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[1] This study investigates causes for the formation and variability of the Sea Surface
Salinity maximum (SSS> 36) centered near 18�S–124�W in the South Pacific Ocean over
the 1990–2011 period at the seasonal time scale and above. We use two monthly gridded
products of SSS based on in situ measurements, high-resolution along-track Voluntary
Observing Ships thermo-salinograph data, new SMOS satellite data, and a validated ocean
general circulation model with no direct SSS relaxation. All products reveal a seasonal
cycle of the location of the 36-isohaline barycenter of about 6400 km in longitude in
response to changes in the South Pacific Convergence Zone location and Easterly winds
intensity. They also show a low frequency westward shift of the barycenter of 1400 km
from the mid 1990s to the early 2010s that could not be linked to the El Nino Southern
Oscillation phenomena. In the model, the processes maintaining the 22 year equilibrium of
the high salinity in the mixed layer are the surface forcing (�þ0.73 pss/yr), the horizontal
salinity advection (��0.37 pss/yr), and processes occurring at the mixed layer base
(��0.35 pss/yr).

Citation: Hasson, A., T. Delcroix, and J. Boutin (2013), Formation and variability of the South Pacific Sea Surface Salinity maximum
in recent decades, J. Geophys. Res. Oceans, 118, 5109–5116, doi:10.1002/jgrc.20367.

1. Introduction

[2] The global distribution of mean Sea Surface Salinity
(SSS) shows the existence of one large-scale high-salinity
core centered within about 15–30� latitude in each hemi-
sphere of the Atlantic and Pacific oceans [e.g., Levitus,
1986]. Analyses of observations and model outputs have
indicated that these cores mainly owe their existence to the
positive evaporation minus precipitation (E�P) budget and
wind-driven Ekman salt transport, the latter accounting for
the 5–10� latitude poleward shift of the SSS maxima rela-
tive to the E�P maxima [e.g., Delcroix and Henin, 1991;
Foltz and McPhaden, 2008; Qu et al., 2011].

[3] The climatic relevance of these high-salinity cores
has been discussed in many articles. At seasonal to decadal
time scales, salinity (and so density) changes in these cores
affect the source branches of shallow tropical-subtropical
overturning cells (STCs) and the generation of spiciness
anomalies [McCreary and Lu, 1994; Gu and Philander,
1997; O’Connor et al., 2002; Nonaka and Sasaki, 2007;
Kolodziejczyk and Gaillard, 2012]. These, in turn, are
thought to influence the mean background temperature dis-

tribution in the equatorial band and hence could modulate
low-frequency tropical variability [Schneider et al., 1999;
McPhaden and Zhang, 2004; Laurian et al., 2009]. At the
multidecadal time scale, the observations of positive salin-
ity trends in these cores have been interpreted as the likely
signature of global change [Cravatte et al., 2009; Durack
and Wijffels, 2010; Terray et al., 2012]. To the first order,
these trends result from the E�P forcing increase in posi-
tive E�P regions as expected by the Clausius Clapeyron
relationship in a warming world [Held and Soden, 2006;
Seager et al., 2010]. Recent model studies further suggest
that not only the amplitude but also the location of the max-
imum E�P forcing may change in the future climate in
response to global warming [Seager et al., 2010; Scheff
and Frierson, 2012]. It is thus crucial to monitor SSS
changes in these cores in order to better understand their
relationship to climate change. Besides, these large spatial
areas of rather constant SSS with different SST, wind
stress, and E�P conditions are ideal for the calibration and
the validation of SSS estimates from SMOS and Aquarius
satellites.

[4] Studies of high-salinity cores have so far mostly
focused on the northern hemisphere structures. Little work
has been done for the southern hemisphere, mostly due to
the lack of sufficient observations. The goal of this paper
is, therefore, to analyze causes for the formation and vari-
ability of the poorly documented south Pacific high-salinity
core, relying on multidecadal in situ SSS data collection,
recent SMOS-derived measurements, and a validated
OGCM simulation. As shown in Figure 1a, the mean
core stretches as an ellipse-type surface in the eastern half
of the south tropical Pacific around 25�S–10�S and
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150�W–100�W. The SSS values are always higher than 36
pss over a mean surface of 5.2 � 106 km2, that is, about 2/3
of the Australian continent size.

[5] The paper is organized as follows. Section 2
describes the in situ, SMOS, and model-derived SSS, and
compares these complementary SSS products; section 3
focuses on causes of the core formation looking at its mean
salinity budget; and section 4 analyzes its seasonal and
interannual variability and ‘‘long-term’’ trend. Summary
and conclusion appear in section 5.

2. Data Description and Assessment

[6] We use the Pacific Ocean gridded SSS product from
Delcroix et al. [2011] which is available monthly on a 1�

longitude by 1� latitude spatial grid, within the 30�N–30�S,
120�E–70�W domain from 1950 to 2008. This product,
recently extended to 2009, is an objective analysis of in
situ observations collected within 0–10 m from Voluntary
Observing Ships (VOS), TAO/TRITON moorings, Argo
buoys, and CTD casts. Following Hasson et al. [2013, here-
after HDD13], only gridded values with normalized errors
<0.7 will be considered, restricting our confidence to val-
ues located in the western half of the high-salinity core
before the Argo era (see HDD13). As a complement, espe-
cially for studying the recent interannual changes, we also
use a monthly, 1=2� by 1=2� global (77�S–66.5�N) gridded
SSS product. The SSS values are then derived from an
objective analysis of Argo data using the in situ analysis
system (ISAS, 6th version) tool not including VOS meas-
urements [see Gaillard et al., 2009]. This product covers
the 2002–2012 years, but only data with an associated error
below 80% were kept. Consequently, most data from 2002
to 2003 are discarded because of the poor data coverage in
our studied region. Argo data between 0 and 10 m were
averaged to represent SSS.

[7] We also use the original high-resolution along-track
in situ SSS data collected from VOS crossing the high-
salinity core along two different routes during their south-
ward and northward voyages between Europe and New
Zealand via the Panama channel (see Figure 1a, blue lines).

The French SSS Observation Service has instaled thermo-
salinographs (TSGs) on VOS as early as 1992. Median SSS
values assumed to represent 0–10 m are recorded every 5
min (i.e., every 3 km at 20 knots) from prescribed 15 s sam-
ple rate [Henin and Grelet, 1996]. The data quality was
estimated from different tests involving comparison with
climatology, daily bucket samples collected on board and
collocated near-surface Argo data. Only ‘‘Good’’ and
‘‘Probably Good’’ flagged data were kept for our study.

[8] We further use the outputs of an OGCM ran by the
DRAKKAR group using the NEMO z-coordinate model
[Madec, 2008] in its version 3.2.1. The model configuration
(ORCA025.L75-MRD911) has been presented in details by
HDD13. The run was extended by 2 years and now covers
the 1990–2011 period. The simulation was forced by a
globally corrected ERA-interim reanalysis to prevent direct
SSS restoring. Each term of the salt conservation equation
(see equation (1) below) was computed at each simulation
time step (960 s). The simulation output is archived every 5
days, on its original global 0.25� latitude by 0.25� longitude
grid mesh with 75 vertical levels. Salinity values within the
upper 9.8 m were averaged to represent SSS.

[9] SMOS satellite was launched in November 2009 and
retrieved SSS data are available from January 2010 to pres-
ent. We use the ESA level 2 data (v5 reprocessing)
weighted averages produced by the LOCEAN team in Paris
as described in Boutin et al. [2013]. It does not include
strong relaxation to the climatology and thus preserves
interannual variability [Reul et al., 2013]. SSS maps are
made of SSS (assumed to represent the 0–10 cm) averaged
over 10 days or 1 month and over 1� � 1� and are over-
sampled on a 0.25� latitude by 0.25� longitude grid. As
noted above, high-salinity core regions are ideal for satel-
lite SSS retrieval as SST is warm (above 20�C), wind is
moderate, and in the particular case of the South Pacific
Ocean, the core is also far from the land and far from Radio
Frequency Interferences sources. In addition, in the SMOS/
ESA processing, a large part of the south-east Pacific
region (45�S–5�S–95�W–140�W) are taken as a reference
for calibrating SMOS data every 2 weeks, thus optimizing
seasonal biases correction in our region.

Figure 1. (a) Mean 1990–2011 modeled mixed-layer salinity (MLS). The blue lines represent the Mat-
isse Ship routes of 2010 and 2011 discussed in the main text. (b) Mean evaporation�precipitation (E�P)
based on ERAi; units are mm/day. Overplotted as arrows are the mean modeled surface currents. The 0
isohyet is shown on both panels with a bold black solid line.
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[10] The model outputs are routinely evaluated by the
DRAKKAR team against various metrics, and it was fur-
ther carefully evaluated within the tropical Pacific Ocean
(30�N–30�S) in HDD13. The model outputs were com-
pared to the 1950–2009 gridded SSS products as described
above and to the TAO-TRITON near-surface currents. The
assessment showed, in particular, a good representation of
the mean, seasonal, and interannual (ENSO) variability in
SSS. HDD13 further underlined the model ability to quan-
tify all terms of the mixed-layer salinity (MLS) budget that
can only be qualitatively computed or inferred as a residual
from observations.

[11] Boutin et al. [2013] evaluated SMOS SSS against
the ISAS product in various regions of the global ocean
with 5 day and 50 km colocation radius. In the northern
subtropical Atlantic salinity maximum, they found a stand-
ard deviation of the difference of 0.28 and a mean bias of
�0.13. In this study, we extend the colocation radius to 9
days, in order to cover the 18 day SMOS repeat subcycle.
For the same region, this reduces the standard deviation of
the differences by 18%.

[12] The model and SMOS ability to reproduce small-
scale in situ SSS were assessed for our studied region using
eight high-resolution VOS TSG transects. A representative
example of a voyage across the high SSS core in February
2011 is shown in Figure 2. For a collocation radius of 9
days and 50 km (and averaging the along-track in situ SSS
data over 20–30 km, i.e., close to the model and SMOS
grid sizes), the standard deviations of the differences
between SMOS and in situ SSS and modeled SSS and in
situ SSS are 0.20 and 0.26, and the mean biases are �0.08
and 0.07, respectively (statistics computed over 1502 data
points).

[13] Having gained reasonable confidence in the model
and SMOS data, the remaining part of this paper relies
mostly on the model outputs enabling us to properly quan-
tify terms of the salinity budget; whenever available, the
gridded in situ and/or SMOS SSS data will be used to
reinforce our conclusions.

3. Causes of the High-Salinity Core Formation

[14] The mean modeled SSS, surface current, and E�P
forcing fields for the south tropical Pacific are shown in
Figure 1 to set the context. (See Figure 1a from HDD13
for an analogous observed SSS map.) As stated above,
there is a clear southwest shift between the location of
the SSS maxima (SSS> 36 pss) and the E�P maxima
(>2 mm/day), consistent with the mean surface current
direction. Not shown here, the location of mean E�P
maxima coincides with the location of maximum wind
speed that governs the strength of E process. To quantify
causes of the high-salinity core formation, we looked at
the MLS budget. Following HDD13, the MLS balance
may be written as

@thSi|ffl{zffl}
I

¼ E � Pð Þ
H

:hSi|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
II

�h~uh � ~rhSi|fflfflfflfflfflffl{zfflfflfflfflfflffl}
III

þ we þ dtHð Þ � �S
H|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
IV

þ
D
~rh Kh � ~rhS
� �E

|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
V

þ @z Kz � �Sð Þ
H|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
VI

ð1Þ

where hX i ¼ 1
H

Z 0

�H
X zð Þdz, S denotes salinity within the

mixed layer of depth H, (E�P) the evaporation and precipi-
tation difference (defined positive out of the ocean), uh is
the horizontal velocity vector averaged within the mixed
layer (having (u) and (v) components defined as positive
eastward (x) and northward (y), respectively), we is the
entrainment velocity at the base of the mixed layer, �S is
the salinity jump at the base of the mixed layer, and Kh and
Kv are the horizontal and vertical diffusion coefficients,
respectively. We consider influence of river runoffs as neg-
ligible in the southeast tropical Pacific. The term (I) in
equation (1) is referred to as the MLS tendency, term (II)
as the surface forcing, terms (III) and (V) together as the
horizontal advection, and terms (IV) and (VI) together as
the subsurface forcing.

[15] Figure 3 shows the 1990–2011 averaged contribu-
tions of the surface and subsurface forcing and horizontal
advection terms for high-salinity regions delimited by three
different isohalines, where SSS is 36.0 pss or saltier, the
1990–2011 MLS tendency is þ0.02 pss/yr (not shown).
The surface forcing is the dominant (positive) term remov-
ing fresh water from the ocean, with a mean contribution of
about þ0.73 pss/yr. On average, the off-line calculation
based on the model output suggests that E and P, respec-
tively, account for about þ4/3 and �1/3 of the surface forc-
ing term. Horizontal advection makes a negative
contribution to the salt budget, bringing low-salinity waters
from the northeast (see Figure 1a), with a mean contribu-
tion of �0.36 pss/yr (i.e., �0.08, �0.15, and �0.12 pss/yr
for zonal and meridional advections (term III) and horizon-
tal diffusion (term V), respectively). About half of the

Figure 2. Comparison between near-surface salinity data
derived from (black line) the TSG instrument instaled on
board M/V Matisse and the collocated SSS: (dashed line)
modeled and (dotted line) SMOS values. The Matisse salin-
ity values were obtained during 20–27 February 2011 along
the northern shipping line shown in Figure 1a.
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surface forcing is thus balanced by horizontal advection,
the other half (�0.35 pss/yr) being due to the subsurface
forcing, by mixing high-salinity waters with waters below
the near-surface layer. Figure 3 also quantifies the mean sa-
linity budget in regions delimited by the 35.6 and 36.4 iso-
halines. Overall, the surface forcing remains rather
constant for any chosen high-salinity regions, while the
horizontal advection decreases and the subsurface forcing
increases as the isohalines grow. This is due to a reduction
of the horizontal salinity gradients and to an increase of the
vertical salinity gradients (not shown here) from the 35.6 to
the 36.4 pss and saltier regions.

4. Variability of the High-Salinity Core

4.1. Seasonal Variability

[16] To analyze the seasonal variability of the high-
salinity region, we constructed an MLS mean monthly year
from both the 1990–2011 modeled and the 1990–2009
observed data, and for each of the terms in equation (1).

The monthly climatologies were calculated after filtering
out the possible influence of interannual (ENSO) changes,
as detailed in HDD13. As only 2 years (2010–2011) of data
were available for SMOS, the corresponding mean year in
MLS was constructed without filtering.

[17] The modeled high-salinity region (SSS> 36 pss)
shows virtually no seasonal variability in its absolute maxi-
mum SSS values and size (not shown) but does in its loca-
tion as indicated by the horizontal displacements of the
monthly 36 isohaline contours in Figure 4a. The 36 iso-
haline extends as far as 155�W to the west during austral
summer and 100�W to the east in winter with weak me-
ridional displacement. The mean 36-isohaline barycenter
is located at 18.4�S–123.8�W. It reaches its easternmost
position in March (120.3�W) and westernmost position in
September (127.7�W), driving a zonal cycle with around
400 km amplitude (see the colored dots in Figure 4a and
black dots in Figure 5a). The seasonal meridional cycle
of the barycenter is relatively negligible. The SMOS-
derived zonal barycenter cycle (stars in Figure 5a) is
close to being in temporal phase with the modeled one.
There are, however, a couple of degrees of latitude shift
possibly reflecting issues in SMOS SSS retrieval and/or
the different considered time periods and ENSO filtering.
The same comparison cannot be directly applied to
Delcroix et al. [2011] gridded SSS product as the eastern
half of the high-salinity region lacks of in situ data and
thus, holds a mean normalized error above 0.7 (see
HDD13). As an alternative, the barycenter displacement
was compared for data west of 120

�
W only from both

the model and the gridded product (gray dots and dia-
monds in Figure 5a). Again, the observed and modeled
barycenter seasonal displacements do agree. Hence,
observations both from SMOS and the gridded product
show seasonal zonal displacements consistent with the

Figure 3. Mean modeled mixed-layer salinity budgets
(pss/yr) in the high-salinity regions bounded by the 35.6,
36, and 36.4 isohalines shown in Figure 1a.

Figure 4. (a) Monthly and (b) annual mean positions of the modeled 36 isohaline. In both figures, the
colored dots and stars show, respectively, the barycenter of the modeled and SMOS-derived 36 isoha-
lines. The two rectangles denote the east and west-boxes discussed in section 4.
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one reproduced by the model, giving more confidence in
the model ability to reproduce this real feature.

[18] The model offers a mean to understand the mecha-
nisms behind this zonal cycle as each term of the MLS
budget can be examined. Two zones (black boxes in Figure
4a) on the western (10�S–22�S, 155�W–140�W, west-box)
and on the eastern (10�S–22

�
S, 110�W–95

�
W, east-box)

sides of the high MLS core have been designed to capture
its movements. Because of its displacement, the MLS var-
iations in the two boxes are in antiphase (Figure 5b). The
MLS tendency and three main processes (Figure 6) have a
seasonal cycle in antiphase from east to west. The examina-
tion of each term of the MLS budget shows the prevailing
role of the surface forcing in both zones, the horizontal
advection and subsurface forcing being much weaker.

[19] The analysis of the surface forcing field indicates
that the seasonal displacements of the high-salinity region
are mainly due to the synchronous variation in the intensity
and position of the SPCZ and of the Easterly winds. In aus-
tral summer (DJF), the SPCZ is very active, its eastern por-
tion reaches the west-box, and P is high [see Vincent,
1994], decreasing SSS in the west-box (Figure 5b). The sur-
face forcing is damped by the opposite effect of subsurface
processes, which is more efficient as the surface freshening
increases the vertical salinity gradient. In the east-box, the
Easterlies are stronger than average, increasing evapora-
tion, and SSS. Subsurface processes are less efficient since
it lies in a region of subduction [Nonaka and Sasaki, 2007],
where vertical salinity gradient across the mixed layer base
is weak. From these combined effects, the high-salinity
region and its barycenter reached their easternmost position
in March. Following the SPCZ seasonal cycle, the reverse
mechanism takes place in austral winter (JJA). The SPCZ
and the associated heavy P move toward the equator and
Easterlies are weaker than the average. As a consequence,

SSS increases in the west-box and decreases in the east-
box, forcing the high-salinity region and its barycenter to
move back to the west.

4.2. Interannual Variability

[20] The evolution of the SSS maximum region is further
investigated on time scales greater than annual, using
model and observed data. Following HDD13, the low fre-
quency signal is extracted by filtering with a 13 month
Hanning filter the difference between the original time se-
ries and the mean year (except for SMOS data).

[21] The high-salinity core shows very weak variability
in its barycenter meridional displacement (280 km peak-to-
peak) but significant zonal displacements over the 22 year
simulation (Figure 4b). The easternmost position of the
mid-year (July) 36 isohaline contours shift gradually west-
ward by about 1000 km from about 95�W in the earlyFigure 5. (a) Mean seasonal variability of the longitudi-

nal location of the barycenter of high-salinity (S> 36 pss)
waters based on the model (black dots) and SMOS (stars)
data sets, and with data only west of 120�W for the model
(gray dots) and the VOS-derived SSS gridded product
(GSSS, diamond). (b) Mean seasonal SSS anomaly in the
east-box (model—solid line) and in the west-box (model
and gridded product—dashed lines).

Figure 6. Mean seasonal variations of the model derived
(a) MLS tendency and contributions of (b) the surface forc-
ing, (c) the horizontal advection, and (d) the subsurface
forcing within the east (solid lines) and west-boxes (dashed
lines) shown in Figure 4. Units are pss/yr.
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1990s to about 105�W in the late 2000s. The position of the
contours westernmost edge does not show such a steady
shift during the same time period. The annual barycenter
positions have an essentially zonal displacement, with a
quasi-steady westward shift of the order of 1400 km during
1990–2011 (Figures 4b and 7a). Even though no certain
conclusion can be drawn from the short SMOS time series,
the westward shift of the barycenter does appear in 2010–
2011, with a magnitude comparable to the modeled shift
(stars in Figures 4b and 7a). From 2004, the region includes
a sufficient number of VOS-TSG data and Argo measure-
ments so that the two derived in situ gridded products can
be compared to the model output. Despite a mean differ-
ence of the order of 5-degree of longitude with the model,
both in situ data sets show a westward displacement of the
barycenter location (Figure 8) in agreement with the
modeled shift.

[22] Changes in modeled MLS within the east- and
west-boxes are also investigated to better understand the 36
isohaline interannual zonal movement. Figures 7b and 7c
indicate good agreement between the modeled MLS and
the corresponding changes in observed SSS, when avail-
able. Unlike the seasonal variations, the two MLS time se-
ries are not in antiphase. The west-box MLS shows strong
interannual variability, anticorrelated (R¼�0.6) with a 9
month lag to the modeled NINO3.4 SST (Figure 7a) used
as an ENSO index. This anticorrelation, however, mostly
reflects the MLS decreases during the 1998–1999 La Nina
event, in agreement with the observational results of Gour-

iou and Delcroix [2002]. The link between the west-box
MLS variability and the remaining La Nina and El Nino
events is not that clear, if any. The lack of well-marked El
Nino signature is not surprizing during the Central Pacific
El Ni~no types in 1992–1995, 2002–2005, and 2009–2010,

Figure 7. (a) Interannual variability of the longitudinal location of the barycenter of high-salinity
(S> 36 pss) waters based on the model (black dots, left axis) and SMOS (stars in 2010 and 2011, left
axis) data sets. Interannual sea surface temperature anomaly in the Nino3.4 region (dotted line, right
axis). (b) Modeled interannual MLS (solid black line), VOS-derived SSS (dashed line), and ARGO-
derived SSS (solid gray line) in the east-box shown in Figure 4. (c) Same as Figure 7b for the west-box.
The horizontal thin lines in Figures 7b and 7c represent the 1990–2011 averaged modeled MLS in the
east- and west-boxes, respectively. Averaged SSS from observational products are shown only when at
least half of the data within the boxes is above the error criterion described in section 2.

Figure 8. Interannual variability of the longitudinal loca-
tion of the barycenter of high-salinity (S> 36 pss) waters
based on the model (black dots), the VOS-derived (black
diamonds) and ARGO-derived (gray squares) gridded SSS
product data sets. Barycenter locations are shown for the
observations only when at least half of the data within the
east-box is above the error criterion described in section 2.

HASSON ET AL.: SOUTH PACIFIC SURFACE SALINITY MAXIMUM

5114



as they were shown to have a weak regional impact on
observed SSS [Singh et al., 2011]. In contrast, the east-box
MLS does not exhibit interannual changes, even during
1998–1999. Figures 7b and 7c further shows that at the dec-
adal time scale, the west-box MLS increases from the late
1990s to the early 2010s, whereas the east-box MLS fresh-
ens almost linearly from the mid-1990s to the early 2010s.
This is consistent with the quasi-linear westward shift of
the 36-isohaline barycenter position. Except when we have
sufficient observations, conclusions should be drawn with
care. One should keep in mind that such a westward shift
cannot be checked over two complete decades with obser-
vations in the eastern half of the high-salinity core.

[23] All terms of the MLS budget in the eastern and
western boxes were also investigated in order to understand
mechanisms responsible for the low-frequency displace-
ment of the high-salinity core. In agreement with the analy-
sis above, all terms are found to be statistically
uncorrelated to the modeled NINO3.4 SST (or other ENSO
indices), preventing us to derive conclusions regarding
possible ENSO effects. At the decadal time scale, Table 1
indicates that the long-term mean salinity tendency over
1994–2011 is about þ0.3 and �0.3 in the west and
east-boxes, respectively. These MLS changes reflect the
contribution of the surface forcing, subsurface forcing, and
horizontal advection terms, which are mostly of analogous
importance, nearly compensating each other. They are also
1 order of magnitude larger than the resulting MLS tend-
ency. As a consequence, it is difficult to identify the true
origin(s) of the modeled westward shift (that does exist in
nature), which is mainly due to a small decrease of the
east-box salinity and to a small increase of the west-box sa-
linity. Both salinity changes are small residual of large
changes in the corresponding MLS terms.

5. Summary and Conclusions

[24] This study examines causes for the formation and
variability of the salinity maximum waters (SSS> 36)
located in the south-eastern tropical Pacific (centered at
18.4�S and 123.8�W) and covering a region of about 5.2 �
106 km2 over the 1990–2011 period. This work relies on in
situ and SMOS-derived SSS data to document the main
features and on a validated DRAKKAR simulation to quan-
tify mechanisms at play. This work is motivated by the
need to improve our understanding of maximum salinity
waters, in line with the interpretation of climate and hydro-
logical cycle changes at different time scales.

[25] From the model output, waters with salinity above
36 pss result from a balance between the surface forcing
(E�P) that increases the MLS by about 0.73 pss/yr, and the
compensating horizontal advection and subsurface forcing.
Each of these two processes decreases the salinity by about
half of the surface forcing. The ratio between the three
processes is consistent with what was found by Qu et al.
[2011] in the North Atlantic Salinity Maximum. The mod-
eled salinity maximum waters have their 20 year average
salinity increasing by 0.02 pss/yr which is qualitatively
consistent with the ‘‘dry get dryer’’ paradigm although
stronger than the estimated from different observation data
sets and time periods by Terray et al. [2012] and Durack
and Wijffels [2010]. The observations and the models both
show high-salinity waters variability at the seasonal and
longer time scales. At the seasonal time scale, salinity max-
imum waters shift eastward in austral summer and west-
ward in austral winter, with an amplitude of 400 km. This
is the consequence of the changing intensity of the SPCZ
and Easterly winds that modulate P and E, respectively. At
longer time scales, the salinity maximum waters barycenter
was found to move westward by about 1400 km during mid
1990 to early 2011, with no clear relationship with the
occurrence of individual El Nino/La Nina events.

[26] While we have assessed processes responsible for
the formation and seasonal variability of the maximum sa-
linity waters, using different types of data, we have not
clearly identified causes for the low-frequency variability.
The westward shift of the salinity maximum waters remains
puzzling, and is worth to be further investigated. The shift
is not noticeably linked to ENSO, though it corresponds to
a tendency for more La Nina than El Nino events (see the
cooling trend of NINO3.4 SST in Figure 7a). It also corre-
sponds to a tendency for more Central than Eastern Pacific
El Nino types during 1990–2011, suggesting a plausible
association with ENSO. Interestingly, our findings are con-
sistent with the expected effects of the westward shift of the
eastern edge of the SPCZ (and related regional P decrease)
in future climate projections [Brown et al., 2012]. It
however somewhat differs from the poleward (and not west-
ward) shift of the south-eastern Pacific dry zone and south-
westward extension of the high-salinity waters predicted by
general circulation models in a warming world [Seager
et al., 2010; Scheff and Frierson, 2012; Ganachaud et al.,
2012]. The question about the westward shift is likewise of
interest for biological studies, bearing in mind that salinity
maximum waters in the studied region partly overlap with
oligotrophic waters that have been shown to expand both
northward and southward in recent years [Polovina et al.,
2008]. Also, the impact of changes in the location of the
high SSS core could impact the STC as noted in section 1. It
is clearly another interesting issue through its potential
impact on the downstream salinity fields, and possibly the
mean background state of the equatorial band.

[27] The degree of confidence we can have in the model
outputs and/or its ERA-interim forcing sets from which we
derived part of our results is obviously a central question.
The DRAKKAR model basic variables have been carefully
validated in earlier studies [e.g., Barnier et al., 2006;
Hasson et al., 2013]. In particular, it was shown that the
model captures well the observed mean, seasonal, and
interannual SSS changes of the tropical Pacific.

Table 1. Long-Term (1994–2011) Averaged Contribution of the
Different Terms of the Mixed-Layer Salinity Budget for the
So-Called East- and West-Boxes (see Figure 4)a

West-Box East-Box

Advection �5.1 �13.5
Subsurface þ18.2 �12.7
Surface �12.8 þ 25.9
Total þ0.3 �0.3

aAdvection denotes the terms IIIþ IV, subsurface the terms IVþVI,
and surface the terms II in equation (1). Units are pss/18 Years.
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Furthermore, it provided a good representation of the
observed surface zonal currents obtained from the TAO-
TRITON moorings at 110�W, 140�W, 165�E, and 156�E
(i.e., the only long time series of direct current observa-
tions). The model outputs (and/or its ERA-interim forcing
sets) are, however, obviously not perfect. We know, for
instance, that the modeled equatorial zonal current variabili-
ty tends to be underestimated by about 75%, and that the
modeled MLD is on average 21% shallower than the
observed MLD [Hasson et al., 2013]. The roles of such
biases on the present results are not clear and admittedly
need to be examined in details in further studies. Moreover,
Hasson et al. [2013] have shown the present difficulty, not
to say impossibility, to rigorously evaluate terms involved
in the MLS balance using low-resolution gridded observa-
tional data only, such as gridded SSS products and surface
currents estimated from altimetry and Ekman drifts. In other
words, we cannot be 100% sure that the model reproduces
the observed features for the good reasons. Notwithstanding,
when observations are available, the systematic good corre-
spondence between the observed and modeled mean and
variability of the South Pacific SSS maximum indicates the
likeliness of our results to be realistic. Based on about two
decades of data only, it would be of great interest to extend
our investigation with longer MLS time series, such as
future in situ and remotely sensed observations, other vali-
dated model simulations, and/or climate model projections.
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