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Abstract This study focuses on the time-space variability of the low Sea Surface Salinity (SSS) waters
extending zonally within 28N–128N in the Atlantic and Pacific and within 68S–168S in the western third of
the Pacific. The analysis is based on a combination of in situ SSS observations collected in the last three dec-
ades from voluntary observing ships, TAO/TRITON and PIRATA moorings, Argo floats, and (few) CTD profiles.
The mean latitudes of the Atlantic and Pacific low SSS waters appear 18–38 further poleward than the Evapo-
ration minus Precipitation (E-P) minima linked to the Inter Tropical Convergence Zones (ITCZ) and South
Pacific Convergence Zone (SPCZ). At the seasonal time scale, the E-P minima migrate poleward in summer
hemispheres, leading the migration of the SSS minima by 2–3 months in the Atlantic ITCZ, Pacific SPCZ, and
in the eastern part of the Pacific ITCZ. On the other hand, the seasonal displacements of E-P and SSS minima
are in antiphase in the central and western parts of the Pacific ITCZ. At the interannual time scale, the E-P
and SSS minima migrate poleward during La Nina events in the Pacific and during the positive phase of the
Atlantic Meridional Dipole (AMD) in the Atlantic (and vice versa during El Nino and the negative phase of
the AMD). We further document long-term (1979–2009) meridional migrations of the E-P and SSS minima,
especially in the SPCZ region, and discuss whether or not they are consistent with documented SST and
wind stress trends.

1. Introduction

Sea Surface Salinity (SSS) is an important variable of the Global Climate Observing System [GCOS, 2004]. It is
recognized as an Essential Climate Variable (ECV) and its sustained in situ monitoring was strongly recom-
mended in the outcomes of the Oceanobs09 international conference [see Lagerloef et al., 2010]. Its impor-
tance for climate has further motivated the recent advent of the dedicated SMOS and Aquarius satellite
missions.

The overall scientific importance of studying changes in SSS is due to its role in changing seawater density
(and thus density gradients). Horizontal and vertical gradients in density affect horizontal currents and
mixed layer depths which are involved in climate relevant heat transport regulation and ocean-atmosphere
interactions, respectively. In practice, SSS has been shown to be an inspiring ECV to analyze, at least to
improve our understanding of river discharge effects close to and away from the coast, barrier layer forma-
tion, seasonal and interannual climate changes, ENSO (El Nino Southern Oscillation) main features, sea level
changes, and marine water cycle changes in the context of paleo and global climate change studies [e.g.,
Delcroix and Murtugudde, 2002; Boyer and Levitus, 2002; Bingham et al., 2010; Maes et al., 2006; Singh et al.,
2011; Terray et al., 2012; Durack and Wijffels, 2010; Le Bec et al., 2000].

As far as the marine water cycle is concerned, the spatial correspondence between the mean distributions of
SSS and Evaporation minus Precipitation (E-P) has been pointed out in numerous papers [e.g., Levitus, 1986].
For instance, in the tropical Atlantic and Pacific oceans, the regions of interest here, the highest SSS values are
found slightly poleward of where E-P reach maximum values close to the centers of large-scale subtropical
gyres (see Figure 1). Similarly, the lowest SSS values are found where E-P reach minimum values roughly
underneath regions commonly referred to as the Atlantic and Pacific ITCZ (Inter Tropical Convergence Zone),
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SPCZ (South Pacific Convergence Zone), and in the western Pacific warm pool, where moist winds converge
and trigger atmospheric convection resulting in a band of heavy precipitation. Aside from this spatial corre-
spondence, numerous studies have demonstrated connections between changes in SSS and E-P at the intra-
seasonal, seasonal, and interannual time scales and, more recently, on ‘‘long-term’’ trends. In that latter case,
analyses of data collected during the last decades show a clear tendency for SSS to increase in regions where
E dominates and to decrease in regions where P dominates, that is in high and low mean SSS regions, respec-
tively [Delcroix et al., 2007; Cravatte et al., 2009; Durack and Wijffels, 2010; Terray et al., 2012]. These long-term
SSS trends have been interpreted as resulting from changes in the atmospheric water vapor content under
global warming, in line with the Clausius-Clapeyron relationship and the so-called dry-get-drier and wet-get-
wetter paradigms [see Held and Soden, 2006]. Along with these long-term trends, Cravatte et al. [2009] have
shown an eastward migration and expansion of the low-SSS water surface located in the western Pacific
warm pool, and Hasson et al. [2013a] a westward migration of the high-SSS water surface located in the
south-eastern tropical Pacific in the last decades. The mechanisms responsible for these observed migrations
and their possible connections to low-frequency changes in E-P are not clearly established.

As noted above and illustrated in Figure 1, the core regions of low-SSS waters in the tropical Atlantic and
Pacific oceans are more or less aligned with the core regions of E-P minima (or P maxima) featuring the sur-
face imprint of the ITCZ and SPCZ rain bands (see section 2 for the data sources). To date, few studies have
investigated changes in the mean position of these SSS and E-P minima, their connection, and the extent to
which migrations of the SSS minima can be used as a proxy for migrations of the convergence zones. These
issues are important as: (a) slight ITCZ or SPCZ migrations can induce large hydroclimatic changes in island
countries and continental regions bordering the tropical Atlantic and Pacific, (b) the regions of SSS minima
are characterized by relatively thick barrier layers [de Boyer Mont�egut et al., 2007; Tanguy et al., 2010; Kao
and Lagerloef, 2014] which are known to impact the regional heat and momentum transfers between the
ocean and the atmosphere, (c) these regions are flanked on either side by well-marked SSS fronts that
record the signature of Tropical Instability Waves (TIW) [Lee et al., 2012, 2014]. Moreover, major uncertainties
in E-P fields reside in the ITCZ and SPCZ, at least before the TRMM (Tropical Rainfall Measurement Mission)
satellite, and documenting changes in the locations of the SSS minima might help us to identify how these

Figure 1. Spatial distribution of the 1979–2009 averaged (top) SSS (pss-1978) and (bottom) E-P budget (mm/d). The heavy dashed black
lines denote the position of the (top) SSS and (bottom) E-P minimum values underneath the ITCZ and SPCZ. See section 2 for the data
sources.
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convergence zones vary with climate and in long-term trends [Xie and Arkin, 1997; Yu and Weller, 2007;
Bellucci et al., 2010; Tian and Peters-Lidard, 2010]. The aim of this study is thus to document changes in the
location of these regions at different time scales, to contribute to clarifying the covariability of the SSS and
E-P minima, relying in particular on three decades of in situ SSS data (1979–2009) that sample the SSS vari-
ability particularly well. The study is organized as follows. Section 2 describes the data and data processing.
Section 3 presents the mean structures, the seasonal and interannual variability and the long-term trends.
The conclusion is given in section 4.

2. Data and Data Processing

The two main sources of data we used are the Atlantic (208S–508N; 1970–2013) and Pacific (308S–308N;
1950–2009) SSS gridded products described in Reverdin et al. [2007] and Delcroix et al. [2011], respectively.
These 18 3 18 3 18 month gridded products are based on an objective analysis of irregularly distributed in
situ SSS data, originating mainly from Voluntary Observing Ships (VOS), TAO, TRITON, and PIRATA moorings,
Argo floats (since 2004), and few cruise-derived CTD casts. The 1979–2009 Atlantic and Pacific common
time period only will be investigated here given the time/space SSS data distribution and the related objec-
tive analysis error fields (not shown here).

We used the Global Precipitation Climatology Project (GPCP) data for P [Adler et al., 2003] and the OAFlux
data for E [Yu and Weller, 2007] to build a 18 3 18 3 18 month E-P product covering the 1979–2009 years.
These E and P products were selected as they have been suggested to be the best available products
among roughly a dozen products for those years, based on comparisons with independent estimates
[Schanze et al., 2010]. Two simple climate mode indices have been used: the Southern Oscillation Index
(SOI) to characterize the El Ni~no and La Ni~na periods, and the Atlantic Meridional Dipole (AMD) index follow-
ing the definition of Servain et al. [1999] using Sea Surface Temperature (SST) derived from the TropFlux
data set [Praveen Kumar et al., 2012]. Specifically, the AMD index was computed as the difference in SST
between the Atlantic 308N–58N and 58N–208S regions. (Note that we also used the Pacific Decadal Oscilla-
tion (PDO), the North Atlantic Oscillation (NAO), and the Atlantic Equatorial Mode (AEM) indices to charac-
terize climate changes for the Pacific and Atlantic oceans. These indices are not presented here as they
proved to be less correlated than the SOI and AMD to the observed SSS and E-P anomalies discussed
below). The wind data were derived from the European Center for Medium Range Weather Forecasts
(ECMWF) ERA-interim reanalysis [Dee et al., 2011].

Using the above-noted gridded fields, the latitudes of the SSS and E-P minima (hereafter SSSmin, E-Pmin)
were computed monthly, at each degree of longitude, from 1408E to 208W using data within 08N–158N in the
Atlantic and Pacific (i.e., bracketing the ITCZ) and from 1408E to 1708W using data within 08S–208S in the west-
ern Pacific (i.e., bracketing the SPCZ). We then computed the 1979–2009 climatological means, standard devi-
ations, and probability density functions of the SSSmin and E-Pmin latitudes. The spatiotemporal variability of
SSSmin and E-Pmin can be examined in many different ways [e.g., Bretherton et al., 1992], and we chose to
present single EOF analysis for the sake of simplicity. The EOF analyses were performed on the linearly
detrended time series. As the resulting first EOF time functions (not shown here) included both seasonal and
interannual variability, we then separated the original monthly time series into high (i.e., with periods equal or
less than 12 months) and low (i.e., with periods greater than 12 months) frequency signal using a 25 month
Hanning filter. EOF analyses were then performed separately on the low-pass and high-pass filtered time
series. Note that values west of the international dateline were not considered when performing the EOF anal-
ysis on low-pass filtered time series, as the E-Pmin and SSSmin values were hardly identifiable due to a strong
regional rearrangement of convection during El Ni~no events. Only the first EOF modes are presented here as
no simple physical explanations were found to account for most of the other modes. A simple test of signifi-
cance [North et al., 1982] applied to the eigenvalues shows that higher-order modes probably do not repre-
sent real physical phenomena. Linear trends were finally computed over the 1979–2009 years.

3. Results

3.1. Mean Structures
The 1979–2009 averaged latitudes of SSSmin and E-Pmin located underneath the ITCZ and SPCZ regions
are shown in Figure 2 (top). In the Northern Hemisphere, the Pacific SSSmin stretches within 68N–128N
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(reaching its northernmost position near 1308W), the Atlantic SSSmin within 48N–68N, and they are both
located 18–38 latitude to the north of the corresponding E-Pmin (except east of 1008W and west of 458W). In
the Southern Hemisphere, the Pacific SSSmin and E-Pmin are diagonally oriented from about 28S–1408E to
118S–1708W. These E-Pmin and SSSmin locations (based on 31 years of data) are in overall very good agree-
ment with values derived from shorter time series of highly reflective clouds, SSS transoceanic VOS observa-
tions, precipitation-based estimates, and Aquarius SSS data [Waliser and Gautier, 1993; Delcroix and H�enin,
1991; Delcroix et al., 2005; Vincent et al., 2011; Yu, 2014]. The shifts in latitude between SSSmin and E-Pmin
results mostly from the meridional Ekman salt transport linked to the trade winds at the ITCZ mean posi-
tions [e.g., Delcroix and H�enin, 1991].

The 1979–2009 standard deviations of SSSmin and E-Pmin latitudes (Figure 2, bottom) are of the order of
28–48 for the ITCZ, slightly increasing from the east to the west, and 18–58 for the SPCZ, increasing from the
west to the east. Notable latitudinal changes are thus observed relative to the mean values. To further ana-
lyze these changes, we also computed the probability density functions of the latitudes of SSSmin and
E-Pmin for all longitudes. As representative examples, Figure 3 shows three SSSmin and E-Pmin histograms
calculated in 108 longitude bands with high data density centered at 1608E in the Pacific ITCZ, 308W in the
Atlantic ITCZ, and 1708E in the Pacific SPCZ. In agreement with Figure 2, these histograms confirm the over-
all tendency for SSSmin latitudes to be located slightly to the north of E-Pmin latitudes in the Atlantic and
Pacific ITCZ regions. The SSSmin histograms are moderately Gaussian, and the differences between mean
and median values (a common skewness indicator) are 13, 0.4, and 16% of the standard deviations, respec-
tively. It is interesting to note that the SSS Atlantic histogram has a somewhat bimodal distribution with
one peak at 38N–48N and the other at 78N. Such a bimodality, not visible below on the EOF time function,
mostly reflects the tendency for the SSS minimum values to be trapped near the southernmost latitude in
spring and summer and then near the northernmost latitude in fall and winter, with a rapid latitudinal shift
in between [see Delcroix et al., 2005, Figure 6]. Although not clearly visible on the E-Pmin histogram, this
SSSmin shift could correspond to the abrupt ITCZ shift (bringing monsoon rains to the Sahel region)
detected over West Africa [Sultan and Janicot, 2000]. The northern Pacific SSS distribution (at 1608E) has a
secondary peak that shows the equatorial warm pool get sometimes fresher than the ITCZ region.

3.2. Seasonal Variability
The first seasonal EOF modes of SSSmin and E-Pmin latitudes shown in Figure 4 account for at least 2/3 of
the ‘‘high’’- frequency variance (see all percentage values in Table 1). The mean seasonal range is of the
order of 28–68 latitude. In the Atlantic, the northernmost latitudes of SSSmin are reached by the end of
boreal fall, lagging behind E-Pmin by 2–3 months. These results match those observed in earlier studies

Figure 2. (top) Mean and (bottom) standard deviation of the latitudes of SSS (in blue) and E-P (in red) minimum values as a function of longitudes in the so-called (from left to right)
Pacific-ITCZ, Atlantic-ITCZ, and Pacific-SPCZ regions. Values were computed from monthly time series covering the 1979–2009 years. A 58 longitude running mean was applied for clarity.
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based on a subset of our SSS data [Dessier and Donguy, 1994], on recent Aquarius SSS data analyses [Grod-
sky et al., 2014; Foltz et al., 2015], and on different ITCZ definitions [Citeau et al., 1988; Servain et al., 2014].
A similar phasing for the seasonal migrations of SSSmin occurs in the eastern part only (east of 1108W) of
the Pacific ITCZ. In the SPCZ region, the southernmost latitudes of SSSmin are reached by the end of austral
summer, still lagging behind E-Pmin by 2–3 months. This 2–3 month time lag (about a quarter of an annual
cycle) is expected if variations of SSS were governed only by a sinusoidal annual variation of E-P [see Hires
and Montgomery, 1972; Delcroix and H�enin, 1991]. Surprisingly, when compared with the above-analyzed
regions, the seasonal migrations of SSSmin and E-Pmin are in antiphase in the central and western parts of
the Pacific ITCZ (west of 1108W). Specifically, SSSmin moves south of its mean latitude while E-Pmin moves
north of its mean latitude in the second half of the year, and vice versa in the first half of the year. This pecu-
liarity, which also shows up in the analysis of 2 years of Aquarius data, was discussed by Yu [2014]. In a
more complete analysis, Yu [2015] computed all terms of the mixed-layer salinity equation and concluded
that the seasonal migration of the salinity front associated with SSSmin is dominated by Ekman dynamics

Figure 3. Probability density function of the latitudes of the (top) SSS and (bottom) E-P minimum values per 18 latitude bin, as averaged over 108 longitude bands centered (from left to
right) at 1608E, 308W, and 1708E in the so-called Pacific-ITCZ, Atlantic-ITCZ, and Pacific-SPCZ regions.
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rather than by the seasonal migration of the ITCZ and associated rainfall, consistent with former studies
[Johnson et al., 2002; Mignot and Frankignoul, 2004].

3.3. Interannual Variability
The first interannual EOF mode of SSSmin and E-Pmin latitudes portrays generally consistent longitudinal
variations in the three analyzed regions (Figure 5, top). The mean interannual range is of the order of 18–38,
0.58, and 48–68 latitudes in the Pacific and Atlantic ITCZ and Pacific SPCZ, respectively. The E-Pmin and
SSSmin EOF time series (Figure 5, bottom) are positively correlated in the Pacific ITCZ (R 5 0.73), Atlantic
ITCZ (R 5 0.70), and Pacific SPCZ (R 5 0.91), indicating that interannual displacements are mostly in phase.
Moreover, the EOF time series present a good correspondence with the SOI in the Pacific and with the AMD
index in the Atlantic (see correlation values in Table 1). In the Pacific, Figure 5 thus indicates an equatorward
migration of SSSmin and E-Pmin during El Ni~no events (negative SOI) and, conversely, a poleward migration
during La Ni~na events (positive SOI), with maximum changes in the central part of the SPCZ. These migra-
tions agree with results derived from analyses of interannual changes in SSS and P values, and ITCZ and
SPCZ displacements [Delcroix, 1998; Gouriou and Delcroix, 2002; Dai and Wigley, 2000; Servain et al., 1999;
Folland et al., 2002; Chen and Lin, 2005]. The magnitudes of the meridional migrations are approximately
proportional to the strength of ENSO in the Pacific SPCZ, which is not strictly the case in the Pacific ITCZ
(e.g., in 1992–1994 and 2002–2004). A detailed analysis of P and SSS changes in relation to different ENSO
characteristics can be found in Singh et al. [2011] and Vincent et al. [2011]. In the Atlantic, Figure 5 then
reveals a joint poleward migration of SSSmin and E-Pmin during the positive phase of the AMD index, that
is when the SST is warmer to the north (308N–58N) than to the south (58N–208S) of the mean ITCZ position, and
vice versa. A joint southward migration of SSSmin and E-Pmin was also reported by Dessier and Donguy [1994,
Figure 9] for 1985–1986 (note the reversal in the captions of their Figures 8 and 9) (J. R. Donguy, personal com-
munication, 2015), consistent with the 28 southward displacement of the ITCZ reported by Servain et al. [2014].

Figure 4. (top) Spatial patterns and (bottom) time functions of the first mode seasonal EOF of the latitudes of SSS (in blue) and E-P (in red) minimum values in the so-called (from left to
right) Pacific-ITCZ, Atlantic-ITCZ, and Pacific-SPCZ regions. A 58 longitude running mean was applied for clarity. The units are defined so that the product between spatial pattern and
time function denotes degree latitude.

Table 1. Percent of Variance Explained by the First Mode Seasonal EOF, First Mode Interannual EOF of the SSSmin and E-Pmin Latitudes,
and Simultaneous and Maximum Correlation Coefficients at Given Lag Between the Interannual Pacific EOF Time Functions and the SOI
and the Interannual Atlantic EOF Time Function and the AMD, as Plotted in Figure 5

Pacific ITCZ Atlantic ITCZ Pacific SPCZ

SSSmin 71%, 48%, 0.60, 0.66, 3 80%, 29% 0.68, 0.68, 0 75%, 86% 0.91, 0.91, 1
E-Pmin 91%, 78% 0.59, 0.60, 1 97%, 74% 0.78, 0.78, 0 71%, 77% 0.89, 0.89, 0
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Taken together, these results show the tendency for the Atlantic ITCZ rainfall and associated SSSmin to migrate
toward warmer regions at interannual time scales, as observed at the seasonal time scale.

3.4. Long-Term Trends
The zonal distribution of the long-term (1979–2009) trends of E-Pmin and SSSmin latitudes is shown in Fig-
ure 6. There is a general tendency for poleward displacements of E-Pmin for the three analyzed regions,
with zonally averaged values of 10.5, 10.4, and 21.68 latitudes for the Pacific ITCZ, Atlantic ITCZ, and
Pacific SPCZ, respectively. Figure 6 also underlines that the maximum relative changes appear in the west-
ern half of the Atlantic ITCZ and eastern part of the Pacific SPCZ enhancing the diagonal orientations of
these convergence zones. The lack of significant long-term trend for the E-Pmin latitudes in the eastern half
of the Atlantic corroborates the lack of 1964–2012 long-term ITCZ displacements found at 308W by Servain
et al. [2014].

Trends for the latitudes of SSSmin are not as zonally consistent for the Atlantic or for the Pacific ITCZ.
Zonally averaged values are close to zero with the alternation of northward and southward displacements.
In contrast, there are consistent southward displacements in the trend of the latitudes of SSSmin in the
SPCZ (with zonally averaged value of 21.58 latitude) which almost parallel those of E-Pmin. This finding is in
agreement with Hasson et al.’s [2013a] results which show a low-frequency westward displacement of the
high-salinity tongue of the south-eastern tropical Pacific.

To search for possible explanations, we looked at the long-term SST and zonal wind trends computed over
the same time period. The mapped SST trend (Figure 7a) shows an indication for a greater warming to the
north than to the south of the mean position of the E-Pmin values underneath the Atlantic and Pacific ITCZ
(with a maximum warming trend in the West), and a greater warming to the south than to the north of the
mean position of the E-Pmin values underneath the SPCZ. From this SST trend map, it is tempting to con-
clude that the poleward displacements of the latitudes of E-Pmin owe their existence to N-S warming
trends. This is in agreement with the positive correlation between P and SST anomalies caused by the con-
vergence zones moving toward warming regions [Adler et al., 2008; Schneider et al., 2014].

Values of zonal wind trends are shown in Figure 7b. They are similar to those of previous works based on differ-
ent wind products and slightly different periods [e.g., England et al., 2014]. Most of all, they indicate an
intensification of the trade winds in the western-central part of the equatorial Pacific. This is reminiscent of a La
Nina-type situation (and this also applies for the cold SST trend observed in the eastern-central equatorial Pacific,
Figure 7a) that would favor poleward displacements of both SSSmin and E-Pmin in the Pacific (Figure 6). Looking

Figure 5. (top) Spatial patterns and (bottom) time functions of the first mode interannual EOF of the latitudes of SSS (in blue) and E-P (in red) minimum values in the so-called (from left
to right) Pacific-ITCZ, Atlantic-ITCZ, and Pacific-SPCZ regions. A 58 longitude running mean was applied for clarity. Overplotted as a dark line in the EOF time functions are the SOI in the
Pacific ITCZ and SPCZ and the AMD multiplied by four in the Atlantic ITCZ. Note the different vertical scale in the space function of the Pacific SPCZ figure. Units are as in Figure 4.
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at the mean positions of SSSmin (as plotted in Figure 7b), there is a hint for the negative zonal wind trends (and
associated anomalous poleward Ekman transport) to correspond to the poleward trends in the SSSmin latitudes
in the western-central Pacific (Figure 6). This possible cause and effect relationship should however be inter-
preted with caution as it does not seem to apply in other regions. Similar trend analyses performed on the

Figure 6. Linear trends in the latitudes of SSS (in blue) and E-P (in red) minimum values as a function of longitude in the so-called (from left to right) Pacific-ITCZ, Atlantic-ITCZ, and
Pacific-SPCZ regions. Values were computed every degree longitude from monthly time series covering 1979–2009. Positive values denote northward displacements, and vice versa.
Units are degrees per 31 years. A 58 longitude running mean was applied for clarity. The blue and red envelopes represent the errors calculated as the square root of the standard devia-
tion divided by the number of values. Note the different vertical scales.

Figure 7. Spatial distribution of the 1979–2009 linear trends in (top) SST and (bottom) zonal surface wind velocity. The heavy black lines
are the 0 contours. The heavy black dashed lines denote the position of the (top) E-P and (bottom) SSS minimum values underneath the
ITCZ and SPCZ, as in Figure 1. Negative values in the bottom figure represent an increase of the easterly trade winds. Units are 8C per 31
years and m/s per 31 years.
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spring, summer, fall, and winter seasons only, did not lead to firm conclusions for a possible seasonal enhance-
ment in long-term trends.

4. Conclusion and Discussion

The main goal of the current study was to document the variability in the latitudes of the SSS and E-P mini-
mum zones located underneath the Atlantic and Pacific ITCZ and SPCZ regions, and to clarify their covari-
ability. The idea was also to tentatively improve our knowledge of the ITCZ/SPCZ variability using observed
SSS, as the convergence zones, which correspond to the ascending branches of the Hadley circulation, are
important components of the climate and global water cycle. Our analysis was conducted from observa-
tions collected during 1979–2009, focusing on mean values, seasonal and interannual changes and long-
term trends.

The results confirm the existence of a 18–38 latitude shift between the mean positions of the E-P minima
(associated with the ITCZ rain bands within 48N–108N) and of the SSS minima in the Atlantic and Pacific
oceans. They also reveal that these minima quasi overlap along the diagonally oriented SPCZ. The observed
latitudinal mean shifts result from the contribution of poleward Ekman salt transport associated with mean
easterly trade wind components. At the seasonal time scale, we showed that the E-P minima migrate pole-
ward in the summer hemispheres, leading the migration of SSS minima by 2–3 months in the Atlantic ITCZ,
Pacific SPCZ, and in the eastern part of the Pacific ITCZ. Hence, in these regions, changes in E-P and SSS
minima at this time scale are mostly driven by the seasonal migration of convergence zones related to sea-
sonal changes in the sun position. We then confirm the results of Yu [2014, 2015], obtained from 2 years of
Aquarius data, and contribute additional evidence with 31 years of in situ data that the seasonal displace-
ments of E-P and SSS minima are in antiphase in the central and western parts of the Pacific ITCZ. This pecu-
liarity results from the dominant contribution of Ekman salt transport in the mixed-layer salinity equation,
as discussed by this latter author. At the interannual time scale, we demonstrate that the locations of both
E-P and SSS minima are affected by ENSO in the Pacific and the AMD in the Atlantic. These minima are dis-
placed by 18–68 equatorward during El Ni~no events and poleward during La Ni~na events in the Pacific. They
are also displaced by about 18 poleward during the positive phase of the AMD (and vice versa during the
negative phase) in the Atlantic, supporting the idea that the ITCZ tends to move toward the warmer region.
Looking at long-term trends (1979–2009), we found poleward displacements of E-P minima (of the order of
50–150 km in 31 years) in the three analyzed regions, a finding which is qualitatively consistent with the dif-
ferential SST trends computed on each side of the mean position of convergence zones. We also found
long-term poleward displacements of SSS minima in the central Pacific ITCZ and in the SPCZ that we tried
to relate to the long-term intensification of the trade winds. No clear explanation was obtained to account
for the long-term migration of SSS minima in other regions.

The current study was designed to document in a synthetic form, via EOF analysis, the covariability of the
E-P and SSS minimum zones and to offer some qualitative hypotheses. In other words, it was not designed
to precisely quantify causes for the observed latitudinal displacements. For the SSS minimum zones, for
instance, a natural extension of this work would be to analyze the contributions of all the terms of the
mixed layer salinity equation, including the contribution of the North and South Equatorial Counter Currents
that flow at the latitudes of the ITCZ and SPCZ rain bands (and of the Amazon river discharge in the western
tropical Atlantic). This approach has been extensively used in the literature using observations and/or model
simulations [Vialard et al., 2002; Bingham et al., 2010; Johnson et al., 2002; Da-Allada et al., 2013; Vinogradova
and Ponte, 2013; Yu, 2011; Hasson et al., 2013b]. Results from model simulations show that all the terms
have to be considered to properly close the salinity budget. However, to our knowledge, this has never
been done to quantify changes in the displacements of the SSS minimum zones. Changes in SSS are not
necessarily related to changes in the position of the SSS minimum zones. A possibility would be to isolate
the term which embodies the area of SSS minimum (e.g., where @S/@y 5 0) in the mixed layer salinity equa-
tion and then to assess the remaining terms that balance this term.

The long-term poleward displacements of E-P minima associated with the ITCZ and SPCZ suggest a pole-
ward extension of the ascending branch of the Hadley circulation. It would be interesting to test the robust-
ness of this finding with other E-P products, given that large discrepancies are obtained in the spatial
patterns of (1979–2010) E-P trends among different E-P products [Skliris et al., 2014]. Changes in SSS in the
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tropical Atlantic and Pacific also appear at decadal time scales [Grodsky et al., 2006; Cravatte et al., 2009] and
the long-term displacements of SSSmin may thus not be well represented by a linear trend. Similarly, trend
estimates are sensitive to the lengths of the SSS data records [e.g., Singh and Delcroix, 2011]. Further analy-
sis might hence explore the sensitivity of our trend estimates, based on three decades only, to (at least) dec-
adal variability, as was revealed for the wind stress trend in the Pacific Ocean [England et al., 2014]. It would
also be interesting to establish the causes of the enhanced obliquity of the SPCZ we observed in the last
three decades, whereas a reduced obliquity of the SPCZ is projected in future climate projections [Brown
et al., 2012; Cai et al., 2012]. Further studies clearly need to be carried out to examine more closely the
mechanisms responsible for the latitudinal migrations of the SSS and E-P minimum zones, and whether
changes in the positions of SSS minima could actually be used as a proxy for the ITCZ and SPCZ migrations.
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