

Depth (m)

3.1. Water Mass Analysis During the Bifurcation Cruise
The Bifurcation data set offers an interesting opportunity to study the properties of water masses reaching
the western part of the Coral Sea compared to the water masses entering the Coral Sea from the east, completing the work of Gasparin et al. [2014]. During the cruise a total of 40 CTD proﬁles was performed. In the
present study, we will focus on ﬁve CTD proﬁles (Figure 1). As the location of these CTDs is rather far from
the entrance of the Coral Sea, the comparison with Gasparin et al. [2014] results can provide new information about pathways and exchanges
during the journey of water masses
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Figure 2. Vertical proﬁles of absolute salinity (left) and conservative temperature
(right) for the CTD proﬁles on the CTD transect of the Bifurcation cruise identiﬁed
in red and in blue in Figure 1. Upper thermocline and intermediate waters are
indicated corresponding to the salinity minimum and maximum, respectively.
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proﬁles. The tight distribution of the proﬁles is overall consistent with Tomczak and Godfrey [2013]
results based on CTD measurements in the eastern
Coral Sea, but also with two climatologies: WOA2013
and ISAS-13. As a guideline, the water mass properties deﬁned by Gasparin et al. [2014] are indicated in
our T-S diagrams. At the levels of surface waters
(TSW) and upper thermocline waters (SPTWS and
SPTWN) our proﬁles follow the general layout
expected in this area (salinity maximum at the 228C
isotherm) for a water sigma-t around 25 kg m23. At
the level of the salinity maximum, the salinity is
fresher than for the waters entering the Coral Sea,
which implies a loss of salt across the Coral Sea. The
overlapping of the proﬁles in this layer back up the
fact that water masses are probably mixed with each
other. In the lower thermocline, CTD proﬁles show
properties close to that of PEW and WSPCW. The
same applies for the intermediate waters (AAIW).
Moreover, a zoom on the lower thermocline reveals
a strong PEW signature for the waters sampled during the cruise (Figure 3b). This observation is unexpected considering that Gasparin et al. [2014] put at
70% the contribution of WSPCW in the western
part of the Coral Sea, compared to 20–30% for
PEW. This result suggests a stronger inﬂuence of
PEW in this area than previously expected. Nevertheless, at this stage, the T-S diagram is not sufﬁcient to
assess with absolute certainty the origins of water
masses sampled during the Bifurcation cruise.

Rochford [1968], Tomczak and Hao [1989], and Maes
et al. [2007], among others, suggested the use of
Figure 3. (a) Conservative temperature-absolute salinity diagram
oxygen concentration for a better discrimination of
for the CTD proﬁles on the CTD transect of the Bifurcation cruise
identiﬁed in red and in blue in Figure 1. ISAS-13 proﬁles from the
the water masses in this region. Figures 4a and 4b
Argo Atlas are also shown with grey circles, and the properties of
show, respectively, the Salinity-Oxygen (S-O2) and
the main water masses identiﬁed by Gasparin et al. [2014] at the
the Temperature-Oxygen (T-O2) diagrams from CTD
entrance of the Coral Sea with bold black symbols. (b) Same as
Figure 3a but zoomed on the lower thermocline.
data. The use of oxygen data allows us now to clearly
separate the proﬁles vertically into two distinct parts.
The upper part, identiﬁed with small markers, is composed of similar surface waters for all proﬁles and by upper thermocline waters showing an oxygen minimum
for CTD 3–5 (135 lmol kg21, in blue) and a maximum for CTD 1 and 2 (170 lmol kg21, in red). The upper
part of the S-O2 and T-O2 diagrams will be discussed in section 4. The lower part, identiﬁed with big markers,
is composed of distinct lower thermocline waters (350–600 m) for the red and blue proﬁles and by similar
intermediate waters at the AAIW level. Clear differences exist between the proﬁles in the lower thermocline.
At this level, the CTD 3–5 proﬁles show an increase in oxygen concentration up to an oxygen maximum
(190 lmol kg21) reached just before the AAIW level, consistent with WSPCW waters. The CTD 1 and 2 proﬁles show a reverse pattern characterized by an oxygen minimum (145 lmol kg21) at 35 and 138C. This oxygen minimum is likely to be the oxygen minimum characterizing the PEW. In comparison with Tomczak and
Hao [1989] results, we can assume that CTD 1 and 2 reveal the signature of PEW, and consequently of NVJ-like
water masses, whereas CTD 3–5 are rather similar to WSPCW transported by the NCJ.
Data from an Argo ﬂoat (WMO id 5903381) that sampled both the NVJ and NCJ are superimposed on the
S-O2 and T-O2 diagrams issued from the CTD collected during the cruise (Figure 5). Two groups of proﬁles
are distinguished as they are considered to be fairly typical of NVJ and NCJ waters (Figure 1). In general, the Argo
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(layer 350–1000 m). The properties of the main water masses identiﬁed by Gasparin et al. [2014] at the entrance of the Coral Sea are also shown with bold black
symbols. Oxygen saturation as a percentage is represented with black contours.
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proﬁles show the same vertical distribution with an offset toward lower oxygen
concentrations for the NVJ waters, especially for waters below the lower thermocline. At this depth, the differences in
oxygen concentrations between NVJ and
NCJ waters almost reach 20 lmol kg21.
The distribution of the Argo proﬁles is
fairly identical to the PEW and WSPCW
proﬁles shown by Tomczak and Hao
[1989]. This comparison allows us to
deduce with conﬁdence that green (purple) proﬁles are typical of NVJ (NCJ)
waters. The difference in oxygen concentration between the CTD 1 and 2 and
CTD 3–5 proﬁles is in the same range
compared to the difference between
NVJ and NCJ oxygen properties. Indeed
in the lower thermocline, the CTD 3–5
proﬁles are rather similar to the NCJ proﬁles whereas the CTD 1 and 2 proﬁles
show an oxygen minimum similar to that
of the NVJ waters. The comparison
between CTD proﬁles and Argo proﬁles
suggests different sources for the waters
sampled during the Bifurcation cruise:
CTD 1 and 2 proﬁles are rather typical of
NVJ waters whereas CTD 3–5 proﬁles
suggest a NCJ origin.

As the Bifurcation area is located on
the theoretical pathway of NCJ waters,
we assume here that a dynamic process is able to bring in water masses with a NVJ-like signature. To
explore this hypothesis, we investigate the regional circulation during the Bifurcation cruise and in particular the mesoscale activity of the Coral Sea.
3.2. The Mesoscale Context During Summer 2012
The comparison of the measured currents and daily surface velocity ﬁelds derived from AVISO altimetry
shows equivalent coherent structures along the Bifurcation route. Our analysis leads to the identiﬁcation of
nine eddies, crossing the route of the cruise and detected either with AVISO at the surface or with S_ADCP
measurements along the ﬁrst top 0–500 m of the water column (Figures S1–S2 in Supporting Information).
These structures may have an inﬂuence on water mass exchanges or transports at short time scale. An
example of a daily image of surface currents is shown in Figure 1. As expected from earlier observations,
the Coral Sea is subject to intense mesoscale activity indicated by the presence of numerous eddies. A westward ﬂow is detectable north of the Coral Sea, but the main jets are not identiﬁable as a consequence of
strong mesoscale activity. The consistency between the in situ measurements and the structures detected
by altimetry allows to use AVISO data over the previous and following month to assess the eddies’ history.
The spatial and temporal coverage of satellite-derived surface currents allows the tracking of the structures
and to study their properties. Most of the structures are cyclonic (six out of nine), but the largest ones are
anticyclonic with a diameter between 150 and 400 km. Despite some differences, all the structures propagate westward at about 6 km d21.
The relative vorticity calculated with the AVISO absolute geostrophic current is shown in Figure 6. This
parameter allows to identify eddies but also to investigate their surface extension and the shape of their
theoretical core delineated by the region inside the contour of zero relative vorticity [Korotaev and Fedotov,
1994; Early et al., 2011]. The map in Figure 6 reveals the presence of two intense eddies: a cyclonic eddy

ROUSSELET ET AL.

IMPACTS OF MESOSCALE ACTIVITY

7283

Journal of Geophysical Research: Oceans
36.2
36

Absolute Salinity

35.8
35.6
35.4
35.2
35
34.8
34.6
120

140

160

180

200

220

o

Conservative Temperature ( C)

30.0
25.0

60
100

20.0
90

15.0

50
80

10.0
5.0

70

40

0.0
120

140
160
180
200
Dissolved Oxygen Concentration (micromol/kg)

220

Figure 5. (a) Absolute salinity-dissolved oxygen diagram for the CTD proﬁles and
for the Argo ﬂoat (WMO Id 5903381) proﬁles indicated in Figure 1. (b) Conservative temperature-dissolved oxygen diagram for same data as Figure 5a. The upper
part of the diagram is identiﬁed with small markers (layer 0–350 m) and the lower
part is identiﬁed with big markers (layer 350–1000 m). Oxygen saturation as a percentage curves is represented with black contours.

Figure 6. Relative vorticity [s21, color bar] calculated using the AVISO absolute
geostrophic currents on the 5 September 2012 (date when the CTD transect was
sampled). Positions of the CTD 1–5 stations of interest are also shown.

ROUSSELET ET AL.

IMPACTS OF MESOSCALE ACTIVITY

10.1002/2016JC011861

(hereafter C) at 168S and 152.58E and
an anticyclonic eddy (hereafter A). In
the following, we focus only on eddy A
as the water mass analysis of the CTD
casts located on the route crossed by
eddy C on 5 September 2012 did not
reveal any inﬂuence of this eddy on
water mass exchange or transport
(data not shown). The southern branch
of eddy A, detected either with AVISO
or ADCP currents, crosses the CTD
transect at the same time as the CTD
1–5 samplings. Consequently, the differences highlighted with the water
mass analysis in CTD 1 and 2 proﬁles
seem to be linked to the passage of
eddy A. The time-tracking analysis
using AVISO reveals that eddy A left
the north-eastern region in August,
propagated for 2 months southwestwardly, arriving north of Lihou
Reef early October (Figure 7). Its position and trajectory crossing both theoretical pathways of the NVJ and the
NCJ, could explain the presence of
NVJ-like water masses at 178S during
the Bifurcation cruise. Following the
theory of Early et al. [2011] we suggest
that eddy A has trapped NVJ water
masses during its formation in the northeastern Coral Sea and has transported
them into the pathway of NCJ waters.
Moreover, the eddy trajectory crossing
meridionally both jets is a key aspect of
the water mass transport. Within the
Chelton data set we found seven anticyclonic eddies similar to eddy A that travelled from the NVJ to the NCJ over the
period October 1992 through April 2012
conﬁrming that such trajectories and
exchanges between the NVJ and the
NCJ through eddy displacements are
not a one shot observation.
The mesoscale context allows to identify a dynamic process that could
explain the presence of NVJ-like water
masses in the Bifurcation area: the
transport of NVJ waters and properties by mesoscale eddies. In order to
test the persistence of such a connection between the NVJ and the NCJ we
have chosen to analyze with a
Lagrangian perspective the long-term
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outputs from two ocean general circulation models.
3.3. Evidence of a Connecting
Pathway Across the Coral Sea
The Lagrangian toolkit Ariane provides
the trajectories of the particles crossing the Ariane_SLI section. This analysis is used to determine the origins of
water masses that reach this area of
the Coral Sea. We ﬁrst check that both
velocity data sets, used to run this
analysis and associated, respectively,
with MERCATOR and NLOM (see section 2.2), reﬂect properly the mesoscale variability sampled by the AVISO
gridded product, and especially eddy
A. The barotropic circulation identiﬁed
with S_ADCP currents suggests that
the circulation is similar at the surface
and deeper. Moreover, as both velocity
data sets gave similar results in terms
of connection, in the following, we
focus on the analysis of the results
obtained with the higher resolution
NLOM model.
Our Lagrangian analysis shows that
the particles reaching the Ariane_SLI
section can originate from all the sections that bound the domain of integration of the trajectories, but with a
predominant recirculation across the
Ariane_SLI section (34% of the transport, not shown). The remaining 66%
of the incoming transport is composed
Figure 7. Daily sea level anomaly [m, color bar] and absolute geostrophic currents
of particles whose origins are distribut21
[m s ] derived from AVISO data at the 1/48 horizontal resolution for three differed across the interception sections
ent dates (5 August, 5 September, and 5 October 2012). The initial position of
eddy A (1 August 2012) is shown with a blue star.
located further north or southeast. We
estimate that 3% of the surface ﬂow
across the Ariane_SLI section originates from the Ariane_NVJ section (Figure 8) and 4% from the Ariane_NCJ
section. This double origin from both sides of Vanuatu is interesting because, until now, the westward ﬂow
crossing the Ariane_SLI section was thought to be entirely made of locally recirculating waters and NCJ
waters ﬂowing south of Vanuatu [Tomczak and Godfrey, 2013]. This Lagrangian description suggests that
the western part of the NCJ is also fed with PEW and SPTWN. The mean surface connection time between
the Ariane_NVJ and Ariane_SLI sections is about 8 months, but we also identify faster connection times,
even as short as 2 months. This numerical estimation is consistent with the results obtained with AVISO
altimetry. Indeed, eddy A travels for a month across the Coral Sea, from 1638E until it reaches the Bifurcation
area at 1558E, and needs approximately one more month to reach the Australian Coast. Moreover, the
stream function between Ariane_SLI and Ariane_NVJ sections (Figure 9) show a new south-westward pathway for the particles originating from the Ariane_NVJ section. The spreading of the contours of this stream
function between 1558E and 1668E and between 138S and 178S indicates that almost the entire Coral Sea is
affected by this connection.
Each trajectory, that is part of the connection, is inspected in detail to check the potential trapping and
transport of waters by coherent structures. The portions of trajectories associated with eddy-like variability,
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as deﬁned from the quantiﬁcation of
successive azimuth differences (cf. section 2.2), reveal the strong inﬂuence of
80%
mesoscale activity in trapping particles
70%
all over the Coral Sea (see Figure S3
in Supporting Information). They also
-15
60%
allow evaluating the contribution of
50%
eddies in the connection made from
the Ariane_NVJ and Ariane_SLI sec40%
tions. This contribution is expressed in
30%
Figure 8 as a percentage by means of
-20
colored diamonds whose size is pro20%
portional to the local intensity of the
10%
transfer (a piece of information that
160
155
165
tallies with the spacing of the con0%
tours). The connection is intensiﬁed at
178S between 1508E and 1608E on the
Figure 8. Lagrangian stream function calculated for the connection between the
Ariane_NVJ and Ariane_SLI sections (black lines). The ratio between the transport
western part of the NCJ theoretical
deduced from the trajectory portions with a rotating behavior and the transport
pathway, and at the entrance of the
deduced from the full length of the trajectories is shown with diamonds. The colNVJ in the Coral Sea (at 138S between
or of the diamonds gives the intensity of this ration (in %), while the diamond size
is proportional to the intensity of the local transfer. The green lines show the sec1608E and 1658E). This result is consistions deﬁned in Figure 1. Reef coasts, drawn in purple, are used to delimit
tent with the positions usually acceptsections.
ed for the two jets. In between them,
the connection is less intense but eddies can contribute up to 50% of the transfer. On average over the
domain, the proportion of the transfer associated with eddy-like trapping can be estimated between 10
and 20%.
0

0

0

0

0

0
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0

0
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0

0

Finally, the Lagrangian framework we just introduced can be used to isolate the proportion of anticyclonic
eddies involved in the fraction of the transfer associated with eddy-like trapping (Figure 9). The contribution
from anticyclonic eddies varies between 10 and 90% in the intermediate area between the two jets. It
amounts to 70% all the way to 90% between 158S and 178S, and, 1558E and 1608E. This area turns out to
match the location of eddy A that locally connects NVJ and NCJ water masses during the Bifurcation cruise.
By comparison, the areas where anticyclonic eddies have the least inﬂuence are located in the theoretical
pathway of the jets (especially at the NVJ entrance in the Coral Sea and in the southern part of the NCJ).
This matches the observations during
the Bifurcation cruise and suggests the
role of anticyclonic eddies in connect90%
ing both jets by transporting water
masses meridionally while their main
80%
pathways are zonal.
0
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Figure 9. Same as in Figure 8 except for the color bar that now shows the ratio
(expressed in %) between the transport deduced from anticyclonic trajectory segments and the transport deduced from all the trajectory portions with a rotating
behavior.

ROUSSELET ET AL.

IMPACTS OF MESOSCALE ACTIVITY

4. Discussion
The analysis of the lower thermocline
waters evidenced the signature of
PEW-like waters on the CTD 1 and 2
proﬁles, thus with an origin from the
NVJ. Instead, the agreement of the
CTD 3–5 proﬁles with the properties of
the WSPCW suggests a NCJ origin. In
the upper thermocline (see Figure 4)
an oxygen minimum at 188C and 35.6
for CTD 3–5 suggests that the CTD 1
and 2 proﬁles are more oxygenated
than the CTD 3–5. In the light of our
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previous assumption associating CTD 1 and 2 with the NVJ and CTD 3–5 with the NCJ, this result is in contradiction with the observations of Tomczak and Godfrey [2013] and Gasparin et al. [2014]. Indeed, these two
studies showed that both NVJ upper (SPTWN) and lower (PEW) thermocline waters are continuously less
oxygenated than NCJ upper (SPTWS) and lower (WSPCW) thermocline waters in the vertical. Following this,
the upper thermocline waters sampled during CTD 3–5, showing an oxygen minimum cannot be associated
with oxygenated NCJ waters. This oxygen minimum may originate from a mixture with Paciﬁc equatorial
waters whose oxygen properties agree with this minimum. Mixing processes are indeed supported by the
complex overlapping of the proﬁles evidenced at the level of the upper thermocline waters in Figure 3. In
addition to mixing processes, the oxygen minimum may be accentuated by biological mechanisms that are
not considered in this study. The complex interplay of physical and biological processes that possibly affect
water mass modiﬁcations gives us less conﬁdence in the analysis of the upper part of the water column
than in the one of the lower part which is more conservative.
Lower thermocline waters of CTD 1 and 2, located at 17–188S, are identiﬁed as a mixed form of PEW. This
observation remains unexpected because Tomczak and Godfrey [2013] have previously identiﬁed a ‘‘Water
Mass Boundary’’ (WMB) at 158S separating the pathway of the PEW in the northern part and the pathway of
the WSPCW in the southern part of the Coral Sea. It suggests that the geographical extension of the PEW
should be reconsidered with care and more observations. Moreover, in this study we have suggested a
mechanism of water masses transport through eddy trapping and displacement to explain this observation.
This assumption relies on the deﬁnition of Early et al. [2011] who demonstrated that a theoretical circular
eddy is able to transport within its core the waters trapped during the eddy formation. However in our case
of study we found in eddy A, the signature of NVJ waters mixed with waters encountered along its track
[Kaneko et al., 2015]. The position of the CTD 1 and 2, almost on the edge of this eddy as well as the irregular shape of the latter may explain the differences between the characteristics of PEW waters at the
entrance of the Coral Sea [Gasparin et al., 2014] and those sampled during the cruise. However, the signature of PEW is high enough to identify the NVJ-NCJ connection due to water mass transport through eddy
displacement. This direct in situ observation remains one of a kind. Lumpkin’s [2016] recent study, using surface drifter trajectories, identiﬁed two eddies (an anticyclone and a cyclone) travelling from the NVJ to the
NCJ, which reinforce our results and highlight the important role of eddies in conditioning the water mass
circulation in the Coral Sea.
The origin and the mechanism of transport of the water masses sampled during the Bifurcation cruise have
been conﬁrmed by our Lagrangian analysis applied to a model velocity ﬁeld. Indeed, it demonstrates meridional exchanges between the NVJ and the NCJ, as already noted by Maes et al. [2007] and Qiu et al. [2009].
Our Lagrangian study estimates the contribution of anticyclonic eddies to this transfer, in the light of the
one-time connection identiﬁed during the Bifurcation cruise through the southward displacement of anticyclonic eddy A. This is not a classical behavior for anticyclonic eddies that are mostly advected equatorward.
However, at global scale Chelton et al. [2007] estimated that 31% of anticyclonic eddies propagating westward have a poleward deﬂection similar as eddy A. This percentage is large enough to support the connection highlighted here through the circulation of anticyclonic eddies between the NVJ and the NCJ.
Moreover, the contribution of anticyclonic eddies is found to be the highest in the band 1558E–1608E
around 168S. This zone corresponds to the area identiﬁed by Qiu et al. [2009, Figure 1b] as a region of relatively high eddy variability. They studied the eastward Coral Sea Countercurrent (CSCC) in this band along
168S, driven by the dipolar wind stress curl forcing localized in the lee of Vanuatu. They also suggested that
the barotropic instability of the horizontally sheared NCJ-CSCC-NVJ system is responsible for eddy variability
in the CSCC band. Thus, the connection between the NVJ and the NCJ through eddy circulation in this area
could also be a consequence of the high eddy kinetic energy (EKE) generated by barotropic instabilities in
the Coral Sea. In addition, our Lagrangian analysis conﬁrms the intense recirculation zones identiﬁed by
Kessler and Cravatte [2013a] and Ganachaud et al. [2014] on the edge of the Australian continent and south
of the Solomon Sea. Interestingly, they also indicate strong recirculation from the north and the south of
the Coral Sea. These features coupled with important mixing processes need to be studied in detail to fully
understand the different water mass pathways across the Coral Sea.
In this study the role of mesoscale activity on the transport of water masses is well-demonstrated but it can
also be estimated by calculating the transport from in situ measurements. The transports calculated with
S_ADCP and associated with each transect of the cruise are given in Figure S4 of Supporting Information.
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Transects 1 and 8 are out of the NCJ pathway but give an interesting example of the eddy-induced strong
temporal variability. Indeed, transects 1 and 8 show a difference of about 15 Sv while they follow the same
path with a time interval between them of only 15 days. This difference, due to eddy displacements across
the transects of the cruise, can reach the order of magnitude of the transport of the jets. This observation
underlines the role of mesoscale activity in introducing large temporal variability completing the study of
Kessler and Cravatte [2013b] but also reinforces the question about the role of eddies on water mass
transport.

5. Conclusions
The Bifurcation cruise data set offered an opportunity to assess mesoscale activity in the Coral Sea through
current measurements and water mass sampling. The analysis of water masses, sampled either by CTD casts
or Argo ﬂoat, together with the study of mesoscale activity from satellite-derived velocity, allows to identify
an anticyclonic eddy that participates in the transport of NVJ-like waters in the pathway of NCJ waters.
Indeed, ocean eddies can transfer heat, salinity, oxygen and other tracers and thus play an important role
on water mass composition and mixing [Eady, 1957; Morrow et al., 2003]. The Lagrangian analysis using
velocity data from the NLOM model also shows complex trajectories in the Coral Sea. Our analysis highlights
the challenges of determining water mass origins and pathways in the Coral Sea due to intense mixing partially caused by mesoscale activity. Both in situ and numerical observations indicate a dynamic connection
between the two main jets of the Coral Sea, the NVJ and the NCJ, through eddy circulation. Our Lagrangian
analysis suggests that anticyclonic eddy circulation is a major component of this connectivity. This indirect
pathway for NVJ waters, through mesoscale activity, offers a new alternative to both direct pathways of NVJ
waters toward the Australian Coast at 138S and toward the Solomon Sea [Ganachaud et al., 2014]. This study
thus provides a new vision of the dynamics of the Coral Sea considering mesoscale activity as a key component in the structuring of the regional water mass circulation. Future work on the Coral Sea must take into
account the active role of eddies to better understand the pathways and transformations of the waters of
the south-west Paciﬁc. Work is underway to apply this kind of analysis in the context of the OUTPACE cruise
[Moutin and Bonnet, 2015] in order to study the dynamics of the entire south-west Paciﬁc.
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