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Executive Summary 

 
The global water balance and the relative magnitudes of its global and regional components 
are of fundamental importance to society and are largely unmeasured over the ocean.  The 
advent of satellite sea surface salinity (SSS) measurements by the Soil Moisture and Ocean 
Salinity (SMOS) mission launched in November 2009 and the Aquarius on the fourth 
Argentine Satélite de Aplicaciones Cientificas (SAC-D) satellite mission launched in June 
2011, respectively, opened a new era in ocean sciences.  This paper outlines the new 
measurement systems, including a preliminary assessment on the technological challenges, 
and provides an overview of results, including the salt budget in the North Atlantic, tropical 
instability waves, Rossby waves, mesoscale motions, freshening of surface coastal waters 
from riverine outflow and impact on hurricane forecasting in northwest Atlantic, and SSS 
response to La Niña.  As the SSS time series lengthen with continued mission operations, 
SSS data will receive additional attention in numerous studies, including the El Niño/La Niña 
phenomenon, Gulf Stream meanders, and global salt budget of the water balance. 
 

 
 
 
Recommendation proposed: (1) Support sustained high spatial and high frequency 
SSS measurements for improved weather and climate applications.  (2) Assimilate 
measurements of satellite SSS, sea surface temperature, and ocean surface 
topography, together with in-situ measurement, into ocean general circulation models 
to improve estimates of vertical profiles of ocean currents and ocean heat transport. 
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1 INTRODUCTION 
 
Sea surface salinity (SSS) is a fundamental ocean state variable and alters sea 
surface temperature (SST) through the SSS influence on ocean surface density.  
Also, SSS is a tracer of ocean circulation and an important component of the global 
water balance.  What makes the study of SSS so fascinating is that a variety of 
processes occur simultaneously and also occur coincidently with other processes.  
 
The SSS unit is dimensionless because salinity is defined as the weight of salt in 
grams in 1 kg of seawater.  The typical SSS in the global ocean is 35 g (kg)-1 or 35 
practical salinity units (psu).  A SSS increase of 0.2 psu and a decrease of 1 °C in 
SST would each increase seawater density by approximately the same amount.  The 
SSS has been very undersampled compared to SST because accurate 
measurements of SSS are difficult to make and the relatively small SSS range of ~ 5 
psu requires a higher precision than SST, which has a range of ~ 30°C.  The 
capability of measuring SSS from satellite spawned a renewal in the study of many 
subjects linked to SSS.   
 
 

                                                
1 For this paper, David Halpern represents the Intergovernmental Oceanographic Commission 
(IOC) of the United Nations Educational, Scientific, Cultural Organization (UNESCO), which 
is a member of the Coordination Group for Meteorological Satellites (CGMS).  The World 
Meteorological Organization (WMO) – IOC Joint Commission on Oceanography and Marine 
Meteorology (JCOMM) supports IOC to accomplish CGMS Plenary Action 42.10, which 
invited IOC to provide a paper on guidance to CGMS members on sea surface salinity 
observations. 
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2 EVALUATION OF SATELLITE SSS MEASUREMENTS 
 
Two pilot satellite missions dedicated to SSS measurements are on operational orbit 
using L-band (1-2 GHz) frequency radiometry.  Measuring SSS from space is 
challenging because the sensitivity of a measurement of the microwave radiation 
traveling upward from the top of the 
atmosphere to the satellite, which is known as brightness temperature 
(http://www.remss.com/measurements/brightness-temperature), at L-band 
frequencies to SSS is weak, about 0.5 K psu-1 (Yueh et al., 2001).  At L-band 
frequencies the brightness temperature recorded at the satellite is related to SST and 
sea surface emissivity, which depends on SSS and other properties such as 
roughness from surface wind, waves, swell, currents and SST.  
 
The European Space Agency (ESA) Soil Moisture and Ocean Salinity (SMOS) 
satellite mission was launched on 2 November 2009 (commissioning phase ended in 
May 2010) and the pre-launch accuracy goal of open ocean SSS was 0.1-0.2 psu 
averaged for 10-30 days over a 100- to 200-km grid (Font et al., 2010).  The United 
States National Aeronautics and Space Administration (NASA) Aquarius SSS-
measuring instrument was launched on the fourth Argentine Satélite de Aplicaciones 
Cientificas (SAC-D) satellite mission on 10 June 2011 (commissioning phase ended 
in August 2011) with a pre-launch accuracy goal of 0.2 psu over a 30-day average 
within an open ocean area of 150 km by 150 km (Lagerloef et al., 2012).  The name 
“Aquarius/SAC-D” will be shortened to “Aquarius”.  The Aquarius and SMOS 
measurement system technologies were different, and both missions represent first-
time technological achievements (Lagerloef and Font, 2010).  Aquarius has three 
separate radiometers viewing at 29, 38 and 46 degrees from nadir and a 1.26-Gz 
scatterometer to estimate corrections for the effects of surface roughness.  Meissner 
et al. (2014) reported that the measured roughness correction reduced the root-
mean-square difference (rmsd) of Aquarius SSS measurements by about 40%.  
SMOS has a two-dimensional interferometric radiometer and uses the European 
Centre for Medium-range Weather Forecasts operational numerical weather 
prediction surface wind data product to estimate the surface roughness correction.  
The Aquarius and SMOS orbit heights are 657 and 756 km, respectively.  Aquarius 
and SMOS equatorial crossing local times are 0600 and 1800 (descending or 
southward) and 1800 and 0600 (ascending or northward).  The Aquarius and SMOS 
time intervals for global coverage are 7 and 3 days, respectively.   
 
Evaluating the accuracy of a satellite data product is challenging because the 
satellite, which moves at ~ 7 km s-1, provides a near-instantaneous measurement 
compared to an in-situ measurement averaged over several minutes to hours.  The 
satellite SSS footprint (76 x 94 km2, 84x120 km2 and 96x156 km2 for Aquarius; 40x40 
km2 for SMOS) is nearly infinitely larger than an in-situ measurement and can display 
significant SSS variability.  Also, a satellite measures salinity in the 1-cm skin of the 
ocean whereas an in-situ measurement is usually representative of a near-surface 
depth interval.  Thus, SSS measured by satellite and in-situ instrumentation will differ 
in horizontal, vertical and temporal dimensions.  
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SSS recorded with Aquarius and SMOS have similar large-scale features (Figures 1a 
and 1b), which provide opportunities for producing an integrated data product to 
reduce aliasing caused by inadequate sampling. 
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Figure 1.  Sea surface salinity measurements recorded in 1 September 2011 – 31 
August 2012 with (a) Aquarius and (b) SMOS missions.  Units are psu.  Diagram 
extracted from Halpern et al. (2012).  (c) Climatological-mean annual average 
evaporation minus precipitation, based on evaporation estimates by Yu and Weller 
(2007) and satellite-based precipitation estimates from the Global Precipitation 
Climatology Program (available at http://precip.gsfc.nasa.gov).  Units are cm.  
Diagram extracted from Schmitt et al. (2010).   
 
2.1 Vertical Salinity Variations 
 
Argo floats, which make the shallowest salinity measurement at 5 m (Riser et al., 
2008), provide a global quasi-SSS dataset because the difference in the 1-cm and 5-
m depths of the satellite and Argo measurements, respectively, is most of the time 
smaller than the design goal of Aquarius and SMOS SSS measurements.  Drucker 
and Riser (2014) showed that although rain events identified from the Tropical 
Rainfall Measuring Mission precipitation measurements produced stratification 
greater than 0.1 psu, their infrequent occurrence and short duration would contribute 
a bias less than 0.03 psu in the tropics.  Henocq et al. (2010) observed SSS 
differences greater than ± 0.1 psu between the surface and 5-m depth in about 3% of 
the extensive database, i.e., 97% of the time the salinity difference between the 
surface and 5 m was negligible with regards to the design goal of Aquarius and 
SMOS SSS measurements.  A number of comparative studies of Argo and SSS 
indicate that the accuracies of both Aquarius and SMOS SSS are approaching their 
pre-launch goals.  For example, Boutin et al. (2012) found SMOS rmsd accuracy of 
0.3-0.5 psu over a 10-day period and within a 100-km by 100-km region.  Abe and 
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Ebuchi (2014) found Aquarius rmsd accuracy of 0.37 psu for matchup separations 
less than 200 km and less than 12 h.  Note that the rmsd between satellite SSS and 
near-surface in-situ salinity is influenced by two factors: (1) the vertical difference of 
salinity between the 1-cm satellite radiometric depth and the 5-m Argo in-situ depth; 
and (2) the spatial variation of SSS within the satellite footprint, which is not 
represented by in-situ measurements and which is discussed in the next section.  
 
2.2 Horizontal SSS Variations 
 
SSS variability with spatial scales smaller than ~ 150-km footprint can contribute to 
differences between satellite and in-situ measurements.  Such small-scale horizontal 
variations can occur at fronts and eddies.  Drucker and Riser (2014) noted that the 
influence of the horizontal variation within a footprint was larger than the vertical 
variation.  Vinogradova and Ponte (2013) found that in a 1°x1° region (which 
approximates the size of the Aquarius footprint) the rmsd of daily SSS values 
computed with a 1/12°-grid model constrained with observations was typically less 
than 0.1 psu, but were greater than 0.2 psu near strong currents (e.g., Gulf Stream, 
Kuroshio, and Agulhus), outflows of major rivers (e.g., Amazon and Congo), and 
coastal regions (e.g., Gulf of Alaska and Arctic Ocean).   
 
Reagan et al. (2014) noted that Aquarius SSS was up to 0.1 psu lower in the 10°S-
20°N region than a composite of in-situ SSS data measured with ships, buoys and 
floats; poleward of these latitudes, Aquarius measured larger SSS values compared 
to in-situ measurements.  Apparently, it is very challenging for Aquarius and SMOS 
to meet their pre-launch goals at latitudes higher than ~ 40° because cold surface 
water reduces the sensitivity of a L-band radiometer on SSS (Boutin et al., 2012; 
Lagerloef et al., 2013).  Also, high wind (Font et al., 2013; Lagerloef et al., 2008) and 
sea ice reduce the accuracy of SSS retrievals (Reagan et al., 2014) due to difficulties 
in modeling these geophysical effects.  Also, SSS retrievals in the coastal zone 
(especially near large populations) were less accurate than over the open ocean.  
Human-induced radio frequency interference cause low SSS retrievals even though 
both Aquarius and SMOS operate in the protected L-band spectrum of 1.400-1.4.27 
GHz (Askoy and Johnson, 2013).  This error is mostly restricted to the Northern 
Hemisphere regions in the northeast Atlantic near Europe, northwest Atlantic near 
Canada and the United States, and northwest Pacific near China and Japan (Reagan 
et al. 2014). 
  
 
3 RESULTS 
 
Evidence of the quality of a new data product, such as Aquarius and SMOS SSS, is 
acquired through replication of known phenomenon with additional insight provided 
by the new observations.  Several examples are described. 
 
3.1 Global Hydrological Balance 
 
Wust (1936; see Sverdrup et al., 1942) was the first to notice the essential linkage 
between SSS and evaporation minus precipitation (E-P), in which the global patterns 
are illustrated in Figure 1c.  Comparing Figure 1a or 1b with Figure 1c, regions with 
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positive (negative) E-P are correlated with high (low) SSS.  When the E-P difference 
at the sea surface is greater (less) than zero, the SSS will increase (decrease) when 
other influences on SSS are constant.  Formation and melt of sea ice produce effects 
on SSS similar to E-P.  High SSS occurs in subtropical latitudes with the sinking dry 
air masses of the Hadley Circulation causing increased evaporation by the trade 
wind.  Low SSS occurs in high latitudes where storms frequently occur and in the 
tropical zones with high rainfall such as the Intertropical Convergence Zone (ITCZ) 
and South Pacific Convergence Zone.   
 
The North Atlantic Ocean has the global maximum open-ocean SSS (Figures 1a and 
1b) because most of the basin is under the direct influence of the dry surface trade 
wind.  The strength of E-P > 0 between 10 °N, where SSS is low because of rainfall 
in the ITCZ, and 25 °N, where SSS is maximum, illustrates the influence of the 
northwest Ekman surface current and northeast trade wind (Bingham et al., 2014).  
Gordon and Giulivi (2014) indicate that eddies are important in the northward 
transport of fresh surface water.  When the surface water reaches ~ 25 °N, the 
northward current component diminishes to zero because the Ekman transport 
becomes balanced by the southward geostrophic current (Bingham et al., 2014).  
The absence of a SSS annual cycle between 20 °N and 30°N (Figure 2) is 
remarkable considering all other atmosphere and ocean variables have annual 
cycles at 25 °N.  Understanding the SSS maximum within the global integrated Earth 
system has become a first-order challenge (Dohan et al., 2015; Dong et al., 2015; 
Schmitt et al., 2015).  
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Figure 3. (a) Salinity as a function of latitude averaged for all Aquarius tracks displayed in Figure 1 for different months for the August
2011 to September 2013 period. Color bar at right gives values in salinity units. Contour lines are at intervals of 0.2. Heavy lines are 37.4
contour. White line is the latitude of maximum salinity for each month. (b) As in Figure 3a but using SOOP data averaged in the box
(10!N–35!N, 30!W–45!W).
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Figure 2.  Annual cycle of SSS in central North Atlantic Ocean. 
 

 
Figure 2.  Monthly averaged Aquarius SSS recorded between 45 °W and 30 °W as a 
function of latitude from 10 °N to 35 °N for August 2011 to September 2013.  Contour 
interval is 0.2 psu.  White line is the latitude of maximum SSS for each month.  
Heavy line is an arbitrarily chosen value of 37.4 psu.  Diagram extracted from 
Bingham et al. (2014). 
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Durack (2015) showed a strengthening of the hydrological cycle with ocean areas 
having high (low) SSS becoming more (less) saltier (Figure 3).  Durack et al. (2012) 
indicated that a global warming of 1 °C would increase the global hydrological cycle 
by ~ 8 %.  Wet areas dominated by precipitation would become wetter and dry areas 
dominated by evaporation would become drier (Held and Soden, 2006).  
 
The availability of Aquarius and SMOS data triggered development of new analyses 
of oceanic behavior to improve physical parameterization of freshwater flux in 
coupled ocean-atmosphere models for studies of the global water cycle (Nieves et 
al., 2014). 
 
3.2 Ocean Circulation 
 
3.2.1  Tropical Instability Waves 
 
Legeckis (1977) used satellite SST measurements to observe westward-propagating 
waves with a zonal wavelength of about 1100 km along the northern SST front  
between the cold-water tongue and warmer water in satellite SST measurements.  
Halpern et al. (1988) used moored current measurements at and near the Pacific 
 

4 

Observed Fifty-Year Trends in SSS: 
Fresh (Salty) Areas Have Become Fresher (Saltier) 
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Figure 3.  (A), (B), (D) and (E) are four different representations of the observed 50-
year trend in SSS compiled by Durack (2015), and (C) the mean salinity distribution 
associated with (A).  Diagram extracted from Durack (2015). 
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equator to show the long waves had characteristics of mixed Rossby-gravity waves, 
which propagated westward with a period of about 20 days, zonal wavelength of  
1400 km and phase speed of about 85 cm s-1, had large meridional current speed 
and near-zero zonal current speed, and were seasonally and inter-annually 
modulated with minimum (maximum) strength in March-May (September-November) 
and in an El Niño (La Niña) event.  In addition to SST and current measurements, 
ocean color measurements of chlorophyll also show long waves with features similar 
to those observed with SST and ocean velocity (Strutton et al., 2001).  These waves 
are also known as tropical instability waves (TIW) because the origin is barotropic 
instability between the westward-flowing South Equatorial Current and the eastward-
flowing North Equatorial Countercurrent.  Most of the mesoscale variability in tropical 
regions is associated with TIWs in contrast to the intense small-scale eddies and 
rings prevalent throughout the mid-latitude ocean (Chelton et al., 2011). 
 
Lee et al. (2012) found that Aquarius SSS variations associated with TIWs at the 
equator of the Pacific Ocean have a dominant period of 17 days (Figure 4), in 
contrast to TIWs a few degrees of latitude to the north where the dominant period 
was 33 days.  Moreover, they found that the 17-day period TIWs propagated at about 
1 m s-1, which was nearly twice as fast as the 33-day period TIWs.  Also, Yin et al. 
(2014) detected the same two TIW features in an analysis of SMOS SSS data.  Yin 
et al. (2014) noted that the 33-day TIW was not associated with the classical TIW 
description with a strong meridional current oscillation at the equator (Philander et al., 
1985; Halpern et al., 1988).  The TIW is known to occur in the Atlantic Ocean 
(Chelton et al., 2000), which has a similar type of current structure near the equator  
 

and Space Research, http://www.esr.org). Daily maps are
generated with a 7-day time window, the repeat period of
Aquarius. A two-degree smoothing is applied to the data to
further suppress noise. We also analyze SST, SSHA, ocean
surface currents, ocean surface winds, and ocean color
(chl-a) to provide a multi-parameter characterization of TIWs
and to evaluate the consistency of the TIW signature in the
Aquarius data with these measurements. These products
include daily Group for High Resolution Sea Surface Tem-
perature (GHRSST) AVHRR-based Optimal Interpolation
Sea Surface Temperature (OISST) on 1/4! grids [Reynolds
et al., 2007] (http://podaac.jpl.nasa.gov/dataset/NCDC-
L4LRblend-GLOB-AVHRR_AMSR_OI), daily SSHA data
from the AVISO merged altimeter product (http:/www.
aviso.oceanobs.com/) on 1/3! grids, 5-day OSCAR (Ocean
Surface Current Analysis Real-time) satellite field-derived
ocean surface currents on 1/3! grids [Bonjean and
Lagerloef, 2002] (http://podaac.jpl.nasa.gov/dataset/OSCAR_
L4_OC_third-deg), daily MODIS-Aqua chl-a from Ocean
Biology Processing Group (http://oceancolor.gsfc.nasa.gov/)
on 4 km grids , and level-2 (swath) ocean surface wind

measurements from the ASCAT scatterometer onboard
the MetOp-A satellite (http://podaac.jpl.nasa.gov/dataset/
ASCAT-L2-25km, provided by the Koninkijk Nederlands
Meteorologisch Instituut or KNMI). The level-2 ASCAT
wind data are bin-averaged onto a 1! grid. The time period
of interest for this study is September to December 2011.
During this period the tropical Pacific was characterized
by a mild La Niña, providing favorable conditions for the
occurrence of TIWs.

3. Results

[5] Figure 1 is an example showing the comparison of
satellite observations of SSS, SST, surface currents, SSHA,
ocean surface wind, and chl-a in the central to eastern tropical
Pacific. The maps for SSS, SST, SSHA, wind speed, and
chl-a are 7-day averages centered on December 18 whereas
the surface currents are 10-day average (the average of two
5-day records) centered on December 18. The TIW pattern
is clearly seen in SSS (color shading in Figures 1a–1d). The
SSS signature of TIWs aligns with that of SST (contour in
Figure 1a), with the northward protrusion of higher SSS
coinciding with that of lower SST. The well observed cusp-
shaped pattern in SST is also evident in SSS, though not as
sharp as the SST cusps given lower resolution and smoothing
of the SSS data. Between the cusps, there are clockwise-
rotating patterns of surface currents (vectors in Figure 1b)
that also have a strong signature in SSHA (contours in
Figure 1c), indicating a significant contribution by geo-
strophic flow. These are features consistent with the anticy-
clonic vortices associated with TIWs that are sometimes
referred to as tropical instability vortices [e.g., Flament et al.,
1996].
[6] The horizontal circulation associated with these vorti-

ces helps to control the TIW waveform. In the background
(climatological) state, SSS is higher in the south because
South Pacific water is saltier than North Pacific water.
Moreover, cold-tongue water is cooler than the water to the
north. Therefore, the northward flow in the western side of
the anticyclonic vortex advects the more saline South Pacific
water and cooler cold-tongue water toward the north. The
southward flow in the eastern side of the vortex carries
fresher and warmer waters to the south. The combined action
by a series of anticyclonic vortices (including the westward
advection in the southern part of the vortices) helps create
the peaks and valleys of the TIW pattern in SSS and SST.
However, horizontal advection is not the only process con-
trolling TIW-related SST anomalies. Vertical processes are
also important to SST anomalies [Kennan and Flament,
2000; Menkes et al., 2006; Jochum and Murtugudde, 2006;
Kim et al., 2007] and are probably important to SSS
anomalies.
[7] As mentioned earlier, TIWs can cause perturbations in

the wind field. This is evident in the ASCAT-derived wind
speed (contours in Figure 1d), which tends to meander
around the TIW pattern. Previous studies have shown that
TIW signatures are also identifiable in wind stress and wind
stress curl [Chelton et al., 2001; Polito et al., 2001]. The
effect of SST fronts in the tropical Pacific (such as those
associated with TIWs) on ocean surface wind has been dis-
cussed by many studies [e.g., Liu et al., 2000; Chelton et al.,
2001].

Figure 1. SSS (color shading), (a) SST (contours), (b) sur-
face current (vectors), (c) SSHA (contours), (d) wind speed
(contours), and (e) chl-a centered on December 18, 2011.
The SSS, SST, SSHA, wind speed, and chl-a are 7-day
averages. Surface currents are 10-day average centered on
Dec. 18. The units of SSS, SST, SSHA, wind speed, and
log chl-a are PSU, !C, cm, m/s, and mg/m3.
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Figure 4.  (a) Seven-day averaged SST (°C; represented by contours) and Aquarius 
SSS (psu; represented by colors).  (b) Seven-day averaged SSS (psu; represented 
by colors) and 10-day averaged current vectors.  Time intervals were centered on 18 
December 2011.  Diagram extracted from Lee et al. (2012). 



CGMS-43 IOC-WP-01  
2 May 2015 
 

 
Page 10 of 19 

as in the Pacific but the SSS front has a greater northeast-southwest slope, which is 
quite different that the zonal SST front at ~ 2N over the eastern two-thirds of the 
equatorial basin.  Lee et al. (2014) used Aquarius SSS data to capture TIWs with an 
approximate 35-day (actually 20-50 days) period, westward speed of ~ 0.5 m s-1, 
1100-km zonal wavelength, and seasonal variability of TIWs, including the additional 
feature that SSS regulated the seasonal onset of TIWs because the TIW observed 
with SSS occurred earlier by about 1 month than the TIW recorded with SST.  Lee et 
al. (2014) also found that the surface eddy perturbation potential energy associated 
with TIWs estimated from SSS and SST was three times larger than that estimated 
with only SST data.  The SSS-dependent characteristics could improve 
understanding of the baroclinic-barotrophic origin of TIWs. 
 
3.2.2  Rossby Waves 
 
Subrahmanyam et al. (2009) detected an annual westward-propagating Rossby 
wave in the South Indian Ocean in satellite sea surface topography and numerical 
model simulations.  Menezes et al. (2014) analyzed two years of Aquarius SSS and 
five years of Argo 5-m salinity data and found a significant annual feature at 20 °S 
between the Mid-Indian Ridge and the Ninety East Ridge in the central South Indian 
Ocean propagating towards the southwest at ~ 20 cm s-1 (Figure 5) with 
characteristics of a Rossby wave, which contained ~ 92 % of the annual variance. 
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4.2.2. CEOF SSS Analysis
In the Aquarius annual band data set, the leading CEOF mode explains 93.3% of the variance, with second
and third modes explaining only 3.5% and 2.2%, respectively. In the RG annual band, the leading mode
accounts for 91.5% of the variance explained, with the second (third) mode accounting for 1.7% (1.3%). We
focus on the first CEOF mode, since it accounts for most of the variance in Aquarius and RG data sets, and
consider the other modes to be dominated by noise.

The phase angles and amplitudes (arbitrary units) of temporal components of the first CEOF mode are
shown in Figure 11. The usual sawtooth graph for the phase angles confirms the propagating nature of the
SSS structures in the seasonal cycle. The cycles begin in June in Aquarius and in May in RG, probably
because of the different temporal resolution of the two data sets. The spurious high values in the begin-
ning/end of the time series of the amplitudes, which are very clear in the shorter Aquarius time series, are
due to a known problem in CEOF analysis, which is related to the way in which the Hilbert transform is com-
puted using the FFT (Fast Fourier Transform) method. The time series of the amplitudes in RG suggest that
the seasonal cycle strength varies with some inter-annual modulation.

The maps of phase angles of the first CEOF mode from Aquarius and RG indicate the presence of signal
propagation in both meridional and zonal directions (Figures 12a and 12b), as already seen in the time-
longitude and time-latitude diagrams. Although interpretation of these maps needs to be done with some
care, they are suggestive of different propagation patterns east and west of the Ninety East Ridge in the
region between 10! S and 30! S. Despite the different lengths of Aquarius and RG data sets, the propaga-
tion patterns are quite similar, except in the western basin just west of 60! E and south of 20! S, where the

Figure 9. Time-longitude and time-latitude diagrams from Aquarius annual band. (top) Time-longitudes. (bottom) Time-latitudes. Gray shadings show the bottom topography from
Smith-Sandwell 2 min bathymetry. Notice the westward propagation at (b) 20! S and (c) 25! S and (a) the eastward propagation east of 90! E at 10! S.
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focus on the first CEOF mode, since it accounts for most of the variance in Aquarius and RG data sets, and
consider the other modes to be dominated by noise.

The phase angles and amplitudes (arbitrary units) of temporal components of the first CEOF mode are
shown in Figure 11. The usual sawtooth graph for the phase angles confirms the propagating nature of the
SSS structures in the seasonal cycle. The cycles begin in June in Aquarius and in May in RG, probably
because of the different temporal resolution of the two data sets. The spurious high values in the begin-
ning/end of the time series of the amplitudes, which are very clear in the shorter Aquarius time series, are
due to a known problem in CEOF analysis, which is related to the way in which the Hilbert transform is com-
puted using the FFT (Fast Fourier Transform) method. The time series of the amplitudes in RG suggest that
the seasonal cycle strength varies with some inter-annual modulation.

The maps of phase angles of the first CEOF mode from Aquarius and RG indicate the presence of signal
propagation in both meridional and zonal directions (Figures 12a and 12b), as already seen in the time-
longitude and time-latitude diagrams. Although interpretation of these maps needs to be done with some
care, they are suggestive of different propagation patterns east and west of the Ninety East Ridge in the
region between 10! S and 30! S. Despite the different lengths of Aquarius and RG data sets, the propaga-
tion patterns are quite similar, except in the western basin just west of 60! E and south of 20! S, where the

Figure 9. Time-longitude and time-latitude diagrams from Aquarius annual band. (top) Time-longitudes. (bottom) Time-latitudes. Gray shadings show the bottom topography from
Smith-Sandwell 2 min bathymetry. Notice the westward propagation at (b) 20! S and (c) 25! S and (a) the eastward propagation east of 90! E at 10! S.
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(a) Aquarius 

annual cycle amplitudes in Aquarius data are indeed much smaller (Figure 12c). In both data sets, the high-
est amplitudes are located in the tropics between 5! S–15! S and 60! E–90! E. Lowest amplitudes of annual
variability are found mainly in the region spanned by the eastward South Indian Countercurrent around 25! S.
The slight difference between the amplitude maps from Aquarius and RG may be mostly related to the differ-
ent time series lengths and time-resolution of each.

Since Aquarius and RG data sets have in general similar CEOF characteristics, and Aquarius does not seem
to be significantly impacted by seasonal errors of nonoceanographic origin in the South Indian Ocean, we
focus our further analyses to Aquarius data, which is the main subject of the present paper. Aiming to
obtain a better interpretation of the complex pattern shown in Figure 12, direction of propagation and
phase speed components have been computed from the gradient of the spatial CEOF phase as explained
before (Section 4.1). Furthermore, the first CEOF mode has been reconstructed as usual, and the recon-
structed snapshots for one propagation cycle from June 2012 to June 2013 have been animated (see
supporting information).

The propagation direction of the SSS structures for CEOF spatial amplitudes greater than 0.008 (arbitrary
units) is shown in Figure 13. In this figure, the arrows are colored relative to the meridional component of
the phase speed direction such that blue is used for positive meridional vector components (northward)
and red for negative (southward). The map of directions, supported by the snapshot animation, clearly indi-
cates a division of the South Indian Ocean by the Ninety East Ridge into two distinct subbasins in terms of
annual propagation of SSS features. In the western basin, the propagation is mostly westward (south-west-
ward direction) between 5 and 20! S. The animation suggests the origin of this propagation as being in the

Figure 10. (top) Time-longitude and (bottom) time-latitude diagrams from RG annual band for the period 2009–2013 at same positions shown in Figure 9 for Aquarius. In the time-
longitude diagrams, gray shadings show the bottom topography from Smith-Sandwell 2 min bathymetry.
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Figure 5.  Annual Rossby wave detected in (a) Aquarius and (b) Argo data.  Diagram 
produced from Figures 9(b) and 10(b) in Menezes et al. (2014). 
 
3.2.3  Riverine Outflow: A Passive Tracer of Ocean Currents  
 
In some regions near the coast, low SSS occurs in response to river outflow of 
freshwater and, sometimes, the impact of riverine water can be observed hundreds 
of kilometers from the coast.  For example, Gierach et al. (2013) detected the effects 
of Mississippi River discharge into the Gulf of Mexico.  Aquarius and SMOS data 
recorded Amazon River water entrained in the eastward-flowing North Equatorial 
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Countercurrent (Figures 1a and 1b; Reul et al. (2014a)).  The SSS in the East China 
Sea is strongly correlated with Yangtze River discharge (Kim et al., 2014).  However, 
other factors also need to be considered, such as intrusion of open ocean water 
regulating coastal SSS.  For example, in the South China Sea in 2012 the riverine 
waters from the Mekong and Pearl Rivers had a negligible impact on Aquarius SSS 
compared to a substantially reduced flow of the Kuroshio (Zeng et al., 2014). 
 
The combined Amazon and Orinoco plume adds a 1-m freshwater lens to inhibit 
near-surface vertical mixing, which increases SST to strengthen hurricane intensity 
when a hurricane moves through the region (Balaguru et al., 2012; Grodsky et al., 
2012).  Also, the salinity barrier layer weakens the reduction in SST produced by a 
hurricane.  Therefore, SSS data should be included in forecasting hurricanes in the 
northwest Atlantic Ocean.   
 
The confluence zone of the southward-flowing Brazil Current and northward-flowing 
Malvinas is a choice location to use SSS to study the interleaving of water masses 
because of the very large SSS gradient produced by the Brazil Current with SSS of ~ 
36 psu and Malvinas Current with SSS of ~ 34 psu.  Aquarius detected freshwater 
discharge from the Rio de al Plata and nearby lagoons (Figure 6a).  Matano et al. 
(2014) concluded with analysis of model simulations that Aquarius variations 
represented two-dimensional mass exchange from the continental shelf to the deep 
ocean, with an associated 1.2 Sv flow onto and out of the shelf (Figure 6b). 
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Model and in situ observations have similar seasonal SSS variations over the shelf (Figure 10). Both data sets
show that, during the winter, there is a narrow tongue of freshwater extending northward along the South
American coast, while during the summer this tongue retracts southward and expands offshore. The
summer retraction of the RdlP waters creates positive SSS seasonal anomalies (annual mean minus the sea-
sonal values) in the northern portion of the shelf—particularly along the boundaries of Uruguay and south-
ern Brazil—and negative SSS anomalies in the southern domain. This situation is reversed during the winter
months when, under the influence of downwelling winds, the plume becomes trapped to the coast and
extends northward up to approximately 28!S. This northward displacement generates large negative
anomalies in the downstream region and positive anomalies in the upstream region. Aquarius cannot
detect the nearshore displacement of the low-salinity plume, due to the land mask. Aquarius, however, also
shows an offshore expansion of the low-salinity waters during the summer, which is consistent with model
and the in situ observations.

The three data sets show similar SSS anomalies in the offshore region. During the summer, for example, the
in situ observations show a C-shaped, low-salinity tongue extending from the shelf into the deep ocean
south of 34!S. The model reproduces a similar structure, albeit with smaller SSS gradients. The C-shaped

Figure 10. (top) Comparison of the seasonal SSS fields in the model, (middle) in situ observations, and (bottom) Aquarius SSS data. The two left plots show the mean values and the two
right plots the anomalies (annual average minus the season average).
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dynamics of the western boundary currents and partly by the local wind stress forcing. A diagnostic study
using floats and passive tracers identifies the pathways taken by the freshwater plumes. During the winter,
northeasterly winds generate geostrophic currents that advect the plumes downstream leaving the shelf
region north of the BMC (Figure 13). The low-salinity waters reaching the BMC during this season are drawn
from the Patagonian shelf. During the summer, southwesterly winds generate currents that arrest the
downstream spreading of the plumes funneling them into the BMC (Figure 13). Float trajectories suggest
that the final destination of the shelf waters depends on their pathway over the shelf. The upstream path-
way (summer) favors entrainment into the Southern Ocean. The downstream pathway (winter) favors
entrainment into the Subtropical Gyre.

To further investigate the connection between SSS anomalies and cross-shelf exchanges, we computed a
volume balance of the shelf region between 34!S and 38!S (Figure 14). The annual mean off-shelf transport
in this region is 1.21 Sv. Most of this transport is drawn from the Patagonian Shelf (1.15 Sv); the contribu-
tions from the RdlP discharge (0.024 Sv) and the Brazilian shelf (0.038 Sv) are quantitatively insignificant.

Figure 13. Schematic of the SSS and circulation in the southwestern Atlantic region during summer and winter. The regions filled with
light blue represent the spreading of the LPR and Patos/Mirim freshwater plumes. This schematic is based on the annual mean patterns
from the child model and in situ observations.

Figure 14. Volume balance. (a) The dotted line marks the shelf region where the balance was made. It extends from 34!S to 38!S and from the coast to the 200 m isobath; (b) seasonal
evolution of the volume fluxes in the four open boundaries.
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(a) Aquarius (b) Shelf and Deep Ocean Volume Balance 

Water Mass Flux 

Figure 7.  Left:  Right: The dotted line marks the shelf region where the mass balance was 
made. It extends from 38 °S to 34 °S and from the coast to 200-m depth.  

Matano et al. (2014) 

 
Figure 6.  Water mass balance at Brazil-Malvinas Current Confluence Zone (a) 
Aquarius SSS distribution and (b) alongshore and offshore transports.  Diagram 
produced from Figures 10 and 14(a) in Matano et al. (2014). 
 
3.2.4  Mesoscale Motions 
 
Mesoscale motions with horizontal scales of about 10-100 km and time scales of 2-
50 days, including rings and meanders, are ubiquitous throughout the mid-latitude 
ocean, e.g., see Figure 5 in Halpern and Fu (2013).  Mesoscale features are typically 
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observed in satellite SST measurements when appropriate SST gradients occur.  On 
some occasions when the SST gradient is not well established, perhaps because of 
summer conditions, SSS gradients may be large enough to recognize mesoscale 
motions.  Such conditions occur in the Gulf Stream region in summer months.  Reul 
et al. (2014b) found SMOS SSS data provided critical evidence for monitoring Gulf 
Stream meanders and rings (Figure 7).  Aquarius and SMOS SSS data both yielded 
similar measurements of Gulf Stream cold-core rings (Umbert et al., 2015), which 
were not visible in SST imagery.  
 
Kolodziejczyk et al. (2015) showed that SMOS could identify SSS mesoscale 
structures near the Azores Front with comparable spatial resolution of SST and 
ocean color measurements.  
 

7 

While the OSCAR current patterns reveal the presence of meanders and rings on both sides of the stream, the
corresponding SST contrasts are small. As measured by SMOS, the SSS in the ring cores is well defined
because SSS maintains its surface characteristics far better than SST [The Ring Group, 1981]. An animation (in
the supporting information section S3 and here) further confirms the excellent consistency between the
spatial patterns of the 11 day composite daily running mean SMOS SSS and the OSCAR current fields,
especially during the warmest period of the year (May–October).

We then further consider two typical GS ring or meanders signatures from 3 through 13 June and from 28
July through 7 August 2012, respectively (Figure 2). The GS characteristically appears as a sharp frontal SSS
interface between the fresh slope (SSS< 35) and the salty Sargasso Sea (SSS≥ 35.5) waters. The June
anticyclonic ring (Figure 2a) is ~100 km in radius with its core centered at about (64.5°W; 41.2°N), showing
strong local salty anomalies (~ +2.5–3 psu) relative to the surrounding slope water. The ring is well captured
by the OSCAR current vectors. The animation (supporting information) reveals that this ring formed from
a downstream GS meander at ~ (62.5°W; 40°N) in mid-April, detached and drifted southwestward, in the
same direction but against the mean GS flow and reattached to form a new meander of the stream at
around~ (67°W; 40°N) in mid-July/end of August. On 8 June, an Argo float (platform WMO#4901139) was
located just inside the warm-/salty-core ring (Figure 2a) and the measured vertical structure of salinity (S) and
temperature (T) are shown in Figure 2c. The Argo float measurements at 6 m depth reveal SSS and SST
increase of ~+3 psu and~+4.8°C, respectively, with respect to a June climatology based on all locally
available historical Argo profiles. The satellite products are consistent, although exhibiting slightly smaller
amplitude anomalies at the surface than the pointwise in situ data with a ~ +2.8 psu SSS change estimated
from SMOS and a ~+3.2°C SST increase in the GHRSST products. The warm- and salty-core ring signature is
observable to at least 800m depth in salinity and 1000m in temperature (derived as the deviation of the Argo
measurements over depth from the local climatology profile).

Also (see supporting information section S2), the Matisse ship equipped with a TSG crossed that ring from
west to east on 29–30 May. Despite small-scale structures smoothed by the ~0.5° and 11 day average SMOS
data, the cross-ring SSS structure detected from space is also found to be in very good agreement with the in
situ ship observations.

In Figures 2b and 2d, we show the results of a similar analysis but for a fresh-/cold-core cyclonic circulation
structure detected from mid-June to the end of September with center located at ~ (45°W; 40°N). The SSS
and current field time series (supporting information) show that this cold-core structure formed around
(47.5°W; 40°N) in mid-June and completely separated from the GS frontal region toward the end of July,
propagating eastward to finally coalesce at a longitude of ~45°W toward the end of September. The SSS
structure shown in Figure 2b is a composite from 28 July through 7 August. An Argo float (platform
WMO #4901217) sampled the vertical S and T distributions on the northwestern border of this cyclonic

Figure 1. (a) SMOS SSS averaged from 15 to 25 August 2012. (b) GHRSST mean SST over the same period. In both plots, OSCAR surface currents are indicated by
black arrows.
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SMOS SSS Measures Gulf Stream Meanders 

Reul et al. (2014) 
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Figure 7.  SMOS SSS averaged from 15-25 August 2012.  Arrows represent OSCAR 
surface current.  Diagram extracted from Reul et al. (2014b).     
 
3.3 El Niño and La Niña 
 
An El Niño (La Niña) occurs when the monthly SST anomaly (SSTA) or difference 
from a 30-year mean in the Niño 3.4 region (5°S-5°N, 170°W-120°W) is above 
(below) 0.5 °C for five consecutive months, when each month represents a 3-month 
average SST 
(http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.sht
ml).  We arbitrarily classify the strength of an El Niño and La Niña event as weak 
when the maximum SSTA was |0.5 – 1.0| °C, as moderate when maximum SSTA 
was |1.0 – 1.5| °C, as strong when the maximum SSTA was |1.5 – 2.0| °C, and as 
intense when the maximum SSTA was greater than |2.5| °C.   The SMOS mission 
began when a strong El Niño event was occurring; the event began in July 2009 and 
continued until April 2010.  SMOS also observed the moderate La Niña event of July 
2010 to April 2011 before the launch of Aquarius.  Both Aquarius and SMOS 
recorded SSS in the moderate La Niña event of September 2011 to March 2012.  
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This La Niña event was followed by 30 normal months, when a weak El Niño event 
began in October 2014.  
 
Lukas and Lindstrom (1991) noted that salinity stratification could modulate air-sea 
interactions in the west Pacific warm pool during an El Niño event.  Zhu et al. (2014) 
showed that near-surface salinity variability in the equatorial Pacific would influence 
the tendency for onset and maintenance of El Niño conditions because of the salinity 
effect on stratification and horizontal pressure gradient.  Delcroix (1998) found that 
the El Niño/La Niña variation of SSS was mainly located in the west Pacific where the 
1.0 psu SSS difference between El Niño and La Niña was twice as large as the peak-
to-trough variation in the seasonal cycle.  Unfortunately, from the perspective of 
mitigating the influence of TIWs on sampling SSS during El Niño/La Niña, the 17-day 
period TIW SSS crest-to-trough difference was also ~ 1.0 psu and 0.5 psu for the 33-
day period TIWs and about half the magnitude for 17-day period TIW (Yin et al., 
2014); fortunately, TIW amplitudes are three times greater in the east Pacific at 0°, 
140°W than in the west Pacific at 0°, 150°E (Halpern, 1989).  Thus, TIWs are not 
expected to impact the interpretation of SSS in the west Pacific, where an El Niño 
event would originate. 
 
Hasson et al. (2014), in a comparison of the July 2010 (the first month of a La Niña 
event when the ONI was - 0.9 °C) and July 2011 (when the ONI had a normal value 
of - 0.2) SMOS SSS distributions in the west Pacific warm pool, observed that the 
SSS along the equator from 150°E to 170°E was approximately 0.4 psu higher during 
La Niña compared normal conditions (Figure 8).  Higher SSS would be expected to 
be associated with lower rainfall. 
 

8 2010 La Ni~na episode the various data sets show a strong triplet of anomalies, positive north of 10!S, nega-
tive within about 10!S and 18!S, and then positive again south of 18!S. In 2011, the negative anomaly shifts
southward and becomes stronger as does the northern positive anomaly. This ENSO evolution is consistent
with the analysis of Delcroix and H!enin [1991] based on the 1969–1988 VOS bucket data available at that
time. Authors underlined the co-occurrence of regional changes in SSS and in precipitation due to the
ENSO effect on the Walker circulation. They however recall their earlier study [Delcroix and H!enin, 1989] that
stated the possible important role of mixing and advection upon the 1982–1983 ENSO SSS changes in the
SPCZ region. The following section presents an assessment of the role of each process in the salinity vari-
ability, as reproduced by the model.

4. Mechanisms Associated With the 2010–2011 SSS Anomalies

In order to understand the 2010–2011 variations in SSS, we investigate the processes that modify salinity within
the mixed layer (hereafter still called SSS), using an approach based on our model outputs as in Hasson et al.
[2013a] and earlier with other models in Vialard and Delecluse [1998a, 1998b] and Vialard et al. [2002].

The equation of the SSS budget may be written as
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(horizontal (Kh) and vertical (Kz)). Moreover, dS denotes the salinity jump at the base of the mixed layer.
Term (I) will be referred to as the SSS tendency and term (II) as the surface forcing. Terms (III) and (V) are,
respectively, the horizontal advection and diffusion processes. Analogously, terms (IV) and (VI) are the verti-
cal advection and entrainment and the subscale vertical processes. For conciseness, terms (III) and (V) are
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Changes to the Oceanic Niño Index (ONI)
Link to Previous Version of ONI (1971-2000 climatology)

 

Notice: Because of the high frequency filter applied to the ERSSTv3b data
(Smith et al. 2008, J.Climate), ONI values may change up to two months after
the initial "real time" value is posted. Therefore, the most recent ONI values
should be considered an estimate.

DESCRIPTION: Warm (red) and cold (blue) periods based on a threshold of +/-
0.5oC for the Oceanic Niño Index (ONI) [3 month running mean of ERSST.v3b
SST anomalies in the Niño 3.4 region (5oN-5oS, 120o-170oW)], based on
centered 30-year base periods updated every 5 years.

For historical purposes, periods of below and above normal SSTs are colored in
blue and red when the threshold is met for a minimum of 5 consecutive
overlapping seasons. The ONI is one measure of the El Niño-Southern
Oscillation, and other indices can confirm whether features consistent with a
coupled ocean-atmosphere phenomenon accompanied these periods.
 

Year DJF JFM FMA MAM AMJ MJJ JJA JAS ASO SON OND NDJ
1950 -1.4 -1.3 -1.2 -1.2 -1.1 -0.9 -0.6 -0.5 -0.4 -0.5 -0.6 -0.7
1951 -0.8 -0.6 -0.4 -0.2 0.0 0.4 0.6 1.0 1.1 1.2 1.1 0.9
1952 0.6 0.4 0.3 0.3 0.3 0.1 -0.1 0.0 0.2 0.2 0.2 0.3
1953 0.5 0.6 0.6 0.7 0.7 0.7 0.7 0.7 0.8 0.8 0.8 0.8
1954 0.7 0.5 0.1 -0.4 -0.5 -0.5 -0.6 -0.7 -0.8 -0.7 -0.7 -0.7
1955 -0.7 -0.7 -0.7 -0.8 -0.8 -0.8 -0.8 -0.7 -1.1 -1.4 -1.7 -1.6
1956 -1.1 -0.8 -0.6 -0.5 -0.5 -0.5 -0.5 -0.6 -0.5 -0.5 -0.5 -0.5
1957 -0.3 0.1 0.4 0.7 0.9 1.0 1.1 1.2 1.2 1.3 1.5 1.8
1958 1.8 1.6 1.2 0.9 0.7 0.6 0.5 0.3 0.3 0.4 0.5 0.6
1959 0.6 0.6 0.5 0.3 0.2 -0.1 -0.2 -0.3 -0.1 0.0 0.1 0.0
1960 -0.1 -0.2 -0.2 -0.1 -0.1 0.0 0.1 0.2 0.2 0.1 0.1 0.1
1961 0.0 0.0 0.0 0.1 0.3 0.4 0.2 -0.1 -0.3 -0.3 -0.2 -0.1
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1962 -0.2 -0.3 -0.3 -0.3 -0.2 -0.2 0.0 -0.1 -0.2 -0.3 -0.4 -0.5
1963 -0.4 -0.2 0.1 0.3 0.3 0.5 0.8 1.1 1.2 1.3 1.4 1.3
1964 1.1 0.6 0.1 -0.4 -0.6 -0.6 -0.6 -0.7 -0.8 -0.8 -0.8 -0.8
1965 -0.6 -0.3 0.0 0.2 0.5 0.8 1.2 1.5 1.7 1.9 1.9 1.7
1966 1.4 1.1 0.9 0.6 0.4 0.3 0.3 0.1 0.0 -0.1 -0.1 -0.2
1967 -0.3 -0.4 -0.5 -0.4 -0.2 0.1 0.1 -0.1 -0.3 -0.3 -0.3 -0.4
1968 -0.6 -0.8 -0.7 -0.5 -0.2 0.1 0.4 0.5 0.5 0.6 0.8 1.0
1969 1.1 1.1 1.0 0.9 0.8 0.6 0.5 0.5 0.8 0.9 0.9 0.8
1970 0.6 0.4 0.4 0.3 0.1 -0.2 -0.5 -0.7 -0.7 -0.7 -0.8 -1.0
1971 -1.2 -1.3 -1.1 -0.8 -0.7 -0.7 -0.7 -0.7 -0.7 -0.8 -0.9 -0.8
1972 -0.6 -0.3 0.1 0.4 0.6 0.8 1.1 1.4 1.6 1.9 2.1 2.1
1973 1.8 1.2 0.6 -0.1 -0.5 -0.8 -1.0 -1.2 -1.3 -1.6 -1.9 -2.0
1974 -1.9 -1.6 -1.2 -1.0 -0.8 -0.7 -0.5 -0.4 -0.4 -0.6 -0.8 -0.7
1975 -0.5 -0.5 -0.6 -0.7 -0.8 -1.0 -1.1 -1.2 -1.4 -1.5 -1.6 -1.7
1976 -1.5 -1.1 -0.7 -0.5 -0.3 -0.1 0.2 0.4 0.6 0.7 0.8 0.8
1977 0.6 0.6 0.3 0.3 0.3 0.4 0.4 0.4 0.5 0.7 0.8 0.8
1978 0.7 0.5 0.1 -0.2 -0.3 -0.3 -0.3 -0.4 -0.4 -0.3 -0.1 -0.1
1979 -0.1 0.1 0.2 0.3 0.2 0.0 0.0 0.2 0.3 0.5 0.5 0.6
1980 0.5 0.4 0.3 0.3 0.4 0.4 0.3 0.1 -0.1 0.0 0.0 -0.1
1981 -0.4 -0.6 -0.5 -0.4 -0.3 -0.3 -0.4 -0.4 -0.3 -0.2 -0.2 -0.1
1982 -0.1 0.0 0.1 0.3 0.5 0.7 0.7 1.0 1.5 1.9 2.1 2.2
1983 2.2 1.9 1.5 1.2 0.9 0.6 0.2 -0.2 -0.5 -0.8 -0.9 -0.8
1984 -0.5 -0.3 -0.3 -0.4 -0.5 -0.5 -0.3 -0.2 -0.3 -0.6 -0.9 -1.1
1985 -1.0 -0.9 -0.7 -0.7 -0.7 -0.6 -0.5 -0.5 -0.5 -0.4 -0.4 -0.4
1986 -0.5 -0.4 -0.2 -0.2 -0.1 0.0 0.3 0.5 0.7 0.9 1.1 1.2
1987 1.2 1.3 1.2 1.1 1.0 1.2 1.4 1.6 1.6 1.5 1.3 1.1
1988 0.8 0.5 0.1 -0.2 -0.8 -1.2 -1.3 -1.2 -1.3 -1.6 -1.9 -1.9
1989 -1.7 -1.5 -1.1 -0.8 -0.6 -0.4 -0.3 -0.3 -0.3 -0.3 -0.2 -0.1
1990 0.1 0.2 0.3 0.3 0.2 0.2 0.3 0.3 0.4 0.3 0.4 0.4
1991 0.3 0.2 0.2 0.3 0.5 0.7 0.8 0.7 0.7 0.8 1.2 1.4
1992 1.6 1.5 1.4 1.2 1.0 0.7 0.3 0.0 -0.2 -0.3 -0.2 0.0
1993 0.2 0.3 0.5 0.6 0.6 0.5 0.3 0.2 0.2 0.2 0.1 0.1
1994 0.1 0.1 0.2 0.3 0.4 0.4 0.4 0.4 0.5 0.7 1.0 1.2
1995 1.0 0.8 0.6 0.3 0.2 0.0 -0.2 -0.4 -0.7 -0.8 -0.9 -0.9
1996 -0.9 -0.8 -0.6 -0.4 -0.3 -0.2 -0.2 -0.3 -0.3 -0.3 -0.4 -0.5
1997 -0.5 -0.4 -0.1 0.2 0.7 1.2 1.5 1.8 2.1 2.3 2.4 2.3
1998 2.2 1.8 1.4 0.9 0.4 -0.2 -0.7 -1.0 -1.2 -1.3 -1.4 -1.5
1999 -1.5 -1.3 -1.0 -0.9 -0.9 -1.0 -1.0 -1.1 -1.1 -1.3 -1.5 -1.7
2000 -1.7 -1.5 -1.2 -0.9 -0.8 -0.7 -0.6 -0.5 -0.6 -0.6 -0.8 -0.8
2001 -0.7 -0.6 -0.5 -0.4 -0.2 -0.1 0.0 0.0 -0.1 -0.2 -0.3 -0.3
2002 -0.2 0.0 0.1 0.3 0.5 0.7 0.8 0.8 0.9 1.2 1.3 1.3
2003 1.1 0.8 0.4 0.0 -0.2 -0.1 0.2 0.4 0.4 0.4 0.4 0.3
2004 0.3 0.2 0.1 0.1 0.2 0.3 0.5 0.7 0.8 0.7 0.7 0.7
2005 0.6 0.4 0.3 0.3 0.3 0.3 0.2 0.1 0.0 -0.2 -0.5 -0.8
2006 -0.9 -0.7 -0.5 -0.3 0.0 0.1 0.2 0.3 0.5 0.8 1.0 1.0
2007 0.7 0.3 -0.1 -0.2 -0.3 -0.3 -0.4 -0.6 -0.8 -1.1 -1.2 -1.4
2008 -1.5 -1.5 -1.2 -0.9 -0.7 -0.5 -0.3 -0.2 -0.1 -0.2 -0.5 -0.7

 
 
Figure 8.  (a) SMOS SSS measurements in the west Pacific warm pool in July 2010 
(La Niña conditions) and July 2011 (normal conditions).  Diagram extracted from 
Hasson et al. (2014).  (b) NOAA Oceanic Niño Index for Nino 3.4 region. 
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A coupled ocean and atmosphere model constrained with observations is the 
foundation of many forecasts of El Niño and La Niña events.  Hackert et al. (2014) 
showed that the monthly forecast skill for SST anomaly in the Nino 3 region (5°S-
5°N, 150°W-90°W) in August 2011 to February 2014 improved considerably with 
assimilation of Aquarius SSS, e.g., for forecast lead times greater than 5 months, the 
correlation coefficient and rmsd between the modeled and observed SSTA was 2.5 
times larger and 40% smaller, respectively.  Assimilation of only in-situ salinity 
measurements recorded within the uppermost 10 m provided less accurate forecasts 
of Niño 3 SST anomaly.  Hackert et al. (2014) conjectured that many of the incorrect 
forecasts of the El Niño event for late 2012 were due to the inadequate observational 
constraint of SSS in the forecast model near the equator.   
 
Satellite SSS data have bias difference and rmsd compared with in-situ data, which 
need to be mitigated before their assimilation in models.  Vernieres et al. (2014) 
developed a neural network method that reduced bias and rmsd errors in Aquarius 
SSS data.  Assimilation of SMOS SSS data into a numerical model of the northeast 
subtropical Atlantic Ocean has shown the potentiality of satellite SSS observations to 
provide coherent salinity maps (Hoareau et al., 2014). 
 
 
4 SUMMARY AND CONCLUSIONS 
 
The Aquarius and SMOS Missions demonstrated the feasibility of L-band technology 
to measure SSS with adequate accuracy and precision for generation of new 
knowledge about ocean circulation and dynamics.  The oceanographic community 
has reinvigorated the study of salinity.  Familiar science results have been replicated 
and new knowledge has been generated. 
 
Before the launch of the Aquarius and SMOS missions, knowledge of SSS variability 
was severely hampered by an absence of long-term datasets, especially those over a 
region.  Analyses of satellite SSS with in-situ salinity measurements have increased 
understanding of TIWs and Rossby waves.  Closing the salt budget in select regions, 
such as in the North Atlantic high SSS zone, represent a beginning in narrowing the 
uncertainties in the marine hydrological cycle.  Analysis of the salt budget in a rainfall 
region is under consideration in 2016-2017 in the eastern tropical Pacific (SPURS-2 
Planning Group, 2015).  The global salt budget would remain a challenge until the L-
band sensitivity to low SST is somehow reduced.  An improvement in forecasting El 
Niño/La Niña through consideration of SSS seems doable.  Also, satellite SSS data 
have the potential to increase knowledge of biogeochemical processes, such as 
ocean acidification (Land et al., 2015). 
 
Recommendations by the CLIVAR Salinity Working Group (2008) for satellite SSS 
observations are current today.  As described above, salinity measured with Argo 
floats, salinity instruments on ships-of-opportunity and research vessels, gliders, and 
moored buoys are critical data sources to merge with satellite SSS.  Aquarius and 
SMOS data are ripe for integration and assimilation into coupled ocean-atmosphere 
general circulation models.  An intriguing suggestion to explore is that SSS would 
have shorter horizontal scales of variability compared to SST because SSS has no 
direct exchange with the atmosphere unlike SST, in which the atmosphere would 
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tend to smooth lateral variations in SST.  Analyses of SSS and its contribution to 
upper-ocean mixing and interaction with Ekman advection, especially at outcropping 
isopycnals, is a challenging problem. 
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