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The future international Surface Water and Ocean Topography (SWOT) Mission, planned
for launch in 2021, will make high-resolution 2D observations of sea-surface height
using SAR radar interferometric techniques. SWOT will map the global and coastal
oceans up to 77.6° latitude every 21 days over a swath of 120 km (20 km nadir gap).
Today’s 2D mapped altimeter data can resolve ocean scales of 150 km wavelength
whereas the SWOT measurement will extend our 2D observations down to 15-30 km,
depending on sea state. SWOT will offer new opportunities to observe the oceanic
dynamic processes at scales that are important in the generation and dissipation of
kinetic energy in the ocean, and that facilitate the exchange of energy between the
ocean interior and the upper layer. The active vertical exchanges linked to these scales
have impacts on the local and global budgets of heat and carbon, and on nutrients
for biogeochemical cycles. This review paper highlights the issues being addressed by
the SWOT science community to understand SWOT’s very precise sea surface height
(SSH)/surface pressure observations, and it explores how SWOT data will be combined
with other satellite and in situ data and models to better understand the upper ocean 4D
circulation (x, y, z, t) over the next decade. SWOT will provide unprecedented 2D ocean
SSH observations down to 15-30 km in wavelength, which encompasses the scales of
“balanced” geostrophic eddy motions, high-frequency internal tides and internal waves.
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This presents both a challenge in reconstructing the 4D upper ocean circulation, or in
the assimilation of SSH in models, but also an opportunity to have global observations
of the 2D structure of these phenomena, and to learn more about their interactions. At
these small scales, ocean dynamics evolve rapidly, and combining SWOT 2D SSH data
with other satellite or in situ data with different space-time coverage is also a challenge.
SWOT’s new technology will be a forerunner for the future altimetric observing system,
and so advancing on these issues today will pave the way for our future.

Keywords: ocean mesoscale circulation, satellite altimetry, SAR-interferometry, tides and internal tides,

calibration-validation

INTRODUCTION

Over the last 25 years, satellite altimetric sea surface height (SSH)
observations have greatly advanced our understanding of the
large-scale ocean circulation and its interaction with the larger
mesoscale dynamics (Fu and Cazenave, 2001; Morrow et al.,
2018b). These SSH observations reflect the ocean surface pressure
field and give us the ability to monitor depth-integrated ocean
dynamics. Indeed altimetric SSH is the only satellite observation
that so clearly responds to both surface and deeper ocean
changes. Today, the noise of the classical along-track altimetric
observations as well as the distance between groundtracks limits
our observation of the 2D SSH field to scales greater than 150-
200 km at mid-latitudes (Chelton et al., 2011). In parallel, ocean
models are evolving, and global high-resolution, high-frequency
models, with and without tides, are now available (e.g., HYCOM
at 1/25° - Chassignet and Xu, 2017; Arbic et al., 2018; 1/48°
MITgcm; 1/12° NEMO - Mercator Ocean). Yet the dynamics of
these evolving high-resolution models cannot be validated today,
due to the lack of global observations at these finer scales.

The future SWOT SAR-interferometry wide-swath altimeter
mission is designed to provide global 2D SSH data, resolving
spatial scales down to 15-30 km depending on the local SSH
signal levels and measurement noise, which is a function of
sea state; (Fu et al.,, 2012; Fu and Ubelmann, 2014, see section
“Measurement Errors, SWOT Simulator, and Effective Spatial
Resolution” for more details). SWOT observations will fill the
gap in our knowledge of the 15-150 km 2D SSH dynamics,
which are important for setting the anisotropic structure of the
ocean horizontal circulation and for understanding the ocean’s
kinetic energy budget. Smaller-scale horizontal gradients can also
be linked to energetic vertical velocities and tracer transports
(Lévy et al., 2012a), and understanding the ocean stirring and
convergence at these finer scales is important for global tracer
budgets, biogeochemical applications, and climate.

As the name suggests, the Surface Water and Ocean
Topography (SWOT) mission will bring together two scientific
communities - oceanographers and hydrologists. For the
hydrology community, SWOT SAR interferometric data will
enable the observation of the surface elevation of lakes, rivers,
and floodplains, and will provide a global estimate of discharge
for rivers >100 m wide, and water storage for lakes >250 m?,
SWOT will also provide unprecedented observations in coastal
and estuarine regions, of interest to both communities. The

3-years of repeat data will allow a better estimate of the mean
sea surface and marine geoid; the high latitude coverage should
allow a better assessment of the ice caps up to 78°N and S, and
may even be used for estimating sea-ice freeboard and other
parameters. The science objectives covering all disciplines are
outlined in the SWOT Mission Science Document (Fu et al.,
2012) and in Morrow et al. (2018a).

The SWOT Science Team has been preparing for this mission
and its technical and scientific challenges since 2008, and the
mission was introduced in the OceanObs09 whitepaper (Fu et al.,
2009). In the first part of this 2019 white paper, we will give a brief
introduction to the SWOT science objectives and its observing
system and errors. We will highlight how SWOT observations
may be used in conjunction with other observations to improve
our understanding of the ocean energy cascade, internal gravity
waves, and ocean fronts, and then consider the challenges in
reconstructing the fine-scale upper ocean circulation with SWOT
and models. This review paper will also address how SWOT and
the in situ observing system may be used to better understand the
vertical structure associated with the fine-scale SWOT SSH. In
particular, the first 90 days of the mission will have a 1-day repeat
phase, when the rapid evolution of these fine-scale dynamics can
be observed. The calibration and validation (CalVal) of SWOT
will be discussed, as well as science validation opportunities.

Plans to have a global series of fine-scale experiments based
on regional studies during the fast sampling phase, as part of
the SWOT “Adopt-a-crossover” initiative, will be presented in
a companion OceanObs2019 paper by d’Ovidio et al. “Frontiers
in fine scale in-situ studies: opportunities during the SWOT fast
sampling phase.”

SWOT OCEAN SCIENCE OBJECTIVES

Ocean Fine-Scales and the Energy
Cascade

The primary oceanographic objective of the SWOT mission is to
characterize the ocean mesoscale and submesoscale circulation
determined from ocean surface topography, from the large scale
down to around 15 km wavelength (Fu et al., 2012; Fu and
Ubelmann, 2014). Oceanic processes at fine scales from 15 to
150 km are characterized by temporal variability of days to
weeks. They crucially affect the ocean physics and ecology up
to the climate scale, because of their very energetic dynamics
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(Ferrari and Wunsch, 2009) creating strong gradients in ocean
properties. These gradient regions act as one of the main gateways
that connect the ocean upper layer to the interior (Lévy et al,
2001; Ferrari, 2011; McWilliams, 2016) and to its frontiers,
including the sea-ice region (Manucharyan and Thompson,
2017) and the atmospheric boundary layer (Lehahn et al., 2014;
Renault et al., 2018).

Today’s gridded satellite altimetry maps have given us
insight into mesoscale eddies >150 km in wavelength (Chelton
et al., 2011; Morrow et al., 2018b). Yet these mapped eddies
“spontaneously” appear and disappear in mid-ocean, and at
present we cannot observe the smaller-scale processes that
generate these larger eddies, nor their cascade down to smaller
dissipative scales. In regions such as the Mediterranean Sea,
with a small Rossby radius and large groundtrack separations,
high-resolution modeling studies suggest we may be missing
75% of the mesoscale eddies with today’s altimeter sampling
(Amores et al., 2018). Although alongtrack altimetry can detect
smaller SSH scales (~70 km for Jason, 30-50 km for Saral
and Sentinel-3; Vergara et al, 2019), these are 1-D slices
across the dynamics, and tend to observe more of the north-
south SSH variability in the tropics and subtropics. SWOT’s
capability to observe the 2-D structure of small mesoscale
processes down to 15-30 km in wavelength (i.e., eddy diameters
of 7-15 km) will greatly improve our understanding of the
generation and dissipation phases, and of mesoscale dynamics
in small Rossby radius regions (high latitudes, regional seas,
and coastal zones).

Ocean circulation models now have both the computational
power and the theoretical support for simulating basin-scale
regions with fine-scale resolving capabilities (e.g., Arbic et al,
2018; Qiu et al., 2018; http://meom-group.github.io/swot-natl60/
science.html). Recent high-resolution modeling studies have
highlighted the importance of the smaller scales generated, for
example, by energetic instabilities in the deep winter mixed
layers (Callies and Ferrari, 2013; Qiu et al., 2014; Sasaki et al.,
2014; Chassignet and Xu, 2017). The late-winter surface relative
vorticity has a myriad of small-scale structures and filaments,
associated with strong vertical velocities at small-scales in the
deep winter mixed layer and injection into the subsurface layers.
In late summer, when the mixed layer is shallow, near-surface
vertical velocities are weak, and the surface relative vorticity is
at larger scales, driven by sub-surface eddies. These processes are
mainly in geostrophic balance (Sasaki et al., 2014), and have a
SSH signature which can be observed with conventional altimetry
(Vergara et al,, 2019). Since conventional 2D altimetry maps only
capture scales greater than 150 km, the seasonal cycle is biased
toward the summer peak, with no observations of the small-scale
generating mechanisms in winter. These model results need to
be validated by 2D observations which will be available from
the SWOT mission.

Improving our understanding of these small mesoscale fields
and submesoscale fronts and filaments is essential not only for
quantifying the kinetic energy of ocean circulation, but also for
the ocean uptake of heat and carbon that are key factors in
climate change. Traditional altimeters combined with in situ data
have revealed the fundamental role of larger mesoscale eddies in

the horizontal transport of heat and carbon across the oceans
(Dong et al., 2014). The vertical transport of heat, carbon, and
nutrients is mostly accomplished by the submesoscale fronts with
horizontal scales 1-50 km (e.g., Lévy et al., 2012a). The SWOT
mission will open a new window for studying the SSH signature
of these processes.

Balanced and Unbalanced Motions

Like other altimetric satellites, SWOT will fly at 7 km/s and cover
a region of 420 km in 1 min, which will effectively provide a
synoptic ‘snapshot’ of 2D SSH variations. The SWOT Science
Team, working on the preparation of these fine-scale SSH 2D
snapshots, has pushed the ocean community to re-assess their
high-resolution, high-frequency ocean models and in situ data.
Daily versus hourly averaged model outputs have a very different
structure at wavelengths <200 km. Although high-frequency
open ocean barotropic tides are now well estimated from models
and altimetry (Stammer et al., 2014), baroclinic tides and internal
gravity waves are less well known or predictable (Dushaw et al.,
2011; Ray and Zaron, 2016; Zhao et al., 2016; Savage et al., 2017;
Arbic et al, 2018). We have a good idea on how and where
these internal tides are generated, but the location of dissipation
remains a crucial question. The interaction of the internal tide
with the ocean circulation and currents has been shown to be
complex, with ocean currents refracting and dissipating the tide
(Ponte and Klein, 2015). The dissipation of the internal tide is
estimated to have an important influence on the ocean’s energy
budget and the mixing of water masses (e.g., Munk, 1966),
but we lack observations to validate this. Improving the 2D
observation of internal tides in a changing ocean stratification
and inferring their lateral energy fluxes are key issues that may
be addressed with SWOT. SWOT has the potential of providing
the first global SSH observations of the combined balanced flow
(from eddies) and the internal gravity wave field, providing new
information on how they vary geographically and seasonally and
how they interact.

This is a great opportunity, but is also a challenge if we
want to calculate surface currents from SSH data. In contrast to
the larger SSH features observed with mapped nadir altimetry,
not all of the SSH fine scales from 15 to 150 km correspond
to “balanced” quasi-geostrophic currents. Disentangling the
contributions from the balanced eddy field and the internal
tide or internal wave field will be a major challenge. The
relative strength of balanced and unbalanced motion varies
geographically and in time. The spatial “transition” scale at which
balanced motions dominate over unbalanced motions and the
seasonal patterns of their relative strength are beginning to be
better understood from modeling studies and in situ observations
(Qiu et al, 2017, 2018). These studies can provide valuable
a priori information for disentangling balanced and unbalanced
motions. Corrections are being developed for the part of the
internal tide signal that is phase-locked to the astronomical
tidal forcings (Zaron and Ray, 2017). In situ ADCP and glider
measurements can also help determine the eddy-wave separation
scales, following the framework given in Rainville et al. (2013)
and Bihler et al. (2014). Techniques are also being explored to
disentangle the signals using combined SSH and SST fields, the
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latter having no internal tide signal (Ponte et al., 2017). The
SWOT Science Team are actively working on these questions.

SSH Wavenumber Spectra From
Altimetry

The SSH wavenumber spectrum is an important indicator
of ocean dynamics. Given an inertial wavenumber range,
where turbulence kinetic energy is exchanged among different
spatial scales through non-linear interaction, mesoscale ocean
turbulence has a wavenumber spectrum of kinetic and potential
energy and SSH that follows a power law. Theories predict
different slopes for different dynamical regimes that govern the
way energy and enstrophy are transferred among different spatial
scales. For geostrophic turbulence, which occurs over scales of
10’s to 100’ km, the kinetic energy spectrum with respect to
wavenumber, k, is proportional to k=° for interior dynamics
(Charney, 1971) and k=>/ for the surface dynamics (Blumen,
1978) or stratified turbulence (Lindborg, 2006). In accordance
with the geostrophic relation, the associated SSH wavenumber
spectra are k= and k~11/3.

The SSH wavenumber spectrum has been studied since the
inception of satellite altimetry. In an analysis of Seasat altimeter
data, Fu (1983) showed that the SSH spectral slope is close to
—5 in energetic regions and —1 in low energy regions. Even
though the results were later considered to be unreliable due to
the short duration of the data, the Seasat analysis demonstrated
the potential utility of SSH in studying geostrophic turbulence in
the ocean. Le Traon et al. (1990) analysis of 2 years of Geosat data
also showed steep SSH spectra (—4 to —5) in the energetic regions
and shallower spectra (—2 to —3) in low energy regions. Stammer
(1997) used 3 years of TOPEX/Poseidon altimeter data to derive
a —4.6 spectrum slope in mid-latitudes.

With longer satellite altimeter records, wavenumber spectral
analysis has been revived with more robust statistics during the
past decade. Le Traon et al. (2008) revisited the SSH spectrum
using multi-mission altimetry for several energetic regions,
including the Gulf Stream, the Kuroshio, and the Agulhas.
They showed the SSH spectral slope to be closer to —11/3,
indicating the dominance of surface dynamics. The SSH spectral
wavenumber slope has a geographic dependence. For example,
Xu and Fu (2011, 2012) constructed a global map using along-
track Jason-1 data (Figure 1). The global map shows a variety
of spectral slopes, without distinguishable boundaries separating
different dynamic regimes. The slope is in general steeper than
—2 poleward of 20°N, and shifts from —2 in low energy regions
to about —4.5 in high energy regions. The fact that the steepest
slopes lie between —5 and —11/3 suggests an interplay of the
surface and interior dynamics.

Regardless of the exact dynamical regime, steep along-track
SSH spectra in energetic regions are consistent with geostrophic
turbulence over the mesoscale range (70-250 km). However,
the shallower spectra in low-energy regions remain puzzling
and may result from multiple processes, including direct wind
forcing (Le Traon et al, 1990), or internal tides and internal
waves (Richman et al., 2012; Callies and Ferrari, 2013; Dufau
et al., 2016; Rocha et al., 2016; Tchilibou et al., 2018). The full

2D SSH observations of the mesoscale and internal tide/internal
wave fields are needed to better understand these regional and
seasonal variations.

SWOT MEASUREMENT SYSTEM

Measurement Technique, Ocean Data

Products

Surface Water and Ocean Topography will use SAR-
interferometric technology to observe 2D images of SSH
and surface roughness over two 50-km wide swaths with a
20 km nadir gap (see Figure 2A). A conventional Jason-class
nadir altimeter provides measurements in the central gap.
SAR-interferometry has been demonstrated with SRTM on the
Space Shuttle, and with Cryosat-2 SARIN mode for the polar ice
caps. SWOT improves on these concepts: it is designed to have
lower noise and uses different polarizations and antenna patterns
to clearly distinguish the signals coming from the left-right
swaths. The details of the SAR-interferometric technique are
explained in Rodriguez et al. (2018).

Surface Water and Ocean Topography uses SAR processing
to refine the alongtrack resolution of the return signal; the
interferometric processing refines the cross-track resolution. The
SWOT SAR-KaRIn instrument provides a basic measurement
resolution of 2.5 m alongtrack, ranging from 70 m in the
near-nadir swath to 10 m in the far swath. Over the 70% of
the Earth’s surface covered by oceans, SWOT’s huge volume
of data cannot be downloaded from the satellite. Instead, so-
called “low-resolution” data will be pre-processed onboard, and
building blocks of nine interferograms at 250 m posting (and
500 m resolution) will be downloaded from each antenna.
Other parameters that are useful for the surface roughness
and front detection, such as the 250 m resolution backscatter
images, will also be downloaded. The interferometric data will
be combined through a geolocation and height calculation
into a 250 m x 250 m expert SSH product in swath
coordinates. Most scientists will use a 2 km x 2 km product
available in geographically fixed coordinates. This basic 2 km
resolution product will be separated into three file types:
a “light” SSH and SSH anomaly product; a wind-wave-
sigma0 product; and a full SSH product with all geophysical
corrections included. More details on these different data
products are given at https://www.aviso.altimetry.fr/en/missions/
future-missions/swot/data-products.html.

Measurement Errors, SWOT Simulator,

and Effective Spatial Resolution

The SWOT SAR-interferometry measurement is designed to
have small instrument noise to meet the stringent requirement
of 2.7 cm in rms noise for 1 km? pixels. This leads to 2
cm?/cycle/km? noise over the oceans at short wavelengths, for
a 2 m SWH average sea-state, calculated over 7.5 km x 7.5 km
averages (to resolve the 15 km Nyquist wavelength). For
comparison, the noise level for the Jason series is around 100
cm?/cyc/km? at 1 Hz, i.e., averaged over the 1 s oval footprint
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FIGURE 1 | (Left) SSH wavenumber spectra in the Kuroshio region from four altimetric missions. The —11/3 slope is shown by the dashed line (from panel b of
Figure 1 in Le Traon et al., 2008). (Right) Global SSH wavenumber spectral slopes (with a reversed sign) in the 70-250 km range (from panel b of Figure 3 in Xu and
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or roughly 100 km?. The SWOT instrument measurement will
be very precise. For the first time for an altimetric mission, the
error budget is also set in terms of wavenumber, so the instrument
design must meet long wavelength and short wavelength goals
(see Figure 3). This is unprecedented for an altimeter mission.
By using the wavenumber spectrum, the requirement effectively
requires that the measurements be analyzed over a range
of spatial scales and thus imposes a more stringent test on
the satellite performance than the variance-based validation
for previous altimeter missions. SWOT needs to account for
standard altimetric SSH range errors, but in wavenumber space.
SWOT also has specific errors associated with the interferometric
calculation, including roll errors, interferometric phase and range
errors, baseline errors, radial velocity errors from observing a
moving target, and wave effects. The description of these errors

and techniques to reduce them are detailed in the SWOT Error
budget and performance document (Esteban-Fernandez, 2017)
and discussed in Rodriguez et al. (2018) and Chelton et al.
(2019). Most importantly, it is the random errors in the KaRIn
measurements over short wavelengths that eventually determines
the SWOT resolution.

Surface Water and Ocean Topography random errors across
the swath are not uniform (Figure 2B) being larger near
the edges, smaller in the center. These errors vary spatially
and temporally, influenced by the surface wave and roughness
conditions, as with all altimeter missions. Predictions of the
SWOT sampling and noise levels are available for ocean
studies using a simulator at: https://github.com/SWOTsimulator/
swotsimulator.git. Since the total SWOT error has different
causes and space-time structure, techniques are being developed

Frontiers in Marine Science | www.frontiersin.org

5 May 2019 | Volume 6 | Article 232


https://github.com/SWOTsimulator/swotsimulator.git
https://github.com/SWOTsimulator/swotsimulator.git
https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Morrow et al.

SWOT Fine-Scale Global Ocean Topography

1900
107 ¢

Power Spectral Density (cmzlcycle/km)

respectively (Desai, 2018; Credits: NASA-JPL).

Wavelength (km/cycle)

Wavenumber (cycle/km)

FIGURE 3 | SSH baseline requirement spectrum (red curve) as a function of wavenumber represented by an empirical function, E(k) = 2 + 0.00125 k™2, where k
represents along-track wavenumber. The blue curve is the threshold requirement. Shown for reference is the global mean SSH spectrum estimated from the Jason-1
and Jason-2 observations (thick black line), the lower boundary of 68% of the spectral values (the thin black line), and the lower boundary of 95% of the spectral
values (the gray line). The blue and red lines represent a swath-average performance, and intersect the baseline spectrum at ~15 km (68%) and ~30 km (95%),

100 15

baseline

10°

to estimate the noise patterns using cross-spectral methods
(Ubelmann et al,, 2018) and remove them using advanced de-
noising techniques (e.g., Gémez-Navarro et al., 2018). This is
needed since any ocean studies requiring geostrophic velocity
or vorticity calculations will amplify the small-scale noise when
taking the first or second derivatives of SSH.

The SWOT noise will also affect the effective spatial resolution
of ocean signals, since higher noise levels will hide the smaller-
scale signals. Global estimates of the SWOT noise, including a
wave-dependency, have revealed the spatial distribution of this
effective resolution (Dufau et al., 2016; Wang et al.,, 2019), i.e.,
the minimum spatial scale where the signal-to-noise is greater
than 1. The estimated effective resolution has a geographic
and seasonal dependence. It increases from about 15 km in
low latitudes to ~30-45 km in mid- and high-latitudes and
is generally greater in summer than winter, but with a large
geographic variation (Figure 4). Both eddy and internal gravity
wave/tide signals contribute significantly to these scale variations.
For example, in Figure 4D, the reversed seasonality in the
southern hemisphere is due to a dominance of internal gravity
waves in the subtropics in summer with low measurement noise,
and dominant submesoscale energy and higher noise in winter
across the Circumpolar Current. This effective resolution of the
different signals and noise needs to be taken into account when
combining SWOT observations with in situ data or models in
regional analyses.

Orbits - Science Phase and Fast

Sampling Phase

The SWOT launch is planned for September 2021. SWOT will
spend the first 6 months in its “calibration orbit,” where the
satellite passes over the same site every day to calibrate the
satellite parameters (groundtrack shown in Figure 5A). The
first 3 months of this orbit are to adjust and calibrate the
instrument parameters, the second 3 months (late December
2021 to late March 2022) will be available for science studies,
including studies of rapidly evolving small-scale ocean dynamics.
SWOT will then continue in its nominal 21-day repeat orbit
for 3-years, from April 2022 to March 2025. Details of
the nominal and calibration orbits in different formats can
be found at: https://www.aviso.altimetry.fr/en/missions/future-
missions/swot/orbit.html.

The SWOT Science Definition Team investigated the SWOT
nominal orbit coverage in detail. Any orbit choice involves a
tradeoff between good spatial coverage and temporal coverage.
The two major communities using SWOT observations had
different objectives - hydrologists needed global coverage
of the smallest lakes and rivers on a monthly time scale.
Oceanographers needed coverage of the small, rapidly evolving,
ocean scales. The final science phase orbit covers most of the
oceans up to 78°N and S (inclination of 77.6°), at 890.6 km
altitude on a 21-day repeat orbit (Figure 5C). Figure 5B shows
the sampling over the North Atlantic Ocean after 3-days; after
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10-days there is loose global coverage for the mesoscales, and
over the next 11-21 days the entire pattern shifts westward
to fill the gaps, giving near global coverage after the full cycle
(see Figure 5C). SWOT has a non-sun-synchronous orbit. Its
inclination and repeat sampling were specifically chosen to
resolve the major tidal constituents, needed to improve the
coastal, high-latitude, and internal tides.

VALIDATING THE OCEAN VERTICAL
CONTRIBUTION TO SWOT
WAVENUMBER SPECTRA

SWOT Calibration and Validation on

Wavenumber Spectrum

Calibration and validation is an important component of any
satellite mission. The instrument performance can be assessed
by comparing measurements to the precise ground truth. For an
exploratory mission such as SWO'T, CalVal is crucially important.
During the CalVal phase, the SWOT orbit will be on a fast-repeat
(1-day) orbit cycle, providing daily revisits along the same ground
track at the expense of the spatial coverage (Figure 5A). Two
overpasses will be made every day at the crossover locations,
making these locations ideal for CalVal.

For CalVal purposes, the difference between SWOT
measurements and ground truth is defined as error and
specified in terms of the along-track wavenumber spectrum
(Figure 3). SWOT measurement errors are discussed in Section
“Measurement Errors, SWOT Simulator, and Effective Spatial

Resolution.” The requirement covers a large span of wavelengths,
extending from 15 km to 1,000 km. The onboard Jason-class
nadir altimeter will be used for the long wavelength CalVal
(e.g., >120 km suggested by Wang and Fu, 2019). The nadir-
altimeter, which benefits from the heritage and successful
cross-calibration of numerous previous altimetry missions, has
a well understood instrument performance and can serve as the
reference for long wavelengths. Cross-calibration with other
nadir missions (e.g., Sentinel-3, Jason-CS) will also be performed.
The ground measurement can then focus on a smaller spatial
range [15-O(100) km].

Sea surface height wavenumber spectra over 15-120 km
wavelengths can be verified using airborne Lidar (e.g., Melville
et al., 2016) and in situ observations. Unfortunately, no in situ
observations exist today that can provide a reliable SSH
wavenumber spectrum for these wavelengths. Determining the
small-scale SSH wavenumber spectrum is a critical task for the
SWOT in situ CalVal field campaign.

Due to high-frequency internal tides and waves, the
construction of a ground truth that measures 15-120 km
wavelengths will rely on simultaneous high-frequency (hourly
at least) sampling over 120 km distance. An array of
global position system (GPS) or Conductivity-Temperature-
Depth (CTD) moorings is required. Wang et al. (2018)
used an Observing System Simulation Experiment (OSSE) to
demonstrate the ability of moorings to meet the requirement. The
GPS’s capability is undergoing testing near the Harvest platform
at the time of writing.

Global position system measures the true ocean surface
height as seen by satellite, while the SSH reconstruction by
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Morrow et al., 2018a; copyright 2018, CreateSpace Independent Publishing Platform).
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CTD moorings relates to the ocean dynamic topography, the
component that is meaningful for studying ocean circulation.
GPS can be referred to as a direct geodetic validation, and
CTD moorings are an indirect oceanographic validation. The
primary oceanographic objectives of the SWOT mission are “to
characterize the ocean mesoscale and submesoscale circulation
determined from the ocean surface topography at spatial
resolutions of 15 km (for 68% of the ocean)” (Fu et al., 2012). It is
important to have both geodetic and oceanographic components
evaluated at the CalVal site simultaneously in order to connect
the satellite measurements with the interior ocean physics.

SWOT Validation Using in situ

Observations
The SSH, m, is related to three dynamical terms through the
hydrostatic equation:

’

0 ’
Py Pa —/ LIpY (1)

n= —
Pog  Pog —H Po

where p, is the surface atmospheric pressure loading, py,
the bottom pressure and p;} = pp — pogH the bottom pressure

anomaly. The term fon z—;dz has been neglected because n << H
in the open ocean. In real satellite measurements, additional
terms due to the geoid, measurement errors, and noise will
appear on the right-hand side of the equation but are dynamically
irrelevant and often corrected. The atmospheric loading, i.e.,
the inverted barometer response (Doodson, 1924), is routinely
corrected using atmospheric reanalysis. Barotropic signals appear
in the bottom pressure and are believed to have large spatial
scales, greater than 120 km in wavelength in the open ocean. The
third term, the steric height (or dynamic height with a factor of
g difference), reflects ocean interior dynamics and is the most
important variable for altimetric oceanography.

In situ oceanographic validation means that we need to
compare the satellite measurement to the dynamic height
reconstructed from the hydrographic measurements and
understand their connection in terms of spatial structures such
as wavenumber spectrum.
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The CalVal Site Near California

Among the 14 crossover locations in mid-latitudes (~35°N), the
one in the California Current System (CCS) about 300 km off
Monterey has been proposed as the main SWOT CalVal site
(125.4W, 35.7N). This location belongs to a family of oceanic
eastern boundary currents. The CCS is one of the most well
studied boundary currents due to its socio-economic importance.
The first concentrated investigation of this region dates back to
1937 (Sverdrup and Fleming, 1941).

Dynamic height has long been used to study the circulation
of the CCS (e.g., Sverdrup and Fleming, 1941; Reid, 1961;
Wrllie, 1966). One particular example is Bernstein et al. (1977),
who studied California Current eddy formation using dynamic
height calculated from California Cooperative Oceanic Fisheries
Investigations (CalCOFI) observations and satellite images. The
dynamic height used in that study was based on hydrographic
profiles of the upper 500 m. Results showed good agreement
between the circulation pattern in the 500 m-dynamic height
and the mesoscale eddies identified in satellite infrared imageries.
Since then, numerous field programs have taken advantage of
the abundance of both in situ observations and higher resolution
satellite measurements (e.g., Brink and Cowles, 1991).

Hydrographic profiles from the upper 500 m have been widely
used for dynamic height calculations and may well account for
the majority of the total variability, but we do not yet know
whether they are sufficient to meet the SWOT requirement.
Deep eddies have been observed occasionally (Collins et al,
2013). In addition, high-frequency internal tides and waves
may have deep-reaching structure. The combination of deep-
reaching dynamics, the large span of the spatial scales, and the

fast-changing waves impose significant challenges for validating
the SWOT SSH snapshots.

Wang et al. (2018) OSSE used a high-resolution (1/48° in
horizontal and 90 levels in vertical) global ocean simulation
with tidal forcing, and analyzed the contribution of upper-
ocean density variations to the SSH wavenumber spectrum. They
showed that the upper 570 m accounts for more than 70% of the
variance of SSH for all wavelengths between 15 and 150 km near
the CalVal site in CCS. The remaining 30% variance not captured
by the upper ocean does not result in an error exceeding the
SWOT baseline requirement. The results in wavenumber space
are shown in Figure 6, where the error (blue lines), defined
as the difference between the model SSH and the dynamic
height calculated from the 570 m synthetic mooring observations,
is near or below the SWOT baseline requirement. Observing
the deeper ocean leads to a better reconstruction of the truth
(not shown). Sampling the upper 570 m of the ocean was a
compromise of cost versus performance based on a preliminary
study. The design of the in situ CalVal system has been evolving,
leading to a new plan of using full-depth moorings of sensors to
reach over 90% accuracy.

In summary, the stringent SWOT science requirement on the
SSH wavenumber spectrum requires a comprehensive in situ
field program for CalVal. This will provide an opportunity
to build a larger oceanography science field campaign by
taking advantage of both the large SWOT CalVal instrument
array and the simultaneous SWOT swath SSH measurement.
The expanded field program, in turn, will enhance our
understanding of the future SWOT data and their connection
to ocean dynamics.
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As mentioned in the introduction, other science validation
studies are planned during the fast sampling phase in different
dynamical regimes in both hemispheres, so in different seasons.
These are described in more detail in the accompanying
OceanObs review paper “Resolving the fine scales in space and
time: interdisciplinary science opportunity during the SWOT fast
sampling phase and beyond.”

OPPORTUNITIES FOR MULTI-SATELLITE
SURFACE CHARACTERISTICS OF
FINE-SCALE FRONTS AND EDDIES

Frontal Signatures in Optical and Radar
Data

Satellite optical and radar measurements often reveal sea surface
roughness changes at sub-kilometer scales, mostly under low
to moderate wind conditions (e.g., Alpers, 1985; Yoder et al,,
1994). These surface roughness changes can be traced by surface
current gradients, related to internal waves and/or surfactant
lines created by surface velocity convergences. They typically
occur with sharp gradients of temperature and/or ocean color.
Efforts have been made to interpret surface roughness gradients
quantitatively (e.g., Kudryavtsev et al., 2014; Rascle et al., 2016,
2017). They confirm that horizontal convergence and shear
estimated from in situ drifters are generally consistent with
the theoretical wave action equation (e.g., Kudryavtsev et al.,
2005, 2012). This equation predicts how current gradients
influence the amplitude of short gravity waves that propagate
in different directions, from which a surface optical reflectance
or radar cross section can be estimated. When several viewing
angles are available, optical or radar measurements can be
inverted to yield both the amplitude and direction of the surface
current gradient.

Surface Water and Ocean Topography backscatter variations
will be released on a 250-m resolution grid, as discussed in
Section “SWOT Measurement System,” and are expected to
provide a more nuanced view of frontal scale variations than
will be available from the processed SSH data (Figure 7). To
leading order, backscatter variations will inform us about local
changes related to the omni-directional short scale mean squared
slopes. As anticipated [e.g., Eq. (3) in Kudryavtsev et al., 2012],
this can offer a direct link between SWOT’s SSH mapping
capabilities and the divergence/convergence of the sea surface
current field. We expect that SWOT’s combined measurements
(SSH, surface wave mean squared slopes) will thus offer an
unprecedented capability to trace intense cross-frontal dynamics
and vertical motions, including spiraling eddies (Munk et al.,
2000; Eldevik and Dysthe, 2002), internal waves and cold-
filaments (McWilliams et al., 2009).

Sea State Modification Across Fronts
and Eddies - Today and With SWOT:

Issues and Opportunities
Winds over the ocean can be gusty, with intermittent features and
small-scale spatial variations that modulate larger-scale patterns

of variability. If winds move at the same velocity as ocean
currents, they have no net impact on the ocean surface: the
net wind-stress exerted by the wind on the ocean depends on
the differential velocity between the wind flow at the surface
and the ocean currents just below (e.g., Liu et al., 1979; Kelly
et al., 2005). Wind stress can generate surface waves, which
propagate horizontally through the ocean, modulated by ocean
currents (e.g., Ardhuin et al., 2017). Some of the energy input to
the ocean by the wind drives the large-scale ocean circulation;
some energy is dissipated within the wave field or through
breaking along the shore and has little net impact on the large-
scale ocean circulation. One of the critical questions for physical
oceanography has been to understand the interactions of winds
with waves and small-scale ocean currents. SWOT’s resolution
of the backscatter associated with the wave field and its sea
surface height measurements will offer valuable contributions
to the study of wave-current interactions, and the addition of
separate satellite missions to measure currents, waves, and wind
will enable more detailed assessment of the mechanisms driving
wind power input to the ocean.

Whereas the surface roughness is defined by short gravity
waves (wavelengths around 1 m) with variations of the order of
10% due to currents, the effect of currents on dominant wind-
waves can be much larger (Kenyon, 1971; Romero et al., 2017).
Even in the absence of non-linearities, waves traveling through
a field of varying surface currents can exhibit random focusing,
possibly leading to extremely high wave intensification (e.g.,
Kudryavtsev et al., 2017; Quilfen et al., 2018). Such an effect is
generally non-localized with the surface current changes, but is
related to the ratio between surface current gradient (vorticity)
and wave group velocity. From the conservation of action, the
spatial variability of the significant wave height (SWH) will thus
be linked to the surface kinetic energy of the current (Ardhuin
et al., 2017). This variability of SWH can be a source of noise in
the SSH estimation, through the sea-state bias estimation. It is
also an opportunity to better characterize small scale currents,
provided that the SWH (from the nadir instrument, and very
near nadir estimates) or other estimated sea state parameters
are available (Quilfen et al., 2018). Also, building on the long-
range propagation of ocean swells (Collard et al., 2009), there
is a great potential to assess refraction effects estimated from
SWOT’s 2D wave-mapping capabilities, in order to improve
wave forecasts and comparisons with other (satellite, in situ) sea
state measurements.

The China-France Oceanography Satellite (CFOSAT), which
will measure winds and waves starting in 2018, as well as
proposed satellites, including the European Space Agency’s Sea
surface Kinematics Multiscale monitoring (SKIM) mission and
a NASA concept for a Winds and Currents Mission (WaCM),
all offer the potential to complement SWOT with coincident
measurements of surface currents plus waves and/or winds.
Aircraft measurements from Lidar, and from the airborne version
of SWOT - AirSWOT, and from DopplerScat, a suborbital
WaCM prototype, have all demonstrated the alignment of
winds and currents. SWOT’s high-resolution Doppler Centroid
product, in combination with microwave-derived wind, wave,
and current measurements from Lidar, CFOSAT, SKIM, and/or
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FIGURE 7 | Numerical simulations over the Gulf Stream to illustrate the possible synergetic use of SWOT SSH (averaged at 18 km, bottom left) and SWOT
backscatter (averaged at 750 m, bottom right). Geostrophy at 18 km resolution does not reproduce frontal structures (bottom left, red arrows), with weak current
gradients, always well below the Coriolis frequency f (not shown). The backscatter at sub-kilometer resolution (bottom right) provides information on the location and
amplitude of the intense current gradients (top right) (Credits: Ifremer).

WaCM have the potential to highlight the fine-scale wind-wave-
current interactions through which momentum is transferred
between the atmosphere and the ocean.

Fronts, Ocean Color, and Structuring

Biomass

Ocean fronts can be characterized by strong vertical velocities, in
addition to supporting sharp gradients in temperature, current
speed and other ocean properties. The vertical velocities at
fronts can bring nutrients to the ocean surface and stimulate
primary production, and play an important role in marine
ecosystems. Ocean color data highlight the filamented structures
of chlorophyll-a at the ocean surface (e.g., Kahru et al., 2007),
which can be extremely narrow, suggesting the importance of
both horizontal and vertical velocities in governing biological
productivity at scales smaller than the eddy scale: the sub-
mesoscale (Lévy et al, 2001, 2012b; Mahadevan, 2016), with
possible effects propagating to higher trophic levels (Lehahn
et al, 2018). However, the data to analyze these processes
have not been available in a consistent global form. Ocean
color data and high-resolution SST are not available in cloudy
conditions, and therefore both are highly patchy, SAR imagery
is not archived globally, and other sensors have not achieved
high-resolution sampling in two dimensions. SWOT’s global
swath sampling, particularly if used in combination with other
sensors, will provide a means to assess the structure of waves
and SSH gradients at ocean fronts in the context of chlorophyll-a
color measurements.

FROM SWOT OBSERVATIONS TO 2D
SSH AND 3D FIELDS

Improved 2D Mapping of Fine-Scale SSH
With SWOT and Nadir Altimeters

Present-day 2D maps of SSH, derived from a constellation of
two to five nadir altimeters using statistical, static interpolation
techniques (Dibarboure et al., 2011), do not resolve scales smaller
than 150-200 km in the mid latitudes. SWOT will provide an
unprecedented opportunity to increase spatial resolution, but the
mapping method must be adapted. Due to the mismatch between
spatial and temporal coverage of SWOT, fast and small-scale
dynamical processes may develop and move unobserved between
two passes, possibly leading to a poor mapping of SSH. This is
suggested by Figure 8, showing that ocean decorrelation times
decreases dramatically as the spatial scales decrease. At 180 km,
the decorrelation time is about 10 days which is the typical revisit
of nadir altimetry. However, at 15 km, the decorrelation time
is below 1 day, much shorter than the revisit of SWOT. For
this reason, temporal interpolation in mapped SSH data should
be revisited, from a static statistical approach to a dynamical
approach, to better represent the small scales’” evolution.

A proof-of-concept study of dynamical interpolation has
been carried out by Ubelmann et al. (2015), quantifying
the improvements in the reconstruction 2D of SSH fields
with a I-layer Quasi-Geostrophic model relying on a single
parameter: the Rossby radius. The simulated results suggest
significant improvements (up to 30% error reduction and 20%
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gain in resolution) in energetic western boundary currents.
Ubelmann et al. (2016) implemented the method to use simulated
observations. Figure 9 illustrates the results with simulated
SWOT data. The limitation of the statistical interpolation
technique, and the benefits of a dynamical approach are clear
on this image: Two well-defined eddies are detected by SWOT
at two different times separated by 7 days (top panel). They
have moved during this period. The SSH field estimated at an
intermediate time using the statistical interpolation technique
shows sluggish, deformed eddies (bottom panel, center), since
they result from a weighted average of the two initial images. The
eddies’ integrity is much better represented using a dynamical
interpolation technique (bottom panel, right).

Another dynamical approach where the time interpolation
relies upon quasi-geostrophic dynamics is also explored, where
simulated SWOT observations are combined with the model
through a back-and-forth nudging approach (Auroux and
Blum, 2008; Ruggiero et al., 2015): the model is iteratively
run forward and backward over a fixed time window, and
gently nudged toward the observations at every time step with
an elastic restoring force. Results indicate that this approach
successfully reconstructs the SSH field in the full space and time
domain considered.

Efforts are continuing to investigate dynamical mapping
strategies to draw the maximum benefits from SWOT and
alongtrack altimetry’s fine-scale SSH. Approaches reported here
are encouraging, but have been explored by ignoring or
minimizing the structured component of SWOT errors (roll,
baseline, phase and range errors in particular). Dealing with such

errors is part of ongoing work, and a major challenge for the
inclusion of SWOT in the 2D mapping of SSH.

3D Projection From Surface Satellite
SSH and SST/Density Observations

Surface Water and Ocean Topography sea level provides an
estimate of pressure at the ocean surface which may be
extrapolated downward in the water column and provide an
estimate of the circulation at depth. Assimilation of SWOT
and other available data with realistic 3D primitive equations
numerical models may achieve this albeit at a large computational
cost (see section “Assimilation of SWOT Data”).

For the larger mesoscales, empirical statistical correlations
have been developed between altimetric sea level observations
and collocated Argo dynamic height at depth (Guinehut et al.,
2006, 2012). Owing to the geostrophic relationship between
currents and pressure, the observed low modal vertical structure
of currents may be leveraged to extrapolate sea level downward
(Wunsch, 1997; Sanchez de La Lama et al., 2016), and the
resulting vertical structure may be justified dynamically (Smith
and Vallis, 2001). We still need to explore how these approaches
extend to the newly resolved 2D scales of SWOT.

Other approaches have relied on quasi-geostrophy which
is the relevant dynamical framework for mesoscale motions.
At mesoscales, primitive equations (for velocity, temperature,
salinity, etc.) can indeed be recast in a simpler system where
the only state variable is potential vorticity (PV), which
binds fluctuations of currents and density. Previous studies
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FIGURE 9 | Upper panels: SWOT Level 3 data shown for day 14 and day 21 in a simulation off the Oregon coast. Lower panels: from left to right: reference field,
analyzed field with static optimal interpolation and analyzed field with dynamic interpolation on day 17, processing all data available between days 7 and 27 (Credits:

have reconstructed 3D fields from a combination of in situ
and satellite observations, including the estimation of vertical
velocities, through the quasi-geostrophic approximation (Ruiz
et al., 2009; Buongiorno Nardelli et al, 2012; Pascual et al,
2015; Mason et al, 2017; Barcelo-Llull et al, 2018). A key
problem when trying to obtain accurate estimates of the vertical
exchanges from in situ and remote sensing data is related to
the availability of high-resolution data. In this context, SWOT
will make an unprecedented contribution when combined with
in situ observations.

Assuming specific relationships between SSH, SST and PV,
different studies have shown the feasibility of inverting oceanic
currents in 3D from these surface observations in both idealized
and realistic settings (Lapeyre and Klein, 2006; Klein et al.,
2009; Ponte and Klein, 2013; Wang et al., 2013; Qiu et al,
2016) (Figure 10). Further theoretical advances are needed to
account for vertical variations of PV that are not directly related
to surface variables (Lapeyre, 2009; Fresnay et al.,, 2018). As
for the 2D mapping of SWOT data (see section “Improved 2D
Mapping of Fine-Scale SSH With SWOT and Nadir Altimeters”),
using the predictive nature of quasi-geostrophy may also allow
progress in the future.

Many of the outstanding issues and opportunities
(3D circulation reconstruction, balanced/internal wave
disentanglement) will require that we combine SWOT sea

level observations with other types of observations. Statistical
approaches show that the combination of sea surface temperature
observations with sea level can improve reconstructions of 3D
pressure and currents at mesoscales (Mulet et al., 2012). Surface
tracers which have been stirred by advective currents have
been used to improve finer-scale surface current estimates (Rio
et al., 2016) or to disentangle internal waves from balanced
contributions to sea level (Ponte et al., 2017). Much remains to
be investigated about the relevant observations needed, as well
as the development and performance assessment of methods
for propagating SWOT observations into the ocean interior, via
statistics, dynamics or both.

Assimilation of SWOT Data

Surface Water and Ocean Topography will provide very high
resolution observations along its swaths but will not be able to
observe the evolution of the high frequency signals (periods < 20
days). The assimilation of SWOT data in ocean models will be
instrumental to control smaller scales (<100 km) that are not
well constrained by conventional altimeters. The most impacted
fields will be surface and intermediate horizontal velocities,
which directly impact on key applications such as marine safety,
pollution monitoring, ship routing, and the offshore industry.
A better constraint on vertical velocities will also directly impact
biogeochemical applications.
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The challenge of assimilating SWOT is multi-facetted. We can
identify four conditions to be fulfilled to draw maximum benefit
from SWOT data assimilation:

(i) The assimilative model should have a spatial resolution
comparable to SWOT. This is by itself a big challenge:
running a basin-scale model at SWOT resolution on
present-day supercomputers is computationally extremely
expensive. Computational complexity issues are further
aggravated in data assimilation mode.

The model should represent all the physical processes
affecting SWOT data. As mentioned earlier, dealing with
internal tides in SWOT data is a particularly difficult and
open question. Internal tides are even more challenging
for SWOT assimilation since their signature on SSH can
exhibit long spatial coherence, whereas some assimilation
methods work under the assumption that observations
have a local signature only.

SWOT’s temporal coverage should fit the characteristic
time scales of the model’s dynamics, yet this will not
be the case. To draw maximum benefit from SWOT’s
spatial resolution while minimizing the adverse effects of its
temporal resolution, SWOT data will have to be assimilated
in combination with conventional along-track altimeters
and in situ observations (e.g., Argo).

SWOT data should be integrally assimilated. It is common,
when dense data are assimilated, to thin the observation
data set. A main objective of data thinning is to avoid data

(ii)

(iii)

(iv)

with correlated errors, simply because data assimilation
systems are not designed for such data.

Different groups in the SWOT Science Team are working
on these issues. To address (i) and (ii) above, the approach
followed by Mercator Ocean is to develop/test innovative data
assimilation methods and analyze the impact of simulated
SWOT data through OSSEs. The long term plan is to ingest
SWOT data in near real time (<2 days) in the operational
Mercator Ocean and Copernicus Marine Service global and
regional data assimilation systems. First OSSEs in the North
East Atlantic have been carried out with a 1/12° (assimilated
run) and a 1/36° (nature run) North Atlantic regional models
that include tides. SWOT data were simulated using the
SWOT ocean simulator (see section “Measurement Errors,
SWOT Simulator, and Effective Spatial Resolution”). Several
experiments have been made using the new R&D versions
of the Mercator Ocean assimilation scheme (SAM-2) (e.g.,
4D scheme) and the latest version of the NEMO model
code. Our initial results demonstrate the high potential of
SWOT observations to constrain ocean analysis and forecasting
systems (Figure 11).

Methods to deal with spatially correlated errors in SWOT
[challenge (iv) above] have been developed by Ruggiero
et al. (2016) and Yaremchuk et al. (2018). The common
strategy consists of assimilating spatial derivatives of SWOT
(along and across-track, first and second order) in addition
to the original SWOT data itself. This is equivalent to
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FIGURE 11 | Map of the SSH analysis rms error over the IBI domain during 2009 (in cm). Results were obtained by comparing the analyzed SSH in the experiments
OSSE1 (three nadir altimeters), OSSE2 (SWOT), and OSSE3 (SWOT + three nadir altimeters) with the data of the NatRun (Credits: Mercator Ocean).

assimilating SWOT data alone with a certain type of error
correlation. The observation data set increases by a factor
close to 5, but the assimilation can be performed assuming
present-day assimilation tools. Ruggiero et al’s (2016)
study makes use of simulated SWOT data with degraded
resolution; the next challenge is to move toward full resolution.
Yaremchuk et al’s (2018) method has not been tested yet in
assimilation mode.

FINE-SCALE SWOT 2D SSH AND in situ
DATA FOR OBSERVING 4D OCEAN
DYNAMICS

Surface Water and Ocean Topography will provide an exciting
new view of the dynamic pressure field of the upper ocean,
with unprecedented spatial resolution and coverage. This
new window into ocean variability at wavelengths of 15-
150 km will raise many new questions about ocean dynamics
at these scales. Indeed, even the prospect of SWOT’s new
measurements has stimulated many fundamental questions
about the contributions of balanced and unbalanced dynamics
to SSH variability (see section “Balanced and Unbalanced
Motions”), the interpretation of SSH wavenumber spectra
(see section SSH Wavenumber Spectra From Altimetry”),
the small-scale structure of the marine geoid, approaches
to in situ CalVal (see sections “SWOT Calibration and
Validation on Wavenumber Spectrum,” “SWOT Validation
Using in situ Observations,” and “The CalVal Site Near
California”), and approaches to exploit the SWOT data to make
inferences about the 3D flow field (see section “3D Projection
From Surface Satellite SSH and SST/Density Observations”).
Many of these questions are difficult to answer because
they involve not only the 2D information that SWOT will
provide, but also require more information than is currently
available about the full spectrum of ocean variability in three

spatial dimensions and time. In addition, the relationship
between surface pressure fluctuations (SSH anomalies) and
the many other dynamical quantities of interest (particularly
horizontal and vertical velocity and property fluxes) is itself
complicated at wavelengths below 150 km. SWOT data
alone will not fully address the many pressing scientific
questions concerning ocean variability at horizontal wavelengths
below 150 km, but there are exciting opportunities to make
advances on these questions by combining SWOT data with
other measurements.

Over the last 25 years, many studies have analyzed the
larger scale ocean dynamics using a combination of satellite
altimetry and collocated in situ observations. Moorings have been
aligned along altimetry groundtracks to study full-depth ocean
transport and larger mesoscale variability, for example in the
Kuroshio Current (Imawaki et al.,, 2001; Andres et al., 2008),
across Drake Passage (Ferrari et al., 2013) or in the Agulhas
Current (Beal et al., 2015). These moorings were generally
spaced 1-2° apart, resolving only the larger-scale circulation.
Gliders and ship-ADCP sections have been collocated with
altimetric groundtracks (Heslop et al., 2017; Morrow et al,
2017), but these observations take days to cover hundreds of
km, compared to altimetric observations in 30 s. In regions with
rapidly moving dynamics, only small sections remain collocated.
Dedicated in situ campaigns have provided insight at local sites
into these rapidly evolving submesoscale dynamics at scales less
than 15 km (e.g.,, OSMOSIS - Buckingham et al., 2016) or
with campaigns that moved with energetic frontal features (e.g.,
LATMIX - Shcherbina et al., 2015). Specific campaigns have
also investigated local internal wave dynamics (e.g., IWEX -
Briscoe, 1975; Ocean Storms — D’Asaro et al., 1995), including
with glider sections (Rainville et al., 2013). However, it remains
a major observational challenge to resolve the 15-100 km ocean
fine scales in time, depth, and the two horizontal dimensions,
especially because internal tides and internal gravity waves
require temporal sampling on the order of an 1 h.
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A recent community workshop (held in Crystal City, VA,
United States from 4 to 5 October 2018) focused on how the
launch of SWOT and the activities occurring around it present
opportunities for major advances in quantitative understanding
of the dynamics of mesoscale, submesoscale, and internal-
wave variability. The group of about 40 in-person and remote
attendees discussed organizing one or more field campaigns,
coordinated with SWOT satellite and cal/val measurements, to
allow significant advances on the important science questions
that motivated the SWOT mission. The NASA Sub-Mesoscale
Ocean Dynamics Experiment (S-MODE) will include extensive
measurements from aircraft, research vessels, and autonomous
platforms in the SWOT CalVal region oft of California during
2020-2021, and it presents another opportunity that can
be leveraged toward a more complete understanding of the
dynamics at scales below 150 km. By the end of the 2-day
workshop, the group had identified a few important actions:
(1) supporting the Adopt-a-Crossover effort being organized
as a Pl-driven effort to collect measurements in crossovers of
the SWOT fast-repeat orbit, (2) organizing some additional
measurements in the California Current region to complement
the SWOT fast-repeat measurements, the SWOT CalVal array,
and S-MODE measurements to make it possible to resolve the
4D ocean variability at a level of detail that has never been
possible, and (3) to have a separate, dedicated SWOT field
campaign in the Gulf Stream region 1-2 years after the SWOT
launch. This third activity would have its primary scientific
focus on the small mesoscales that SWOT would resolve, and
it would take place during the ‘science orbit’ phase of SWOT
(not the fast-repeat orbit) to allow the scientific community time
to better assess and understand the SWOT data before trying
to execute an in situ campaign intended to allow better use
of the SWOT data.

FUTURE, FORWARD VISION

Years before the SWOT launch, the promise of observing a new
2D SSH field over scales from 15 to 150 km is opening new
research domains. Exciting questions are being explored on the
role of small mesoscale and sub-mesoscale dynamics in the ocean
circulation, and their impact on the energy budget, on mixing
and dissipation, on the generation of larger-scale dynamics, and
on the vertical exchange between the surface and deeper layers.
Improving the horizontal and vertical flow at small scales should
improve our understanding on the gateways of exchange of
heat, freshwater, carbon, and nutrients across the oceans, and
between the surface and deeper layers, with a big impact on
biogeochemical cycles and biomass evolution.

Surface Water and Ocean Topography will be in a non-sun-
synchronous orbit, specifically designed to provide our best 2D
observation of the coastal and high-latitude tides, and the ocean’s
internal tide field. This is a one-off opportunity — other planned
wide swath missions for 2030+ are all on a sun-synchronous
orbit, and will not resolve the full range of tidal constituents
available with SWOT. This means that the SWOT era from
2022 to 2025 will be an exciting and unique opportunity to

explore the role of internal tides and internal waves interacting
with the “balanced” ocean circulation, and modifying the eddy
energy, evolution and mixing on a global scale. Disentangling
the balanced and unbalanced signals in SSH remains a challenge
though, if we want to use SWOT or other fine-resolution
alongtrack altimetry data to calculate balanced surface currents.

Mapping the fine-scale SWOT SSH swath data onto regular
2D fields presents many challenges, which are being explored
using dynamical rather than statistical interpolation techniques,
different vertical projection schemes, and full assimilation
techniques. The improved small-scale sea surface height and
surface currents from SWOT can also be analyzed in synergy
with fine-scale satellite tracer data (SST, ocean color) and surface
parameters (surface roughness, sun-glitter, etc.) that are strongly
modified across fronts and filaments, in order to link the deeper
dynamics with the surface fronts.

Finally, the altimetric mesoscale era was accompanied by
a global Argo program that allowed us to collocate large-
scale dynamics and eddies with vertical profiles. The question
of how to collocate the rapidly evolving fine-scales observed
by SWOT data with in situ data poses new challenges, that
are actively being explored. Data mining of historical ADCP
or glider data to re-analyze the high-frequency, fine-scales is
one option. Developing new, rapid, fine-scale ocean profilers is
another. Exploring the overlapping dynamics from small-scale
ocean processes including internal waves and tides, using fine-
resolution in situ and satellite data and models, will occupy a lot
of our energy over the coming years.
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