Discovering Ocean Dynamics from Space:Sensor
synergies In studies of mesoscale and submesoscale
dynamics

An Earth Observation Challenge: 3D
dynamics of the upper ocean

What can we measure and infer from Space ?






Geostationary sensors
typically offer a revisit
interval of less than 30 min
and spatial resolution of 3
to 5 km.

*The polar orbiting sensor
cover the whole Earth in a
single day if it is the swath
at least 2700 km.

» Each point on the Earth
surface is viewed once
from descending track and
once from ascending track.

Satellite orbits

Ground track of a typical near-polar, low-Earth
orbit, showing all the descending

passes for one day and one ascending pass
(dashed).






List of agencies and main missions from
colorado



Satellites currently in space




New Era - Nanosatellites - CubeSat

A CubeSat is a type of miniaturized satellite for space
research that usually has a volume of exactly one liter (10 cm
cube) mass of no more than 1.33 kilograms.



http://en.wikipedia.org/wiki/Miniaturized_satellite
http://en.wikipedia.org/wiki/Space_research
http://en.wikipedia.org/wiki/Space_research
http://en.wikipedia.org/wiki/Liter

Opening the Pandora’s box ?

Archiving data leads to very large heterogeneous and
multimodal databases

Data assimilation is growing in response to the growth of
data collected, but (personal opinion) tremendous amounts of
information still remain hidden in data archives.

Knowledge trees and complex algorithms are essential to
avoid the Google's principle, i.e. pertinence = popularity

Research efforts to be concerned with the definition of
adequate exploratory processes to detect relevant patterns
in large, heterogeneous, multidimensional observation data
sets with different resolutions to better approach complex
spatial and/or temporal dynamics of the ocean system.



Sensor
type

Primary
observable
quantity

Derived
variables

PASSIVE SENSORS

Visible
waveband
Sensors

Multispectral
scanners
Imaging
spectrometers

Infrared
Sensors

Infrared
imaging
radiometers

Ocean
colour

Sea surface
temperature

Chlorophyll
Suspended
particulates
Bathymetry

Mixed-layer
temperature
Skin
temperature

Microwave
Sensors

Scanning
microwave
radiometers

Salinity

N~

ACTIVE

Radar
instruments

Scatterometer
Imaging radar
Altimeter

Surface
roughness

Surface
slope

Surface winds
Wave height
Wave spectra
Internal waves
Surface slicks

Geostrophic
currents
Ocean geoid
Sea floor

bathymetry

Schematic illustrating the different remote-sensing methods and
classes of sensors used in satellite oceanography, along with their
applications (from Robinson, 2004).




Discovering Ocean Dynamics from Space:Sensor
synergies In studies of mesoscale and submesoscale

dynamics

Numerous Remote sensing measurements

— Very high resolution (100 m - 1 km) SST, Ocean Colour, radar
roughness images

—  Low resolution Altimetry (80 km)

— Mesoscale Ocean Wind Vector Scatterometry and Microwave
SST and SSS (25 km)

Increased In Situ measurements
—  Fixed networks

—  ARGO floats

—  Drifters

Dynamical frameworks
—  Operational models
—  Quasi-geostrophy, Surface Quasi-geostropy, Ekman



Sub-mesoscale (10 km eddies) and high resolution
radar sea surface roughness variations
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Measurement of the Roughness of the Sea Surface from Photographs
of the Sun’s Glitter

CuarLEs Cox AND WALTER MUNK
Seripps Institution of Oceanography,* La Jolla, California
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Fic. 1. Glitter patterns photographed by aerial camera pointing vertically downward at Eﬂlélr elevation of ¢=70".
The superimposed grids consist of lines of constant slope azimuth & (radial) drawn for every 30°, anq of constant tilt g
(closed) for every 5° Grids have been translated and rotated to allow for roll, pitch, and yaw of plane. b!mdou: of plane
can barely be seen along a= 180° within white cross. White arrow shows wind direction. Lefl: water suriace _::{_:\-e:re-:ii by
natural slick, wind 1.8 m sec™, rms tilt =0.0022. Right: clean surface, wind 8.6 m sec™, o =0.045. The vessel Reverie is
within white circle.
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Fig. 13. Mean square slope components and their sum as functions of the wind speed W meas-
ured 41 ft. above sea level. The plot includes all analyzed data for clean sea surfaces (open circles)
and slick surfaces (solid circles). Continuous lines are regression lines for clean surfaces; dashed
lines for slick surfaces.




PautDesmond =
NASA’s astronaut




Application to Oil Spills Detection

Deepwater Horizon
May 24, 2010
Terra/MODIS






Constrains of cloud cover

Avoided by geostationary satellites

Hurricane Sandy- NASA satellite imagery,
October 26 - 28, 2012
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High resolution daily product 2006-present, 2 km resol

projet ESA Medspiration
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Global reanalysis 2006-present
at 10 km resolution



Synergy SSS (SMOS+AMSR-E)+Altimeter-derived surface currents
+SST (GHRSST)+ Ocean Colour (CDOM MERIS/MODIS)
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Lagangian Optical-Physical properties



Numerous questions and challenges

Some of the Living Planet Challenges to better assess the existing
pressures on the marine environment (e.g. overfishing, pollution,
habitat destruction, ...) potentially leading to increased risks to global
food security, economic prosperity, ...

Evolution of coastal ocean systems including the interactions with land in
response to natural and human-induced environmental perturbations

Mesoscale and submesoscale circulation and the role of the vertical
ocean pump and its impact on energy transport and biogeochemical
cycles

Response of the marine ecosystem and associated ecosystem services fo
natural and anthropogenic changes,

Physical and biogeochemical air/sea interaction processes on different
spatio-temporal scales and their fundamental role in weather and
climate

Sea level changes from global to coastal scales and from days (e.g. storm
surges) to centuries (e.g. climate change)



Essential Challenges

P. Niiler (2009) Oceanography in 2025

Oceanography of 2025 will require observations and realistic
modeling of the circulation patterns that contain the vertical
motion of the upper 200 m. Models will be compared not by
how well they assimilate or replicate the sea level or
reproduce the geostrophic velocity, but rather by how their
internal vorticity and thermal energy and fresh water
balances maintain ageostrophic velocity structures and the
associated vertical circulations. This _task calls for
development and implementation of continued new methods
and instruments for direct velocity observations of the
ocears.
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Coupled Ocean-Atmosphere system: Eddy/wind interactions , I.e.
the nonlinear Ekman effects

The divergence/convergence of the Ekman transport can then drive
alternate up/down motions



* .. most observations are not yet
sufficiently explored and used

Synergy between high resolution observations to reveal mean

states and trends, near-surface ocean-atmosphere dynamics,
local and non-local interactions, convergence/divergence surface
fronts and numerous roughness contrasts

Far from the coasts, Extreme Events are opportunities of high
scientific values to investigate how natural processes at their
peaks can ftransfer energy and matter within and across
boundaries, and to identify the mechanisms involved and their
rates, jointly with their local and/or long term impacts



Sea-spray aerosol particles
enriched in organic material
are possibly generated when
the air-sea interface is
bursting
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Typical Ocean Space-Time Scales
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Main message ...

Today ideal instrument .. (wide-swath, high-resolution,
topography, roughness, Doppler, emissivity, reflectance, ...) = the
combined use of observations, including in situ measurements

Very (too) large number of spatio-temporal scales under local
and non-local interactions

Improved tfechnologies (instruments, resolution, computer
capabilities, storage, dissemination) all contribute to improved
combined analysis

Theoretical frameworks and numerical simulations can be used
to assess the causes and contexts of the different observations
(including sensor physics, observability conditions and
instrument capabili’ries{ to refine dynamical/statistical gap

filling methods

New challenges, new altimeter instruments (SARAL, Sentinel-3,
SWOT, .., CubeSat opportunities) and combined roughness
contrasts as local quantitative proxies to trace strong surface
gradient areas




ETt encore ... Towards an observation-driven framework

Thematically-driven Mining applications shall rapidly
emerge to avoid the data deluge, and o emphasize
the synergy between observations (in situ and
satellite), numerical simulations and theoretical
developments

‘collaborative’ efforts to promote future
developments to avoid (limit) computation burden
and/or (redundant) archive volume growth.

Data on an EO-'cloud’' and software
utilities/applications more efficiently developed to
search, process, visualize, analyze the data ina
common approach.

Usual discussions - the need for standard data
formats, metadata conventions, open access eftc.



Data Ecosystem

In situ

In vivo

Données sociétales
et économiques

In silico



Interdisciplinary crossings



~biogeochemical campaigns
increasingly require the
identification of transport
and mixing structures

— The precision of the
biogeochemical budgets
directly depends on the
precision of altimery
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In their displacements,
top predators
ehcounter
environmental
heterogeneity at
multiple scales.

Until now, observations
where sparse, and
matched large-scale
current information was
enough






Analysis of altimeter wave forms :
ERS 1 & 2, Envisat, Jason 1 & 2, Cryosat, AltiKa (12 TB)

Disposing of a sandbox with permanent
access to all data and processing power
greatly ease bridging the gap between
initial idea and full demonstration / long
term assessment
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Ship detection

LG ke ice 7 Ships detected by ENVISAT :~_ 2002-20 h
thickness wp S I, W@




Are storms more numerous and intensifying with climate

Seismic noise (50

years)
Scatterometer
and SAR (20
years)
Backward and
forward
propagation
(+/-6 days)

Buoys (30 years)

Feature and tracks extraction

Weather model (25 years)
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Global reanalysis 2006-present
at 10 km resolution



Lyapunov  exponents from
particle backtracking using
medium resolution velocity
fields (e.g., D’Ovidio et al.,
2008)

Lagrangian Diagnostics
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Sea Surface Salinity from Space

SMOS Galactic Brigthness

\ Electromagnetic Models Ocean Surface Winds

Sea Surface Temperature

Tonosphere

- |

I Sea State

Sea Surface Salinity
















Synergy SSS (SMOS+AMSR-E)+Altimeter-derived surface currents
+SST (GHRSST)+ Ocean Colour (CDOM MERIS/MODIS)
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Lagangian Optical-Physical properties






Time series of ocean color and salinity along plume trajectories

Analysis locations based on segments of low salinity plume trajectory
(proximal: 0-600km, distal: 1200-1800km)
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SMOS Th GFDL model wind

Hwind analysis NHC max wind



lake: a transfer of 1 6To of Salt in 5 days

Surface area~ 89000 km?2> Lake Superior, the world largest freshwater

Figure 2: Two SMOS microwave satellite-derived SSS composite images of the Amazon plume region revealing the SSS conditions

(a) before and (b) after the passing of Hurricane Igor, a category 5 hurricane that attained wind speeds of 136 knots in September 2010.
Color-coded circles mark the successive hurricane eye positions and maximum 1-min sustained wind speed values in knots.

Seven days of data centered on (a) 10 Sep 2010 and (b) 22 Sep 2010 have been averaged to construct the SSS images, which are smoothed
byal® x1° block average.
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Surface wakes of Igor
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: ENVISAT ASAR
: ENVISAT RA2
YELLOW : JASON ALTIMETER


Presenter
Presentation Notes
Now comes the quantitative part …. 
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Consistency and storm severity

Firework of the day



Practical application medium SST resolution data



Practical application to medium SST resolution data



Monthly mean
of SSH and
SST, filtered
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SSH and SST variance in the 100-300 km band

seasonal mean (Jul-
Aug-Sep) of variance
at 2° x2° grid
resolution calculated
from interpolated




SSH/SST correlation in the 100-300 km band

2003-2009
seasonal mean of
correlation
coefficients.
Calulated from
weekly 0.25°

grid resolution OI
products (MADT
and AMSRE-TMI
OI) within

8° x8° box at
2° x2° grid
resolution




Characterizing the mesoscale - Spectral approach
SSH wavenumber spectral slopes in the 80-250 km band

150°W 120°W  90°W  60°W  30°W ° 30°E 60°E 90°E 120°E 150°E

N

2003-2009 mean of the wavenumber spectral slope
in the 80-250 km wavelength band calculated from

Jason

Track data (within 8° x8° box) at 2° x2° grid
resolution~ global map proposed by Xu and Fu, 2011 and
Xu and Fu, 2012



Characterizing the mesoscale - Spectral approach
SST wavenumber spectral slopes in the 80-250 km band

150°W 120°W  90°W  60°W  30°W ° 30°E 60°E  90°E 120°E 150°E

N

2003-2009 mean of the wavenumber
spectral slope in the 80-250 km
wavelength band calculated from
AMSRE L3 data (within 8° x8° box)
at 2° x2° grid resolution



Singularity exponents

AMSR-E SST 3 day mean
March 1, 2008

More examples in Turiel et
al, RSE 2008




Meso-scale Air-Sea Inferactions
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Characterizing the submesoscale - Spectral approach




Characterizing the submesoscale - Spectral approach

SST wavenumber' spectrain The 10-80 km band

150°W 120°W 90°W 60°W  30°W

mid 2006-2007 wavenumber spectral slopes mean
at 1° x1° resolution in the 10-80 km wavelength
band calculated from MODIS SST data (~1 km
resolution). 2D-Spectra computed over

1.28" x1.28° area with high coverage (>95%)



Eulerian Statistical Descriptors

Winding

angle statistics, statistical properties

of turbulent fields : e.g., Bernard et al. (2006)
Use of SLE analysis




Characterizing the submesoscale - Level set analysis

Winding angle statistics




Winding angle histogram

winding angle histogram

winding angle (rad.)



Characterizing the submesoscale - Level set analysis

BT from Metop - 21/12/2010

T em 2 Winding angle variance vs gradient valu

15



Small scales / mesoscale

contour (winding angle) characterization
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Small scales / mesoscale

SST - Modis(L2P)
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Small scales / mesoscale

SST - Modis(L2P) SST - AMSRE(L3)
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Small scales / mesoscale

PRI




Lagrangian diagnostics: drifter analysis

Analysis of drifters trajectories and the
topological entropy from the degree of
entanglement (Thiffeault, 2010)



Stochastic Geometry-driven
super-resolution

Fourier power spectrum

100 200 300 400 500 600

Z 2 1 o
] 10 10 10
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Numerous contemporaneous MODIS Brightness
temperature and Ocean Colour surface signatures



Numerous contemporaneous MODIS Brightness
temperature and Ocean Colour surface signatures



Numerous contemporaneous MODIS Brightness
temperature and Ocean Colour surface signatures



Numerous contemporaneous MODIS Brightness
temperature and Ocean Colour surface signatures



Numerous contemporaneous MODIS Brightness
temperature and Ocean Colour surface signatures



Numerous contemporaneous MODIS Brightness
temperature and Ocean Colour surface signatures
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light wind strong wind
small waves large waves
[T

cold SST Front warm SST
current current

- ||| <

—»> ||| <

> ||| <

. 50km
Roughness current gradient I

___J% SST fronts and roughness gradients collocated

> 1) scales 10-50 km SST/wind coupling

2) scales 2-10 km wave/current coupling

wind-SST coupling

Essentially related to the surface slope (mean square slope MSS)

of short waves (roughly 1-10 cm)
Those waves are related to local wind and current (and surfactants)




Only 2 over 4 types of current deformations
will sign on the roughness image.

!
ou dv . du v T

w3y SAR roughness
v (ju . av (ju —»
T T TR T
S
Divergent currents appear
independently of the wind
Which type of currents will sign? direction
* rotational currents
- divergent currents *Non divergent currents appear
* shear in the wind direction with a 45°-sensitivity to the
* strain in the wind direction wind/current angle.




Sea Surface Roughness contrasts



Sea Surface Roughness

CURRENT WIND FILMS

WAVE ENERGY BALANCE

SEA SURFACE



Radar and Optical Imaging Model
(RIM and OIM)

Kudryavtsev et al., 2005; Johannessen et al.,
2005, Kudryavtsev et al., 2012

Image
Contrast

Meso-scale
Currents

Wind Waves Strong
transformation of Response of
1-10 m Wave Breaking
wavelength



Application to high resolution data

 MODIS Brightness temperature and colour



Application to high resolution data

* MODIS Brightness temperature SQG-
derived vorticity [ @8 and colour




Application to high resolution data

* MODIS Brightness temperature SQG-
derived vorticity [ and ENVISAT
radar roughness variations




100 km

50 nm




Optical brigthness contrasts



Radar roughness contrasts



MERIS Glitter analysis



MERIS Glitter analysis



MERIS Glitter analysis



MERIS Glitter analysis



MODIS Glitter analysis



Meso- and submeso-scale details



Meso- and submeso-scale details



Meso- and submeso-scale details



Miso Turbulence (Mediterranean Sea)



Miso Turbulence (Mediterranean Sea)
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