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Abstract Using the unprecedented 7 year monitoring of sea surface salinity (SSS) from the Soil Moisture
Ocean Salinity (SMOS) satellite mission, an unexpected large-scale anomaly at 208N is studied in the tropical
Pacific Ocean following the 2015-2016 extreme El Ni~no event. This basin-wide negative anomaly (below
20.3) is present in October 2015 between 15 and 258N, reaching the Hawaiian archipelago. It has not been
previously observed during El Ni~no events. It is accompanied by a negative equatorial SSS anomaly at the
dateline (below 20.5) which has been previously described as an El Ni~no-associated SSS anomaly. A wide
range of observations (in situ and space-borne) and a state-of-the-art ocean model simulation are used
together to characterize and understand the mechanisms leading to this singular SSS signal. The extra-
equatorial negative SSS anomaly is found to be a superposition of a persisting SSS anomaly due to the 2014
weak El Ni~no and of the larger 2015-2016 El Ni~no SSS anomaly. Both were advected northward in the tropi-
cal current system by the mean Ekman currents and hypothetically by instabilities in the zonal currents
patterns. An analysis of analogous structures in the past 20 years shows that this northward displacement
of SSS anomalies is not El Ni~no specific, even if their advection is enhanced during El Ni~no events. This study
shows that when surface freshwater fluxes are weak SSS, unlike sea surface temperature, can be used to
trace water mass displacement for up to 20 months.

1. Introduction

The tropical Pacific Ocean is characterized by a large band of low sea surface salinity (SSS) centered around
108N, with freshpools on each side of the Pacific Ocean: The West-Pacific fresh-pool (WPFP) (Delcroix &
Picaut, 1998) and East-Pacific fresh-pool (EPFP) (Alory et al., 2012) respectively (Figure 1a). Higher salinities
on the poleward sides of the low SSS band belong to the sub-tropical salinity maximums described by
Hasson et al. (2013a) and Gordon et al. (2015). If the mean SSS field is mainly due to the surface freshwater
fluxes, as indicated by its agreement with the 0 and 21.5 m.yr21 isohyets (Figure 1a), the meridional shift
between the two structures reveals the importance of ocean dynamics (Hasson et al., 2013b; Sena-Martins &
Stammer, 2015; Tchilibou et al., 2015; Yu, 2011). The spatial distribution of the tropical Pacific SSS is charac-
terized by longitudinal gradients along the Equator and 208N with strong seasonal and interannual varia-
tions in their amplitude and zonal location (Figures 2a and 2c; Kao & Lagerloef, 2015; Maes et al., 2014). At
the Equator, the mean seasonal cycle consists of an extension and intensification of the WPFP toward the
east in the second half of the year and an extension of the EPFP to the west from November to June each
year. At 208N, the low SSS zonal variations are synchronous with the equatorial WPFP in the west. In the
east, they are shifted with respect to the equatorial EPFP cycle by a few months: their extending phase
occurs between June and January. This is consistent with the latitudinal displacement of the seasonal SSS
anomaly (SSSA) associated with the Intertropical Pacific Convergence Zone (ITCZ) seasonality (Sena-Martins
& Stammer, 2015; Yu, 2015).

Figure 2 also shows large year-to-year variations, following the El Ni~no Southern Oscillation (ENSO) phase,
the leading mode of interannual variability in the Tropical Pacific. ENSO has both local and global impacts
on the oceanic and atmospheric circulations and leads to many environmental impacts and societal havoc
(McPhaden et al., 2006; Sarachik & Cane, 2010; Wang & Picaut, 2004). It includes a warm phase, El Ni~no, and
a cold phase, La Ni~na (see Philander et al., 1989) which intensity are usually measured by the Ni~no 3.4 index
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(surface temperature anomaly within the 3.4 region – 58S-58N, 1708-1208W) shown on Figure 2. The relation-
ship between ENSO and the sea surface temperature (SST) is well described in the literature. At the equator,
ENSO is associated with the zonal displacement of the western Pacific warm pool (WPWP, Figures 2b and
2d). The WPWP plays a key role in the zonal basin-scale atmospheric circulation called the Walker Circula-
tion which is greatly perturbed during ENSO events.

A number of studies have explored the connection between salinity and ENSO (e.g., Bosc et al., 2009;
Delcroix & Picaut, 1998; Gouriou & Delcroix, 2002; Picaut et al., 2001; Qu & Yu, 2014; Qu et al., 2014). Deep
atmospheric convection, associated with the ascending branch of the Walker circulation over the WPWP,
induces precipitation above 10 mm/d on average in the area (https://pmm.nasa.gov/TRMM/TRMM-based-
climatology). At 1408W, the interannual SSS signal amplitude reaches 1, which is twice the seasonal signal.
Interannual SSS changes are due to variations of the surface freshwater fluxes but also of the ocean dynam-
ics. Both horizontal and vertical processes have been shown to play an important role (Gasparin & Roem-
mich, 2016; Hasson et al., 2013a, 2013b, 2014; Qu et al., 2014; Vialard et al., 2002). SSS was shown to be a
robust tracer for ENSO (Delcroix & Picaut, 1998; Qu & Yu, 2014; Singh et al., 2011). Unlike SST, the ENSO sig-
nature in SSS is not only located within a few degrees of the equator but reaches higher latitudes (Delcroix
et al., 1998; Hasson et al., 2014). This allows us to track the ENSO-related signal away from the Equator,
something not possible with SST because of the strong thermal air-sea coupling.

Studies have also underlined the active role of salinity in the tropical ocean dynamics through its effect on
the vertical density stratification. The presence of a haline stratification in the WPFP, shallower than the
thermal one, controls the mixed layer (ML) depth and creates barrier layers (Lukas & Lindstrom, 1991; Qu
et al., 2014; Sprintall & Tomczak, 1992). The ocean responds to this salinity-controlled density stratification
by decreasing entrainment cooling and by intensifying the local response to wind stress. The westward
South Equatorial Current (SEC) brings saline water under the WPFP from the equatorial upwelling and rein-
forces the barrier layer (Cronin & McPhaden, 2002). As the SEC is modulated by ENSO, it induces a strong
interannual variability of the barrier layer strength (Vialard & Delecluse, 1998). SSS is found to play an active
role in ENSO evolution (Ballabrera-Poy et al., 2002; Vialard et al., 2002; Zhu et al., 2014) and a recent study
found that the assimilation of SSS in coupled forecasts yields longer ENSO predictability (Hackert et al.,
2014).

Salinity is thus a unique tracer for tracking water mass displacement and as a rain gauge for high rainfall
areas (such as the ITCZ) but is also able to modulate sea-air interactions through the formation of barrier
layers.

Figure 1. 2010–2016 mean fields of (a) SSS (SMOS) and freshwater flux (0 and21.5 m.yr21 contours, OAFlux and GPCP)
and (b) current velocity and associated streamlines (GEKCO). Stars and dots denotes moorings used to produce Table 1.
Time series from moorings denoted by stars at shown on Figure 3.
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Salinity has been extensively observed since the 2000s by the Argo program, with vertical profiles from 5 to
2000 m depth (Roemmich et al., 2009). Since 2010, SSS is monitored at an unprecedented resolution from
space by the European satellite mission Soil Moisture Ocean Salinity (SMOS), by the Argentinian-American
satellite mission Aquarius and by the American satellite mission Soil Moisture Active Passive (SMAP). These
missions enable the observation of SSS globally at a resolution between 50350km2 and 1503150km2 every
3–8 days. More details on these are given in the Data/Methods section of the present paper. This suite of
observations provides a unique opportunity for studying the interannual variability of the upper ocean
salinity with unprecedented details.

During the SMOS time period (2010-present), the Ni~no3.4 index reveals 2 distinct ENSO phases (colored
line, Figure 2): one La Ni~na event (mid 2010–2011), a terminating El Ni~no event (early-2010), a full El Ni~no
event (mid-2015 to mid-2016) and almost 3 years in a ‘‘neutral state’’ (2012–2014). Indeed, SMOS started
measuring surface salinity in 2010, just as a moderate El Ni~no was finishing. Following this event, La Ni~na

Figure 2. 2010–2016 longitude-time plots of SSS (SMOS) averaged between (a) 28S and 28N and (c) 16 and 208N and of
SST (Reynolds) averaged between (b) 28S and 28N and (d) 18 and 228N. NINO3.4 on top of all plots, blue during La Ni~na
and red during El Nino.
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developed and lasted for about 2 years. SMOS observations of the 2010–2011 La Ni~na event show a
strengthened WPFP eastern front and high salinity waters (above 35) reaching 1508E at the equator (Figure
2a). The strongest part of the signal is however found south of the equator in the SPCZ as was shown in a
previous study by Hasson et al. (2013b).

The presence of El Ni~no precursors in early-2014 (McPhaden et al., 2015), suggested the development of a
strong El Ni~no at the end of the year. However, the absence of sustained westerly wind events and unusu-
ally strong easterly winds in summer 2014 are thought to have halted the ongoing El Ni~no (Levine et al.,
2017; McPhaden et al., 2015; Puy et al., 2016b; Zhu et al., 2016). Instead of shifting eastward, the WPWP
remained west of the dateline and the lack of atmosphere-ocean coupling stalled the developing El Ni~no.
During the following year, a major El Ni~no developed, to become one of the 3 strongest events ever mea-
sured since 1950 (Blunden & Arndt, 2016; Paek et al., 2017). The state of the tropical Pacific ocean at the
end of 2014 has been suggested to have favored the outcome of this unusually strong El Ni~no event (Levine
et al., 2017) even though the random occurrence of westward wind bursts can also explain its uniqueness
(Puy et al., 2016b). By spring 2015, the SST increased in the central and eastern equatorial Pacific with a
strong response of winds and atmospheric convection, leading to global atmospheric modifications (Pal-
meiro et al., 2017). Negative SSSA were observed between 0 and 158N around 1708W from mid-2014 to
mid-2015 (Boutin et al., 2016). This period was then followed by an acceleration of the El Ni~no development
till early-2016. The atmospheric convection associated with the WPWP (i.e., the ascending branch of the
Walker circulation) expanded east of the dateline and well above average precipitation were found in the
central equatorial Pacific and south of the ITCZ, and below average near Indonesia.

By October 2015, and as expected, low salinities (below 35) and high temperatures were found around the
equator east of the dateline (Figures 2a, 2b, and 4) highlighting the El Ni~no eastward shift of the WPWP and
WPFP described by Gasparin and Roemmich (2016) and Corbett et al. (2017).

Additionally, significant freshening was observed around 208N (Figures 2b and 4) accompanied with a slight
increase in SST (Figure 2d). While the equatorial SSS anomalies associated with past El Ni~no have been well
documented, thanks, in particular, to the SSS observations of the TOGA/TAO network, the extra-equatorial
anomalies less well known. This double anomalous negative SSS feature appears to be specific to 2015. The
extra-equatorial SSS anomaly is indeed not represented by the canonical SSS patterns associated with either
the Central or Eastern Pacific El Ni~no events, as described by Singh et al. (2011) with 30 years of in situ
observations (their Figure 5). The negative SSS anomaly associated with El Ni~no events of the observed
period is located between 108N and 208S.

The 2015–2016 El Ni~no is the first event fully captured by the SMOS satellite mission, giving us an unprece-
dented opportunity to investigate the associated extra-equatorial SSSA. It is also the most powerful El Ni~no
monitored by the fully deployed Argo program (Corbett et al., 2017; Gasparin & Roemmich, 2016). Guim-
bard et al. (2017) observed the extent of the EPFP (less than 34.5 in their study) to be 20% larger in 2015
than the climatology and to reach the dateline by the end of 2015. During the previous rainy season the
preconditioning in 2014 of the zonal extension of the EPFP was found to be an essential factor enabling the
development of the 2015 maxima.

In this paper we combine the analysis of satellite observations with a numerical simulation in order to investi-
gate the unexpected 2015 northern tropical Pacific ocean SSS signal and the processes driving it. Data and
methodology are presented in section 2. Section 3 presents the observation and analysis of the 2015 SSSA fol-
lowed by the presentation of the mechanisms revealed from observation and modeling. Analogous events dur-
ing the 1996–2014 period are also discussed. A discussion, conclusions and perspectives are given in section 4.

2. Data/Methods

This study is based on the combined use of observations (satellite, in situ) and a numerical simulation. All
data sets and relevant characteristics are presented in this section.

2.1. Observational Data Sets
SMOS satellite salinity and an optimal interpolation of Argo float salinity measurement data sets are at the
center of our investigation.
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The SMOS satellite mission was launched in November 2009 as the second European Space Agency (ESA)
Earth Explorer (Kerr et al., 2010). It has been delivering space borne SSS since January 2010. The level-3
SMOS product used here is developed by the CATDS CEC-LOCEAN and known as debias_v2. This product is
corrected for coastal biases following an improved method described in Kolodziejczyk et al. (2016) and for
latitudinal biases (Boutin et al., 2017, in revision). This data set is available on a 0.2530.258 EASE grid,
smoothed over 18 days and available every 4 days from January 2010 to the end of 2016. The accuracy of
this SMOS SSS data set in the open ocean is estimated to be better than 0.2 and is specifically assessed in
our region in the present paper.

Numerous in situ SSS data sets are available. We use mooring data sets for their high temporal resolution
timeseries available from the mid 90s at specific locations and an optimal interpolation of in situ observa-
tions (mainly Argo floats) for its synoptic coverage.

The TAO-TRITON array has been deployed in the tropical Pacific Ocean in order to study ENSO and its pre-
dictability following the 1982–1983 event. Moorings provides many high temporal resolution ocean and
atmosphere measurements. Here, we use daily salinity and temperature measurements at various depth
(McPhaden et al., 2006). As many moorings have gaps in their timeseries surface salinity and temperature
data were also retrieved from the Woods Hole Oceanographic Institution Hawaii Ocean Timeseries Site
(WHOTS) mooring at 228 450N, 1588W. Mooring data are used in the present study for point-comparison of
SSS and SST in order to assess other data quality. Whenever available, measurements from sensors at 1m
depth were used and, when unavailable, the 10 m depth sensor was used to get the longest possible time
series. Stratification in the first 10 m is assumed to be negligible at the interannual time scale. Difference
between the surface and 10m salinity can however sometimes reach 1 locally but on average the vertical
salinity differences are 2.03 in the tropics (Drucker & Riser, 2014) No flag was used for the TAO data as they
were found to be not fully reliable as shown by Tang et al. (2017). This is further explained in section 2.4.
Only ‘‘Acceptable measurements’’ were used for WHOTS mooring.

The optimal interpolation ‘‘In Situ Analysis System’’ (ISAS) combines temperature and salinity measurements
mainly from Argo floats profiles, TAO-TRITON moorings and vessels CTD casts. ISAS provides monthly fields
of temperature and salinity from the surface ocean down to 2,000 m and on a near global .583.58 horizontal
mesh (Gaillard et al., 2016). In this paper, we use the 5m depth level and version 6.2 of the ISAS algorithm
applied in a delayed mode (with careful in situ data evaluation) until 2012 (Gaillard et al., 2016) and in near
real-time data after 2012 (Brion et al., 2011). ISAS uses covariance scales of 300 km in longitude, propor-
tional to the Rossby radius of deformation in latitude, and 30 day in time. The resolution of scales less than
300 km by the monthly gridded values is expected to be poor, even though it is weighted by the number
of nearby data and their location.

Additional observational data have been used in order to study the mechanisms behind the
observed salinity variations, amongst which the Sea Surface Temperature (SST) from the National Cli-
matic Data Center of the National Oceanic and Atmospheric Administration (NODC/NOAA), the sur-
face currents (U) from the Geostrophic and Ekman Current Observatory (GEKCO), evaporation (E)
from Ocean-Atmosphere (OA)Flux and precipitation (P) from the Global Precipitation Climatology
Project (GPCP).

The SST product is hereafter referred to as Reynolds SST (Reynolds et al., 2007). This gridded 1=4-degree daily
product (V2.0) is an optimal interpolation from combined data sets derived from satellites and in-situ data
(from ships and buoys). Reynolds SST is available from 1981 till present. Based on satellite wind stress and
altimeter sea level, GEKCO provides daily geostrophic and Ekman currents at a .258 spatial resolution from
1992 to present (Sudre et al., 2013). Currents within 28 of the equator are discarded. GPCP precipitation data
are available in its version 2.1 from October 1996 to October 2015 in a daily 2.58 resolution mesh (Huffman
et al., 2009). The OAFlux project supplies evaporation data on a monthly 18 spatial grid from 1958 to present
(Yu et al., 2008). Ni~no 3.4 SST anomalies were retrieved from the NOAA Earth Sciences Research Laboratory
(ESRL) and subsequently smoothed by a 5 month moving average.

Nearly all in situ salinities are based on seawater conductivity providing Practical Salinity measurements.
Even though the difference is not noticeable at our scale of interest in the tropical Pacific Ocean, all salin-
ities have been converted into absolute salinities using the Thermodynamic Equation of Seawater (TEOS-
10) established by the Intergovernmental Oceanographic Comity (IOC) and are expressed in g.kg21
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(Wright et al., 2011). Using absolute salinity allows a direct comparison of observations and model salin-
ities (Wright et al., 2011).

2.2. Numerical Simulation
To further analyze the SSSA associated with ENSO in 2015, forced oceanic experiments were performed.
The NEMO v3.2 model (Nucleus for European Modelling of the Ocean; Madec, 2008) was set up in a 18 reso-
lution global configuration (ORCA1; Hewitt et al., 2011), with local transformations in the tropics leading to
a 1/38 meridional resolution at the equator. The model vertical resolution is 10m at the surface, 25m at
100m depth and 300 m at 5,000 m depth, resulting in 42 vertical levels. More details on the model configu-
ration and assessment can be found in Puy et al. (2016a). The numerical simulation provides daily outputs
of all the needed parameters for this study such as salinity, temperature and currents but also all the terms
of the mixed layer salinity budget equation (see section 2.5).

The model is forced by the DRAKKAR Forcing Set v5.2 (DFS5.2; Dussin & Barnier, 2013), derived from ERA 40
(Uppala et al., 2005) until 2002 and ERA-Interim reanalysis (Dee et al., 2011) afterward. The model is used in
the present study to compute the salinity budget of the mixed layer (ML) and therefore no direct SSS restor-
ing can be used. In order to prevent the salinity drift associated with the absence of restoring, a correcting
term is computed as an additional freshwater surface fluxes. This methodology was already used and
described by Vialard et al. (2002) and more recently by Hasson et al. (2013a, 2013b, 2014). The computation
of the correcting terms requires the run of a first simulation with a very strong surface damping (i.e.,
1,000 mm/d). The 1985–2015 average correction on the freshwater fluxes is computed from this first simula-
tion and then added to the DFS5.2 forcing in the second simulation. This way the simulation does not drift
over time but keeps its dynamical integrity for the time scales of interest. The correction corresponds to
about 3.26% of the average forcing field on our region of interest (108S–308N, 1408E–708W). The ML salinity
budget is computed online at every model computation time step, the ML depth being defined as the
depth at which the density differs by 0.01 from the surface.

This model reproduces relatively well the interannual variability of the tropical Pacific Ocean in 2014 and
2015 (Puy et al. 2016a, 2016b). The model is further assessed, especially in terms of salinity, in section 2.4.

2.3. Filtering Time Series
All anomalies were computed as described below. The common period of all data sets i.e., 2010–2015 is
used to build a monthly climatology. Given the short length of the period, filtering the time series without
excluding data on either end is challenging. Our first solution is to construct a monthly climatology is built
from 25 month Butterworth high-pass filtered data. The difference between the climatology over the 2010–
2015 and the full record period of each data set is small and does not impact the results of this paper. This
high-passed monthly climatology is then subtracted from the original data set to create a first estimation of
the interannual anomalies and is referred to as the ‘‘limited’’ interannual filter. This filtering methodology
preserves each end of all time-series but does not filter out the intraseasonal variability. This ‘‘limited’’ inter-
annual filter is used when investigating events close to the end of the time-series. A second solution uses
the same processing but adds an additional 13 month low-pass filter to remove the residual high frequency
variability and preserve the interannual variability. This more ‘‘robust’’ protocol is used whenever possible
(i.e., 6 month away from either end of the time-series). Figure 3 shows interannual anomalies from the
‘‘limited’’ and ‘‘robust’’ filters from the 2010–2015 monthly climatology at two mooring sites (stars on Figure
1a). Both filters remove the seasonal cycle adequately. As expected the ‘‘limited’’ filter leaves out some intra-
seasonal variability. This signal appears to be associated with waves such as tropical instability waves and
barotropic Rossby waves (Farrar, 2011; Kessler, 2006).

2.4. SSS Data Sets Assessment
Comparison of the in situ, space-borne and simulated salinity data sets were made both at selected moor-
ing positions and at the basin scale.

The coherence among the different products is estimated at several mooring sites in terms of SSS and SST.
All data sets were compared to their closest neighbor and filtered using the ‘‘limited’’ and ‘‘robust’’ filters
described above. This comparison is illustrated for SSS at the dateline-Equator TAO and the WHOTS moor-
ings (stars on Figures 1a and 3). All data sets in Figure 3a show coherent variability in SSSA at the equator.
TAO mooring timeseries suspiciously departs from other data sets by 0.5 in April 2003 highlighting possible
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issues with the TAO data. Interannual SSS variations are however well represented, for instance during
ENSO phases (i.e., 1997, 2002, 2007, 2010, and 2015). Further north at WHOTS, observations consistently
show weaker variability than at lower latitude (Figure 3b). SSS variations do not show any apparent correla-
tion with ENSO (Ni~no 3.4 index). We point out the strong agreement between the mooring and SMOS SSS
at both interannual and intraseasonal timescales. The model shows stronger interannual variations. More-
over, the bathymetry around the Hawaiian Islands, and thus currents, is very complex. The model is
expected to inaccurately represent the variability close to the islands.

In order to further assess the data sets, statistics at 18 moorings (stars and dots on Figure 1a) were com-
puted (Table 1). Statistical comparisons were made for the TAO moorings Quality Control (QC)’ed data and
for the whole time-series regardless of the QC, and it was found 1) that there were not enough QCed data
points to compute significant comparisons at most moorings and 2) the results presented below do not dif-
fer substantially whether non-QCed data are used or not. The TAO moorings measurement and the ISAS
product are not strictly independent but it is expected that the objective analysis of ISAS will smooth out
large TAO errors so it could be used to remove the largest errors in the TAO data. TAO minus ISAS SSS Root

Table 1
Root Mean Square Differences (RD) Between Mooring Observations (Selected TAO and WHOTS Moorings (Same as Figure 3)
and All TAO and WHOTS) and the Model (NEMO), Interpolated In Situ (ISAS), Interpolated In Situ and Satellite (Reynolds)
and Satellite Only (SMOS) Data, in Terms of Sea Surface Temperature and Salinity

Sea surface temperature (8C) Sea surface salinity

NEMO ISAS Reynolds NEMO ISAS SMOS

N RD N RD N RD N RD N RD N RD

TAO 6,805 0.60 161 0.27 1,614 0.45 5,904 0.33 135 0.19 354 0.33
WHOTS 3,980 0.35 131 0.16 1,073 0.24 3,980 0.25 131 0.22 200 0.18
All 62,756 0.48 1,445 0.24 14,638 0.37 4,1045 0.28 1,203 0.15 3,987 0.24

Figure 3. Time series of monthly interannual SSS at (a) the equator and 1808E and (b) at 1588W, 238N from Moorings (green), ISAS (red), SMOS SSS (yellow) and
the NEMO numerical simulation (blue). Lighter colors and thinner lines for the seasonal climatology anomaly (limited filter) and darker thicker lines when using
the ‘‘robust’’ filter. The dashed grey line denotes the Ni~no 3.4 index (2.4 scaling).
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Mean Square Deviation (RMSD) is used to test the TAO data set. Wherever the TAO-ISAS RMSD is larger than
0.38C for SST and larger than 0.2 for SSS the TAO mooring data set is discarded. Filters described above are
not used for this comparison. The mooring data were averaged in time to reflect the other data sets time-
resolution, leading to significant differences in the number of points of comparison between data sets.
Table 1 provides a summary of the RMSD at the two moorings presented above (Figure 3) and at all sites
together. NEMO- and Reynolds- TAO SST RMSD are below .5 and .48C respectively showing a good accuracy
of both means of SST. NEMO and SMOS reproduce accurately TAO measurements (RMSD both around 0.25)
even though some dubious measurements are still present in the TAO data set.

In order to further validate the large scale features which are of particular interest for the present study, the
October 2015 SSA is shown for SMOS, ISAS and the model in Figure 4 using the ‘‘limited filter.’’ Patterns of
the zonally-oriented basin-wide negative SSSA are consistent amongst the products. Firstly, the structure of
the strongest anomaly, centered around the Equator and the dateline, is well simulated by the model when
compared to both observation data sets, although its eastward extent is slightly reduced. Secondly, a fresh
tongue extends eastward from the first anomaly, centered around 88N and 58 wide in latitude, as seen in
SMOS observations and as reproduced well by the model. It is however very smooth and non-continuous in
the ISAS optimal interpolation as expected from the product’s effective resolution. Thirdly, the vast region
of negative anomaly north of 10/158N is consistently seen in the model and in the observations. Finally, the
patches of positive SSSA bracketed by the negative ones west of the dateline are also very coherent from
one product to another. These features will be further described in the Results section. The good agreement
between in situ and SMOS SSS data sets is well known. Since satellites only measure the first cm of the
water column and Argo top measurement is on average 5 m, stratification in the tropical areas can be sub-
stantial (see Boutin et al., 2016, for a review). It was however shown that at the large scale the impact of
stratification is reduced (Drucker & Riser, 2014). Differences in measurement methods must hence be kept
in mind.

This assessment gives us confidence in the consistency of all data sets to reproduce the SSS interannual var-
iability in the tropical Pacific Ocean, as described by the TAO moorings. It further shows the particular
capacity of SMOS observations and model simulations to reproduce observed detailed structures such as
the sharp frontal features that optimal interpolations, such as ISAS, struggle to represent.

Figure 4. October 2015 SSS Interannual Anomaly from (a) SMOS, (b) ISAS, and (c) the model from the ‘‘limited’’ filtering
technique.
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2.5. Salinity Budget Processes
The ML salinity budget equation can be written as below (e.g., Hasson et al., 2013a,b).

@tS|{z}
I

5 E2Pð Þ S
H|fflfflfflfflffl{zfflfflfflfflffl}

II

12~u � ~rS|fflfflfflfflffl{zfflfflfflfflffl}
III

1 ~r Kh � ~rS
� �

|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
IV

1 w1@tHð Þ 1
H
dS
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VI

(1)

Term I (g.kg21.yr21) denotes the rate of change of salinity within the ML. The salinity averaged within the
ML is denoted by S. The terms on the right-hand side of the equation describes the budget. Term II repre-
sents the freshwater forcing from the atmosphere onto the ML of depth H. The land freshwater contribution
to the budget can be neglected in the tropical Pacific Ocean at the scales of interest. The horizontal pro-
cesses are described by terms III and IV, which represent the advection by the ML horizontal currents and
the horizontal mixing, respectively. Terms V and VI describe the vertical processes at the bottom of the ML.
The vertical advection and entrainment are represented by term V. Term VI corresponds to the vertical mix-
ing. Kh and KZ are the horizontal and vertical diffusion coefficients, and dS the vertical salinity gradient
across the ML base.

Even though the processes at fine scales are parameterized by the diffusion coefficients, it is not possible to
close this budget from observations only, given its complexity. All terms of the full salinity budget (equation
(1)) can be computed from the NEMO numerical simulation at every iteration step (online) except for the
entrainment (residual). They are then averaged and archived daily.

Aside from the fine scales, the processes at depth within the ocean (e.g., at the bottom of the ML) are too com-
plex to account for with in situ observations as shown by various studies (Gasparin & Roemmich, 2016; Guimbard
et al., 2017; Hasson et al., 2013; Sommer et al., 2015). The observation-based budget is therefore simplified as:

@tSSS|fflffl{zfflffl}
I

5 E2Pð Þ SSS
H|fflfflfflfflfflffl{zfflfflfflfflfflffl}

II

1 2~u � ~rSSS|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
III

1residuals (2)

Where the SSS and the surface currents (u) are assumed to be representative of the ML. All of the vertical
and fine scale terms are included in the residuals (IV, V, VI of equation (1)) and only the SSS tendency (I),
freshwater fluxes (II) and horizontal advection (III) are represented. Following the SMOS product resolution,
the observation based budget is computed from 18 day low pass filtered data from which the median is
computed within 2.58 of latitude and 58 of longitude to force all data sets to have the most consistent reso-
lution and to smooth out the noise.

3. Results

3.1. The October 2015 208N SSS Anomaly
3.1.1. Description
By the end of 2015, significant freshening is observed around 208N (Figures 2c and 4). SSS decreases across
the basin at this latitude from mid-2014 to 2016 (Figure 2c). The EPFP edge, denoted by the ‘‘eastern’’ 35 iso-
haline, reaches the dateline. This basin-wide freshening is represented in all SSS observations and the
model (Figures 3b and 4) and has an amplitude greater than 0.5 between 10 and 258N. This feature is here-
after referred to as the 208N anomaly. It is accompanied by a large equatorial freshening of about 1 in the
western part of the basin, centered around the dateline (Figures 2a and 4). Fresh waters (below 35) are
found east of the dateline from mid-2015 to mid-2016 and the two freshpools join one another (Figure 2a).
As described in the introduction, the equatorial SSS decrease is associated with the eastward shift of the
WPFP associated with El Ni~no and was described by Gasparin and Roemmich (2016) and Corbett et al.
(2017). The large equatorial negative SSSA (below 20.5) lies between 1608E–1608W and 88S–88N with an
extension spreading all the way to 908W and 108N, forming a ‘‘sigma-shaped’’ pattern.

The two large-scale SSSAs are separated by a band of weaker anomalously fresh waters centered around
108N. A positive 10.3 anomaly extends east from north of Papua New Guinea to 1708E (Figure 4). This is
consistent with Singh et al. (2011) analysis of El Ni~no composite patterns of SSS.

This anomalous negative interannual SSS double-pattern (i.e., equatorial and extra-equatorial) is specific to
the year 2015. Singh et al. (2011) found SSSA associated with El Ni~no events to be concentrated south of
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108N. During the 2002–2003 and 2009–2010 El Ni~no events, no freshening is found around 208N, both in
ISAS, SMOS (2010 only) and modelling data sets (Figure 3b). In addition, the model does shows any signifi-
cant freshening around 208N for any of the simulated El Ni~no events during 1985–2013 (Figure 3b).

In the present study, we show how the October 2015 208N SSS anomaly was generated and how the equa-
torial and extra-equatorial anomaly are related.
3.1.2. Build-Up of the 20oN SSS Anomaly
The 208N SSS anomaly first appears in 2014 as shown by observation and modelling (Figures 2c and 3b).
SSS decreases consistently amongst products at WHOTS mooring from early 2014 to the end of 2015 (Fig-
ure 3b). The analysis of SMOS interannual monthly SSSA shows that the 208N SSS anomaly appears to origi-
nate west of the dateline in the equatorial region in early 2014 (Figures 5a–5d). The model simulation
shows gradual build-up over 2014–2015 (Figures 5e–5h). The evolution of the April 2014 negative anomaly
can be described from observations and modelling as follows.

In April 2014, an equatorial negative interannual SSS anomaly of below 2.3 is present west of the dateline
(Figures 5a and 5e). From April to October 2014, SSS decreases across a large band, roughly from 5 to 108N
and from the dateline to the American coast. A zonal bipolar anomaly is in place around the equator in
October 2014 with an anomaly of 20.3 west of 1708E and 10.3 to the east (Figures 5b and 5f). This ‘‘sigma
shaped’’ anomaly resembles the canonical SSS signal associated with ENSO described by Singh et al. (2011),
even if El Ni~no is not developing in 2014. By April 2015, the equatorial anomaly starts its eastward shift
expected from the 2015 El Ni~no event development (Figures 5c and 5g). North of 58N, the anomaly is inten-
sified and spreads all the way to 208N. From April to October 2015, the negative equatorial anomaly intensi-
fies to be well over 20.5 and reaches the dateline (Figures 5d and 5h). Similar to October 2014, the
anomaly becomes ‘‘sigma shaped’’ as a narrow 58–108N less fresh anomaly band develops. By October 2014,
the positive anomaly centered on 58S and the dateline has nearly disappeared to the east. The 208N anom-
aly (<20.5) is distinct and spans from 10 to 258N (Figures 5d and 5h). The model shows a weaker anomaly
than the observations but has consistent salinity patterns and timing. This discrepancy could be explained
by very near surface stratification as the model averages salinity over the mixed layer (with a minimal depth

Figure 5. Monthly average, every 6 months, of the (a-d, left) interannual SMOS and (e-h, right) modeled SSS anomaly (color), unfiltered currents (arrows) and iso-
hyets (22.5 and23.5 m.yr21, magenta contours) for the months of April and October 2014 and 2015.
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of 10m, corresponding to the 1st level of the model) whereas SMOS measures the first centimeter. More-
over, this discrepancy can also be due to imprecision in the model’s mixing parametrization and its coarser
resolution north of 108N. Note that the equatorial Pacific Ocean is in a very similar state in April 2014 and
April 2015 in terms of SSS (Figures 5a, 5e, 5c, and 5g). By October the difference between 2014 and 2015 is
substantial. In 2015, the ‘‘sigma-shaped’’ anomaly fully develops and is seconded by the wide-spread 208N
anomaly (Figures 5d and 5h). In early-2016, both anomalies weaken, even though the northward extension
is still apparent (not shown).

During this period, saltier than usual waters occur off Baja California. This anomaly lasted all through 2014
and 2015 (Figures 5a–5d), which seems consistent with the warmer than usual waters found in this region
at that time and called ‘‘the Blob’’ (Di Lorenzo & Mantua, 2016; Gentemann et al., 2017, Hu et al., 2017). Fur-
ther exploration of this SSS anomaly and its relation to the ‘‘Blob’’ temperature anomaly are needed, but are
beyond the scope of this study.

These strong interannual SSS variations are driven by freshwater fluxes (evaporation and precipitation) and the
ocean currents and mixing through the salinity balance equation (equation (1)). Freshwater fluxes are impor-
tant in the region of interest with the strongest values (below21.5 m.yr21) occurring in the ITCZ, South Pacific
Convergence Zone (SPCZ) and WPWP regions, roughly between 5 and 108N across the basin and between
108S and 108N west of 1708E (Figure 1a). Freshwater fluxes have a strong variability at all timescales, which is
evident from April 2014 to October 2015 (Figure 5) and are consistent with SSSA to the first order, especially in
October 2014 and 2015. Discrepancies however underline the non-negligible role of ocean dynamics. North of
108N, the westward flowing North Equatorial Current (NEC) is the southern branch of the sub-tropical gyre (Fig-
ure 1b, grey contours). The North Equatorial Counter-current (NECC) runs eastward between 3 and 108N with
an average speed of .25 m/s. The SEC spans from 108S to 38N and is concentrated in two westward jets on
each side of the equator of about .3 m/s speed. Trade winds not only force the zonal currents but also induces
the equatorial upwelling and associated poleward meridional divergence called the Ekman drift. Tropical
oceans have a short response time to atmospheric variations and therefore the currents system shows intense
variability at seasonal and interannual time scales (Philander, 1990) as shown from April 2014 to October 2015
(Figure 5, arrows). Patterns of SSSA and currents show an interesting coherence. It is however not straight for-
ward how freshwater fluxes and surface currents interact to produce the observed SSS anomalies. Further
investigation is performed in the following section, by considering the salinity budget over 2014–2015 from
observations and modelling to shed light on the mechanisms leading to the 208N SSSA.
3.1.3. Associated Processes
Observations of SSS, freshwater fluxes and surface currents can provide an estimation of the SSS budget
(equation (2)) that can only represent surface processes (Figure 6). The model on the other hand provides a
full budget (equation (1)) and provides details on the mechanisms that are unresolved by observations such
as vertical processes (Figures 7d, 7h, and 7l).

Figure 6. (a, d, g) Seven month SSS tendency, (b, e, h) fresh water fluxes and (c, h, i) horizontal advection centered around (a-c, left) July 2014, (d-f, middle) January
2015 and (g-i, right) July 2015 from observations. Figures 6a, 6d, and 6g represent SSS changes (Term I of equation (2)) from April 2014 (Figure 5a) to October
2014 (Figure 5b), from October 2014 (Figure 5b) to April 2015 (Fig. 5c) and from April 2015 (Figure 5c) to October 2015 (Fig. 5d) respectively. SSS changes
associated with freshwater fluxes and horizontal advection (Terms II and III of equation (2)) over the same periods are shown on Figures 6b, 6e, 6h and 6c, 6h, 6i,
respectively. Contours on all plots represent the20.1 year21 SSS tendency for each period.
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Between April and October 2014, negative SSS tendencies are found between approximately 58 and 108N
across the basin (Figures 6a and 7a) leading to the narrow SSSA extension described above (Figures 5b and
5f). The observation budget shows that the freshwater fluxes do not account for all of this SSS decrease (Fig-
ure 6, left column). East of 1508W, the freshwater fluxes act to decrease the SSS north of the negative SSS
tendency. The model confirms the role of advection which can only be indirectly inferred from observations
(Figure 7, left column). The SEC-induced advection increases SSS within 58 of the equator, whereas an inten-
sified NECC brings fresher waters from the western part of the basin between 58 and 108N. The equatorial
anomalous fresh waters associated with the 2014 weak El Ni~no are therefore advected by the NECC far into
the center of the basin. Vertical processes have a damping effect on the SSS changes because of their
dependence on the vertical stratification as described by Vialard et al. (2002) and Hasson et al. (2013a).

During the following 6 month period (October 2014 to April 2015) shows negative SSS tendency north of 108N,
corresponding to the 208N anomaly build-up. It is also accompanied by the equatorial SSS decrease due to the
developing 2015 El Ni~no event (Figures 6 and 7, central column). Observed and modeled freshwater fluxes are
important during this period but do not coincide with the northern SSS tendency as they are mostly damped by
vertical processes. In the model, horizontal advection appears to be the main driver of the SSS decrease north of
108N brought by zonal currents (Figure 7). Currents indeed drive low SSS advected in the 5–108N area during the
previous 6 month period to the north. Hasson et al. (2014) found the Ekman drift to drive SSSA southward during
the 2010–2011 La Ni~na in the western tropical Pacific. It is hypothesized that the Ekman drift is also responsible
for the northward SSSA advection observed in 2014–2015. This hypothesis is further explored below. This low
SSS signal is not as affected as much by vertical processes as waters brought by the zonal currents. As shown by
Gasparin and Roemmich (2016), horizontal advection and vertical processes control the equatorial SSS decrease.

The 208N anomaly continues its build-up through the next 6 month period (Figures 6 and 7, right column).
Negative SSS tendency is found within 108 of latitude of Hawaii. Similarly to the previous period, the fresh-
water flux does not drive this SSS change as seen both for observations and the model. If the analysis of
observed horizontal advection does not allow to draw any conclusions, the modeled advection clearly has
an impact on the SSS tendency (Figure 7k). In mid-2015, El Ni~no is developing in the Pacific and the sea-
sonal eastward flowing NECC is in place whereas the SEC has nearly disappeared. The NECC reverts north
into the NEC around 1008W, then flowing westward between 108 and 208N. As for the previous 6 month
period, we make the hypothesis that the Ekman drift is driving this northward advection. Vertical processes
are opposing horizontal advection north of Hawaii and help to eventually dissipate the negative SSSA. Dur-
ing this period, the 208N anomaly appears in conjunction with the canonical 108S2108N El Ni~no SSSA, with
a strong negative tendency between April and October 2015 and extending to the American continent.

Figure 7. (a, e, i) Seven month SSS tendency, (b, f, j) fresh water fluxes, (c, g, k) horizontal and (d, h, l) vertical ocean processes centered around (a-d, left) July 2014,
(e-h, middle) January 2015 and (i-l, right) July 2015 from the NEMO numerical simulation. Contours on all plots represent the20.1 year21 SSS tendency for each
period. Analogous to Figure 6.

Journal of Geophysical Research: Oceans 10.1002/2017JC013423

HASSON ET AL. 2708



From April 2015, El Ni~no develops and the entire atmospheric circulation is gradually modified, impacting
freshwater fluxes. Precipitation then increases across the tropical Pacific Ocean and especially east of the
WPWP climatological position and south of the ITCZ and SPCZ climatological positions, leading to intense
interannual surface freshwater fluxes across the tropical Pacific ocean. Our budget confirms that a combina-
tion of all terms explains the associated equatorial SSS decrease (Gasparin & Roemmich, 2016). North of
Papua New-Guinea and in the Solomon Sea, the effect of interannual freshwater forcing is positive, which is
consistent with the modification of the Walker circulation. A region of weakly increasing SSS is also present
around 108N separating the two negative tendency regions. Modeled advection reveals the role of the
NECC advecting positive SSSA from the north of the Papua New-Guinea to the center of the basin.

Analyzing the SSS budget over successive 6 month periods has enabled us to track the sequence of pro-
cesses leading to the unexpected 208N SSS anomaly observed and modeled in October 2015. To summarize
these processes, negative SSSAs are formed at the Equator, west of the dateline, under El Ni~no conditions
during January-April of the 2014 and 2015. They are subsequently advected eastward between 58 and 108N
by the NECC and amplified by freshwater fluxes until October of each year. The 2014 and 2015 negative
SSSAs continue to be advected north but also zonally as the NECC retroflects to the north into the westward
flowing NEC. The SSSAs diminish as the seasonal NEC declines and are advected northward reaching the
Hawaiian Islands by April. They subsequently linger in the area. This cycle happened twice, with the weak El
Ni~no in 2014 and the strong event in 2015, and created the unprecedented anomaly of October 2015.

It is however still not clear which mechanisms are behind the northward advection of the equatorial SSSAs,
whether it is specific to El Ni~no conditions and why it has not been observed in the past. In order to investi-
gate this, the longer records of SSS from SMOS, ISAS and the model are now considered.

Figure 8. 1508–1708W Latitude-time plot of the interannual SSS anomaly from (a) SMOS, (b) ISAS, and (c) NEMO and (d)
SST from NEMO. NINO3.4 on top of all plots, blue during La Ni~na and red during El Nino (scaled by22, centered on the
Equator).
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3.2. Northward Pathway of Equatorial SSSA
At every occurrence of El Ni~no during the observed period (i.e., 2002–2003, 2009–2010 and 2014–2015) a
negative SSS anomaly shows an apparent northward displacement between 150–1708W (Figures 8a–8c). In
addition, northward displacements of SSSAs also occur during neutral periods, i.e., 2005 or 2007. Negative
SSSAs are present at the equator west of 1708W during strong El Ni~no events especially in 1998 and 2015
when the equatorial anomaly spreads eastward. During the 1997–1998 El Ni~no event and in the model,
only a weak anomaly reaches 208N early 2000. SSSAs in 2002, 2010, and 2014 only reach 1708W at 58N (Fig-
ures 8a–8c). In 2014, the SSSA is advected by the NECC eastward to 1708W between 58 and 108N (Figure 5c).
The evolution of SSSA patterns from October 2002 to April 2004 and from October 2009 to April 2011 (Fig-
ure 9) is coherent with what has been described above for 2015 (Figure 5). An equatorial anomaly is present
west of the dateline in October of the first year. Six months later, the anomaly spans across the basin
between 5 and 158N. The SSSAs become apparent between 1508–1708W (Figures 8a–8c). In October of the
second year, the anomaly begins its northward course and reaches 208N by April of the second year (Fig-
ures 8a–8c and 9).

To focus on this northward displacement the interannual SSS budget is computed from the model and pre-
sented as latitude-time plots averaged within 150–1708W (Figure 10). The SSS tendency shows the displace-
ment of anomalies from 5 to 108N to 20–258N in about 18 months over the entire period (Figure 10a)
mirroring Figure 8c. Significant freshwater fluxes only occur south of 108N and do not show any northward
displacement (Figure 10b). The horizontal oceanic processes clearly appear as the main driver of the SSSA
displacement (Figure 10c). Vertical oceanic processes have a buffer effect on abrupt changes in SSS, result-
ing from surface fluxes and horizontal dynamics (Figure 10f), as found in the 2014–2015 budget analysis.

In order to investigate in more detail the role of the different terms acting in the horizontal processes and
to better understand the northward movement of SSSAs, the Ekman advection is computed off-line from
the model as follows:

Figure 9. Interannual NEMO SSS anomaly for the months of (a) October 2002, (b, c) April and October 2003, (d) April 2004, (e) October 2009, April and October
2010 (f,g) and April 2011(h).
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Budget term numbers follow equation (1), where III is the horizontal advection, IV is the horizontal mixing.
VII represents the Ekman advection and VIII the non-Ekman advection (Figures 10d and 10e). The Ekman
current (ue) is computed from the model wind and the non-Ekman current (une) is the difference of ue from
the total current. Ekman currents are not computed within 28 of the equator.

We hypothesized from the 2014–2015 budget analysis, that northward advection of SSSA is mostly driven
by the Ekman currents. SSSAs are advected poleward throughout the 1996–2016 period, regardless of the
ENSO phase of the ocean (Figures 10c and 10d). ENSO however modulates the 0–108N SSSA intensity (Singh

Figure 10. 1508–1708W latitude-time plots of the interannual NEMO SSS budget as described by Equations 1 and 3: (a)
SSS tendency, (b) freshwater fluxes, (c) horizontal processes, (d) Ekman horizontal advection, (e) remaining horizontal pro-
cesses from the Ekman horizontal advection and (f) vertical processes
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et al., 2011) that is subsequently advected north (Figures 8a–8c). The large SSSA created by ENSO acts as a
tracer to highlight the northward pathway described in the present study. This northward movement is fur-
ther modulated by freshwater fluxes (Figure 10b) as seen for instance in 2014–2015 when they reinforce
the negative SSSA. Conversely, the 1997–1999 SSS budget suggests that the equatorial negative anomaly
advected north by the Ekman currents (Figure 10d) is opposed by positive freshwater fluxes and vertical
processes (Figures 10b and 10f). The 1997 El Ni~no event therefore triggered a strong freshening of the
equatorial region that hardly appears at 208N.

Following their advection within the NECC (5–108N), the equatorial SSSAs continue their northward journey
driven by the Ekman drift into the NEC (10–158N) and then northward out of NEC to around the latitude of
the Hawaiian Islands (�208N) where they are slowly eroded.

4. Summary and Conclusions

In 2015, an unusually large negative SSS basin-wide anomaly was measured at 208N in the Pacific ocean
from space by the SMOS mission and in situ by Argo floats. In the same year, one of the strongest El Ni~no
events on record developed and created disruptions in the atmospheric and oceanic circulations. The analy-
sis of this 208N negative SSS anomaly reveals its origin almost 20 months earlier at the Equator. A sigma-
shaped negative SSS anomaly centered on the Equator and the dateline is also observed in October 2015,
as expected from the development of the 2015–2016 El Ni~no. This double-anomaly pattern at the equator
and 208N was not found in the historical measurements of surface salinity during previous El Ni~no events.
The mechanisms leading to this double anomaly were investigated here, using both in situ and satellite
observations together with a validated ocean-only numerical simulation performed with the NEMO ocean
model.

El Ni~no creates equatorial SSSA both via anomalous freshwater fluxes and modified ocean dynamics (advec-
tion, entrainment and mixing). The Walker circulation is strongly altered and its ascending branch is dis-
placed and scattered from the western equatorial Pacific to a more central position. This leads to a
modification of the precipitation patterns and of the trade winds over the Pacific Ocean, leading to changes
in evaporation and in the equatorial currents system.

The SSS budget from observations provides the first key on the role of the surface processes described by
equation (1). Observed surface freshwater forcing echoes the modifications in the Walker circulation in
2015. Even though the observed horizontal advection is noisy, some patterns can be distinguished but the
results are too noisy to be quantified. Further analysis is conducted with the numerical simulation and con-
firms that horizontal advection is the main driver of SSS changes at the Equator. The WPFP is indeed
advected eastward during the first 4 months of 2014 and 2015, driven by the weakening Trade winds and
successive westerly wind events in 2015 (Gasparin & Roemmich, 2016; Puy et al., 2016b). During the follow-
ing months, these anomalies are further advected eastward by the NECC in a narrow band between 5 and
108N. Satellite observations and the model simulation (Figure 5) indicate that the NECC intensity is particu-
larly strong in 2015, as described by Guimbard et al. (2017; their Figure 12). The intensification of ITCZ pre-
cipitation between 58 and 108N associated with El Ni~no conditions from April to October 2015 also drives a
strong decrease of SSS with a rate below23 year21. A combination of surface advection and surface forcing
is thus responsible for the narrow extension of the intense equatorial anomaly that extends zonally from
the dateline to almost the American continent in October 2014 and 2015. The 5–108N SSSAs are subse-
quently advected north by the Ekman drift into the westward flowing NEC and then north out of it again.
The westward advection of the EPFP does not appear to play a major role in the 5–108N SSS anomaly, as
suggested by Guimbard et al. (2017).

The October 2014 SSSA is further advected North reaching 208N during the following year. Our analysis con-
firms that the Ekman drift acts as a basin-wide treadmill advecting these interannual anomalies poleward
through the tropical zonal current system. Some part of the net northward transport of the SSSA is also car-
ried by the NECC’s retroflection northward into the NEC. Furthermore, smaller scale current features appear
to interact with the Ekman northward drift, as revealed by the striking coherence of interannual SSSA and
unfiltered surface currents for example around Hawaii (5–208N and 140–1808W, Figure 11) in both the
model and observations. Cusps in the NECC and NEC are observed at these latitudes and it is hypothesized
that they play a significant role in the northward displacement of the SSSA. They were described by
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P�erigaud (1990) and Farrar and Weller (2006) as being baroclinic instability waves. Furthermore, they could
transport anomalies in SST and SSS meridionally in a similar way to tropical instability waves near the equa-
tor (Kessler, 2006; Lee et al., 2014). Note that the model SSSA structure is much smoother than the observa-
tions and may not resolve small scale eddies due to its 18 horizontal resolution at 208N. The cusps indeed
create northward pathways for the fresh waters brought by the NECC from the western Pacific as seen in
January 2015 (Figure 11).

The present study demonstrates the importance of the Ekman drift, the NECC to NEC transport and sug-
gests the role of smaller scale features in generating the October 2015 208N basin-wide SSSA as they all pro-
vide northward pathways for equatorial anomalies to reach the extra tropics. Analogous mechanisms
occurred in the successive years in 2014 and 2015, led to a superimposition of SSSAs and created the
unusually strong double structure in October 2015. Moreover, we find a strong anomaly by the end of 2016
(Figures 2a and 2c). The record of the past 20 years of observed and simulated SSS shows a continuous
northward advection of SSSA from the Equator to the Subtropics that is balanced by freshwater fluxes and
vertical processes. This advection is particularly clear during El Ni~no events as anomalously strong SSSA are
generated in the equatorial region. The 1997–1998 El Ni~no equatorial negative SSS anomaly was also
advected north, but in this event it was counteracted by strong positive freshwater fluxes and vertical pro-
cesses, especially in the ITCZ. The sequence of the halted 2014 El Ni~no producing a first equatorial SSS
anomaly which was then reinforced by the ITCZ freshwater fluxes and lingered in the Pacific, then followed
by El Ni~no conditions in 2015 led to the formation of the very large 208N anomaly in 2015.

In the recent years, the improvement of satellite SSS retrieval has enabled the study of the mean state and
the variability of the SSS field at scales that are not resolved by the sparsely distributed very high frequency
moorings, nor by the Argo network whose nominal resolution is about 300km and 10 day globally (Roem-
mich et al., 2009). The coherence of satellite-borne SSS and independent data sets such as altimetry currents
gives us confidence in the quality of the data and their capacity to provide information at the large meso-
scale. Both Argo profiling floats and TAO/TRITON moorings provide complementary in situ data sets giving
valuable insight into subsurface processes that cannot be observed from space (Gasparin & Roemmich,
2016) and provide a benchmark of in situ observations for the calibration and validation of space missions
as well as models. Their first order importance should not be disregarded and this complementary observ-
ing capacity needs to be maintained in the future (Durack et al. 2016).

This study shows the ability of SSS to retain El Ni~no-generated anomalies for up to 20 months from the
equator to 208N, in striking contrast to SST (Figures 8c and 8d) which is rapidly eroded by air-sea interac-
tions. This close-to-passive behavior is another testimony of the central role of salinity as an essential tracer
to understand the ocean and its role in climate.
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