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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 Nifia. As the SSS time series lengthen with continued mission operations,
SSS data will receive additional attention in numerous studies, including the El Nifio/La Nifia
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)™ 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.

! For this paper, David Halpern represents the Intergovernmental Oceanographic Commission
(10C) 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) — 10C Joint Commission on Oceanography and Marine
Meteorology (JCOMM) supports I0C to accomplish CGMS Plenary Action 42.10, which
invited 10C 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™ (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
“Aguarius/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, provides a near-instantaneous measurement
compared to an in-situ measurement averaged over several minutes to hours. The
satellite SSS footprint (76 x 94 km?, 84x120 km? and 96x156 km? for Aquarius; 40x40
km? 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 la
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

Page 5 of 19



CGMS-43 10C-WP-01
2 May 2015

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 la 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 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
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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, 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 Nifio (La Nifia) 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™, which was nearly twice as fast as the 33-day period TIWSs. 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
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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).
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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,
1100-km zonal wavelength, and seasonal variability of TIWSs, 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 TIWSs.

3.2.2 Rossby Waves

Subrahmanyam et al. (2009) detected an annual westward-propagating Rosshy
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™ (Figure 5) with
characteristics of a Rossby wave, which contained ~ 92 % of the annual variance.
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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).

3.23 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 1la 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).

(a) Aquarius (b) Shelf and Deep Ocean Volume Balance
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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).

3.24 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.
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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. (2014Db).

3.3 ElI Nifio and La Nina

An El Nifio (La Nifia) occurs when the monthly SST anomaly (SSTA) or difference
from a 30-year mean in the Nifio 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 Nifio and La Nifia 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 EIl Nifio event was occurring; the event began in July 2009 and
continued until April 2010. SMOS also observed the moderate La Nifia event of July
2010 to April 2011 before the launch of Aquarius. Both Aquarius and SMOS
recorded SSS in the moderate La Nifia event of September 2011 to March 2012.
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This La Nifa event was followed by 30 normal months, when a weak EI Nifio 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 Nifio 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 Nifio conditions because of the salinity
effect on stratification and horizontal pressure gradient. Delcroix (1998) found that
the El Nifio/La Nifia variation of SSS was mainly located in the west Pacific where the
1.0 psu SSS difference between EIl Nifio and La Nifia 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 Nifio/La Nifia, 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 Nifio
event would originate.

Hasson et al. (2014), in a comparison of the July 2010 (the first month of a La Nifa
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 Nifia compared normal conditions (Figure 8). Higher SSS would be expected to
be associated with lower rainfall.
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2014/-0.6|-0.6|-05|-0.1/ 0.1 /0.1 |00 0.0]0.2|05]0.7]0.7
2015/ 0.6 | 0.5

Figure 8. (a) SMOS SSS measurements in the west Pacific warm pool in July 2010
(La Nifia conditions) and July 2011 (normal conditions). Diagram extracted from
Hasson et al. (2014). (b) NOAA Oceanic Nifio 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 Nifio and La Nifia 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 Nifio 3 SST anomaly. Hackert et al. (2014) conjectured that many of the incorrect
forecasts of the El Nifio 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
Nifilo/La Nifia 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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