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ABSTRACT
The middepth ocean circulation in the tropical Pacific is dominated by sets of alternating eastward and
westward jets. The origin and transport properties of these flow features remain in many ways an open
question, all the more crucial since their usual underestimation in ocean global circulation models has been
identified as a potential bias for the misrepresentation of the oxygen minimum zones. In this study, we analyze
the water mass properties associated with these systems of jets using velocity and hydrographic sections. Data
acquired during a dedicated cruise carried out in the western part of the basin and supplemented by crossequatorial sections from historical cruises in the central and eastern parts are analyzed. While it is confirmed
that the near-equatorial jets carry oxygen anomalies, contributing to the ventilation of the eastern tropical
Pacific, the data also revealed unexpected features. Tracer distributions (oxygen, salinity, and potential
vorticity) show the presence of fronts extending from 500 to 3000 m and flanked by homogeneous regions.
These structures define meridional staircase profiles that coincide with the alternating velocity profiles.
Historical data confirm their presence in the off-equatorial deep tropical ocean with a zonal and temporal
coherence throughout the basin. These observations support existing theoretical studies involving homogenization by isopycnic turbulent mixing in the formation of staircase profiles and maintenance of zonal jets. The
effect of other processes on the equilibration of tracer structures is also discussed.

1. Introduction
Observation of the intermediate and deep ocean circulation is quite challenging because, unlike the surface
currents that have been intensively studied thanks to
satellite observations and other near-surface measurements (surface drifters, buoys, underway ship measurements), deeper observations are costly and sparse.
Our knowledge of this circulation in the tropical
oceans has thus long been grounded on sections from
hydrographic cruises mostly limited to a few degrees off
the equator (Firing et al. 1998). In the tropical Pacific,
pioneer cruises (Tsuchiya 1975; Eriksen 1981; Firing 1987;
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Firing et al. 1998; Rowe et al. 2000; Gouriou et al. 2001)
revealed the presence of several persistent zonal
currents below the thermocline in the near-equatorial
band. Among them, the Tsuchiya jets are eastward currents found in the whole basin just below the thermocline
between 2.58 and 58 from the equator, with intensities of
20–40 cm s21 (Rowe et al. 2000). The North and South
Equatorial Intermediate Countercurrents (NICC and
SICC, respectively) are weaker and deeper eastward
currents surrounding the westward Lower Equatorial
Intermediate Current (L-EIC). They have been observed
at different longitudes across the basin at 28 from equator
and below 600 m. On their poleward side, the westward
North and South Equatorial Intermediate Currents (NEIC
and SEIC, respectively) are found at 38. In addition to
these meridionally alternating zonal currents, vertically
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FIG. 1. Schematic of the different zonal jets systems listed in Table 1 as a function of latitude
and depth (m). Dark and light gray patches represent eastward and westward currents, respectively. For the sake of simplicity, surface currents have not been represented. Adapted
from Ménesguen et al. (2019).

alternating eastward and westward jets, called equatorial deep jets (EDJs), are also found on the equator
within 18 (Ponte and Luyten 1989; Johnson et al. 2002),
see also Fig. 1.
The advent of the Argo program provided a more
comprehensive view with a basin-scale coverage. The
1000-m mean velocity maps deduced from Argo float
drifts at their parking depth showed the zonal continuity
of the L-EIC, SICC, NICC, NEIC, and SEIC and
revealed that these currents are part of a broader system of meridionally alternating zonal jets extending to
at least 158 off-equator (Ascani et al. 2010; Cravatte
et al. 2012; Ollitrault and Colin de Verdière 2014).
Absolute geostrophic mean currents obtained from
gridded temperature and salinity Argo products allowed the description of the vertical structure of these
zonal currents in the whole tropical band from the
surface to 2000-m depth (Qiu et al. 2013b; Cravatte
et al. 2017). The arrival of new shipboard acoustic
Doppler current profilers (S-ADCP) instruments with
deeper range also extended our ability to observe subsurface currents to more than 1000-m depth (Qiu et al.
2017; Cravatte et al. 2017).
From all these studies, our current knowledge of the
deep tropical Pacific Ocean circulation, can be summarized as follows [see also Ménesguen et al. (2019) and
Galperin and Read (2019, chapter 3) for recent reviews].
The mean circulation appears to be organized in three
main systems of zonal jets (Fig. 1 and Table 1):
d

The low-latitude subsurface currents (LLSCs) are meridionally alternating zonal currents found between the
thermocline and about 800-m depth, from the equator to

d

d

about 188, including the well-studied Tsuchiya jets,
also called the Northern and Southern Subsurface
Countercurrents (NSCC and SSCC) (Tsuchiya 1975).
Their velocity reaches 20–40 cm s21 in the core of the
Tsuchiya jets but strongly decreases poleward. All
these currents tend to get less dense from west to east
and denser and deeper from the equator poleward
(Rowe et al. 2000; Cravatte et al. 2017).
The low-latitude intermediate currents (LLICs) are
an apparently distinct set of meridionally alternating
zonal currents, found from 700 to at least 2000 m. Near
the equator, this set includes the L-EIC, the SEIC and
NEIC, and the SICC and NICC. The velocity of these
currents reaches 10 cm s21, and they change sign every
1.58 (Cravatte et al. 2017).
The EDJs are equatorially trapped, vertically alternating zonal jets with an amplitude of 10 cm s21 and
vertical wavelength close to 350 m (Leetmaa and
Spain 1981). They are found to slowly propagate
vertically with a period most recently estimated around
12 years (Youngs and Johnson 2015).

These currents are clearly visible and identifiable on
time-averaged sections but not necessarily on snapshots
where large differences from one cruise to another can
be observed (Gouriou et al. 2006; Cravatte et al. 2017).
Indeed, the equatorial region is subject to strong variability on many time scales. The predominant and best
documented variability is at seasonal time scales: it is
explained by the westward and downward propagation of
an annual Rossby wave (Lukas and Firing 1985; Kessler
and McCreary 1993) that can seasonally induce a reversal
of the currents in the 28S–28N band (Marin et al. 2010;
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TABLE 1. Acronyms used for the denomination of the different currents.

Short name

Long name

Direction

Depth

EUC
EIC
L-EIC
EDJ
NSCC

Equatorial Undercurrent
Equatorial Intermediate Current
Lower Equatorial Intermediate Current
Equatorial deep jets
Northern Subsurface Countercurrent
Northern Tsuchiya jet
Southern Subsuface Countercurrent
Southern Tsuchiya jet
Secondary Southern Subsurface Countercurrent
Secondary Southern Tsuchiya jet
Low-latitude subsurface currents
Low-latitude intermediate currents

Eastward
Westward
Westward
Alternating
Eastward

Thermocline
’500 m
.500 m
.500 m
’350 m

SSCC
sSSCC
LLSCs
LLICs

Cravatte et al. 2012). Variability also exists at intraseasonal and interannual time scales but is much less
documented.
Despite this progress in our description of the intermediate and deep circulation, our knowledge of these
jets structures, their variability and properties is still
far from being comprehensive, and several questions
remain open.
The first unresolved question concerns the dynamics
of these jets, and the processes leading to their formation and equilibration. Early studies attempted to
explain the formation of the first Tsuchiya jets independently, invoking different mechanisms (Johnson
and Moore 1997; McCreary et al. 2002; Hua et al. 2003;
Marin et al. 2003; Furue et al. 2007, 2009). Later, two
theoretical frameworks have been proposed to explain
the formation of systems of alternating zonal jets
(Ménesguen et al. 2019). In the first one, the main
source of energy is coming from waves (either equatorially trapped waves or midlatitudes waves). Jets can be
seen either as the result of instability of particular
waves (Gill 1974; Hua et al. 2008; Ménesguen et al. 2009;
d’Orgeville et al. 2007; Ascani et al. 2010, 2015) or nonlinear interactions and wave destabilization (Qiu et al. 2013a).
The second one explains the emergence of such zonal
structures as a result of the anisotropic inverse turbulent
energy cascade on a beta plane (Rhines 1975; Berloff et al.
2009), extended to the equatorial regions in Theiss (2004).
None of these studies have been able to account for the
complexity of the zonal and vertical structures of the three
systems of jets. Moreover, most ocean general circulation
models (OGCMs) are not able to correctly simulate their
structures and amplitudes, underlining that their formation
mechanism is not fully understood.
The second unresolved question concerns the role
of these jets in the redistribution of water properties
across the Pacific Ocean. The misrepresentation of the
intermediate circulation in biogeochemical coupled

Eastward

’350 m

Eastward

’450 m

Alternating
Alternating

Thermocline–600 m
.700 m

OGCMs used in climate studies has been identified as a
potential explanation for the bias in oxygen and nutrients concentration in the eastern equatorial Pacific
(Dietze and Löptien 2013; Cabré et al. 2015) and in the
Atlantic (Duteil et al. 2014). Some eastward jets advect
oxygen-rich waters to the east, and contribute to the
ventilation of the oxygen minimum zones (OMZ), found
in the eastern tropical oceans from 100- to 900-m depth
(Karstensen et al. 2008). For instance, Tsuchiya (1981)
showed that the southern Tsuchiya jet carries oxygen-rich
waters, originating from the Tasman Sea and reaching the
equatorial band through the Coral and Solomon Seas.
Wyrtki and Kilonsky (1984) were then the first to show
from in situ observations a zonal signature of oxygen
in the core of the EUC flowing inside the thermocline
(300 m) from western well-ventilated regions to the
eastern OMZ in the Pacific Ocean. Using hydrographic
and current observations provided by cross-equatorial
meridional sections of the World Ocean Circulation
Experiment (WOCE) and the Tropical Ocean Atmosphere
(TAO) project, Stramma et al. (2010) observed that in the
central and eastern tropical Pacific Ocean (from 1708 to
958W), eastward subsurface currents (EUC, NSCC, SSCC,
sSSCC) carry oxygen anomalies of 10–50 mmol kg21 with
respect to their neighboring westward currents (SEC, EIC).
Similar results have been found in the Atlantic Ocean
(Stramma et al. 2005, 2008, 2010; Brandt et al. 2008, 2012,
2015). These findings have also been confirmed by numerical simulations, which showed that EUC, SSCC, and
sSSCC are crucial for the ventilation of oxygen minimum
zones in both tropical Atlantic (Duteil et al. 2014) and
Pacific (Montes et al. 2014) oceans. Farther off the
equator, Czeschel et al. (2015) suggested that LLSCs
have also a signature in oxygen in the far eastern Pacific.
At greater depths, there are fewer studies and most concern the Atlantic Ocean. The eastward EDJs have been
shown to transport oxygen in the Atlantic (Brandt et al. 2008,
2012). Because of the oscillating nature of the EDJs at
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periods around 4.5 years in the Atlantic, and the expected
phase lag between the eastward currents and the oxygen concentrations, oxygen maxima in eastward jets are
not necessarily seen in snapshot measurements. The offequatorial NICC has also been identified as a potential supply path of oxygen-rich waters toward the North
Atlantic OMZ (Stramma et al. 2005). In the Pacific
Ocean, there are hints that the upper parts of the
NICC and SICC may also supply oxygen eastward in
the central and eastern parts of the basin (Stramma et al.
2010). However, the signature in oxygen of the intermediate and deeper jets in the western part of the basin
has never been analyzed, and a global assessment of the
three systems of zonal jets and the properties they carry
across the basin is still missing.
The purpose of the present article is to document the
structures of tracer fields in zonal jets in the tropical
Pacific. The study is based on observations from a
dedicated cruise in the western equatorial Pacific,
CASSIOPEE, supplemented by high-resolution, crossequatorial sections from historical cruises in the central
and eastern part of the basin.
The paper is organized as follows: the datasets used as
well as the methodology for the computations of some
diagnostics are described in section 2. Section 3 presents
the main results obtained from the CASSIOPEE cruise,
and reveals unexpected oxygen fronts in the eastward
LLICs. Section 4 checks the consistency of these findings
in other historical cruises and section 5 highlights the
contribution of these findings to our understanding of jets
dynamics and their role in the redistribution of water
masses and tracers, in particular oxygen, at a basin scale.

2. Data and methods
This study is based on in situ data analysis. This
section provides a complete description of the datasets
and the postprocessings used.

a. CASSIOPEE cruise description
The CASSIOPEE1 oceanographic cruise took place
onboard the French R/V L’Atalante in 2015 between
18 July and 24 August. The main motivation of this
cruise was to describe the ocean circulation and water
masses over the full depth of the ocean in the western
equatorial Pacific. During the cruise, surface-to-bottom
measurements of currents and properties have been acquired
at 71 hydrological stations along three high-resolution
meridional sections: one at 1658E between 108S and
28N with a meridional resolution of 0.338, and two others

1

https://doi.org/10.17600/15001200.
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between the Papua New Guinea coast and 28N with a
meridional resolution of 0.58 respectively at 157.58E and
at 152.58E (see the cruise plan on Fig. 2). The 1658E
section will be the reference section for the description
of currents and their properties. The 152.58 and 157.58E
sections will be used to investigate the zonal continuity
of the currents and their properties. During this cruise,
the following measurements were performed.

1) CURRENTS
Horizontal currents were recorded along the ship track
with two S-ADCP OS-38 kHz and OS-150 kHz, with typical vertical ranges of 1100 and 350 m, respectively. S-ADCP
data were processed and calibrated using the CODAS
software. Surface-to-bottom profiles of velocities were additionally measured at each hydrological station with two
lowered ADCP (L-ADCP) attached to the rosette.
The configuration used comprised a downward-looking
150-kHz L-ADCP and an upward-looking 300-kHz
L-ADCP. Data were processed with the version 10.16 of
the LDEO software, using time-averaged S-ADCP velocities during stations and bottom-reference velocity
profiles as external constraints for the inversion (Visbeck
2002). The resulting vertical profiles of zonal and meridional velocities have a vertical resolution of 10 m.

2) TEMPERATURE, SALINITY, AND OXYGEN
During the 71 stations, vertical profiles of temperature, salinity and dissolved oxygen were measured
from the surface to the bottom using two 24-Hz CTD
(SBE911 1 sensor) mounted on the rosette. CTD data
were corrected and adjusted to the salinity samples with
the CADHYAC software (Kermabon et al. 2015) and
reduced to a 1-m vertical resolution. Dissolved oxygen
sensor data were adjusted by comparison with a Winkler
titration determination of water samples (Langdon 2010;
Uchida et al. 2010; Saout Grit et al. 2015).
When needed, data were regridded using 1D linear
interpolation and smoothed using running Hanning
filters of 50 m to reduce small-scale vertical noise.

b. Supplementary historical cruises
To extend the results found with the CASSIOPEE
dataset, independent and complementary datasets from
the World Ocean Circulation Experiment (WOCE)
provided by the Clivar and Carbon Hydrographic Data
Office (CCHDO2) are considered. Only full-depth, crossequatorial, and high-resolution (at least 0.58) sections have
been selected, except for the equatorial profiles. The list of
the cruise sections we used is given in Table 2.

2

https://cchdo.ucsd.edu/.
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FIG. 2. Cruise tracks used in this study. Blue lines represent the WOCE sections and their labels. Black symbols represent the different
TAO cruises. The pink square box gives the detailed positions of the hydrological stations of the CASSIOPEE cruise. The blue boxes
represent the boxes used for Fig. 10.

In addition, data from the TAO project cruises given
in Table 3, which contributed to maintaining approximately 70 moorings in the equatorial Pacific, were used.
On a few of these cruises, from 2004 to 2008, dissolved
oxygen was additionally measured to 1000-m depth
(Stramma et al. 2010). Though not full depth, these data
are still relevant for this study, since they provide repeated
cross-equatorial meridional sections with temperature,
salinity, dissolved oxygen, and S-ADCP velocity.

c. Climatology products
1) ARGO VELOCITY PRODUCTS
The Argo-based deep displacement atlas (ANDRO3;
Ollitrault and Rannou 2013) gives, for each Argo float,
an estimate of the velocity at the float parking depth
between two dives, resulting in an approximately 10day averaged estimation. In addition, we used a product of mean absolute geostrophic velocity, hereafter
called the CR17 product (Cravatte et al. 2017). It is
based on two components: a vertical shear of zonal
geostrophic velocity computed off and at the equator following the method presented by Picaut and
Tournier (1991), from a mean high-resolution Argo
gridded temperature and salinity climatology at 1/68
resolution (Roemmich and Gilson 2009), and a mean
1000-m Argo drift as the reference velocity at 1000 m for
vertically integrating the geostrophic shear (Cravatte
et al. 2012).

2) ATLAS OF HYDROLOGICAL PROPERTIES
The CSIRO Atlas of Regional Seas (CARS4) provided
by the Commonwealth Scientific and Industrial Research
Organisation (CSIRO) is a climatology of seasonal ocean
hydrographic properties (temperature, salinity, and oxygen). This climatology is particularly well adapted for the
southwestern Pacific Ocean because it includes data from
many regional cruises, moored arrays, and autonomous
profilers (Ridgway et al. 2002).

d. Computation of physical and
thermodynamical variables
Thermodynamical variables such as potential density,
Absolute Salinity, and Conservative Temperature were
computed thanks to the Python toolbox Gibbs Seawater
(GSW-python5), which implements the Thermodynamics
Equations of State (IOC et al. 2010).
Potential vorticity (PV) is a key quantity to analyze the dynamical properties of jets (Baldwin et al.
2007). It is a conservative tracer under adiabatic
conditions and can help to characterize water masses.
It was here computed for the CASSIOPEE cruise
sections assuming the dynamics is two-dimensional
and neglecting the zonal derivative of meridional
velocity.
Ertel’s PV, taking into account Boussinesq approximation, can be expressed as (Müller 2006)

4
3

https://doi.org/10.17882/47077.

5

http://www.marine.csiro.au/;dunn/cars2009/.
https://teos-10.github.io/GSW-Python/intro.html.
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TABLE 2. WOCE sections used for the study. Label for the L-ADCP data: a.: available, p.a.: partially available, n.a.: not available. In bold
is the CASSIOPEE cruise.
Section

Year

Dates

Longitude

Latitude range

Resolution

R/V

L-ADCP

P13
P13
P13
P14
P14
P15
P15
P15
P16
P16
P16
P17
P18
P18
P18

1992
2011
2015
1993
2007
2001
2009
2016
1991
2006
2015
1991
1994
2007
2016

4 Aug–21 Oct
15 May–26 Aug
18 Jul–24 Aug
5 Jul–2 Sep
8 Oct–20 Nov
24 May–8 Jul
3 Feb–24 Mar
26 Apr–22 Jun
31 Aug–1 Oct
13 Feb–29 Mar
10 Apr–13 May
31 May–11 Jul
26 Jan–27 Apr
15 Dec 2007–23 Feb 2008
19 Nov–3 Feb

1658E
1658E
1658E
1798W
1798W
1708W
1708W
1708W
1518W
1518W
1518W
1358W
1108W
1108W
1108W

58S–108N
58S–108N
108S–28N
158S–208N
158S–88N
208S–08
208S–08
208S–08
158S–58N
58S–158N
158S–58N
58S–208N
58S–208N
58S–208N
158S–58N

.0.58
0.58
0.338
0.58
0.58
0.58
0.58
0.58
0.58
.0.58
0.58
0.58
0.58
0.58
0.58

John V. Vickers
Ryofu Maru
L’ Atalante
Thomas G. Thompson
Mirai
Franklin
Surveyor
Investigator
Washington
Thomas G. Thompson
Ronald H. Brown
Washington
Discover
Ronald H. Brown
Ronald H. Brown

p.a.
n.a.
a.
p.a.
n.a.
n.a.
n.a.
a.
p.a.
a.
n.a.
p.a.
p.a.
a.
a.

Q 5 (j 1 f) 

=g
,
r0

where j is the vorticity, f the Coriolis parameter, g the
neutral density (McDougall 1988; Eden and Willebrand
1999), and r0 a reference in situ density. Note that PV at
rest is
Q0 5 f

›z g
r0

Q* 5 (j 1 f)  =[G(g)] ,

(1)

(2)

with f the vertical component of the planetary vorticity and g the neutral density profile at rest. PV at
rest is dominated by the variation of stratification with
depth. The isopycnic variation of Ertel’s PV is thus
masked by this strong background variation and not
easy to analyze on vertical sections. However, alternative PV can be defined, having the same properties
(Lagrangian conservation for adiabatic motions, inversion properties to derive the circulation associated
with the PV distribution, under geostrophic assumption). Following Morel et al. (2019), we define a rescaled PV as

(3)

where G is a function chosen so that Q*0 does not depend
on z. A simple solution is to choose G so that G[g(z)] 5 z
and Q*0 5 f . The rescaled PV has dimensions of vorticity.
It is difficult to evaluate the vertical profile associated
with the ocean at rest, but rescaling by a typical density
profile chosen among the observations yields the expected result and allows to get rid of the signature of the
pycnocline. Here we have chosen the profiles at 6.668S for
section 1658E and at 4.338S for section 157.58E. Our results are not sensitive to the choice of these profiles.

3. Zonal jets and tracer structures in the
southwestern equatorial Pacific: The
CASSIOPEE cruise
a. Currents structure and variability
The structure of the currents during the CASSIOPEE
cruise is shown using the full-depth L-ADCP data
(Fig. 3). Although these transects are snapshots of the
ocean circulation, which is known to vary on a large

TABLE 3. TAO sections used for the study sampled on board Ka’imimoana. Label for the S-ADCP data: a.: available, n.a.: not available.
Name of the cruise

Dates

Longitude

Latitude range

Depth

Resolution

S-ADCP

GP1–06-KA
GP1–06-KA
GP2–06-KA
GP2–06-KA
GP3–04-KA
GP3–04-KA
GP3–06-KA
GP3–06-KA
GP5–04-KA
GP5–04-KA

January 2006–February 2006
January 2006–February 2006
April 2006
April 2006
June 2004–July 2004
June 2004–July 2004
June 2006
June 2006
September 2004
September 2004

1408W
1258W
1108W
958W
1558W
1408W
1708W
1558W
1408W
1258W

7.58S–9.58N
7.58S–8.58N
78S–88N
48S–68N
88S–9.58N
7.58S–9.58N
88S–88N
88S–9.58N
28S–98N
88S–108N

1000 m
1000 m
1000 m
1000 m
1000 m
1000 m
1000 m
1000 m
1000 m
1000 m

0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58

a.
a.
a.
a.
a.
a.
a.
a.
a.
a.
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range of time scales (from diurnal to interannual), most
of the important features of the mean tropical circulation and its organization into zonal jets can be identified. They are described below for the three sections,
from the equator poleward and from the surface to
the bottom.

1) EQUATORIAL SYSTEM
At the equator, strong positive velocities (up to
1 m s21) are found in the upper layers down to 300 m on
all sections in a latitudinal band extending from 2.58S to
at least 28N (Fig. 4a). This is not typical of this region of
the Warm Pool, where the mean surface current in
August is expected to be very weak (Reverdin et al.
1994). Note however, that the cruise coincides with the
development of the strongest El Niño event of the early
twenty-first century and with a series of strong westerly
wind events (McPhaden 2015). This unusual upperocean velocity structure is likely related to the anomalous wind forcing during the cruise (not shown).
In the thermocline, a core of positive velocity
(about 50 cm s 21 ) is found at 200–250-m depth in all
sections and extends from 1.58S to 1.58N (Fig. 4).
This corresponds to the EUC (Johnson et al. 2002). Just
below the EUC, a core of westward current (15 cm s21)
is found from 250 to 400 m between 1.58S and 1.58N at
157.58 and 1658E. It corresponds to the EIC.
From 500 to 2500 m the flow on the equator is predominantly westward with speeds up to 20 cm s21, corresponding to the climatological L-EIC. Superimposed on
this large-vertical-scale westward flow is the smaller-scale
EDJ pattern with a vertical wavelength of about 300 m
and with an amplitude of 6–12 cm s21 (Ponte and Luyten
1989; Youngs and Johnson 2015). The EDJs are most
evident in the full velocity field at 157.58E (Fig. 3a); their
zonal continuity from there to 1658E emerges when a
vertical wavenumber bandpass filter is used to isolate
them from the larger vertical scale flow [section 3b(2)].

2) EXTRAEQUATORIAL SYSTEMS
Off the equatorial band and below the thermocline,
subsurface countercurrents (SCCs) with positive velocities above 20 cm s21 are found at 28S–400 m and 58S–
500 m, also referred to as primary and secondary
Tsuchiya jets (Tsuchiya 1975; Gouriou and Toole
1993). The primary SCC at 28S is seen on sections 1658
and 157.58E but not at 152.58E. Indeed, it has been
suggested that it originates at the Solomon Strait
(Tsuchiya 1981), which is located at 1568E (just east of
this section). The secondary Tsuchiya jet is also visible
on the two easternmost sections (1658 and 157.58E). A
core of eastward velocity of amplitude 12 cm s21 is also
seen at 108S–500 m deep on section 1658E (Fig. 3).
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At intermediate depths, six intermediate zonal jets are
observed between 1.58 and 108S, with eastward-flowing
jets at 1.58, 48, and 78S and westward-flowing jets at 2.58,
68, and 88S, extending from 800 m down to 3000 m where
the bottom topography allows it, slightly sloping toward
the equator with depth (Fig. 3a). These jets have a good
zonal coherence and can be followed on sections 157.58
and 152.58E from the western boundary. The eastward
jets at 1.58N and 1.58S are generally referred to as the
NICC and SICC (Firing et al. 1998).
At greater depths (below 3000 m), the circulation
appears more constrained by the local topography. The
eastward jet at 78S extends down to 3500 m and seems to
be channeled between two local ridges at 8.58 and 5.58S.
Intense instantaneous velocities (up to 15 cm s21) are
still observed at the bottom or along ridges.

3) COMPARISON WITH THE MEAN CLIMATOLOGY
Figures 3a and 3b compare the meridional sections of
L-ADCP zonal velocities measured during the CASSIOPEE
cruise, and the corresponding sections of zonal absolute geostrophic velocities from the CR17 product
corresponding to the mean for August, the month of
the cruise. Figure 3c shows meridional profiles of zonal
velocities averaged over the isopycnal layers 1027.0–
1027.6 kg m23 (corresponding approximately to 500–
1500 m) for the same products.
In the western part of the basin, where the cruise was
carried out, the two systems of zonal jets, the LLSC and
the LLIC, are not clearly distinct, as is the case farther
east (not shown). They appear as continuous slanted
features in meridional–depth sections. As described
above, the CASSIOPEE observations capture most of
the mean subthermocline jets: the EIC, the first and
second Tsuchiya jets, but the third eastward LLSC
current located at 8.58S in the annual climatology
(Cravatte et al. 2017) is not fully observed, although a
local velocity extremum is present (Fig. 3c). Below, the
CASSIOPEE observations capture well the six mean
intermediate jets between 108 and 1.58S, both in position and amplitude. The strongest differences between
the currents observed during the CASSIOPEE cruise
and the annual mean from Argo product are observed
near the equator, between 28S and 28N, in the depth
range 500–1500 m, where velocities are weak and variable in direction in the annual climatology but much
stronger and westward during the CASSIOPEE cruise
and in August climatology (Fig. 3c, sections 157.58 and
1658E). Such a result is compatible with the presence
of a strong seasonal cycle in zonal currents near the
equator as revealed by observations (Gouriou et al.
2006; Cravatte et al. 2012) or in models (Marin et al.
2010). This seasonal cycle has been explained by the
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FIG. 3. (a) CASSIOPEE zonal velocity sections from L-ADCP measurements. Contours are every 5 cm s21. Velocities are filtered in the
vertical using a Hanning filter of 50 m. White contours represent density levels. The gray dashed line separates the two western boundary
stations of section 157.58E at 68 and 6.58S (Fig. 2). (b) Absolute geostrophic zonal velocity sections from CR17 (Cravatte et al. 2017)
between the surface and 2000 m for the month of August. The colorbar is the same as the one used for (a). (c) Comparison
between CASSIOPEE LADCP (red) and Argo geostrophic zonal velocities (CR17) within the isopycnal layer 1027.0–1027.6 kg m23
(approximately 500–1500 m). Light blue lines represent Argo geostrophic velocities for August, and dark blue lines represent Argo annual
mean velocities. Velocities have been filtered using a running Hanning mean of 18 of latitude. In (a)–(c), the left, center, and right panels
correspond to sections 152.58, 157.58, and 1658E, respectively.
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FIG. 4. CASSIOPEE sections zoomed in between 0 and 800 m. (a) L-ADCP zonal velocity along the three sections of the CASSIOPEE
cruise: (left) 152.58E, (center) 157.58E, (right) 1658E. Contours are every 5 cm s21. Data have been filtered using a vertical Hanning filter
over 50 m. White lines represent density contours. (b) As in (a), but for oxygen concentration. Contours are every 5 mmol kg21. (c) As in
(a), but for salinity. Contours are every 0.005 psu. The gray dashed line separates the two western boundary stations of section 157.58E at 68
and 6.58S (Fig. 2).

westward and downward propagation of an annual
Rossby wave, forced near the surface by the seasonally
varying wind stress (Lukas and Firing 1985; Kessler and
McCreary 1993). This wave induces large velocity
anomalies with energy propagating annually from the
eastern upper layers to the western deep layers (see
Marin et al. 2010, their Fig. 10). High westward velocities are found around 1608E between 800 and 1400 m
during the months of August and September. Weaker
westward anomalies of a few centimeters per second are also expected at 88–108S in August, as more
than one meridional Rossby mode could be present
(Cravatte et al. 2012). The annual Rossby waves thus
explain why stronger than average westward currents
along the equator are observed during CASSIOPEE; it
may also partly explain the absence of an eastward
current at 8.58S.

b. Tracer fields properties
To understand the role of this circulation on the
transport of water masses and tracers, sections of oxygen, salinity, and rescaled PV are presented in Figs. 4
and 5. Meridional profiles of zonal velocities and tracer
fields are further shown on isopycnal layers chosen to

target the cores of the different jets mentioned in
section 3a. This complementary diagnostic ensures that
the horizontal variations and frontal structures are not
the results of local and transient phenomena such as the
sudden lifting of isopycnals due to the passage of internal gravity waves.

1) MAIN WATER MASSES
The different water masses of the southwestern tropical Pacific Ocean are recognizable in Figs. 4 and 5 from
the oxygen and salinity distributions. Between the surface and the thermocline (in the upper hundred meters
of the three sections), oxygen-rich waters with concentrations above 160 mmol kg21 are characteristic of the
saturated mixed layer in equilibrium with the atmosphere (Fig. 4b). Within the thermocline, the central
waters display a large range of oxygen content and are
more often characterized by a salinity maximum (above
35 psu), originating from the southeastern subtropics
(Kessler 1999). Two major water masses with different
signatures in salinity and oxygen are found at intermediate depths: The high oxygen (160 mmol kg21), low salinity (34.3–34.5 psu) modified Antarctic Intermediate
Water (AAIW) are located around 1000 m southward of
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FIG. 5. Tracer sections in CASSIOPEE. (a) Oxygen concentration along the three sections of CASSIOPEE cruise: (left) 152.58E, (center)
157.58E, (right) 1658E. Contours are every 5 mmol kg21. A vertical Hanning filter over 50 m has been applied. White lines are density
contours. (b) As in (a), but for salinity. Contours are every 0.05 psu. (c) As in (a), but for rescaled potential vorticity (see section 2). Contours
are every 0.2 s21. Note that the 152.58E section could not be computed because it had a too small meridional extension for the computation of
derivatives and rescaling.
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58S (Figs. 5a,b), and the Equatorial Waters (EqW) with
oxygen minima and relatively higher salinity content
(34.5–34.6 psu) are found between the themocline and
2500 m, between 58S and 58N. The mixing region between the AAIW and EqW is found between 158 and
58S (Bostock et al. 2010), inducing a large-scale smooth
meridional gradient of oxygen and salinity. Below
2000 m, the oxygen content increases downward where
the very slow northward flow of Antarctic Bottom Water
(AABW) and Circumpolar Deep Waters (CDW) brings
high oxygen concentrations originating from the Southern
Ocean (Fieux and Webster 2017).

2) THE EQUATORIAL SYSTEM
Oxygen-rich waters (140 mmol kg21) are found in the
thermocline inside the EUC on the three sections of
CASSIOPEE cruise (Figs. 4a,b). These observations
confirm that this eastward-flowing current carries
oxygen-rich waters from the well-ventilated western
boundary toward the less-oxygenated eastern basin
(Tsuchiya 1981; Stramma et al. 2010). The oxygen
content of the EUC is compatible with the concentrations reported by Stramma et al. (2010). Although
they did not sample the same longitudes, they found
concentrations of 125 mmol kg21 at 1708W (the westernmost section of their paper), decreasing eastward
to 30 mmol kg21 at 858W.
Between the thermocline and 3000 m, lower concentrations of oxygen (70–90 mmol kg21) are found in the
near-equatorial band 28S–28N (Fig. 5b). The intensity of
the oxygen minimum is modulated with depth (as for the
velocity, see Fig. 3a). This is very likely the signature of
the EDJs. Figure 6 shows the vertical anomalies profile in oxygen concentration and zonal velocity at the
equator for the three sections of CASSIOPEE cruise.
Original data have been bandpass filtered for vertical
scales between 100 and 500 m to remove small-scale
noise and large-scale variations. Both the zonal velocity
and oxygen anomalies oscillate with a vertical wavelength of about 330 m, corresponding roughly to the
vertical wavelength of the EDJs. These oscillations are
especially visible on sections 157.58 and 152.58E, with a
clear zonal continuity of vertical minima and maxima,
and are intensified in the 500–1800-m layer. Eastward
jets (positive zonal velocity anomalies) are associated
with positive oxygen concentration anomalies and westward jets (negative zonal velocity anomalies) are associated with negative oxygen concentration anomalies. The
magnitude of the oxygen content difference between
eastward and westward jets reaches 15–20 mmol kg21 at
500 m and decreases with depth. While the EDJs signature is still visible in zonal velocity signal below 2000 m,
with anomalies of 5 cm s21 on section 152.58E, it is
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nonexistent in the oxygen signal (this will be further discussed in section 5). These results are generally consistent
with the findings of Brandt et al. (2012), who show that
oxygen concentrations in the equatorial Atlantic are
following a large range of variability (up to 60 mmol kg21)
at a given depth and exhibit oscillations compatible with
the 4.5-yr period of the EDJs in this region. To our
knowledge, evidence of such a signature in the equatorial
Pacific had not been provided yet.

3) THE EXTRAEQUATORIAL LLSCS SYSTEM
As discussed in the previous section, several meridionally alternating eastward and westward jets are found
between the thermocline and 800 m on the CASSIOPEE
sections. The properties of these jets in terms of oxygen,
salinity, and PV can be inferred from Fig. 5 and from the
vertically averaged tracer variations within isopycnal
layers, defined to encompass each individual jet along the
1658E section (Fig. 7).
Layer 1026.45–1026.7 kg m23 (Fig. 7a) encompasses the
first Tsuchiya jet. The velocity maximum is found at 2.38S
(32 cm s21) and the oxygen maximum (120 mmol kg21) as
well, supporting the idea of a transport of oxygen-rich
waters by the first Tsuchiya jet. In contrast, PV and salinity
both show the presence of a frontal structure at that latitude. Interestingly, a front is also visible in oxygen poleward of the jet, separating off-equatorial waters with high
oxygen content from equatorial waters with lower oxygen
content. This result is in agreement with Rowe et al.
(2000), which also shows a front in PV associated with the
first Tsuchiya jet. The relative importance of the arising
structure (either as front or maximum) will be discussed
with respect to large-scale gradient and physical processes
in section 5.
Layer 1026.8–1027.05 kg m23 (Fig. 7b) is the layer
where the core of the second Tsuchiya jet can be found.
Its position is detected by maximum positive velocities
at 58S (20 cm s21). At the same latitude as zonal velocity maxima, frontal structures are found in the three
tracer fields. Oxygen drops from 110 mmol kg21 south
of the jet to 90 mmol kg21 north and salinity increases
from 34.62 to 34.64 psu. This jet is flanked north and
south by westward currents where the tracer fields
display very homogeneous values between 98–68S and
48–28S.

4) THE EXTRAEQUATORIAL LLICS SYSTEM
Meridionally alternating eastward and westward zonal
jets are also found from below 800 m to the bottom
(section 3a). The striking features on the oxygen sections
are the existence of meridional fronts extending over more
than 2000 m (from 500 m down to 2500–3000 m) following
the core of eastward jets at 78 and 48S (Fig. 5a) and at 28S
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FIG. 6. Signature of EDJs in CASSIOPEE. Vertical zonal velocity (black dashed lines) and oxygen concentration (gray solid lines)
anomalies from 300 to 2800 m averaged between 18N and 18S at longitudes (left) 152.58E, (center) 157.58E, and (right) 1658E. Data have
been filtered using a 100–500-m bandpass Hanning filter in order to remove the large-scale variation (over 500 m) and small scale noise
(below 100 m).

(Figs. 7c,d) with the same tilt toward the equator with
depth as for the currents. Frontal structures are denoted
through a convergence of oxygen isopleths alternating
with quite homogeneous regions. Here the oxygen values
decrease suddenly from 125 to 110 mmol kg21 between
7.58 and 78S, remain around 110 mmol kg21 between 78
and 4.58S and change again from 110 to 90 mmol kg21
between 4.58 and 48S (Fig. 5a). Interestingly, these
frontal structures are also seen, though they are very
weak, in salinity sections in the 800–1000-m depth
range corresponding to the core of AAIW salinity
minima (Fig. 5b). The quantification of salinity variations appears more clearly in Figs. 7c and 7d: salinity
increases of about 0.01 psu at 78 and 48S and of
0.005 psu at 28S. This last value is weak but still significant given the vertical integration of the signal. In
between the fronts, salinity presents homogeneous
values with latitude. This shows that the core of the
salinity minimum coming from the AAIW is gradually
eroded from south to north. Last, similar frontal
structures are also seen in the PV field. Superimposed
on the large-scale PV meridional gradient, one can
notice the presence of three frontal structures at 78, 48,
and 28S on section 1658E (right panel, Fig. 5c) and at 28
and 48S on section 157.58E (middle panel, Fig. 5c).
The corresponding averages in isopycnal layers 1027.2–
1027.4 kg m23 and 1027.49–1027.57 kg m23 are shown

in Figs. 7c and 7d. Note that because the LLICs are
slanted with depth (Fig. 3a), two different isopycnal
layers are needed to describe their depth dependence.
Figures 7c and 7d show the very good correlation between oxygen, salinity, and PV. The three tracers
present staircase meridional variations (alternation of
frontal and homogeneous regions) with fronts coinciding with eastward jets cores and homogeneous regions with westward jets. As shown on the different
sections (Fig. 5), these structures remain zonally coherent as they are present on the three sections with
similar amplitudes.
The CASSIOPEE cruise helped to determine the
tracer field structures associated with zonal jets, due
to the high resolution of the cruise stations and the
good quality of the full-depth L-ADCP data. It highlighted in particular unexpected frontal structures
collocated for all tracer fields studied (oxygen, salinity, and PV) in all eastward jets except for the oxygen
in the EUC, Tsuchiya jets, and EDJs, where local
maxima are found.

4. Temporal and zonal coherence across the basin
The purpose of this section is to determine to what
extent the tracer structures associated with the middepth
zonal jets during the CASSIOPEE cruise resemble those
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FIG. 7. Meridional profiles of zonal jets and tracers averaged over isopycnal layers for the 1658E section of the
CASSIOPEE cruise: L-ADCP zonal velocity (blue), oxygen (pale green), salinity (dark green), and rescaled potential vorticity (orange) computed as described in section 2. The blue error bars indicate the standard deviation of
the velocity within the isopycnal layer. The different layers are chosen to target the different jets observed: (a) First
Tsuchiya jet (1026.38–1026.67 kg m23), (b) second Tsuchiya jet (1026.8–1027.05 kg m23), (c) upper LLIC system
(1027.2–1027.4 kg m23), and (d) lower LLIC system (1027.49–1027.63 kg m23). Note that for the sake of clarity,
potential vorticity and salinity axes are decreasing.

in the rest of the basin at different periods. For this purpose, we compared the results of the previous section with
meridional profiles of oxygen and salinity in isopycnal
layers taken from historical cruises in the whole basin

(see section 2). Ten meridional sections were considered:
1658E (P13), 1808 (P14), 1708W (P15), 1558W, 1508W
(P16), 1408W, 1358W (P17), 1258W, 1108W (P18), and
958W. The location and details about each cruise are given
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FIG. 8. Oxygen profiles in EDJs. Equatorial profiles of zonal velocity anomaly (colored dashed lines) and oxygen concentration anomaly
(colored solid lines) at the different WOCE locations (Fig. 2). Anomalies have been computed using a 100–500-m bandpass filter. From
left to right: P13 (1658E), P14 (1808) P15 (1708W), P16 (1508W), P17 (1358W), and P18 (1108W).

in Tables 2 and 3 and Fig. 2. For each of them we used
S-ADCP or L-ADCP measurements, when available.

a. The EDJ system
As for the CASSIOPEE cruise, vertically alternating
anomalies in oxygen do exist above 1800 m at the
equator and may be related to the presence of the EDJ
system (Fig. 8). The anomalies are much weaker below.
They are of similar amplitude for the P13 and P15
cruises, west of the date line, and decrease eastward of
the date line. They are found to be highly variable: the
depths of the oxygen extrema vary from one cruise to
another, though the vertical scale remains similar. For
example, at 1708W (P15), we observe a phase reversal
between the 2009 and 2016 cruises oxygen signal in
the depth range 1000–1800 m. This is consistent with
the vertically propagating characteristics of the EDJs.
Given the approximate 12-yr period, we do not expect
signals from different snapshot cruises to coincide but to
have different phases, as noted by Brandt et al. (2012) in
the Atlantic. However, a single period of 12 years is
hardly identifiable from Fig. 8. For example, cruises P14,
1993 and P14, 2007 are recorded 14 years apart, and still
the signals present a phase opposition, which seems not

consistent with a 12-yr period. Moreover, the phase lag
between different signals are not depth independent.
This rather suggests that EDJs have a broadband vertical scale and phase propagation period.

b. The LLSCs system (including the Tsuchiya jets)
and upper SICC and NICC
The characteristic densities of the LLSC jets cores
strongly depend on latitude and longitude: the cores of
the multiple eastward LLSC jets are known to get denser
as the thermocline deepens poleward (Cravatte et al.
2017), while the cores of the first and second SSCC are
observed to get lighter as the thermocline shoals from
west to east (Rowe et al. 2000). To take into account
these variations of density, we define isopycnal layers
with respect to the jets’ position (Table 4).
Between 108S and 108N, the Tsuchiya jets are discernible with positive velocities around 20 cm s21 at all
longitudes (Fig. 9). The NSCC and SSCC are found to
shift poleward from 38N and 38S (respectively) in the
western part of the basin (1708W) to 58N and 58S
in the eastern part (1108W) in agreement with Rowe
et al. (2000). They are associated with oxygen maxima
(Fig. 9a) whose amplitudes remain quite constant until
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TABLE 4. Density layers used to target the first and second Tsuchiya jets in Fig. 9 and the SICC and NICC in Fig. 10.
Longitude

Density layer

Longitude

Density layer

All

1027.15–1027.25 kg m23

23

1708W
1558W
1408W
1258W
1108W
958W

1026.4–1026.8 kg m
1026.4–1026.8 kg m23
1026.3–1026.7 kg m23
1026.3–1026.6 kg m23
1026.2–1026.6 kg m23
1026.2–1026.4 kg m23
Fig. 9

1408W (corresponding to a local anomaly of 50 mmol kg21)
and decrease eastward (about 20 mmol kg21 at 1108W). The
maximum is no longer discernible at 958W. The oxygen
content is however stronger in the NSCC than in the
SSCC in the middle of the basin and can be variable
from one cruise to another (for instance, at 1258W
oxygen content in the northern Tsuchiya jet varies from
80 mmol kg21 for GP-106 to 30 mmol kg21 in GP-504).
Note that the erosion of maxima in the Tsuchiya jets
along their path to the eastern boundary shows that not
only advection but also other processes such as consumption, diffusion or mixing are taking place (see
section 5). This is in agreement with the findings of
Stramma et al. (2010), who analyzed cross-equatorial
oxygen sections and found oxygen content of 60 mmol kg21
at 1408W, decreasing eastward to about 30 mmol kg21 at
958W. The signature in salinity of these Tsuchiya jets is
quite different. The most noticeable feature is the
presence of a front within the northern Tsuchiya jet,
visible at each longitude, where the salinity decreases
from 34.8 psu equatorward to 34.65 psu poleward of
the front (Fig. 9b). This front is flanked by homogeneous
or slowly varying regions and indicates the presence
of a barrier to mixing between northern and southern
water masses. The salinity signature associated with the
SSCC and sSSCC is either too weak with respect to the
precision of the measurements or not zonally coherent.
Deeper, the layer 1027.15–1027.25 kg m23 encompasses the off-equatorial LLSC and the upper NICC
and SICC (Fig. 10 and Table 4). The NICC and SICC
are found at 28 on each side of the equator. They
are especially visible in longitudes 1608–1708E in
Argo geostrophic velocities (black curve in Fig. 10)
and are measured by ADCP data throughout the
basin. These jets coincide with oxygen maxima with
relative amplitude of about 20 mmol kg21. Farther
off-equator, small-scale features that can be related to
the jets’ structures do exist and are superimposed on the
large-scale meridional variation of oxygen in this region. However, the observed profiles are very noisy
and no zonally coherent signal emerges. The jets
themselves are relatively weak (1–3 cm s21) and their

Fig. 10

position is subject to a strong variability, which may
drastically complicate the picture of tracer structures on a
single snapshot.

c. The extraequatorial LLICs system
To evaluate the zonal and temporal coherence of
LLICs structures throughout the tropical Pacific basin, we
plot all the meridional profiles on a single graph together
with the CR17 mean zonal velocity (section 2c) for the
isopycnal layer 1027.4–1027.6 kg m23 corresponding approximately to the 1000–1400-m depth range (Fig. 11).
First, staircase profiles in oxygen and salinity are observed from 208S to 108N for all cruises at these depths,
with fronts of amplitude 15–20 mmol kg21 (oxygen) and
0.005–0.01 psu (salinity) alternating with homogeneous
regions extending over about 28 of latitude. Second,
staircase profiles are very coherent from one cruise to
another (independently of the longitude, year, and period of the year at which the data were recorded).
Indeed, a front in oxygen is, for example, found at 58N at
1108W during the cruises P18, 1994 and P18, 2016 carried
out 22 years apart. This front was also found at 1358W in
1991 and at 1508W in 2015 and 1991. Another front is
found at 88N during the same cruises. P13, 2011 and P15,
2001 both capture frontal structures in oxygen and salinity at 1.58S and 48 corresponding to the position of
the SICC and the second intermediate eastward jet
(Figs. 11a–c). Similarly, frontal structures in oxygen and
salinity profiles are observed at 118, 148 and 178S in 2001
and 2009 at 1708W at the position of eastward currents.
Note that at these depths, unlike in the upper layers
where they are associated with maxima, the SICC and
NICC are associated with frontal structures. The meridional distance between frontal structures is close
to 38 in latitude, corresponding to the meridional scale
of the meridionally alternating zonal jets. To highlight
this relation, normalized spectrum of the climatological
Argo geostrophic velocity and tracer profiles in the
same isopycnal layer are plotted against the meridional
wavenumber (Figs. 11d,e). Maximum power density is
found at a meridional wavenumber ky ’ 0.33, corresponding to a meridional wavelength of ly ’ 38.

296

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 50

FIG. 9. Zonal evolution of tracers profiles in first and second Tsuchiya jets. TAO and WOCE sections averaged over isopycnal layers
described in Table 4 for (top) oxygen and (bottom) salinity. Colored dashed lines represent velocity and solid lines represent tracers.
Symbols represent the positions of the northern and first and second southern Tsuchiya jets previously reported by Rowe et al. (2000).
Black dashed lines connect the jet cores positions.

These observations confirm that while oxygen maxima
are associated with the near-equatorial components of
the zonal jet systems (EUC, Tsuchiya jets, EDJs), staircase profiles are a general and permanent tracer structure
associated with extraequatorial and relatively deep
(deeper than 1000 m) zonal jets in the tropical Pacific
ocean (LLICs). They show the spatial coincidence of all
tracer variations as staircase profiles, which consist in
fronts inside eastward currents and homogeneous properties inside westward currents.

5. Discussion
The aim of this section is to discuss the following
points: (i) What do the observed tracer structures tell us
about the dynamics of the zonal jets? Which process is

able to homogenize tracers at very specific locations and
to create fronts in between, such as those observed in the
core of the eastward zonal LLICS jets? (ii) What is the
effect of the zonal circulation on the water mass distribution and on the ventilation of the equatorial Pacific?

a. Do staircase profiles result from isopycnic mixing?
We discuss here isopycnic processes associated with
zonal jets that may explain the observed tracer structures: (i) zonal advection and (ii) turbulent diffusion
(Figs. 13a–c). Zonal advection can clearly explain the
presence of minima and maxima observed in the core of
some jets (section 4b). However, the generation of observed staircase profiles requires more complex dynamics than the two aforementioned processes. Indeed,
zonal advection can generate sharp fronts by straining a
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FIG. 10. Zonal evolution of tracers profiles in LLSC system. Meridional cruise sections at different longitudes across the tropical Pacific Ocean
for (top) oxygen and (bottom) salinity. From left to right: 1608–1708E, 1658–1758W, 1458–1558W, 1358–1458W, 1208–1308W, and 1058–1158W.
Colored dashed and solid lines represent velocity and tracers associated with each cruise. Solid gray lines represent the mean geostrophic
velocity from CR17 product averaged in the same longitude boxes. All data are averaged within the isopycnal layer 1027.15–1027.25 kg m23
(Table 4). The eastward jets on each side of the equator, indicated by black arrows on the left panel are the SICC and NICC.

property gradient field, but in this case the sharpened
property gradients would coincide with the maximum
velocity shear, that is, in between the jets. Thus, zonal
advection, even in a slanting gradient (Fig. 13b), cannot
explain the location of frontal regions inside jets. In
addition, it cannot explain the regions of homogeneous
property. Similar inconsistencies are found for the diffusion and homogenization of tracers in closed gyres, as
discussed by Rhines and Young (1982) for PV. Closed
gyres determine regions where tracers are confined and
can be homogenized by horizontal diffusion. The possibility that tropical middepth zonal jets may form recirculation gyres has been discussed by Rowe et al.
(2000) and Ascani et al. (2010). However this mechanism would result in uniform tracer regions localized
within pairs of eastward and westward jets forming a
gyre (Fig. 13c) and not within westward jets as observed.
Thus, even if zonal advection and diffusion associated
with zonal jets play a role in the transport of tracers,
these processes alone cannot explain the observations.
Alternatively, staircase profiles might be explained by
the existence of meridionally inhomogeneous isopycnic
mixing, creating regions of uniform tracers flanked by
regions of increased tracer gradient (as described in
Fig. 13d). In our case, mixing would be enhanced within
westward jets and inhibited within eastward jets, at the
location of the fronts. The existence of such inhomogeneous isopycnic mixing is not unrealistic: it is consistent
with theoretical studies and idealized numerical simulations of geophysical flows on a beta plane that explain
how zonal jets can be maintained against dissipation.

The principle is that if zonal jets do exist, they will
necessarily be associated to PV variations. Isopycnal
mixing will then be enhanced in regions where the PV
gradient is weak and inhibited in regions where the PV
gradient is strong (PV front), resulting in an inhomogeneous mixing and eventually the formation of staircases (McIntyre 1982; Baldwin et al. 2007; Dritschel and
McIntyre 2008; Berloff et al. 2009; Dritschel and Scott
2011). It is important to note that such processes do not
explain the generation of the zonal jets, but only their
equilibration. Even though our analysis is not exhaustive, the similarity between all tracers profiles and the
consistency of the frontal and homogeneous regions
with the location of observed zonal jets (sections 3 and
4) suggest that the localized mixing mechanism could be
at the origin of the observed staircase profiles.
In addition, staircase structures remain coherent
over a large part of the basin and over a period of at least
20 years (Fig. 11), supporting the idea that an equilibrium is reached between the processes at play. In particular, in the presence of a large-scale zonal gradient of
properties, zonal advection by jets will create advective
tracer anomalies (Fig. 13a), that have to be equilibrated
by other processes. Additional mechanisms are possible.
For example, the modification of large-scale vertical
mixing by the vertical shear of the strongest jets may
impact the tracers’ distribution. The structuration of
ecosystems by the jet dynamics could lead, in the case of
the oxygen, to localized increased consumption regions,
also modifying the meridional structure of oxygen.
Increased concentrations of marine snow at the equator,
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FIG. 11. Tracers profiles in LLIC system. (top) Profiles of all WOCE cruises (Fig. 2 and Table 2) averaged in the isopycnic layer 1027.4–
1027.5 kg m23 and filtered using a meridional filter of 1.58 of the different properties: (a) oxygen, (b) zonal velocity from CR17 averaged
from 1658E and 1108W, and (c) salinity. Shaded regions in the background color indicate the location of eastward jets. (bottom)
Normalized meridional spectrum associated with these data. Thick dashed line: spectrum of the velocity (as described above), light gray
lines: spectrum of each individual cruise tracer profile for (d) oxygen and (e) salinity, and solid black line: mean of all individual cruises
spectra.

between middepth eastward jets (the SICC and the
NICC), has indeed been reported recently (Kiko et al.
2017). Finally, the mechanisms associated with the
generation of the jets (see Ménesguen et al. 2019, and
references therein) could also act on tracers. A full
understanding of the relative contributions of all
these terms to maintain the staircase structures would
require a dedicated modeling study and is beyond the
scope of this paper.

b. What are the implications for the transport of water
masses and the ventilation of the deep ocean?
To better understand how waters may be transported
or modified at basin scale by the systems of zonal jets, we
need to examine the water masses present and their
large-scale gradients.

The equatorial basin is filled from the thermocline
to 2500 m and between 58S and 58N by the EqW,
with horizontal homogeneous temperature and salinity
properties (Fieux and Webster 2017). Therefore, the
salinity background gradient is primarily meridional and
concentrated at and poleward of the EqW boundary
(Figs. 12b–d). It is thus not surprising that advective
anomalies within zonal jets do not show up for salinity
but that staircases are present for the Tsuchiya jets and
the LLICs (Figs. 5, 9b, and 11). Local homogenization
processes, which gradually lead to the transformation of
the off-equatorial water masses to the equatorial water
mass, might then play an important role in the erosion of
intermediate water masses in the tropics.
Unlike salinity, oxygen concentrations present strong
contrasts at basin-scale in the tropical Pacific, due to the
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FIG. 12. Background tracer fields of (a),(c) oxygen and (b),(d) salinity from CSIRO Atlas of Regional Seas (Ridgway et al. 2002). Shown
in (a) is the integration between isopycnals 1026.4 and 1026.9 kg m23, a typical layer for LLSCs; contours are every 10 mmol kg21. (b) As in
(a), but for salinity; contours are every 0.01 psu. Shown in (c) is the integration between isopycnals 1027.4 and 1027.6 kg m23, a typical layer
for LLICs; contours are every 5 mmol kg21. (d) As in (c), but for salinity, contours are every 0.001 psu.

presence of the OMZ in the eastern part of the basin and
the supply of oxygen-rich waters from the western boundary
currents (Figs. 12a–c). Our observations show that the oxygen signature depends on the different systems of jets.
The EUC and the first and second Tsuchiya jets carry
oxygen-rich waters (sections 3b and 4a,b). The oxygen

anomalies associated with the jets are observable from
the western boundary (Figs. 4b and 6), supporting the
idea that the EUC and Tsuchiya jets are fed by the
oxygen-rich waters from the Solomon Sea in the upper
and lower thermocline, as first suggested by Tsuchiya
(1981). Given the width of the Pacific ocean (14 500 km)
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and the speed of the zonal jets (5 cm s21), the time
needed for a particle to travel from west to east is about
9 years, long enough for turbulent diffusion and biological processes to erode the oxygen anomaly from
120 mmol kg21 at 1658E to 40 mmol kg21 at 958W (Fig. 9a).
Weak anomalies are still observed in the eastern Pacific,
suggesting that these jets are an important source of
ventilation for the OMZ.
In the equatorial Pacific, the eastward EDJs and upper SICC and NICC are also associated with oxygen
anomalies (Figs. 8 and 10) that have a larger amplitude
in the western part of the basin and above ;1500 m.
This raises the question of the main source of oxygenrich waters transported by these jets. Above 1200 m,
the western boundary current carries oxygen-rich
waters from the southern ocean and might provide a
source of ventilated waters to these eastward jets (see
in Fig. 5b section 157.58W, the two western boundary
stations). In addition, the presence of the OMZ in the
eastern part of the basin and in the upper 900 m
provide a large-scale zonal gradient (Fig. 12a) that
likely enhances oxygen anomalies in the basin interior
due to advective processes (Fig. 13a). Deeper however, the large-scale background gradient is mainly
meridional (Fig. 12c) and the bathymetry can prevent direct supply from the western boundary. The
Solomon Sea is connected to the equator by two main
pathways: the Vitiaz Strait (closed below 1200 m), and
the Solomon Strait, whose waters are blocked by a
seamount reaching 2000-m depth located at 1578E. An
oxygen supply of the eastward jets (EDJs and S-NICC)
by the western boundary current seems thus more difficult below 2000 m. This may explain why there are no
clear oxygen anomalies in their cores.
In the off-equatorial LLSC system, the oxygen signature is hard to detect and varies from one cruise to
another. This lack of coherency can have two explanations. First, the lack of coherency of the jets themselves.
Indeed, whereas EDJs, EUC, and Tsuchiya jets are
permanent features of the circulation, off-equatorial
LLSCs are weaker and subject to high variability
(Cravatte et al. 2017; Qiu et al. 2013a). They may contribute to the ventilation more sporadically (Czeschel
et al. 2011). Second, the background gradient has both
zonal and meridional components at these depths
(Fig. 12a) and is prone to emphasize both advection and
mixing mechanisms. The resulting tracer pattern may
thus look more complex.
Finally, in the LLIC system, below 1000 m, the jets are
systematically associated with staircase structures at
different times and longitudes [sections 3b(4) and 4c].
Staircase profiles are compatible with the observed
meridional large-scale gradient in oxygen (Fig. 12c)
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in the presence of isopycnic inhomogeneous mixing
mechanisms (Fig. 13d).

6. Conclusions and perspectives
Based on high-resolution in situ data, this study aims at
better describing the physical and hydrological properties associated with the jet-structured middepth tropical ocean circulation. Our study has shown that (i) in
agreement with previous studies, the close equatorial jets
including the EUC, first and second Tsuchiya jets, EDJs,
upper NICC, and SICC, are associated with oxygen
anomalies and transport oxygen-rich waters from the
oxygen-rich western boundary (between the thermocline
and 1500 m) toward the OMZ in the eastern basin. This
confirms the importance of simulating them correctly in
models aiming to accurately represent the OMZ ventilation processes. In addition, this calls for a deeper investigation of the water sources for these jets. The sources
of the EUC have been well documented since the seminal
paper by Tsuchiya et al. (1989) (Grenier et al. 2011), but
the pathways and precise origin of waters feeding the
NICC, SICC and EDJs are less documented and deserve
further study. (ii) In the off-equatorial LLSC system, the
signature of the jets is more difficult to detect. Ventilation
can occur intermittently but is much harder to quantify
because of the possible latent characteristic of these jets.
Its precise quantification would require more systematic
measurements than scarce cruise transects. The increasing number of Argo floats with oxygen sensors may
open a perspective to pursue this work. (iii) In the deeper
LLICs, we have discovered, in the western Pacific, the
presence of two sharp fronts, distant of about 400 km
from each other and extending over more than 2500 m
(from 500 m down to 3000 m) for three tracers (potential
vorticity, salinity, and oxygen).
Investigating the zonal continuity of these frontal
structures, we have found that they are observed from
1658E to at least 1108W and from 208S to 108N at each
location where an eastward jet is observed, resulting in
staircase meridional profiles. We have interpreted the
presence of these staircase profiles as the possible result
of some localized mixing processes. This finding is compatible with theories explaining the maintenance of zonal
jets by turbulent mixing. Potential vorticity staircases had
already been predicted by these theoretical or numerical
studies (McIntyre 2008). But it is the first time, that observations corroborate these theories in the ocean and
extend it to other tracers, supporting that isopycnal mixing
is an effective process and a major ingredient for the
equilibration of the jets. We also suggested that LLICs do
not contribute to ventilation by direct advection. This does
not, however, exclude an indirect role of these jets on the
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FIG. 13. Background tracer field deformation in presence of physical processes. (left) Map of the initial tracer field (dashed) and its
deformation (solid) under physical processes associated with zonal jets (red). (right) Meridional profiles of tracer field values u (and its
background value u0) and zonal velocities U. (a) Zonal advection in zonal background gradient. (b) Zonal advection in slanting background gradient. (c) Recirculation gyres and diffusion in meridional background gradient. (d) Localized mixing in meridional background
gradient (shaded areas represent mixing regions).

local oxygen budget of the OMZ by mesoscale processes
(mixing, eddy activity).
The different structuring of the tracer fields showing
up sometimes as alternating minima and maxima and
sometimes as alternating frontal and uniform regions
can possibly be explained by the relative importance
of the competitive mechanisms (advection and mixing)
according to the dominant background large-scale forcing gradient. But other mechanisms and in particular
oxygen consumption can also explain these differences, as
high biological activity (respiration, degradation of organic matter) takes place. Finally, the permanence of the
structures suggests that in any case, a long-term equilibrium must exist between the processes at play.
This study raises further questions on the consequences
of the presence of mixing and large-scale frontal structures
in the deep ocean. It questions in particular the ability of
these jets to create barriers to meridional water masses
transport, mixing, and erosion, which could impact the
ocean heat budget, ecosystems, or global overturning
circulation (Baldwin et al. 2007; Kiko et al. 2017). The
deep jets systems require thus increased attention as it
may play a crucial role in shaping the oceanic landscape.
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