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With the growing interest in understanding air-sea interaction, upper ocean dynamics and thermodynamics, increasing emphasis has been placed on submesoscale ocean
processes. As the remote sensing community moves to higher spatial resolution (e.g. the Surface Water and Ocean Topography, or SWOT, mission), the surface wave field will
become more significant for both the dynamics and the sea-state bias corrections since the wave field correlates with the submesoscale dynamics through wave-current interaction.
In this regime of ocean dynamics, some of these needs can be met by the use of airborne lidar for the measurement of ocean surface topography from mesoscales of O(100) km to
gravity waves of wavelengths O(10) cm. Here we present results from a series of experiments conducted over the past 7 years using the Modular Aerial Sensing System (MASS), an
airborne instrument package developed at the Scripps Institution of Oceanography. Airborne lidar measurements of sea surface topography ranging from submeter- to meso- scales,
synchronized with satellite altimeter overflights off the coast of California and in the Gulf of Mexico are analyzed, along with coincident airborne hyperspectral and infrared imagery
to characterize the changes in sea surface topography and surface wave variables.
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Airborne Lidar Topography in
Support of SWOT Ocean CalVal
The overall goals of the Surface Water & Ocean Topography (SWOT)
mission are to conduct global surveys of Earth's surface water,
observe the fine details of the ocean's surface topography, and
measure how water bodies change over time. As part of the SWOT
validation activities (CalVal), the satellite will be placed into a daily
repeat cycle orbit shortly after launch (three-month period) to ensure
that the onboard instrumentation is operating to specification and
satisfies the SWOT science requirements, including an elevation
error accuracy defined in the spectral domain. This implies the need
for spatial measurements of the ocean surface height, as opposed
to traditional altimeter requirements where single point, in-situ,
independent measurements (e.g. Harvest buoy calibration sites) are
sufficient for validation purposes. In recent years, we have
demonstrated that the Modular Aerial Sensing System (MASS,
Melville et al. 2016) is capable of collecting measurements of sea
surface height within the requirements and performance imposed by
the SWOT science requirements. In preparation for the SWOT postlaunch CalVal period, the MASS instrument was successfully
integrated in the NASA JSC Gulfstream V aircraft, and flown in the
vicinity of the proposed SWOT crossover site off the coast of
California during a two-week experiment in April 2019.
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Meso- to Submeso- Scales
Surface topography, sea surface temperature (SST) and
ocean surface current data to obtain spectra from
Mesoscales to shorter wavelengths and to test spectral
theories and models.

Surface Gravity
Waves

Internal Waves
Modulation of surface gravity and SSHA waves by
internal waves.

Directional properties of surface gravity waves computed
from data collected with the MASS topographic lidar

Top: NASA JSC Gulfstream V (GV)
Middle: MASS instrument payload
(left), instrument payload as installed
on JSC GV (middle) MASS acquisition
rack inside JSC GV cabin (right)
Bottom: Science flight trajectories
with the MASS on the JSC GV within
the proposed SWOT calibration
crossover site off of California during
a two week experiment in April 2019.

Sea Surface Topography Collected with MASS Lidar
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Sea Surface Height Anomaly (SSHA) from Airborne and Satellite Altimetry

Characterization of MASS Lidar Noise Spectrum
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SSHA spectra measured by the
MASS scanning lidar for flights
conducted
during
three
experiments (2011, 2015, and
2016). The data are plotted over
satellite altimeter data from Figure
1 of Fu & Ferrari (2008), noting the
O(100) km resolution of the
traditional satellite altimeters.

SST
SST wavenumber spectra taken
from three flights using
infrared pyrometer data and
one flight using LWIR imagery
collected in the Gulf of Mexico
with the MASS system.
black: 2011/10/30
blue: 2011/10/20
red: 2011/10/29
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Wave Spectrogram

Surface expression of an internal wave packet from a MASS flight line of data
collected on September 13 2017 at 23:40 UTC off Point Sal, CA. Note the
presence of both rough and smooth bands that also show increased amounts
of whitecapping with contrasting surface velocity expressions. We also find
increased concentration of chl-a in the smooth bands, as shown in (b). Finally
the modulation of the surface gravity wave spectrum from the internal wave
packet is clear in (d) where we find suppression of the high frequency waves
in the smooth bands, and increased energy in the rough bands.

Redistribution of energy in the
wave spectra computed in
“rough” (blue color)
and
“smooth” (red) bands of the
internal wave packet caused by
surface
gravity
waves
interacting with the internal
waves. The background wave
spectrum is shown in black.

At large wavenumbers,
waves
of
opposing
direction can be generated
in a single storm system:
implications for acoustics,
wave modelling, EM bias.
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SSHA estimated from two MASS lidar passes (“northward” and “southward”)
over the same Jason-I track in the Gulf of Mexico (see insert). Note that the
satellite pass occurred during the middle of the southward lidar pass (black).
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Characterizing the transition from
equilibrium to saturation regimes
using
azimuthally
integrated
directional spectrum

Results are consistent with Phillips’
(1985) equilibrium model and our
understanding of the saturation
range of wind-generated waves

The MASS lidar complies
with the SWOT spectral
errors requirements
High-Resolution Measurements of SST, Hs, and SS at the
SWOT CA Crossover Site
April 10 2019
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Summary: Airborne topographic lidar is an important tool for broadband, directional, micro- (sub-meter) to meso-scale measurements of ocean surface processes. The ability to
measure surface-wave directional spectra when combined with SST data will contribute to upper ocean modeling (e.g. Langmuir turbulence, meso to submesoscale physical energy
cascade). The correlation of submesoscale current gradients (e.g. fronts) with ocean surface wave fields will prove important for the interpretation of the next generation of satellite
altimeter data (e.g. SWOT). Also significant are internal waves which are shown to modulate the lidar backscatter and wave field through wave-current interaction processes, as they
do other electromagnetic scattering, including microwave and thermal infrared imagery (not shown here).

