RESEARCH ARTICLE
10.1029/2018JC014866
Key Points:
• Upper global ocean mode water are
the hot spots of 2006–2015 ocean
heat trend
• Southern Hemisphere mode water
gained volume and buoyancy over
2006–2015
• Wind forcing and oceanic
adjustment may partly explain the
interannual mode water volume
change

Correspondence to:
N. Kolodziejczyk,
nicolas.kolodziejczyk@univ‐brest.fr

Citation:
Kolodziejczyk, N., Llovel, W., & Portela,
E. (2019). Interannual variability of
upper ocean water masses as inferred
from Argo Array. Journal of
Geophysical Research: Oceans, 124,
6067–6085. https://doi.org/10.1029/
2018JC014866
Received 14 DEC 2018
Accepted 31 JUL 2019
Accepted article online 6 AUG 2019
Published online 23 AUG 2019

Interannual Variability of Upper Ocean Water Masses as
Inferred From Argo Array
Nicolas Kolodziejczyk1

, William Llovel2

, and Esther Portela1

1

University of Brest, CNRS, IRD, Ifremer, Laboratoire d'Océanographie Physique et Spatiale, Plouzané, France, 2LEGOS,
CNRS/IRD/CNES/UPS, Toulouse, France

Abstract Interannual variability of Ocean Heat Content (OHC) is intimately linked to ocean water mass
changes. Water mass characteristics are imprinted at the ocean surface and are modulated by climate
variability on interannual to decadal time scales. In this study, we investigate the water mass change and
their variability using an isopycnal decomposition of the OHC. For that purpose, we address the thickness
and temperature changes of these water masses using both individual temperature‐salinity proﬁles and
optimal interpolated products from Argo data. Isopycnal decomposition allows us to characterize the water
mass interannual variability and decadal trends of volume and OHC. During the last decade (2006–2015),
much of interannual and decadal warming is associated with Southern Hemisphere Subtropical Mode Water
and Subantarctic Mode Water, particularly in the South Paciﬁc Eastern Subtropical Mode Water, the
Southeastern Indian Subantarctic Mode Water, and the Southern Paciﬁc Subantarctic Mode Water. In
contrast, Antarctic Intermediate Water in the Southern Hemisphere and North Atlantic Subtropical Mode
Water in the Northern Hemisphere have cooled. This OHC interannual variability is mainly explained by
volume (or mass) changes of water masses related to the isopycnal heaving. The forcing mechanisms and
interior dynamics of water masses are discussed in the context of the wind stress change and ocean
adjustment occurring at interannual time scale.

1. Introduction
Interannual variability of Ocean Heat Content (OHC) is intimately linked to ocean water mass changes.
Water mass characteristics are imprinted in terms of physical and biogeochemical properties at the ocean surface by the climate natural variability on interannual to decadal time scales. Since the 1970s, the global ocean
has stored more than 90% of the planetary warming caused by global energy imbalance (IPCC, 2013; von
Schuckmann et al., 2016), and it has stored about 25% of the anthropogenic CO2 emissions (Fine et al.,
2017; Sallée et al., 2013). Thus, the knowledge about water mass formation and their variability is fundamental to improve our understanding of the mechanisms driving the heat, freshwater, biogeochemical tracers,
and carbon sequestration processes in the global ocean interior.
Before the 2000s, in situ observations of temperature of the water column were spatially and temporally
sparse (Abraham et al., 2013) and OHC change estimates were largely underestimated and biased toward
the better sampled Northern Hemisphere, particularly the North Atlantic (Durack et al., 2014). Since the
early 2000s, the Argo program has provided high‐quality 0–2,000‐m temperature/salinity proﬁles over the
global ocean (Gould et al., 2004). The Argo network provides the ﬁrst homogeneous global coverage of upper
ocean proﬁles, which has signiﬁcantly reduced uncertainties about rates of global ocean warming over the
past decade (Figure 1).
Additionally, the recent ocean warming trend has been mainly explained by warming located within the
upper ocean layer (above 2,000 m) of the water column at subtropical/midlatitudes of the Southern
Hemisphere, more precisely within southeastern Indian and southern Paciﬁc Ocean subtropical gyres
(Figures 1c and 1d; e.g., Desbruyères et al., 2017; Gao et al., 2017; Häkkinen et al., 2015, 2016; Llovel &
Terray, 2016; Roemmich et al., 2015; Wijfells et al., 2016).
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Subtropical and Subpolar ocean of the Southern Hemisphere is populated by Mode Water (ST/SAMW).
Extensively documented in the literature, Mode Waters (MW) have been deﬁned by their relatively uniform
properties over a large volume in the ocean (e.g., Hanawa & Tally, 2001; Speer and Forget et al., 2011). MW
are formed by winter buoyancy loss driving convection. They are thus temporarily isolated from the surface
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Figure 1. (a) The 0–2,000‐m depth Global Ocean Heat Content Change (in J) using ISAS15 (red), Roemmich and Gilson
SIO (black), EN4 (blue) along with error bar (2ε) computed on ISAS15. (b) Depth‐layer contribution to the Global Heat
Content Change in depth ranges 0–100 m (blue), 0–300 m (red), 0–700 m (yellow), 0–1,500 m (purple), and 0–2,000 m
2
(green) depth from ISAS15. (c) The 0–2,000‐m depth OHC trend over the period 2006–2015 (in W/m ) from ISAS15. (d)
Zonal integrated 0–2,000‐m depth OHC trend over the period 2006–2015 (in W/m) from ISAS15 (red), SIO (black), and
EN4 (blue).

by the seasonal thermocline and characterized by their relative low potential vorticity, that is, low
stratiﬁcation. Subtropical Mode Water (STMWs) and Subpolar MWs are found the upper ocean subtropical
and subpolar gyre, respectively. For example, the North Atlantic STMW (NASTMW; Worthington, 1959;
Maze & Marshall, 2011) lays between the σθ = 26.4–26.6 kg/m3 isopycnals and it is the largest subtropical
MW pool in the Northern Hemisphere, while Sub‐Antarctic Mode Waters (SAMW; McCartney, 1977,
1982), encompassing the σθ = 26.7–27.0 kg/m3 isopycnal surfaces, constitute the largest pool of upper
ocean MW in the Southern Hemisphere.
Although, the water mass properties (T/S) of upper ocean MW are remarkably stable over time (Forget et al.,
2011; Speer & Forget, 2013), recent studies (e.g., Desbruyères et al., 2017; Häkkinen et al., 2015, 2016), using a
heave/spice decomposition, pointed out that the recent upper warming trend is explained by a deepening of
lighter subtropical isopycnal surfaces (heave) rather than by the temperature change along the isopycnal surfaces. The heaving trends exhibit different patterns depending on the considered time scale, over 20–50 years
(Häkkinen et al., 2015, 2016) and over 10 years (Desbruyères et al., 2017). These studies only diagnosed long‐
KOLODZIEJCZYK ET AL.
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term trends (>10 years) from large‐scale basin patterns and they did not focus on speciﬁc water masses, location, and warming mechanisms. More recently, using the thermostatic and halostatic approach to deﬁne
SAMW (Hanawa & Tally, 2001), Gao et al. (2017) found a good correlation between the recent OHC and
volume decadal trends (2005–2015) of SAMW. However, this approach focused on SAMW only, and it does
not detail the speciﬁc hot spots of water mass subduction and interior change which are known to be important for the larger‐scale ocean variability (Rintoul, 2018; Sallée et al., 2010). In contrast, Evans et al. (2017)
recently showed the importance of interannual wind forcing for explaining year to year variability of the
NATSTMW and associated OHC. Less attention has been payed on diagnosing the interannual variability
of ocean water masses and its contribution to OHC changes. Therefore, the present study tends to better
ascertain this contribution.
Argo sampling has made possible to estimate more precisely the seasonal to interannual variability of
large‐scale thermohaline isopycnal changes at regional scales. These changes are associated with spiciness, as deﬁned by McDougall and Kzysik (2015) and their dissemination within the upper ocean
(e.g., Kolodziejczyk et al., 2014; Kolodziejczyk & Gaillard, 2012; Sasaki et al., 2010; Schneider, 2000;
Schneider et al., 1999). A consistent record of both temperature and salinity proﬁles provides a better
understanding of the ocean thermohaline variability in an isopycnal framework. The isopycnal layers
are connected to the surface where water masses are transformed by heat and freshwater ﬂuxes, that
is, air‐sea buoyancy ﬂuxes. Cross‐isopycnal mixing processes, wind stress curl, and advection also control
the volume and interior ocean path of the isopycnal layers (e.g., Downes et al., 2011; Luyten et al., 1983;
Speer & Forget, 2013; Speer & Tzipermann, 1992; Tzipermann, 1986; Walin, 1982). At the interannual
time scale, besides the importance of mixing processes in the interior of the oceans, questions remain
on the mechanisms related to the isopycnal heaving and passive tracer mode following the subduction
of water masses along isopycnal surfaces (Liu, 1999; Liu & Shin, 1999). Both heave/spice decomposition
and T‐S volumetric approaches (e.g., Zika et al., 2009; Döös et al., 2012; Speer & Forget, 2013; Evans
et al., 2014, 2017) provide a different perspective and new insights in both characteristics and variability
of ocean water masses. The question of water mass variability from in situ measurements is rarely
tackled in the literature (especially because observational time series were scarce before 2000s).
Therefore, in this study, using the global Argo proﬁle data set, we adopt an isopycnal decomposition
of the integral of OHC, volume, and temperature to characterize the interannual variability of the upper
ocean water masses and to infer the driving mechanisms
The questions addressed in this study are the following: (i) where the water mass hot spots of OHC variability
are located over the last decade? and (ii) which forcing and interior dynamics driving water mass variability
can be inferred from the Argo data set? The remainder of this paper is organized as follows: the data and
method will be presented in the next section. Then, the isopycnal OHC, thickness, and temperature trends
over the 2006–2015 period are documented. The forcing and ocean interior dynamics at the hot spots of water
mass interannual variability will be investigated. Finally, we will discuss the results and end with some concluding remarks on the study.

2. Data and Method
2.1. In Situ Temperature and Salinity Data
We consider the monthly gridded ﬁelds of temperature and salinity obtained from “In Situ Analysis System”
(ISAS), an optimal interpolation (Bretherton et al., 1976) tool speciﬁcally designed for synthesis of the Argo
global data set (Gaillard et al., 2009, 2016). We consider the latest version named ISAS15, which considers
only the delayed mode of Argo data over the period 2002–2015 (Kolodziejczyk et al., 2017). Although the
Argo array started in early 2000 (www.argo.net), nominal global sampling has only been reached since
2006. We thus decided to focus our study over the period 2006–2015 (10 years). The gridded ﬁelds were produced over the global ocean by the Argo‐France project with data sets downloaded from the Coriolis Global
Data Center. The ISAS data set preprocessing includes a climatological test applied to the data set, followed
by visual checking of any suspicious proﬁles. The temperature and salinity ﬁelds are vertically interpolated
on 152 depth levels ranging from 0‐ to 2,000‐m depth (5‐ to 10‐m resolution within the shallowest 500‐m
depth and 20‐m resolution below), on a half‐degree isotropic horizontal grid. However, ISAS15 effective
resolution is set by two correlation spatial scales: a large spatial scale of 300 km and a small spatial scale
KOLODZIEJCZYK ET AL.
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of the order of the ﬁrst deformation radius with a latitudinal dependency and a zonal elongation (600 km) at
the equator. This particular ISAS15 analysis differs slightly from the product presented by Gaillard et al.
(2016) in two respects: the reference climatology and the optimal interpolation parameters. While
Gaillard et al. (2016) used reference climatology based on ISAS11 analysis (2004–2010), we used the average
of ISAS13, based on the period 2004–2012.
The second product used in this study is the version 4 of the objective analyses from the Met Ofﬁce Hadley
Centre of global ocean temperature and salinity in situ proﬁles, named EN4 (Good et al., 2013). The data set
used in EN4, including not only Argo data but also other in situ measurements, followed several quality controls described in Good et al. (2013). The EN4 analysis is a monthly gridded product on 46 depth levels over
the full water column and 1° horizontal grid. Two isotropic horizontal covariance scales are applied in this
gridded products being 300 and 400 km. In the tropics, an anisotropic zonal 1,500‐km scale is used. Two vertical correlation scales of 200 and 100 m are also introduced. Contrary to ISAS, the ﬁrst guess of analyses is
determined by monthly climatology for the period 1971–2000 plus a weighted analyzed anomaly from the
previous calendar month. The EN4 product covers the period 1900 to present, but only the 2006–2015 period
is considered.
The third product used in this study is the Scripps Institution of Oceanographic product based on optimal
interpolation of Argo temperature and salinity proﬁles (Roemmich & Gilson, 2009). The Scripps
Institution of Oceanographic product was interpolated on 56 pressure standard levels and a 1° regular grid
between 60°S and 60°N. Two horizontal covariance scales are chosen for the Scripps Institution of
Oceanographic optimal interpolation. A long covariance scale of 1,111 km accounting for 23% of the total
variance is used during the ﬁrst interpolation. Then this ﬁrst analysis is used as a ﬁrst guess in a second interpolation using a shorter covariance scale of 140 km chosen to account for about 77% of the total variance.
In order to check the consistency of the results from z‐level standardized OI ﬁelds we computed the trend
over 2006–2015 of isopycnal OHC, thickness, and temperature from individual delayed mode Argo proﬁles
in 3° × 3° boxes (which is the nominal target coverage of Argo network) and for each potential density layers
of resolution Δσθ = 0.1 kg/m3.
2.2. Wind Stress Data From Atmospheric Reanalysis
A monthly gridded zonal and meridional wind stress product with a horizontal resolution of 1.58° × 1.58°
was obtained from the National Center for Environment and Prediction Reanalysis‐2 (www.esrl.noaa.gov/
psd/data/gridded/data.ncep.reanalysis.html). We computed the monthly wind stress curl over the global
ocean between 2016 and 2015. We also used monthly averaged 0.758° × 0.758° gridded wind ﬁelds between
2006 and 2015 from the European Reanalysis and Assimilation‐Interim reanalysis provided by the European
Center for Medium‐Range Weather Forecasts (www.ecmwf.int/en/research/climate‐reanalysis/era‐interim).
2.3. Isopycnal Heat Content, Thickness, and Temperature Computation
For the purposes of this study, OHC, thickness, and temperature for each isopycnal layer were computed as
follows:
z2

OHC 12 ¼ ∫ ρCp T ðzÞdz

(1:1)

z1
z2

h12 ¼ ∫ dz

(1:2)

z1
z

T 12 ¼

1 2
∫ T ðzÞdz
h12 z1

(1:3)

where ρ is the seawater density, Cp is the isobaric thermal capacity of seawater, T is the potential temperature
anomaly with respect to 0 °C, and z1 and z2 are the depth of the lower and upper isopycnal surfaces, respectively. Isopycnal layers have a regular spacing of Δσθ = 0.1 kg/m3, spanning between 24 < σθ < 28 kg/m3. The
upper layer between the surface and σθ = 24 kg/m3, which encompasses mainly tropical water masses, are
treated as a single layer.
KOLODZIEJCZYK ET AL.
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In this study, the interannual variability of the different parameters is computed as the interannual anomalies, that is, removing the monthly climatology computed over the period 2006–2015 from the monthly time
series. Then, from the interannual anomalies time series, the linear 2006–2015 trend, if signiﬁcant, is
extracted. This linear trend may explain a given percentage of the interannual variance. The 2006–2015
trend contribution to the interannual variance will be discussed in this study.
2.4. Mixed Layer Depth Data
The mixed layer depth (MLD) has been computed from ISAS15 ﬁelds with a density criterion of Δσθ = 0.03
kg/m3 from the 10‐m depth value of density following de Boyer Montégut et al. (2004). This MLD computed
from OI smoothed ﬁeld have been compared with 1° × 1° binned MLD climatology computed from individual Argo proﬁle (de Boyer Montégut et al., 2004). The ISAS MLD slightly overestimates the MLD in the
Southern Ocean, but the agreement remains reasonable over the global ocean.
2.5. Geostrophic Velocity
The mean Montgomery potential and geostrophic velocities were computed following McDougall and
Klocker (2010) (based on the GSW V3.0 library, TEOS‐10) using the mean ISAS15 hydrological data. The
reference level for mean geostrophic velocities between 2006 and 2015 was the average of the map of absolute
surface dynamic topography from AVISO satellite altimetry products computed from sea level anomaly and
mean absolute dynamic topography, named MDT_CNES‐CLS13, based on Gravity Recovery and Climate
Experiment, satellite altimetry, and in situ measurement (Rio et al., 2011).
Since ISAS15 reaches only 2,000‐m depth, the mean barotropic component of the current velocity over the
full depth water column was derived using World Ocean Atlas 2009 (providing surface to 5,500‐m depth
hydrological data) by Pr. Colin de Verdière as follow: Ollitrault and Colin de Verdière (2014) obtained the
absolute geopotential from the mean Argo ﬂoat displacement at 1,000‐m depth. The World Ocean Atlas
2009 was used to obtain the geopotential relative to 1,000‐m depth. Adding the two together gives an absolute geopotential at all depths from which three‐dimensional absolute geostrophic velocities. Averaging vertically from surface to bottom gives the barotropic current velocities.

3. Results
3.1. Decadal Trends
Over the last decade, global ocean heat content (0–2,000 m) has increased by about 8 × 1022 J (Figure 1a).
Since 2006, Argo interpolated T/S ﬁelds have conﬁrmed the unabated global mean OHC increase in the upper
2,000 m of the ocean between 2005 and 2014 (Roemmich et al., 2015; Wijfells et al., 2016). The upper layer
between 0‐ and 700‐m depth has contributed signiﬁcantly, accounting for about half of the global warming
(about 5 × 1022 J; Figure 1b) while the deepest layer (between 700 and 2,000 m) contributed to an increase
of less than 4 × 1022 J (Figure 1b). The global map of the 0–2,000‐m depth OHC trend (Figure 1c) shows that
Southern Hemisphere subtropical basins and tropical Indian Ocean have positive OHC trends (+2 W/m2),
while subpolar North Atlantic and subtropical North Paciﬁc have lost heat (−4 W/m2). This shows that
the regions of decreasing/increasing OHC are mainly located in Northern/Southern Hemisphere. The zonal
integration (Figure 1d) shows strong ocean warming (up to 5 × 107 W/m) occurring in the tropics while the
most striking feature is concentration of most of the warming in the Southern Hemisphere (7 × 107 W/m;
Figure 1d), in line with Roemmich et al. (2015). To understand individual basin and water mass contributions
year by year, speciﬁc regional and full‐depth investigation are needed.
The interannual variability of isopycnal layer thickness (volume) have been computed removing the monthly
climatology over the period 2006–2015 from every individual monthly ﬁeld (Figure 2). Figures 2d–2f show
that the variability is mainly located in the MW and intermediate waters, that is, around the density layer
of σθ = 25–26 kg/m3 and σθ = 26.8–27.3 kg/m3 in the Southern Hemisphere and around σθ = 26.0–26.5
kg/m3 and σθ = 27.0–27.7 kg/m3 in the Northern Hemisphere (Figures 2d–2f).
In order to quantify the OHC change over the 2006–2015 period for each density and oceanic basin, we have
computed the interannual STD (gray in Figures 3a, 3c, 3e, 3g, and 3i) of OHC. We have overlaid the part of
the STD explained by the 2006–2015 trend alone (reds in Figures 3a, 3c, 3e, 3g, and 3i) for individual isopycnal layers within all the ocean basins and the three different products. The 10‐year trend computed from
KOLODZIEJCZYK ET AL.
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Figure 2. Latitude–depth section of salinity (color shading; in pss) and σ0 potential density anomaly (black thick and gray thin contours; in kg/m ) at (a) 32.5°W
across the Atlantic Ocean, (b) 90°E across the Indian Ocean, and (c) −150°W across the Paciﬁc Ocean computed from ISAS15. South Paciﬁc Eastern Subtropical
Mode Water (SPESTMW); Subantarctic Mode Water (SAMW); South Eastern Indian Subantarctic Mode Water (SEISAMW), Eighteen Degree Water (EDW), and
Antarctic Intermediate Water (AAIW) are labeled (see Hanawa & Tally, 2001) White contour is the deepest winter mixed layer over the 2006–2015 period. (d)
Atlantic: 80°W–0°E, (e) Indian: 20°–150°E, and (f) Paciﬁc: 150°–90°W zonal average of isopycnal layer thickness computed from ISAS15 (black contours; CI: 50 m)
and STD (colors; CI: 2 m).

each product is shown in Figures 3b, 3d, 3f, 3h, and 3j. The three products present consistent isopycnal layer
OHC interannual STD (gray; Figures 3a, 3c, 3e, 3g, and 3i) and decadal trends (red/blue Figure 3). The STD
and trends located at densities larger than σθ = 27.5 kg/m3 will be not discussed because they are not full
sampled within the 2,000‐m‐depth Argo proﬁles (see Figure 2a).
In the North Atlantic Ocean, the distribution of the OHC change reveals strong interannual variability of
OHC for the σθ = 26.4–26.5 kg/m3 isopycnal layer (Figure 3a), which is mainly associated with the core of
North Atlantic STMW. In this class of water masses, the 10‐year trend leads to a divergence of heat of about
than 1.8 × 1022 J (Figures 2a and 3b) which has been explained by the adjustment of the subtropical gyre
under interannual wind stress curl change (Evans et al., 2017). For the South Atlantic Ocean about 1.5 ×
1022 J were converging in the σθ = 26.0–27.0 kg/m3 layer over the last decade (Figures 2a, 3c, and 3d).
In the Indian Ocean, a strong positive trend is observed between the 26.2‐ and 26.8‐kg/m3 isopycnal layers
(Figures 3e and 3f). This warming is compensated by a comparable loss of 1.8 × 1022 J within the denser
layers (σθ = 26.8–27.0 kg/m3; Figures 3e and 3f). This suggests a possible heat convergence in the SAMW,
which could also be associated with a lightening of the SAMW above 26.8 kg/m3, while underlying loses heat
(below 26.8 kg/m3). Note also that the tropical Indian Ocean waters (σθ < 24.0 kg/m3) strongly warmed during the last decade (Figures 3e and 3f). This upper tropical Indian warming trend is to be balanced with the
strong upper tropical Paciﬁc cooling (σθ < 24.0 kg/m3; Figures 3h and 3j) observed over the same period.
This balance results from upper ocean heat exchange between tropical Paciﬁc and Indian Oceans through
the Indonesian throughﬂow over the period after 2003 (Lee et al., 2015).
Although the North Paciﬁc Ocean shows slight warming (less 0.5 × 1022 J; Figure 3i) around the 25.5‐kg/m3
isopycnal layer, in the South Paciﬁc Ocean, high decadal variability is observed for two distinct water masses.
First, around the 25.5‐kg/m3 isopycnal layer that is mainly related to the South Paciﬁc Eastern STMW
(SPESTMW; Roemmich & Cornuelle, 1998, Wong & Johnson, 2003). The OHC shows a large increase (1 ×
KOLODZIEJCZYK ET AL.
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3

Figure 3. (left panels) Interannual STD (removing the monthly climatologies) of OHC change for every 0.1‐kg/m isopycnal layer between 24.0 and 27.5 kg/m
(gray), part of the STD explained by the trend over the 2006–2015 period (reds), uncertainty on trend (error bars), and the mean volume of each isopycnal layer
(thin black line). (right panels) Heat trend gain (red) and loss (blue) over the 2006–2015 period computed from the ISAS15 (dark red/blue), SIO (light red/blue), and
EN4 (red/blue) over the period 2006–2015 in (a and b) North Atlantic, (c and d) South Atlantic, (e and f) Indian, (g and h) North Paciﬁc, and (i and j) South Paciﬁc
3
basins. The layer within surface and 24 kg/m is computed as a unique layer.

1022 J) mainly explained by the 10‐year trend (Figures 3i and 3j). Second, in the South Paciﬁc, the SAMW
presents a large heat gain (2 × 1022 J) within the σθ = 26.7–26.9 kg/m3 isopycnal layer, compensated by an
equivalent loss within the underlying Antarctic Intermediate Water (AAIW) at σθ = 26.9–27.3 kg/m3
(Figures 3i and 3j).
In order to better characterize and localize the water masses affected by the strong 10‐year trend, Figures 4
and 5 show the map of the thickness mean and STD, OHC decadal trends computed from ISAS and from
individual proﬁles, temperature trend, and thickness trend for some key isopycnal layers. Figure 4 shows
the core of STMW (σθ = 25.4–25.5 and σθ = 26.4–26.5 kg/m3), and Figure 5 shows the SAMW density range
(σθ = 26.7–26.8, σθ = 26.8–26.9, and σθ = 26.9–27.0 kg/m3 from left to right). The computation of OHC from
both the ISAS product and individual proﬁles provide consistent trend patterns (with a conﬁdence level
at 95%).
The largest isopycnal layer thickness, that is, low stratiﬁcation (Figures 4a, 4f, 5a, 5f, and 5k), is consistent
with the location of MW pools as described in Hanawa and Tally (2001). As suggested by Figure 1, the strongest OHC trends are observed in SPESTMW (Figures 4a–4c) and NASTMW (Figures 4f–4h). The SPESTMW
shows a noticeable warming trend (+2 W/m2; Figure 4b) within σθ = 25.4–25.5 kg/m3, coincident with the
increase of the water mass thickness (Figure 4e) and temperature trend (Figure 4d). In the North Atlantic,
within the isopycnal layer between σθ = 26.4–26.5 kg/m3 becomes thinner (Figure 4f), which is consistent
with the heat loss trend within the NASTMW (−4 W/m2; Figure 4g).
In the Southern Hemisphere, the strongest OHC signals are observed within the isopycnal layer range of
SAMW (Figure 5). Within the σθ = 26.7–26.8 kg/m3 isopycnal layer (Figure 5a), OHC change shows the
strongest positive trend, up to +10 W/m2, localized south of Australia from west of the Australian Great
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Figure 4. Global isopycnal decomposition of the Subtropical Mode Water (STMW) for (left column) σθ = 25.4–25.5 and
3
(right column) σθ = 26.4–26.5 kg/m isopycnal layers. (a and f) Mean and interannual STD of thickness (m), (b and g)
2
OHCOI trend over the 2006–2015 period from ISAS15 (W/m ), (c and h) OHC over 2006–2015 period from individual
2
proﬁles (W/m ; only trends signiﬁcant with a conﬁdence level at 95% as been plotted), (d and i) averaged layer temperature trend (K/year), and (e and j) thickness trend (m/year). Blanked area indicates that the isopycnal layer does not
permanently exist in this area.

Bight to the southern tip of New Zealand (Figures 5b and 5c), corresponding to the southeastern Indian
SAMW (SEISAMW; McCarthy & Talley, 1999; Figure 5a). In contrast, the south subtropical Indian Ocean
exhibits a strong heat loss (around −9 W/m2; Figures 5b and 5c). This negative OHC trend is associated with
a comparable horizontal pattern of isopycnal layer thickness loss (Figures 5d and 5e). The σθ = 26.8–26.9
kg/m3 isopycnal layer experiences a heat loss of about −7 W/m2 localized in the eastern South Indian
Ocean subtropics and Australian Great Bight within the SEISAMW (Figures 5f–5h). For the southern
Paciﬁc Ocean, positive heat trend of +9 W/m2 is observed between 180–110°W and 35–50°S, also explained
by the associated thickness change of the isopycnal layer (Figures 5g–5j). For the southern Paciﬁc, the densest water masses shown in Figures 5k–5o within the σθ = 26.9–27.0 kg/m3 isopycnal layer (Figure 5k) lost
−6 W/m2 during the 10‐year period, consistently with the shrinking of the isopycnal layer, while in the
southeast Paciﬁc the same layer shows thicken and warming trends around +2–4 W/m2 between 120–
90°W and 40–60°S (Figures 5j–5l).
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Figure 5. Same as Figure 4 except for density ranges of SAMW masses: (a–e) σθ = 26.7–26.8, (f–j) σθ = 26.8–26.9, and (k–o) σθ = 26.9–27.0.

Note that the North Atlantic Madeira Mode Water (Siedler et al., 1987) also shows contraction and is associated with a heat loss (−2 W/m2; Figure 4e), while slight warming signature is associated with the North
Atlantic Subpolar Mode Water (+2 W/m2; Figures 5k–5o).
3.2. Interannual Variability
3.2.1. SPESTMW
As suggested by the difference between the total interannual variability and the STD associated to the 10‐
year trend (Figure 3), the volume trend does not explain the entire interannual variability to 2006–2015
trend. In order to better characterize the spatiotemporal patterns of interannual water mass variability,
yearly thickness anomalies (averaged over one year starting from September to next September) between
September 2006 and September 2015 have been mapped along the isopycnal layer corresponding to the
SPESTMW (σθ = 25.4–25.5 kg/m3; Figure 6). This layer has experienced a water mass subduction during
the late austral winter (during September) off the South American coast around 25°S (110°–90°W/30°–
10°S box; Figure 6; Wong & Johnson, 2003; Sato & Suga, 2009; Kolodziejczyk & Gaillard, 2013). The subduction operates in the region of late winter deepest mixed layer (in September, Figure 6; gray contours), that is,
where the bouyancy loss is the strongest during austral winter and the mean Ekman pumping is negative
(Kolodziejczyk & Gaillard, 2013). Year‐to‐year subduction anomalies modify the thickness (i.e., OHC) of
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Figure 6. South‐Eastern Subtropical Paciﬁc: interannual thickness anomaly (in m) within the σθ = 25.4–25.5 kg/m isopycnal layer between 2006 and 2015 for the
2 2
Southern Hemisphere (year averaged between September and the following August) from ISAS15. Black contours are the Montgomery stream functions (in m /s )
3
on the σθ = 25.5 kg/m isopycnal surface which is an approximate estimate of the geostrophic current streamlines. Green contours are the September position of the
3
3
outcrops of the σθ = 25.4–25.5 kg/m isopycnal layer. Gray contours denote the mean September mixed layer depth (in m) computed from ISAS15 with a 0.03‐kg/m
criterion. Black box in 2006 limits the subduction area within 120°–90°W/30°–10°S.

SPESTMW. Then, the thickness anomalies are propagated westward following the subtropical gyre
circulation (Figure 6, solid black lines; Kolodziejczyk & Gaillard, 2012). In September 2006, 2009, and
2013 negative volume anomalies are subducted in the subtropical south‐eastern Paciﬁc, while in
September 2010, 2011, and 2014 strong thickness positive anomalies are generated (Figure 6). It is worth
noticing, however, that the strong amplitude of the thickness anomaly shows a rapid westward decrease
following the Montgomery streamlines (black contours; Figure 6; 7–8 m2/s2) from the subduction region.
During September, the outcrop latitudinal position of σθ = 25.4–25.5 kg/m3 (Figure 6; green contours) are
qualitatively correlated with the thickness anomalies: during 2006, 2009, and 2013, the outcrop position of
the σθ = 25.4 kg/m3 isopycnal is located further southward and the outcrop area of the σθ = 25.4–25.5
kg/m3 layer is smaller than during late winter 2010, 2011, and 2014. This suggests that the greater
buoyancy loss during winter may be responsible for the larger generation of SPESTMW water mass
(Kolodziejczyk & Gaillard, 2012, 2013; Nonaka & Sasaki, 2007; Schneider et al., 1999).
OHC, thickness, and temperature anomalies (Figures 7a, 7c, and 7e) in the ﬁrst 1,000 km from the subduction area are well correlated with the mixed layer depth interannual anomalies (gray bar; Figures 7a, 7c, and
7e). As shown by Kolodziejczyk and Gaillard (2012, 2013), this suggests the dominant role of the interannual
variability of late winter buoyancy loss. During the largest event of positive anomalies (2010–2011),
enhanced downward Ekman pumping seems to contribute to the injection of volume and temperature
anomalies in the interior of the ocean (Figures 7a, 7c, and 7e). Furthermore, in the subtropical south eastern
Paciﬁc, the El Niño–Southern Oscillation (ENSO) variability is clearly correlated to the detrended
SPESTMW interannual variability, especially during the 2009–2010 ENSO event (Figures 7a, 7c, and 7e;
Wong & Johnson, 2003; Kolodziejczyk & Gaillard, 2012).
From the subduction region clear westward propagation of OHC, thickness, and mean temperature anomalies are visible (Figures 7b, 7d, and 7f) with alternative negative (2006, 2009, and 2013) and positive (2010,
2011, and 2014) anomalies. These OHC, thickness, and temperature anomalies propagate at a speed close
to the mean current velocities, around 0.05 m/s (solid black line; Figures 7b, 7d, and 7e). The mean speed
of propagation of thickness and temperature anomalies has been estimated with a lagged correlation
0.056 ± 0.001 and 0.062 ± 0.001 m/s, which is very close to the mean current velocity. OHC interannual
variability is mainly explained by the isopycnal thickness variability. OHC and thickness anomaly propagation are closely related each other (correlation of r = 0.99; signiﬁcant at 95%). In other hand, OHC and temperature anomaly correlation is weaker (r = 0.49). Westward of 120°W, clearly the volume anomalies vanish
(Figure 7d). It can be explained by diapycnal and isopycnal mixing/diffusion (e.g., Abernathey et al., 2016;
Cerovecki et al., 2013; Downes et al., 2011; Speer & Tzipermann, 1992; Speer & Forget, 2013; Tzipermann,
1986; Walin, 1982).
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Figure 7. (a) Detrended Interannual OHC anomaly (in J/m ), (c) thickness anomaly (in m), and (e) temperature anomaly (in K) within the σθ = 25.4–25.5 kg/m
isopycnal layer between 2006 and 2015 (colors) computed for the black box in Figure 6. For each of these panels, we have overlaid the ENSO index (gray), wind
2
stress curl anomaly (in N/m ) computed from NCEP2 (solid green) and ERA‐INTERIM (dashed green), and August–September mixed layer depth anomaly (in m;
2 2
gray bars). Distance–time diagrams (b) OHC, (d) thickness, and (f) temperature anomalies (with the 2006–2015 trend) computed along (±5° distance) 7.5‐m /s
3
2 2
Montgomery stream function on σθ = 25.4–25.5 kg/m isopycnal layer between 2006 and 2015. Black curves are the streamline characteristics along the 7.5‐m /s
Montgomery stream function.

To further investigate the relationship between thickness and temperature anomaly propagation in the
SPESTMW, the vertical structure of the isopycnal depth (colors; Figure 8) and isopycnal layer potential temperature (contours; Figure 8) annual anomalies were computed along 15°S between 2007 and 2015
(Figure 8). Within σθ = 25.0–26.0 kg/m3 layer, westward propagation of alternative negative isopycnal temperature anomalies in 2007–2011 (Figures 8a–8e) and positive anomalies in 2012–2014 (Figures 8f–8i) are
observed. The westward propagation of negative (positive) temperature anomalies are also associated with
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Figure 8. The σθ–longitude section of σθ depth anomalies (in m) and isopycnal layer temperature anomaly (in K) along 15°S in the subtropical South Paciﬁc over
3
2007–2015. Green contours are the September position of the outcrops of the σθ = 26.8–26.9 kg/m isopycnal layer in the Northern Hemisphere (Southern
3
Hemisphere). Gray contours denote the mean September mixed layer depth (in m) computed from ISAS15 with a 0.03‐kg/m criterion.

positive (negative) isopycnal depth anomalies below σθ = 25.5 kg/m3 and negative (positive) anomalies
above σθ = 25.5 kg/m3, as for instance, in 2008 (2014). This vertical structure of the isopycnal depth
suggests high baroclinic vertical modes with sign opposed to the isopycnal heaving over the vertical
associated with for the propagation of such thickness anomalies around σθ = 25.5 kg/m3. However,
Figure 8 does not exhibit a clear vertical position of the zeros crossing for the actual isopycnal vertical
displacement anomalies. For example, in 2008–2009 the zero crossing displacement is located around 25.5
kg/m3; while in 2012–2013, the zero crossing is deeper, around 26.5 kg/m3. The short time series and
depth span limitation (2,000‐m depth) of the Argo data set prevent us to further speculate on the
baroclinic structure of the interannual signal.
Nevertheless, the westward propagation speed of the second linear baroclinic free mode of long Rossby waves
(~0.01–0.04 m/s; blue; Figure 9) is slightly too slow to explain such a propagation close to the baroclinic mean
speed. One potential explanation could be the advective dynamic mode as reported in an isopycnal model
study by Liu and Shin (1999). This mode is a key feature of interior
subtropical gyre adjustment under thermodynamic forcing, that is,
buoyancy ﬂux (Liu, 1999). To compare the velocity of such a mode
with the theoretical velocity of the advective second baroclinic mode,
the barotropic ﬂow speed (black dashed line; Figure 9) was overlaid
on the theoretical long planetary linear Rossby wave group speed.
The order of magnitude of the advective mode speed (barotropic +
second mode speed; Figure 9) was close to the OHC and thickness
anomaly propagation speed (dashed‐dotted line; Figure 9), as suggested by Liu and Shin (1999).
3.2.2. South Paciﬁc SAMW
In the southern central Paciﬁc (170–120°W), the South Paciﬁc SAMW
(SPSAMW) is located within the 26.8–26.9‐kg/m3 isopycnals. This
Figure 9. Uspice (dotted line) and uthick (dashed‐dotted line) are the averaged region has been reported a hot spot of subduction around 140°W
(Sallée et al., 2010). During 2006–2010 (2011–2015), this isopycnal
propagation velocity computed from the lag correlation of temperature and
thickness anomalies in Figure 7, respectively. Baroclinic velocity (solid black):
layer exhibits negative (positive) thickness anomalies (Figures 10a
westward barotropic velocity (dashed black), westward ﬁrst (red), and second
and 10b) and a negative (positive) anomaly of OHC (contours) and
2
(blue) speed of long Rossby waves (Cn=βλn , where Cn is the wave speed of the
depth (colors; Figures 10c and 10d). This is explained by the vertical
nth baroclinic mode of long Rossby waves, radius β is the meridional gradient of
shallowing (deepening) of the isopycnals which is ampliﬁed around
the Coriolis parameter, and λn is the Rossby radius associated with the nth bar2 2
the 26.9‐kg/m3 isopycnal (Figures 10c and 10d). This result implies
oclinic mode) along a 7.5 m /s Montgomery stream function (in m/s).
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Figure 10. (a) The 2006–2010 and (b) 2011–2015 averaged thickness interannual anomaly within the σθ = 26.8–26.9 kg/m isopycnal layer in the south central
3
Paciﬁc (in m). Green contours are the September position of the outcrops of the σθ = 26.8–26.9 kg/m isopycnal layer. Gray shading denote the September
3
mixed layer depth (in m; C.I. = 100 m) computed from ISAS15 with a 0.03‐kg/m criterion. Black box in (a) limits the subduction area within 170°–110°W/52°–35°S.
2 2
3
Black contours are the Montgomery stream functions (in m /s ) on the σθ = 26.9 kg/m isopycnal surface which is an approximate estimate of the geostrophic
current streamlines. Thin black contour (solid and dashed) is the absolute dynamic topographic from Aviso averaged over the 2006–2015 period (C.I. = 0.2 m, solid
being positive). (c) The 2006–2010 and (d) 2011–2015 zonal average (in the black box) of isopycnal depth anomalies (in m; shading) and isopycnal layer OHC
2
3
anomalies (in J/m ; contours). (e) Thickness (solid black) and OHC (solid red) anomalies of the σθ = 26.8–26.9 kg/m isopycnal layer and depth anomalies of
isopycnals (dashed and dotted black), time‐integrated Ekman pumping anomaly (with respect to the 2006–2015 period; in m) computed from NCEP (solid blue) and
3
ERA‐INTERIM (dashed blue), and September mixed layer depth anomalies from ISAS15 with a 0.03‐kg/m criterion (gray bar; in m). Computed within 170°–
110°W/52°–35°S.

that the SPSAMW volume increase is mechanically associated with volume decrease of the underlying water
masses due to the downward maximum excursion around σθ = 26.9 kg/m3.
The potential role of the wind stress curl forcing and Ekman pumping on the observed isopycnal heaving are
investigated in the southern Paciﬁc Ocean along with the time evolution of the 26.9‐ and 27.1‐kg/m3 isopycnals (Figure 10e). Over the period 2006–2009, the time‐integrated Ekman pumping anomaly is consistent
with the relative stability of the isopycnal depth (Figure 10e). In contrast, between 2009 and 2012, the
Ekman pumping (Figure 10e) are consistent with the σθ = 26.9 kg/m3 and σθ = 27.1 kg/m3 isopycnals downward displacement (Figure 10e). Again, over 2012–2013, stable Ekman pumping is associated to a stable isopycnal depth, then drop again in 2014–2015. After 2013 only the 27.1‐kg/m3 isopycnal is compatible with the
isopycnal shallowing suggested by the Ekman pumping. In contrast, after 2013, the 26.9‐kg/m3 isopycnal and
layer thickness (and OHC) do not decrease. In the South Paciﬁc, the qualitative agreement between isopycnal
vertical displacement induced by Ekman pumping and observed isopycnal displacement is observed in the
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Figure 11. Same as in Figure 10 except for σθ = 26.7–26.8 kg/m isopycnal layer in the southern Indian Ocean.

SAMW lower isopycnal limits (σθ = 27.1 kg/m3) as suggested by Gao et al. (2017), but fails to explain the
increase of depth, thickness, and OHC within the 26.8–26.9‐kg/m3 isopycnal layer. This suggests that the
relation between the wind forcing and volume gain is not evident within 26.8–26.9‐kg/m3 layer. Water
mass formation by the buoyancy ﬂux could also explain such SAMW change as suggested by Abernathey
et al. (2016). Eventually, as reported by Sallée et al. (2010), between 150°W and 120°W within 26.8–26.9‐
kg/m3 isopycnal layer, subduction of water mass by induction could be responsible for the volume ﬂux in
the interior SAMW as suggested by the strong MLD gradient associated with northward ﬂux Antarctic
Circumpolar Current at surface (materialized by the ADT contours; Figures 10a and 10b).
3.2.3. South‐Eastern Indian SAMW
Within the σθ = 26.7–26.8 kg/m3 layer, the SEISAMW (Figure 11) exhibits the strongest thickness anomaly
in the south‐eastern Indian Ocean around the Great Australian Bight (Figures 11a and 11b). In this range of
density, this region has also been reported to be a hot spot of MW subduction (Sallée et al., 2010). In this
region (black square in Figure 11a) over the period 2006–2010 negative thickness anomalies are observed
with a subsequent positive anomaly between 2010 and 2015. Northwest from this region, along the mean
streamline between 4 and 6 m2/s2 (Figure 11, black contours) between Australia and Madagascar, the thickness anomalies have an opposite decadal evolution: positive during 2006–2010 and negative during 2010–
2016 (Figures 11a and 11b). Zonal average of isopycnal depth anomalies across the subtropical Indian
Ocean within 47–35°S/100–140°E°S (black square in Figure 11a) are shown in Figures 11c and 11d.
Above σθ = 26.8 kg/m3, OHC increases in the SAMW due to the strong deepening of isopycnal surface
around σθ = 26.8 kg/m3. The opposite behavior is found for the density layer below 26.8 kg/m3.
Contrary to the SPSAMW, the deepening of σθ = 26.8 kg/m3 isopycnal surface (black dashed‐dotted;
Figure 11e) does not show agreement with the time‐integrated Ekman pumping anomaly (blue curves;
Figure 11e). The air‐sea ﬂux interaction may be a possible candidate. Therefore, we have investigated and
diagnosed the late winter (September) mixed layer depth anomaly as a proxy of cumulated winter buoyancy
ﬂux. Between 2006 and 2013, the positive (negative) mixed layer depth anomalies are consistent with the
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sudden increase (decrease) of thickness and OHC anomalies within the 26.7–26.8‐kg/m3 isopycnals (black
and red solid lines; Figure 11e). However, after 2013, the OHC continues to rise but the MLD does not show
strong variability. Even if the MLD variability seems to have some impact on the thickness and OHC of the
SEISAMW, our results suggest that other mechanisms not addressed in this study or an interaction between
different processes must have and important role to explain the SEISAMW volume change.

4. Discussion and Conclusion
In this study, the OHC, thickness, and temperature along isopycnal layers were computed using three optimal interpolated products and individual Argo proﬁles. Isopycnal decomposition reveals a clear picture of
global water mass interannual variability and the hot spots of the OHC change over the 2006–2015 period.
As shown in previous studies, Southern Hemisphere MWs have stored the largest amount of heat along
the global oceans (Desbruyères et al., 2017; Gao et al., 2017; Häkkinen et al., 2016; Roemmich et al., 2015)
from the Earth's Energy Imbalance causing the actual planetary global warming (von Schuckmann et al.,
2016). This study allows us to infer a more precise picture of the interannual OHC and water mass variability
and their associated mechanisms.
The ﬁrst important ﬁnding of this study is that only a few, well‐localized water masses are responsible for the
main global OHC change over 2016–2015, that is, the upper ocean MWs and intermediate waters (and tropical water in the Indian and Paciﬁc Oceans; Lee et al., 2015). In the Southern Hemisphere, the strongest
warming signals have been found for the SPESTMW and SAMW. Concerning the SPESTMW, the strongest
OHC interannual to decadal increase signal was found within σθ = 25.4–25.5 kg/m3. The SAMW showed an
important warming over the 2006–2015 period. The main OHC hot spots within the SAMW were located: (i)
above σθ = 26.8 kg/m3 in the southeastern Indian Ocean, which corresponds with the SEISAMW (McCarthy
& Talley, 1999), and (ii) in the central south Paciﬁc Ocean within the 26.8–26.9‐kg/m3 isopycnals
(SPSAMW). These hot spots for ocean heat ventilation (Rintoul, 2018) are also consistent with an average
mode water ventilation location identiﬁed by Sallée et al. (2010) by estimating the subduction rates. These
three water masses alone are responsible for great part of the decadal OHC intake in Southern
Hemisphere. Interestingly, over the last decade, the North Atlantic STMW, the so‐called Eighteen Degree
Mode Water, showed a strong OHC and volume decrease after 2010, as previously reported in literature
(Evans et al., 2017; Häkkinen et al., 2015).
Second, at interannual time scale the OHC change is mainly explained by STMW and SAMW volume
change associated with the isopycnal heaving, while vertical average temperature (i.e., spiciness) of the
MW layers is weakly correlated with OHC change. In the Southern Hemisphere, it appears that the MW
change is explained by a lightening of these water masses; that is, they are translating toward a lighter isopycnal range. This is consistent with a convergence of mass and heat from AAIW toward the SAMW for the
Southern Hemisphere (e.g., Abernathey et al., 2016; Cerovecki et al., 2012; Downes et al., 2011). This is compatible with the previously observed heaving tendency of an upper ocean warming (Desbruyères et al., 2017;
Häkkinen et al., 2016). However, at interannual time scale, this study suggests that the relationship between
water mass volume change and isopycnal heaving is not straightforward and it depends of complex atmospheric forcing and dynamics.
Indeed, water mass interannual variability mechanisms were inferred in three key regions: the south‐eastern
Indian Ocean, the south Paciﬁc, and the subtropical south‐eastern Paciﬁc. In the subtropical south‐eastern
Paciﬁc, over 2006–2015, the SPESTMW generations are correlated with ENSO atmospheric variability
(O'Kane, Matear, Chamberlain, & Oke, 2014; Wong & Johnson, 2003). In this region the ENSO atmospheric
variability strongly impacts anomalous interannual buoyancy ﬂux and Ekman pumping and consequently
imprints interannual change of SPESTMW water masses (Kolodziejczyk & Gaillard, 2012, 2013; Nonaka
& Sasaki, 2007).
Then, in the eastern subtropical South Paciﬁc, the propagation of the anomalous spiciness and thickness signal were observed in the subtropical gyre at a speed close to that of the mean gyre circulation within the σθ =
25.4–25.5 kg/m3 (Kolodziejczyk & Gaillard, 2012, 2013). The propagation of isopycnal thickness anomalies
(i.e., a dynamic tracer) and spiciness anomalies (i.e., a passive tracer) is reported in the literature. Using an
isopycnal model Liu (1999) and Liu and Shin (1999) studied the adjustment response of a subtropical gyre to
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dynamical and thermodynamical forcing. They found that two kinds of response to thermodynamic forcing
(i.e., buoyancy forcing) can be detected: (i) a dynamic mode associated with propagation of isopycnal depth
anomalies and (ii) a passive mode associated with tracer propagation along the ventilation ﬂow path. In the
ﬁrst case, the propagation speed and path are close to the mean ventilation ﬂow and results from non‐
Doppler shifted wave modes, that is, advection of the second and higher baroclinic mode of long Rossby
waves by the barotropic current.
Our results might suggest such a possible bimodal propagation, meaning that an active tracer propagation is
dominant for the volume (mass) adjustment for the South Paciﬁc Eastern Subtropical. The observed thickness propagation is too slow to be related to the ﬁrst mode of baroclinic long Rossby wave propagation generally associated with gyre adjustment (Tailleux, 2006). This deviation from theory may be explained by
topographic and mean baroclinic current effects, which modify the ambient PV gradient, thus either slowing
down or speeding up the observed long Rossby waves (e.g., Colin de Verdière & Tailleux, 2005; Killworth &
Blundell, 2003a, 2003b; Liu, 1999; Tailleux, 2006). Although in the theoretical gyre circulation Liu (1999)
suggests that advective mode of active tracer speed ups the no‐mean ﬂow long Rossby wave, linear theory
is close (but not necessary equal) to the velocity of the mean baroclinic current in the thermocline layer.
In spite of large uncertainty in our velocity estimate (inherent to the integration of thermal wind balance
from hydrologic data and altimetry), our results could suggest such a dynamic.
Another explanation could be the multiscale and nonlinear propagation of baroclinic disturbance associated
with an unstable baroclinic mode (Hochet et al., 2015; O'Kane, Matear, Chamberlain, Oliver, & Holbrook,
2014; O'Kane et al., 2016). In subtropical regions, these baroclinic disturbances could be associated with
an unstable mode of propagation. The propagation of dynamical and passive tracer observed in the
SPESTMW are however not found in the same latitude as those of O'Kane, Matear, Chamberlain, Oliver,
and Holbrook (2014). Ours are located around 15°S, while O'Kane, Matear, Chamberlain, & Oke, 2014,
O'Kane, Matear, Chamberlain, Oliver, & Holbrook, 2014) baroclinic disturbance are found around 35°S.
Small baroclinic disturbance are however visible in O'Kane, Matear, Chamberlain, Oliver, & Holbrook,
2014, their Figure 11) around 110°W and 20°S, which could correspond to our region of SEPSTMW formation. O'Kane, Matear, Chamberlain, & Oke, 2014, O'Kane, Matear, Chamberlain, Oliver, & Holbrook, 2014)
have identiﬁed paths, so‐called oceanic “storm tracks,” and speed comparable to long Rossby wave propagation, which are both largely in agreement with our observations.
Concerning the variability of SAMW, our results show that an important OHC and volume convergence
took place between 2006 and 2015, while the waters in the underlying density layer cooled and reduced
volume over the same period. This warming and expansion of the SAMW may be associated with water mass
transformation by mixing and air‐sea ﬂux between the SAMW/AAIW (Abernathey et al., 2016; Downes
et al., 2011; Evans et al., 2014; Sallée et al., 2010). For both the southern Indian and Paciﬁc Oceans, climate
models have shown that Ekman transport plays a dominant role in SAMW and AAIW ventilation/upwelling
(Rintoul & England, 2002). Cross‐isopycnal Ekman mass transport due to zonal wind along subtropical front
is responsible for mass ventilation within the density class of SAMW. Air‐sea ﬂux‐induced temperature and
salinity changes are likely to be insigniﬁcant in the thick SAMW (Church et al., 1991; Rintoul & England,
2002; Warren, 1972). However, northward Ekman transport has been shown to be largely compensated by
strong southward eddy‐induced transport (Lumpkin & Speer, 2007; Sloyan & Rintoul, 2001). The MW
volume change found here could be related to induction of water masses by the strong Antarctic
Circumpolar Current meandering in interaction with topography, but the localized modality of transfer of
water masses between the surface ML and the ocean interior remained to be clariﬁed (Rintoul, 2018;
Sallée et al., 2010). In the other hand, the SAMW volume change could be associated with larger‐scale ocean
adjustment processes involving isopycnal heaving at decadal time scale but the link between wind forcing
and local water mass change remained to be explored (Gao et al., 2017).
In the South Paciﬁc SAMW region, our results suggest that volume and OHC increase observed over the last
decade are likely to be partly explained by interannual event of wind forcing change over the period 2009 and
2012. In the Southern Ocean, the intensity and meridional excursion of the eastward zonal wind is associated
with the Southern Annular Mode oscillation (Marshall, 2003). This atmospheric interannual mode of variability may be responsible for strong change in the Ekman pumping and heat uptake change over the
Southern Ocean region (Drijfhout et al., 2014).
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In contrast, the South Eastern Indian SAMW decadal water mass formation is not clearly related to the wind
stress curl change over the Argo period. We speculate a possible control by the air‐sea buoyancy forcing
changes reﬂected by the mixed layer depth during late winter. Cerovecki et al. (2013) suggest that a hot spot
of water mass transformation by air‐sea ﬂux is located precisely in the SEISAMW region. They note also a
signiﬁcant interannual variability during 2005 and 2006 potentially responsible for the
generation/destruction of SEISAMW via air‐sea ﬂux and interior diapycnal mixing. The SEISAMW are
exported toward the South Paciﬁc SAMW via the strong wind driven eastward Antarctic Circumpolar
Current. This could help to rationalize the lack of correlation observed with the Ekman pumping and
SEISMAW volume change. At a longer time scale in the Southern Ocean, in a climate model with increasing
radiative forcing, a reduction of the volume of intermediate waters is also suggested, which is mostly redistributed to SAMW. At the same time, the poleward shift of the atmospheric jet is associated with an increase
(decrease) of subtropical (intermediate) water outcrops (Downes et al., 2011; Meijers et al., 2012; Sallée et al.,
2013). MW and intermediate water appear to play a key role in heat, freshwater, and carbon storage (Fine
et al., 2017; Sallée et al., 2013; Séférian et al., 2012). A water mass formation/transformation approach based
on observations might be useful to improve the assessment of the complete atmospheric/interior mixing
control on interannual and local variability in upper ocean water masses.
The isopycnal layer OHC and water mass decomposition carried out in this study provided a better insight
into the mechanisms at work in the water mass subduction and interannual interior property variability.
Although the isopycnal decomposition from z‐coordinate OI products may increase the error on location
of interpolated isopycnal layer, the reasonable constancy between three independent (from methodological
perspective) OI products of increasing vertical resolution as well as the use of individual proﬁles isopycnal
decomposition provides more conﬁdence in our results. Since the interannual time scale seems to be locally
relevant to study the redistribution of water mass heat and freshwater in the upper ocean, further work is
needed to better document and understand the mechanism associated with forcing, mixing, turbulence,
and Rossby wave propagation at interannual time scale in more dynamically constant reanalysis and models. The sustained Argo ﬂoats network has proven its unprecedented capacity to address and investigate
these questions.
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