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1. Science and Application target, its importance, and how the understanding in one or more of

the Decadal Survey Themes is advanced by addressing it

This white paper addresses the enhancement and continuity of space-based measurements of
global sea surface salinity (SSS) to study the linkages of ocean circulation with the water cycle
and climate variability, as well as to facilitate biogeochemistry research. Improving sea-ice
thickness measurements for studying ocean-cryosphere-water cycle linkages is a secondary goal.
Science and application targets:

(1) To determine the magnitudes of SSS changes in the Arctic Ocean over ice-free regions during
summer, the regional dependence (e.g., Eurasian versus North American sectors), and the
pathways of Arctic Ocean outflow to the North Atlantic Ocean.

(2) To characterize SSS changes in the high-latitude Southern Ocean, including the meridional
gradients across the Antarctic Circumpolar Current (ACC).

(3) To extend NASA’s SSS measurements to study the linkages between the ocean and other
elements of the water cycle, to constrain the highly uncertain elements (e.g., oceanic
evaporation-minus-precipitation (E-P) and continental runoff), and in particular, to reduce the
uncertainty of basin-scale E-P estimates to within 3 cm/year.

(4) To constrain global ocean and coupled ocean-atmosphere data assimilation systems used for
ocean process studies, initialization of seasonal-to-interannual prediction, short-term ocean
forecasts, as well as for driving biogeochemistry models.

Importance of global SSS measurements to Earth System Science research:

As discussed in a community white paper in response to the Decadal Survey initial Request for
Information', satellite SSS measurements are important in the following areas:

Ocean circulation and climate. SSS plays a more critical role than sea surface temperature
(SST) in influencing surface density of high-latitude oceans and thereby affects a large spectrum
of high-latitude ocean processes such as advection, mixing, convection, and water-mass
formation”. Higher (lower) SSS can destabilize (stabilize) the water column, thus influencing the
formation of dense water masses and the sequestration of heat and carbon into the deep ocean.
These processes have significant implications for the large-scale meridional overturning
circulation (MOC) and the related transports of heat, freshwater, and carbon’, and the
spatiotemporal variability of oceanic heat content such as anomalies associated with the so-called
“global warming hiatus™. The Arctic Ocean is freshening due to the combined effects of melting
sea ice, increased continental runoff, and ocean circulation changes’. The interaction of Arctic
Ocean outflow waters with the saltier North Atlantic waters has strong implications for the North
Atlantic circulation. In the Southern Ocean, the weak vertical stratification accentuates the
effectiveness of small salinity changes on ventilation, deep convection, and the MOC®. Changes
in the distribution of Antarctic sea ice extent and thickness and the associated SSS variations are
expected to play a major role in the future evolution of global overturning rates’. SSS has
significant influence on the Antarctic Intermediate Water and Subantarctic Mode Water, which
are fundamental to Southern Ocean air-sea fluxes™. In the tropics, rain-induced freshening causes
formation of the so-called “barrier layer”, which inhibits vertical heat exchange between the
mixed layer and thermocline and regulates air-sea interaction and related climate variability'®""
(at high latitudes, ice melt may play a similar role). SSS is also important to understanding and
predicting climate variability such as the El Nifio-Southern Oscillation'*"”.

Water cycle. The ocean is a key element of the global water cycle with ~85% (77%) of the
global evaporation (precipitation) occurring over the ocean'®?' (Figure 1). Salinity serves as a
good indicator of water cycle changes, integrating the effects of various components of the water
cycle on the ocean (e.g., evaporation, precipitation, continental runoff, sea ice melt). It also
constraints the poorly known elements of the global water cycle such as oceanic E-P and
continental runoff, and regulates the feedback to climate variability*>*. Historical multi-decadal
SSS observations have provided strong evidence for an acceleration of the water cycle (i.e., “salty



gets saltier and fresh gets fresher” associated with “wet gets wetter and dry gets drier”)*"***,

Multi-decadal, basin-scale changes in upper-ocean salinity are on the order of 0.05 practical
salinity unit (psu)/decadezl’%. This is equivalent to oceanic E-P changes of 3 cm/year, which is far
smaller than the discrepancies among existing E-P products’. Therefore, long-term changes in
oceanic E-P can be more effectively ascertained when using SSS observations as constraints’”".
Although satellite SSS measurements are not as accurate as in-situ observations, NASA’s
Aquarius satellite has demonstrated the ability to detect large-scale (10°x10°) non-seasonal SSS
variations to better than 0.05 psu equatorward of 65° latitudes on monthly time scales®. In
subtropical ocean regions, the evaporation (that dominates over precipitation) provides the
predominant source of moisture carried by atmospheric circulation to continents, thereby
affecting terrestrial precipitation and soil moisture. SSS variations in subtropical North Atlantic
are found to be a better predictor of Sahel rainfall than SST*".

Biogeochemistry. The marine ecosystem and ocean carbon cycle both strongly depend on
ocean circulation®'?, which is in turn strongly regulated by salinity, especially at high latitudes.
In particular, the MOCs associated with the North Atlantic and Southern Ocean play important
roles in biogeochmical cycles®™*. The Southern Ocean is a major sink for the anthropogenic CO,
(representing almost Y2 of the global oceanic sink) and is characterized by strong interannual-
decadal variability®®. SSS influences oceanic vertical mixing and convection and affects nutrient
supply, CO, distribution in surface waters, air-sea gas exchanges (e.g., CO; and O,), and carbon
sequestration. In the tropics, SSS plays an important role in the spatial distribution of
biogeochemical parameters in surface waters, either through its influence on ocean circulation or
its relation to rainfall’’”** and river discharge®®. Oceanic total alkalinity, an important parameter
for carbon cycle and ocean acidification studies, correlates strongly with salinity”. Space-based
SSS measurements are providing new resources to enhance biogeochemistry research**,
Knowledge and observing system gaps:

High-latitude oceanic processes. Increased precipitation, river runoff, and sea-ice melt are
impacting the Arctic Ocean’s freshwater and density structure. However, poor in-situ data
coverage (particularly in Russian coastal waters and in the seasonal ice zone) limits our
knowledge of the changing SSS patterns and the freshwater outflow pathways to deep-water
formation sites in the North Atlantic Ocean as well as the associated consequences. The
interaction of the fresher Arctic Ocean outflow with the saltier North Atlantic waters and the
consequences on the Atlantic MOC and global ocean heat content need to be further understood”.
In the Southern Ocean, the temporal SSS variability of the Subantarctic Front (SAF) and Polar
Front (PF) zones and the related water-mass formation processes are not well documented,
especially in terms of variations across different zonal sectors that are expect to affect global
overturning rates*®. Finally, the current generation of climate models has limited skills in
representing high-latitude water mass properties due to crude representations of such physical
processes as lateral mixing (especially in the marginal ice zone), convection, and entrainment®’.
These limitations impose uncertainties in the modeled response to climate changes.

The changing water cycle. Deciphering climate change effects on terrestrial elements of the
water cycle (e.g., total continental runoff and soil moisture) has been complicated by human
activities (e.g., dams and agriculture). Land-based precipitation records are spatially too
heterogeneous to provide a continental/global view, and are extremely sparse in tropics/mid-
latitudes over many continents*™*. Many river discharges are poorly known'’. While progress
has been made in space-based measurements of oceanic precipitation, there are still considerable
differences in tropical precipitation among different products. There exist no direct evaporation
measurements on global scale. Oceanic evaporation is typically estimated empirically from
measurements of wind speed, air and sea surface temperature, and humidity and is subject to
considerable uncertainty. Uncertainties in both P and E estimates cause substantial discrepancies
among E-P products’"**, including regional differences and global budget.



Model representation. The relatively large errors in oceanic E-P estimates, resulting in global
net E-P imbalance and regional uncertainties, are a principal cause for biases and drift in ocean
models and data assimilation products. The lack of sufficient global SSS measurements to
appropriately constrain models has led to the relatively common practice of relaxing model SSS
towards a seasonal climatology. Ocean models and assimilation systems typically are also forced
by climatological river discharges, including highly uncertainty estimates for many rivers. These
two practices limit model skills in representing SSS because they suppress non-seasonal SSS
variations and could introduce erroneous sources of freshwater or salinity into the model state

In-situ versus space-based observing systems. The existing near-global in-situ salinity
observing system is the Argo array of nearly 4000 autonomous profiling floats (Figure 2). The
nominal spacing of one float per 3°x3° (with an average 10-day profiling interval) is inadequate
to characterize many features and regions of the world oceans (e.g., mesoscale variability,
variations under rain bands, boundary currents, marginal seas, coastal and high-latitude oceans).
Although Arctic sea ice extent has been declining in all seasons™®, winter sea ice still covers the
entire Arctic Ocean, making deployment of standard Argo floats problematic. Under-ice Argo
technology is being developed but the future distribution of such floats will remain sparse
compared to satellite sampling. Ice Tethered Profilers provide some SSS observations’, but at a
much higher unit cost. Marginal seas and coastal oceans, directly affected by rivers, are important
to the connection of the ocean with the terrestrial water cycle. However, Argo float distributions
in these regions are sparse or non-existent due to grounding issue and the divergence caused by
strong currents. Space-based SSS measurements have advantages in terms of global coverage and
finer spatiotemporal sampling, allowing us to fill the aforementioned knowledge gaps.

Given the importance of SSS measurements to fill these knowledge gaps, addressing the
aforementioned targets allows advancements related to Decadal Survey Theme “IV. Climate
Variability and Change: Seasonal to Centennial”, Theme “I. Global Hydrological Cycles
and Water Resources”, and Theme “IIl. Marine and Terrestrial Ecosystems and Natural
Resource Management”. In particular, satellite SSS will enable progress in these themes by
improving the understanding in the following areas:
® Impacts of the freshening Arctic Ocean on surface density and the consequence on large-scale

ocean circulation and associated property transports oceanic heat content variations.
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¢ Effects of SSS variability in the Southern Ocean, especially on subduction, ventilation, water-
mass characteristics, and the related sequestration of heat and carbon into the deep ocean.

* Impacts of SSS on vertical mixing in tropical oceans and air-sea interaction associated with
climate variability and on air-sea exchanges of heat, momentum, and gases (e.g., CO, and O,).

* Changes in the water cycle and the relationships among its components (e.g., E-P, oceanic
moisture supply for terrestrial precipitation, continental runoff, sea-ice melt).

* Relationships of oceanic freshwater/heat contents with the global energy and water cycles.
® Ocean/climate model representations of ocean/climate processes and climate prediction.

2. Utility of the measured geophysical variable(s) to achieving the science and application target.
SSS measurements can be used to address science and application targets (1) and (2) directly
without using other geophysical variables. For target (3), SSS serves as a good indicator of the
changes in the water cycle for regions and spatiotemporal scales where the effects of E-P and
river discharges are more dominant than those due to ocean dynamics"*>***. The value of
satellite SSS observations toward addressing the science and application targets is greatly
enhanced with complementary use of other geophysical measurements obtained in the context of
integrated observing and Earth System Science, particularly when addressing target (4), which
integrates SSS and other measurements into ocean or coupled ocean-atmosphere modeling and
assimilation systems60'63. SSS and SST measurements together enable quantification of surface
density that is important to ocean circulation and biogeochemistry. SSS measurements, estimates



of E-P and ocean surface currents (derived from altimetry and scatterometry), and mixed-layer
depths estimated from Argo observations enable studies of SSS budgets and surface freshwater
redistribution. Sea ice thickness measurements, used in combination with other measurements
(e.g., SSS, sea ice extent, wind, runoff), supports efforts to decipher the cause for the changing
SSS and freshwater content of the Arctic Ocean.

3. The key requirements needed for achieving the science and application target.

Addressing the aforementioned science and application targets requires the enhancement of
NASA’s space-borne capabilities for observing SSS and sea ice thickness. The related key
requirements for the coming decade are listed in Tables 1 and 2. Rationales are provided below.

To maximize the synergy of satellite SSS and SST to monitor surface density, it is necessary
to monitor SSS at 25-km spatial resolution, which is the resolution of SST measurements made
by passive microwave (PMW) radiometers. This resolution is important to studying SSS
variations associated with mid- and low-latitude mesoscale features, boundary currents, tropical
rain bands, and major river plumes. It is sufficiently small to resolve the 85-km widths of the SAF
and PF in the Southern Ocean®. It also enables measurements of SSS (thus surface density)
closer to the coasts and sea ice edge than before. Such a spatial resolution is several times finer
than Aquarius’ 100-150 km footprints and finer than the 40-km resolution of NASA’s Soil
Moisture Active-Passive (SMAP) satellite, and is over an order of magnitude smaller than the
effective resolution of the Argo array (hundreds of km or larger).

The temporal sampling requirement is global coverage every 3 days (shorter than Aquarius’ 7
days and the same as that for SMAP), which allows monitoring of synoptic and longer variability
and is a few times shorter than the nominal 10-day profiling interval of Argo. This 3-day
temporal sampling is also important to the monitoring of the rapid growth of 1*-year (FY) sea ice.

The accuracy requirement for SSS is 0.15 psu for SSS anomalies on monthly and 1° scales and
0.1 on 10° scale, averaged over the global ocean. Defining the accuracies for anomalies as
opposed to absolute SSS (akin to altimetry-derived sea level anomalies instead of absolute sea
level) is more fundamental to studying spatiotemporal changes of the ocean. These accuracy
requirements, already achieved by Aquarius V4.0 SSS*® (also Figure 3), serve as the baseline
requirements for a future satellite salinity mission. The beta version of SMAP SSs® (employing
only radiometer measurements only due to the loss of the radar) also showed encouraging quality,
with a 0.2-psu standard deviation from Argo data on 1°, monthly scales (Figure 4). Were radar
data available for the correction of surface roughness effect, the quality would be even better.
Moreover, the continuing cal/val effort is expected to further improve SMAP SSS accuracy.

The requirement for sea ice thickness measurement is to be able to measure up to 1.5-m
thickness, near the maximum thickness of FY ice, which is dominant in the Southern Ocean and
has become more prevalent in the Arctic Ocean, with an accuracy of ~25% (based on SMOS
experience®). Being able to measure sea-ice thickness up to 1.5 m will fill the gap created by
minimum thickness limitations (~1 m) using radar-based technologies (e.g. CryoSat).

4. Likelihood and affordability of achieving the required measurement(s) in the decadal
timeframe; potential for leveraging complementary measurements.

There are no new technologies required to achieve the spaceborne observations of SSS and sea
ice thickness. The required science measurements can be provided by a dual-band (P-/L-band)
radiometer instrument augmented by a L-band radar sharing a conical scanning antenna. The
conical scanning approach, similar to SMAP, will provide a 1000-km swath width with global
coverage in 3 days. The temporal revisit will be daily or more frequent for latitudes >60°. L-band
(~1.4 GHz) radiometer SSS measurements have been performed by the European Soil Moisture
Ocean Salinity (SMOS) mission since 20097, NASA’s Aquarius mission (201 1-2015)%, and
NASA’s ongoing SMAP mission since April 2015%. The instrument concept has significant
heritage from Aquarius® and SMAP® on radar/radiometer electronics and deployable mesh



antenna. To achieve the measurement resolution, a 10-m antenna size is needed (compared to
SMAP’s 6-m antenna), which allows a spatial resolution of 24 km for the L-band radiometer to
meet the required 25-km SSS measurement resolution. The 10-m mesh antenna with no new
technology is in the same class of 12-m antenna currently being used for NASA-ISRO SAR
(NISAR) and ESA Biomass missions. The momentum control of spinning a 10-m lightweight
mesh antenna is within the capability of SMAP design.

The SSS retrieval algorithms’”* for L-band instruments also has a significant heritage from
Aquarius, SMOS and SMAP. The primary instrument making SSS measurements for these
missions is the L-band radiometer (allocated for the radio astronomy observations). SMOS
contains only the PMW radiometer, while Aquarius included an integrated scatterometer designed
to measure ocean backscatter to remove the surface roughness effect on radiometer brightness
temperature (Tg) measurement. Aquarius V4.0 SSS has a globally averaged absolute accuracy of
0.17 psu on 150-km and monthly scales’*. The temporal SSS anomalies have globally averaged
accuracies of 0.12-0.16 (0.08-0.09) psu at 1° (10°) and monthly scales® (Figure 3). The accuracy
of non-seasonal anomalies on 10° scale is better than 0.05 psu28 (Figure 5), making it possible to
constrain large-scale E-P estimates on decadal time scales to within 3 cm/year’, target (3) above.

L-band SSS accuracy degrades at high latitudes due to reduced sensitivities of T to SSS at
low SST. To increase high-latitude SSS accuracy to the levels in the tropics (~0.1 psu®®), the
instrument concept includes a P-band (~600 MHz) radiometer, which has three times better
sensitivity to SSS than L-band for SST<5° C (Figure 6). Based on Aquarius and SMAP heritages,
the dual-frequency (P-/L-band) radiometer radiometer will be complemented by a L-band radar to
provide data for making surface roughness correction.

Sea ice thickness measurements will be made by the L-/P-band PMW radiometer for FY ice in
conjunction with ice thickness data from Cryosat/Icesat2 for thicker sea ice. Cryosat has been
acquiring freeboard measurements to estimate sea ice thickness. The uncertainty of the snow
depth has a large impact on Cryosat/Icesat2 estimates of thinner sea ice thickness. L-band SMOS
and SMAP has been used to map the thickness of thin FY ice but is limited to a maximum
thickness of ~50 cm®’°. The P-band radiometer frequency can detect thickness up to ~ 1.5 m.
The dual-band radiometer provides highly complementary ice thickness data to those from
Cryosat and Icesat2.

Although L-band SSS measurements have lower accuracies at high latitudes (~ 0.25-0.6 psu)
than those in the tropics/subtropics (~0.1 psu)zg, they are still very useful for studying the Arctic
Ocean because of its large spatiotemporal SSS variations "7 with spatial gradients as large as 10
psu over 200 km and decadal changes of several psu (Figure 7). The much weaker SSS variations
in high-latitude Southern Ocean (0.3-0.5 psu®”*') is near the accuracy threshold of L-band SSS.
However, P-band SSS measurements can provide three times better accuracy than L-band at high-
latitude oceans (Figure 6). For the same 10-m antenna, SSS derived from P-band has a lower
resolution (56 km) than L-band (24 km). Given the sparseness of in situ SSS measurements in the
high-latitude oceans, 56-km resolution measurements still have significant values.

The required radar and radiometer technologies with high calibration stability have been tested
in space and shown to meet the target accuracy of SSS. The Aquarius and SMAP radars have
both achieved a calibration stability of <0.1 dB in space. The Aquarius radiometer had some
small calibration drifts in the early part of the mission, but the source of calibration drift has been
fully addressed in the SMAP radiometer design, which has resulted in better that 0.1K calibration
stability. Moreover, SMAP has shown excellent performance to mitigate/remove Radio
Frequency Interference (RFI) impacts for both radar and radiometer measurements. The required
space technologies to address the aforementioned science targets are ready for a space
implementation in the 2017-2027 timeframe. The envisioned effort will also help establish the
capability for continuing improvement for sustained space-based monitoring of SSS.

The measurement concept described here is highly synergistic to those described by three
other white papers in response to the Decadal Survey second Request for Information®*™,



Table 1 Measurement capabilities and requirements for SSS anomaly for two antenna sizes. The
10-m (6-m) antenna size allows resolving scales of the 1¥ baroclinic radius of deformation (the
scales when Earth rotation becomes important and geostrophic theory applies) up to
approximately +45° (35°). The former latitude range encompasses the full extent of mid-latitude
western boundary currents that are important to ocean dynamics and air-sea interaction.

Spatial Spatial Temporal repeat Accuracy | Accuracy
resolution | resolution at 1°, at 10°,
(10-m (6-m monthly | monthly
antenna) | antenna)

L-band 1.4 GHz 24 km 40 km 3 days 0.15psu | 0.1 psu

(global average)

P-band 600 MHz 56 km 100 km 3 days 0.15psu | 0.1 psu

(high-latitude

average)

Table 2 Measurement capabilities and requirements for sea ice thickness.

Spatial Spatial Temporal repeat | Accuracy Maximum range
resolution | resolution (monthly) of detection
(10-m (6-m
antenna) | antenna)

P-band 600 56 km 100 km 3 days 25% 1.5m

MHz




0.001%

Figure 1. Schematic illustration of key elements of the water cycle. Reservoirs represented by
solid boxes (in unit of 10> km?® ). Fluxes represented by arrows (in unit of 10° m® /s). Graphics
after Durack et al. (2012) with the sources of the estimates obtained from Baumgartner and
Reichel (1975), Schmitt (1995), Trenberth et al. (2007), Schanze et al. (2010), and Steffen et al.
(2010). SSS links the water cycle with the ocean.
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Figure 2. Distribution of Argo floats during a recent 10-day period (1-10 March 2016), with an
averaged one float per 3°x3° spacing with a nominal 10-day profiling interval. The magenta and
red contours indicate the climatological positions of the Subantarctic and Polar Fronts (SAF and
PF) derived from historical hydrographic data (Orsi et al. 1995).
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Figure 3. Standard deviation (STD) of SSS differences between monthly gridded Aquarius V4.0
SSS and the 2.5-m Argo OI product from Scripps Institution of Oceanography (Argo-SIO) on
1°x1° (a), 3°x3° (b), and 10°x10° (c) scales. The STD values between two Argo OI products
(Argo-SIO and one from the University of Hawaii, Argo-UH) on these three scales are shown in
the middle column (d, e, f). The values in the left column represent upper-bound Aquarius SSS
accuracies. The right column (g, h, i) are the estimated lower-bound Aquarius SSS accuracies
obtained by removing the variance at each location of the middle column from that in the left
column then took the square root. The whited-out mid-ocean grid points in (g, h, i) indicate where
the discrepancies between the two Argo products are larger than those between the Aquarius and
Argo products. The red numbers indicate the respective “global averages” where Argo data are
available. After Lee et al. (2016)%.




(b) Std. dev. of SMAP-Argo SSS

T =0 =*
- R

60N
40N
20N

20S
40S[En

608_ ‘AA-_- I :.—‘h_v..-_ ', = _,,i.': J.._..‘H-u- | i
50E 100E 150E 160W 110W 60W 10W
Latitude

Figure 4. Standard deviation (STD) of the difference between the beta version of SMAP SSS
(based on radiometer measurements) with Argo-SIO during May-December 2015. The globally
averaged STD value is 0.2 psu.
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Figure 5. Standard deviation (STD) of seasonal (left) and non-seasonal (right) SSS differences
between Aquarius and Argo-SIO on 1°x1° (a, b), 3°x3° (c, d), and 10°x10° (e, f) scales. The red
numbers with a larger font are the respective global averages. The red numbers with a smaller
font are the corresponding global averages for the standard deviation of Argo-SIO vs Argo-UH
seasonal and non-seasonal SSS differences that were not shown graphically in the figure. When
one removes the variance of the difference between the two Argo products from that between
Aquarius and Argo, the resultant estimate, indicating the lower-bound of Aquarius SSS accuracy,
is 0.04 psu for non-seasonal anomalies on 10°x10° scale. The latter is closer to the 0.03 psu STD

value between the two Argo products.
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L-band and P-band sensitivties
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Figure 6. Sensitivity (K/psu) of ocean brightness temperature (Tg) to SSS as a function of SST for
L-band (~1.4 GHz, red curve) and P-band (~0.6 GHz, blue curve) (upper), and the ratio of P-
band/L-band sensitivity as a function of SST (lower). P-band has 2.6 to 3 times better sensitivity
than L-band at SST range of 0-5°C.
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Salinity at 20 m (2012/13 - 1970s)
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Figure 7. Left: spatial distribution of 20-m salinity based on in-situ measurements in the Arctic
Ocean during 2013. Right: 20-m salinity difference between 2012/13 and 1970s climatology
(based on Timmermans et al. 2014 and NOAA Arctic Report Card: 2013 Update
http://www.arctic.noaa.gov/reportl3/ocean_temperature salinity.html). The gradient estimates
were provided by Mike Steele of Applied Physics Laboratory, University of Washington.
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