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Main conclusions

Wave spectra on a subscene-by-subscene basis are poorly constrained.
- Cut-off limits the directional sensitivity.
- Continuity should be exploited (Fireworks/models/statistical/group analysis).
- Wind-wave system should be better constrained (models/feature analysis).

- RAR can be improved (multi-sensor observations/multi-line-of-sight Harmony).
- Multi-scale neural-network approaches show potential.

Stress-equivalent wind, wave-Doppler, currents and long-ocean waves should be integrally estimated.
- All observations originate from the same surface.
- NRCS, Doppler, SAR spectra should be combined in one assimilation (neural networks).
- Neural networks for full spectra, not only integral parameters.
- Causal filtering in iterative approaches or external wind and waves models.
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Air-sea-wave interactions

Air-wave interactions:
. Wind stress.
. Wave growth.
. Turbulence.

Atmosphere

Wave-wave interactions:
. Wave-breaking and hydrodynamic modulation.
. Three and four wave interactions.
. Coupling.

Sea-wave interactions:
. Wave-breaking.
. Current generation.
. Refraction.

Marc Buckley, Helmholtz Centrum

Fluxes:
. Heat exchanges.
. Gas exchanges (CO2, etc.).
. Aerosols (salt, etc.).
. Momentum, .... 3
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Spaceborne instruments

o

>

Synthetic aperture radars (Sentinel-1*)

» ..";‘.‘ ' .
Satellite lidar altimeters (ICESat-
2***)

Courtesy of ESA*, eoPortal** and NASA***
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Observing geometry and scattering mechanisms

[ Incident angle ]
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Courtesy of AVISO*, Hauser et al. 2006** and ESA***
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Imaging mechanisms

RAR

e Tilt modulation
o near-nadir: weak/moderate, far-field: weak.
o direction: range.

e Hydrodynamic modulation (not shown):
o near-nadir: very weak, far-field: weak.
o direction: omnidirectional.

e Range shifts and range bunching:
o near-nadir: very strong, far-field: very weak.
o direction: range.
o near-nadir: (very) non-linear, decreases range resolution.

Tilt modulation Range bunching

SAR
e Doppler shifts and velocity bunching:

Velocity bunching

o near-nadir: strong, far-field: strong.

o direction: azimuth.

o near-nadir: non-linear, far-field: non-linear.

o decreases azimuth resolution. 6
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Closed-form mapping: misregistratightin space, phase @esa

changes in Fourier domain

e Spectral mapping (Hasselmann & Hasselmann, 1991; Krogstad et al. 1992/1994).

e The misregistration is associated to both range and azimuth random shifts.

e Azimuth shifts are directly associated to detected scatter velocities: it can be polarization and wavelength
dependent.

e Shifts scale with the R/V parameter.

e Under joint-Gaussian statistical assumption (and stationary conditions), a spectral closed form can be derived:
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Cross-spectral analysis

e Introduced by Engen & Johnsen (1995).
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Cross-spectral phase and dispersio@relation

Mean dispersion relation for low wind speeds (red) and high (blue) . Data extracted from s1b wv ocn data (full lines) along
range axis. The dashed lines are simulated dispersion relation including effects of non-linear RAR modulation
and non-stationarities. The dotted line is the wave dispersion relation of linear SAR wave imaging along range axis.
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Cross-spectral phase and dispersiofirelation
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Integral in range direction of cross-spectrum (Li et al. 2019).

Measurable time-evolution of detected scales between 15-20 m

wavelength range.

Important for wave-Doppler removal.
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Systematic and massive computation of x-spectra @17.7
km from Sentinel-1 IW SLC products allowed for statistical
analysis of IMACS to refine Li et al. (JGR 2019) analysis.
About 180,000 x-spectra have been colocated with ECMWF
and WW3 model outputs

In the contrary of VV, the IMACS sensitivity to geophysical
parameters is found negligible in VH on the dataset used for
this study.

A Strong dependence is found with respect to wind speed
and direction.

An Asymmetry is obtained between Upwind and Downwind
absolute values. Upwind>downwind. Second order effect.
The incidence angle dependence is also found to be a
second order effect.

sarwave

N4

Ingi=32.5 deg | V10=9.0 m/s

CLELR
sl 1
=03 3

£ 130 - v
a L

.
18 ]
[ e e e ey ]

1
— AL

- - v '
0 180 270 0
LOMWY Almath Wind Ditection (o]

12

— 1l s W 4 1 =111 S = = 0 = Il 25 52 = BN Em im [¥] +THE EUROPEAN SPACE AGENCY



Cut-off estimation

e Estimated by fitting a Gaussian to the ACF (Vachon et al. 1993; Kerbaol et al. 1998).
e Proportional to the velocity variance.

e Required to constrain the wind-wave spectrum, e.g. the wave-age parameter.

e Removal of the non-linear part in the Sentinel-1 OSW spectra (Sentinel-1 ATBD).
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Cut-off fitting issues

Vaha 2011124 0100 UTC (957 807 56 Waha 20111134 01 08 UTC (A6 06,58 25

Limited surface roughness at low wind speeds.
Overestimation because scene is not properly resolved.
Underestimation with swell in the range direction.
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Resolved waves affect the cut-off estimation.

Waves in the azimuth direction can introduce sinc-like behavior.
Steep waves across track cause underestimation.

Lower waves across track cause underestimation.

Only empirical corrections (Stopa et al. 2015).

Possible mitigation: to use the second derivative of the first lags
of the autocorrelation function in azimuth.

Figure from Stopa et al. (2019)
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Spectral width

o Fall-off with increasing azimuth wavenumber (Lyzenga et al. 1986).
1
ky—oo  PH)=

e Spectral domain ‘cut-off’ (Engen & Johnsen, 2002).
e Parameter is computed in the Sentinel-1 OSW products. ae s
e Related to wind-wave VV and NRCS.
Useful for calibration.
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Retrieval algorithms

Crogg—Spectra
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Quasi-linear inversion assessment

e Quasi-linear inversion schemes.

e Rather well known and providing reasonable results, s »
regardless of the intrinsic limitations. . ‘.?"' :
e Focus in the analysis of SAR images acquired during | .
varying wind and wave conditions: eg. under the "
presence of an atmospheric frontal system. Not so s
satisfactory results. (Lai and Delisi 2010) - 0
e Next attempt, making use of the quasi-linear inversion E 0
scheme proposed originally by Krogstad et al. (1994) §M *
and used by Vachon et al (1994) —work under progress- @ 15
e Focus at detailed directional wave spectra e

e Mixed sea and swell and studying the relative
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Quasi-linear inversion assessment using buoy data

e Focus in the analysis of SAR images acquired during varying wind and wave conditions: eg. under the presence of
an atmospheric frontal system. Not so satisfactory results. (Lai and Delisi 2010)
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Spectral coverage

e Limited directional sensitivity due to Azimuth cut-off.

Observed Predicted Retrieved
e Cut-off typically 100-200 m.
R Prior Retrieval
A X Ty pyy(0,0) = 7=/ o2 . "
' Pus(0,0) Vv oo - are—— wave spectra
e Wind-wave system requires parametrizations. Eon { Q T oo @@)
. Inputs e i B
o Swell full recovered in low to moderate sea states. ; oe N } ae0
e Issues with peak swell direction. - S b (maximum
010 -840 |lke|lh00d)
) o -0 ,(«m e -0 -am M'J;ﬂl 0'0/
0@ SAR image
M spectra
-0.'e ‘0 w[tﬂ?ﬁ’] a
Figure from Hasselmann et al. (2012)
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Known issues of the closed-form

e Limited spectral coverage.

e Time-varying geometry.

o Cut-off is affected by tilt, hydrodynamics and decorrelation.
e Cut-off estimation issues.

e Supercritical wave velocities and slopes.

e RAR response is poorly understood.

21
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Sentinel-1 archive inconsistency

The ESA level-2 ocean swell spectra (OSW) product is improving over time through several IPF updates.
The improvements are not currently applied backward in time.

This work examines the temporal consistency of the OSW product as compared to a global wave model (Smith et al., 2020 RMetS GDJ).
The match-up criteria is within 100 km and 30 mins.

Comparisons are done over bulk params with wave model spectra truncated using azimuth cutoff (model - S1 biases and std dev.).

= Adm (deg)
AHs (m) .
¢ WW3 monthly mean Hs, Tm02, dm _ |
';f ! H _ ’ ,""u:u.::;;;'hn3lh;;;x:.'::1:,.,.31'-:::::,;:,,..l;;"
I H T e L T RN ST . =TT -
Y The3 { a7 \ el i
A/ - ,4——"“1:——— “‘ \\"‘“\-‘_\ -
N\ ~ \\ ] L
: i ‘ == ATmOQ2(sec) ' = i3%x 755 Ha8 P EEE :
Trme : A NA "\ /.I\/ - \,\/. o aN A . -
_ _ IPF 3.30 i Key messages:
Time/IPF versions i '{ - Notwithstanding the azimuth cutoff
' N MUTD e L { limitations, the OSW product is improving in
AR T L G rprriracaiesglezsstass i accuracy and may benefit from backward
: reprocessing (if feasible and economical)
I ; v My - Until then, users need to be aware of the
I S ; i o limitations 2
— 0l e W 4 Il =111l S i === 0 = Il =5 5=

= m= mm im |#*| -+ THE EUROPEAN SPACE AGENCY



Known issues on RAR modulations esa

e RAR modulation damping

in wind following waves.

Atmospheric front

Wind

Sentinel-1 SAR
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Known issues on RAR modulationsé Eesa

° 2
Atmospheric front
Q
B L J
WwWind d'\re'bt'\or\
e/l gjra 2.
Finweorks Sontined-1 WV+IW (O0L) 5Y |.
Sentinel-1 SAR ; Jams
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Supercritical velocities and slopes

Most prominent at low wind-sea and monochromatic swell.

Supercritical velocities (along-track monochromatic):
kyA> %=

Supercritical slopes (common in altimetry):

k:A > tan(@)

e Fully non-linear when d>A/4 (Toshida et al. 2015).
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Figures from Ardhuin et al. (2015/2017). (€) *mt
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Time-varying geometry and modulation

Observation geometry changes during acquisition time creates significant variation of backscattered signal.

[ ]
e This cross-section variation is wrongly interpreted as wave motion in cross-spectrum.
e Wave direction of propagation can be inverted for sufficiently long wave (with negative azimuth wavenumber).
:,_t‘-'-‘ 2015/ lon=5550 / lat=.48.04 / inc=23.08 #005 / lon=60.31 / lat=.56.54 / inc=22.95
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- This phenomenon has to be added to the close-form equation
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Mean impact on cross spectral phase
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Mean phase spectra for +azimuth (upper) and +range (lower) winds.
Left: wvl, Right: wv2. Ocean data.
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Neural-network approaches

e Decomposition of spectrum (CWAVE, Schulz-Stellenfleth et al. 2005/2007).
o Estimation of integral wave parameters using (step-wise) regression.

e ‘Engineered’ machine learning for Sentinel-1 (Stopa & Mouche, 2017; Wang et al. 2018).
e Deep-learning approaches involving the full spectrum (Quach et al. 2021).
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Figures from Quach et al. (2019) .
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Deep-learning for sea-state retrieval

e Wind-searelated to present/recent “‘.f:’.-'.'.::“'j‘t-'j.‘ﬁ‘.‘i;-“" o ‘ :::“:"“M
winds: complex non-linearities and m—, X 5 i W
partially or totally removed from the : 000 £ % i relms
SAR spectral signature (azimuthal . W00 , ; ey
cut-off). 15000 3 i mbRE

e DNN method to estimate the wind- & 10000 & ~utcano_
sea Hs from S1 with a data driven i e T':;'_“
approach applied to either 2 ';w i ‘ Zo00
estimations of the wind sea Hs s e i A ~
variable: . T

o - WW3wind sea partition, o e i
o -wind sea component of the g scron il o
wave spectrum (based on Cg i
and wind vector) || § i

e Dependence to input features can ' ' ::§ ;
be estimated overall and for various miwg
conditions:Skewness, Azimuth .
cutoff, various IMACS of longer - ! 0.00
wavelength for higher wind speeds. ‘ =

o o ek T .
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Sentinel-1 IW image spectra in the wind-wave dominant Baltic Sea; WAM based NORA3 wave spectra.

60k collocations; Vanilla LSTM recurrent neural network (~20k trainable parameters). S ca
Training objective is to minimize RMSE and maximize correlation. Ll P | 4
Validation on 7749 data points/spectra. -n ‘j | ef ;
Majority of spectra to spectra correlations are above 0.9. i A B | Y :
Correlations by frequency bins accurate; RMSE low for higher frequencies. — R .
For Hg calculated from spectra r = 0.91 and RMSE 0.3 m. For Ty,01r=0.84 and RMSE 0.5 s
Spectra to spectra correlation histegram Lo Bin by bin correlation a0 8 Hs calculated from spectra s Tem,, calculated from spectra.
1 = Correlation —— Prediction mean e Prediction mean V4
2500 4 \ —— RMSE 7 r=084 :
mad | L1g r=0.91 . 71 RMsE = 0.49 5
2000 1 % Eﬁ ﬁ?sfi;;iim o i g |ME=012s .
£ z _ = lsien2as ‘_e Si=51.73
] En.a- 12%  £% 4. 1an L IN=Tra9
w1500 4 -] E Z = .
] = = i | 2 o
g : ¥ 03 AR .
E Eo? | rasz £ : <
£ 1000 [ \ g o €4
8 a1 7 X
500 1 0& Y 0.4 : 5
'\.\\ 1 w
o 0.5 —— 0.0 0 . — —t 2
=04 -0 00 02 04 06 OB 10D o1 0.2 0.3 HE | 0.5 H 1 F 3 4 5 6 T 8 2 3 4 5 6 7 8
Comelation coefficiemn Freguency [Hz) WAM-based NORAT Hy (m) WAM-based NORA3 T, (s)
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SeaStaR (SAR Sea State Retrieval) empirical algorithm

Algorithm opportunities and implementation: SeaStaR (SAR Sea State Retrieval) new empirical algorithm

* Processing parameters output in form of fields (raster, e.g. one S1-IW with 3 km raster — ca. 5000 values/image-ID)

« Series of integrated sea state parameters (8 parameters: SWH, Swell SW1, SW2, Windsea; Periods Tm0, Tm1, Tm2, Windsea-Period)
»  Algorithm realized in Sea State Processor for daily Near Real Time (NRT) services (uniform modular architecture for different satellites)

Algorithm innovation
« Combination of classical approach using linear regression with machine learning (CWAVE approach + support vector machine SVM)
» Five types of SAR features: NRCS statistics, geophysical (wind), GLCM, spectral parameters + new introduced features, CWAVE
* Method applied for processing Level-1 (L1) products for different satellites (modes):  smmos s waemwiunsrm srnue
- Sentinel-1 Wave Mode (S1-WV), SLC —— -
- Sentinel-1 Interferometric Wide Swath Mode (S1-IW), GRD
- Sentinel-1 Extra Wide (S1-EW), GRD
- TerraSAR-X StripMap (TS-X SM), GRD

Algorithm tasks

¢ (ehins

Artefac

pattern {

reatures extraction, 1eature error analysis

Model functions

Achieved RMSE total significant wave height SWH (m) worldwide:
S1-WV S§1-IW S1-EW  TS-XSM =t

1 Subacens propertes

SAR SeaStaR workflow
Sod Dame Primasier WA

1 BAN siane tning 1

7 Code s
Red

e e |

@ Toraieres rope s e LR e ) 2
=

T Wit Bt ServESAN K Dewiend | O W WY 4

=
. o, e otey §

SAR features
SAR featuren type BAR estares fret crder

B N

and statamcs ShawTe.. Auriouts, ehc
2. Oeoptryvecal VW (EMO0, XANO04
3 OLEM v
ey weel et O et ety

0o curreace matie)

4 Spoctrm A

& Spectei & O et e by v sy (AW arnerrad e e

SO by ACE | i atatin pw L)

Lincar regression CWAVE « models
Maching learning SVM modol

Compared to model 0.25 0.43 0.48 0.37 Sea state fields examples: processing S1-IW with 5 km raster g{::;:: - Neustrelitz
Compared to buoys 0.41 049 N/A N/A (ca. 1500 valuesimag ID-products cover ca. 200 km x 900 km = -
3l
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SeaStaR (SAR Sea State Retrieval

DLR finished validation SWH and Tm2 for S1-IW archive 2020 in frame of ESA-SARWAVE (ca.
12,000 scenes, 5 km processing raster) with model WFWAN (CMEMS) and buoys

» -55°<LLAT<60° (avoiding ice coverage)
* 10 km from land, max 10 km from buoys
* Max time gap measurements 3 h

Model: ca. 8,000,000 coliocations Buoys: ca. 26,000 collocations, 145 buoys worldwide Example time series 2020-01, buoy EMODNET-1043928

SENTINEL-1 SAR IW SENTUSL-1 SAR W n N timesorio 202001 LAT=d?5 LON=83
e £
= §: A #,
o - - .- e ’ / f
E ,E_ et /} / K
z 3 { 3 /\ . R L T ' Va
. £ 8 ¢ § '
E ! bos ] Moo V0 0 MNoss o7 MN204 10 e NN MPoOn Noo0n 2901 ’ ot
; Pe gsd & |
§ SWH 5 . l.'* AR ! SWH timeserie 202001 LAT=47.5 LON=-85 : \
5 } 4 H’ ‘\fm,\l =D
RMSE=0.439 m ' ¢ ! 20 o C,
BIAS =0.002m

0 25 S0 75 100 125 150 175 200
Sgnificant wave height, model (m)

% S .
! L) <0 000 32020

it ety e O 50 = bie, og 10 scate

T 6 & 10 12 14 -
Sioniicant wave heght, Buoy (m)

E—
# ! E mH

w—
. MW
Sy

wws st | PN NS N o AR
ir ' g ‘
g3
Lt
1

powt Geraty 01 m e, lngl0 sco Kpp0nel PR ) nxpetor 20010 N0 WLt MWMOL a»y0i N oLt nresm W01 N
Pleskachevsky, A., Tings, B., Jacobsen, S., 2022,
Multiparametric Sea State Fields from Synthetic Aperture Radar for Maritime Situational Awareness.
Remote Sensing of Environment, Vol. 280, Oct. 2022, 113200, Open access
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Limitations of neural-network approaches

e Current neural-network approaches only retrieve integrated parameters.
o Filters applied to capture various scales are not causal.

e Not all parameters from side-looking SARs are fully exploited.

e Input parameters such as the cut-off suffer from estimation issues.

o Neural networks still suffer from the single line-of-sight of Sentinel-1.
o Ifavailable — multi-sensor constraints.
e Exploit improved ocean-wave models.
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SAR Swell tracking

Wind speed: 329 m's
Swath date: 0907/2004 06:26

155°160° 165170 17571807 1857190

Firework analysis : Principle

e Extraction of swell systems parameters from wave
spectra level2 products.

e Backward propagation to identify the swell origin
(Storm source).

e Identification of all swell observations relative to a
given Storm source.

e Determination of the propagation path by forward
and backward propagation between observations
(using deep water waves dispersion relation).

Propagation of 15-16s swell from July 8 to July 20, 2004

Envisat ASAR wave mode o
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Sentinel-1 Wave Mode Swell tracking’_". cesa

- ‘,';
-

Poys Bon b
Alemagre
By
Poce Tihdane

strvitee
Mongre

Croatm
nake .
Gt gt

L Arerbasyan
>

Terrs Loore

Ubeéria

= m= mm im |#*| -+ THE EUROPEAN SPACE AGENCY




SWIM
Wave
scatterometer

L2S wave
spectra

available
publicly in NRT
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Sentinel-1 WV+SWIM+IW Swell track«.i/hg esa

IW cross
Spectra imag.

e il YT
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Tropical cyclones generated waves

Resu'ts on My A &0 gy ny “:O » ny ny 2 400 ™ g5+
TC Lar 3 F Y ol
00 Y s 3 200
ry : 1o ,," a_ : 00 lﬁ . { . : w0 '
These polar plots are e 0 R | ” ” ™ b y
wave roses, each point R 4 2 t?
is an acquisition from the b o
map, the distance to 278 s ¥ s 24 s 25 15y
center is the wavelength, -7 e — s
the polar angle is the Sentinel-1 WV L2 CFOSAT SWIM L2S SOFAR Spotters Copernicus In Situ .
direction of propagation Hs im) 80°W o'W 40w
with respect to the .
direction of the tropical 500 5 6
cycilone -
-\4? e 152
- N\ 4
The resultis a \ 2 : g
description of T £
the wavelength 300 Dats §
of emitted waves 901 g e | B
as function of | |f2008 o somseenm §
the direction of ) - S ¥ ;
opagation
propag / 100
225% 35 .
Good complementarity s == 0 , : _
2 8 o'W 20°W
Good consistency Multi-sensor wave rose TC Larry, 2021, on September Tth, at 6 AM 8
between different sensors
Such an analysis is performed for tropical cyclones between
2015 and 2021 —> So called TC waves product .
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Assimilation into models _‘ esa

- _CyClone Freddy Feb.2023.-g

e The assimilation of partitions wavenumbers (KxKy) : complementary use i

of SAR (150-800m wavelength)and SWIM (60-500m of wavelengths).

/.

example during cyclone Freddy nearby the cyclone eye
with assimilation (SAR+SWIM)
difference w/wo assimil=*--=

= Tl s 4= SIS === B = 11 52 52 = BN Em im [¥] +THE EUROPEAN SPACE AGENCY



relevance of the assimilation of SAR and SWIM In Southern

Ocean (February 2023)

Assimilation SWIM+SAR without

_4s)

Bias maps of SWH (max. range 120cm)

120
100
80
Remarkable reduction of SWH bias e
when using the assimilation of SAR ?:oi
and SWIM partitions wavenumbers. 40
-80
-100

Significant improvement of scatter
index in the MIZ and swell track.
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..f
4

average difference of SWH betweenthe assimilation of SWIM

we clearly show the better scaling and the assimilation of SAR (May_Aug 2020)
of wave energy/peak period induced

by the assimilation of SWIMfor
smaller wavelengths in southern
storms (blue color).

the red colorindicates that SWIMis
missing correctionfor longer waves
(~>500 m), and where SAR is highly
skilled.

North and North-East Atlantic is
mostly affected by the assimilation of
SWIM.

blue color stand for overestimation of SAR assimilation, while red
color stand for overestimation of SWIM
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Wave observations in sea ice ¢ esa
\\.” Figures from Ardhuin et al. (20%5%2017)

A\ Jeecoterlow cl atoft>

Hs (m) at 09/09/2014 15:00 UTC
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Wave observations in sea ice

#098 / lon=-147.12 / lat=-59.58 / inc=35.91

Ifremer Qe
e Iceberg reflections. ‘
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£ 2
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- g
% 10.0 - 4.0e+00 2
North = @
-— ol
:g’ 3.0e+00 g
N 1.5 n
” ~
2.0e+00 &

5.0 1.0e+00

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
range distance [km] a4

= Tl s 4= SIS === B = 11 52 52 = BN Em im [¥] +THE EUROPEAN SPACE AGENCY



Synergies In sea ice

From Collard et al. (2022)
e SAR, SAR altimetry, XTI, optical, lidar.

T X
j
| | [
[ | 9
— Phase minima
[ | ‘ | [ | | = Ico detormation

—17 111
— Ay
/ |
I 111 |
'R

| . = Phase wrap / :
~= | andiast ice edge p 3 sea ice

From Mahoney et al. (2016)

X {km) 45
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Wave amplitude attenuation in sea ice

e Example of unfiltered radar signature (blue line). Signal
was obtained by cross-averaging of 200 m band aligned
with wave propagation direction. Red line corresponds to
detrended refined signal suitable for the envelope
analysis. Black dashed line demonstrates estimated
envelopg.

ons

06

envelope level

5000 10000 15000 20000 25000
distance, m

1200000
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Polarimetric and multi-frequency observations

e Full-pol/compact-poal.

e RadarSat, GAOFEN, ROSE-L. "

e Varying tilt and hydrodynamic sensitivity. ? 3

e Bragg to wave-breaking ratio. ‘ §

o Effects of decorrelation (especially high sea states

e Affects modulations and cut-off. L. B
7 :
£ 3

e L-band and C-band crossovers.

e Sensitive to slightly different parts of the spectrum )

o Different decorrelation. 3

§
Figure from Li et al. (2019) as u,w;::;:w:. 10 o '::«;::m, S
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Wave-field continuity

01-October-2008 13:59:45 (UTC)
ENVISAT WM Produst

e For image or wide swath mode, we .
can use continuity to remove ‘
outliers/ambiguities in neighboring
swell direction. In deep oceand and
small surface current, storm source
refocussing is also used to ensure

continuity.

{
2
: - - :
12008" 120924° 1200127 120907 110048° 119%08° S
Longiude (W) Significant Wave Height (m) 20~JAN-2006 05:57:16 § ) _
r — % Darmnact Sonfc et Wave Hegt |=]
oo 03 o 09 12 5 18 2 24 27 30 ’ M M M T N M
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. Spectral analysis.
. wave systems
decomposition.

. Amplitude
demodulation.

. 2D Correlation
length estimation.
. Comparison
between mean
wave group
direction and peak
wave modulation
direction.
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Porer tprerertatgn o both deectoms
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Wave amplitude demodulation (groups)

¢ 100m waves
strongly affected by
azimuth cutoff. =

e Mean group
direction and peak
direction is not
aligned anymore.
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Multi-sensor synergies

Side-looking SAR

e Sentinel-2 and wave drifters as ‘truth’. - SrEmo e sl =1
. _ I I
e Spectra from SAR, altimetry and CFOSat. E - : :
- 1 | 1
e Wind(-wave) direction from scatterometry or models. - v breakiny | el
210 o !
E wind stress M.-'I[.‘ Doppler peCiry
9 I I
. . & 10"
 Cross-calibration of ocean wave-spectra. : i i
. . L ol I I
e More geometrical constraints. = o ! !
. . | |
e Sensitive to different parts of the wave spectrum. 1072 14 - - + - =
e Integral multi-sensor approaches considering all scales. Wisrshargfts il
Spectrometer Radar altimeter
= 1 ke | relax. scale o > 10 ke = 1 km | relax. scale | = 10 lamn
10¢ : 10¢ :
= 1 - I
E 1o-? i E 1672 -
E i E i
E 1 E I
g 10 : g 10t :
E 1 specira E | wave hesght
= ] | 3 I
g i i g1 i
E ] ] E |
g i i =g :
] ] I
*For visibility overlap is omitted. 107 ; : : ; 10710 : L I .
o 1o g plg ¥ 1oy 1or? 1ot 1@ L 1 1oy
Wavebength [m] Wavelength [m]
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Sentinel-2 sunglitter

e Satellite sun-glitter contains directional surface roughness .m,g, Fragment

information.
e Modulations of sun-glitter caused by long ocean waves.

e Requires favorable aligned of waves, sun and observing

Y, km

platform. .

s @
/' o

Flight direction 21

(a) R Adm: (h)

Brightness spectrum BAGX'kx+GY 'ky)*

Ground track |- - R -0. 05 0

........... -
/ - X kx, rad/m
(c)

Figures from Kudryavtev et al. (2017) .

ky, rad/m
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Sentinel-2-derived wave spectra

Multispectral images are collected one at a time.
Time difference can be exploited to estimate the phase velocity.
Cross-spectrum between B04 and BO8 channels pick out “true” direction of wave components for descending

(respectively ascending) satellite acquisitions.

Phase Velocity

Buoy

Ky, rad/m

-0.04-002 0 0.02 0.04 -0.04-002 0 0.02 0.04 10" 10 1.5;'
kx, rad/m kx, rad/m k, rad/m k rad/m

Figures from Kudryavtev et al. (2017) o
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SAR altimetry spectra

e Intensity modulation resulting from swell waves are visible in waveform tails.
e By normalization and reprojection on the ground itis possible to compute SAR spectra.
e Dominant mechanisms are velocity and range bunching.

e Only possible to retrieve swell in low to moderate sea states (SWH < 6 m).

e ‘Cut-off estimation (velocity variance) and swell retrieval might become essential to constrain the sea-state bias.
Discrete Fourier
Transform
Input: Radargram - S Projection in : :
200Hz L1b FFSAR wavelorms + Resampling Output: FFSAR spectra
lOA“
) 0 1 4 1

'€-006 (d)

E 3
s 50 108 X log S-004 5
2 | §5 §-002 40
3 06 3 06 5
1 (] c
§a ° S o 0
x o v
04 © 04 =
& £6 x 002 0
05 % g
02 g 02 gom 10
o
250 Echo Power [Watt) 250 7 0 & 0
33.37 3333 33.30 3327 3324 3321 0 5 10 1 006 004 002 O -0.02-004-006
I s ?S,fiujj l?i i Latitude [°) along-track distance [km? cross-track wavenumber [rad/m]

Figure from Altiparmaki et al. (2022)
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SAR altimetry spectra

Rania Altiparmaki, Claire Maraldi, Samira Amraouli

PROJECTED/NORMALIZED RADAGRAM

A’ B C
ERAS SWELL SPECTRUM
SAR SPECTRA 30 S o 804 8 S
A B C l g J 0') I
P ' & I 7, | 1 V«l'" 4!
P N A & ) F
/ .
: c Tp =15.8 sec
Dp = 292.5 deg
Tp=17.0 sec Tp =15.1 sec Tp =17.6 sec
Dp =293 deg Dp =293 deg Dp = 290 deg
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SAR altimetry cross-spectral analysis

e Zero-Doppler nadir-altimetry spectra have four ambiguities (both sides of track).
e Long overpass time O(2 s) allows for multiple sublooks and the generation of a cross-spectral stack.
e Modulations depend on geometry — rotation of cut-off, change of phase and sensitivity changes.

6000 m +3000 m a5, 0m 45° 3000 m 6000 m

siow time nadir range bunching —

velocity bunching — = ol S,
tilt modulation ——- § - ‘.;\? 3’3’ 3?5’ %S "2\%‘

-0
010

abs 225"

0

Q00

by [radin)

I

'._‘ [ &)

~ 0

010 L —
010 - _imag. 437
3 T LA fem { *® ) i
v e

3 0w L e ® Lee | L es ]

Z‘ .. j el

= 008
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§ ol [ o0} { o8} el [ ee fae
s o . L Lee L 99 ; i 9 )
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= s W =1 =EOlI S === B =R S = BN Em im [¥] +THE EUROPEAN SPACE AGENCY

0




Multi-scale Integrated Retrieval for Qceans (MIRO) esa

e High-resolution retrievals require multi-scale approaches and scene classification.

e NRCS, Doppler and SAR spectra originate from the same surface.

e NRCS, Doppler and SAR are originate from different wavelengths (and relaxation scales).
e Extend the deep-learning approaches.
e Adjoint wave modelling.

o Causal (iterative) filtering approaches.

Level 1b inpat

Surface current
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Wind streaks

Toward an integrated approach for s;;éa state retrievé"‘l

__ NRCS
'{_': | /

J

Cross spectra

New opportunities and strategies for sea state parameter
retrieval from RAW and complex (SLC) SAR acquisitions :

- Combination into a joint algorithm of Doppler, NRCS and x-
spectra (MACS, CWAVE,...) quantities to retrieve
wind/waves/current.

- Exploitation of wide-swath capabilities :
. Take benefit of the expected spatial and temporal
coherence of wind and wawves fields on large scale.
- Exploitation of the variability of the imaging
mechanisms within the swath.

- Texture analysis (classification, wind properties, stability

parameter, ...).

- Sea state-driven SAR compression (LO -> L1).

sarwave
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Approved and proposed missions

e Bistatic SAR systems (Harmony)

e High-resolution multibeam SAR ATl (SEASTAR).
e Swath altimeters (Sentinel-3 Next Generation).
e Distributed systems (SWARMSAR).

e Dual-frequency altimeters (CRISTAL).

e L-band SAR systems (ROSE-L).

o Dual-frequency SAR systems (NISAR).

e Pencil-beam Doppler scatterometry.

61
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Harmony

Three lines-of-sight.
e Range and Doppler not perpendicular.
o Rotated sensitivity.

e Enhanced spectral coverage.

Rﬁu‘ .
T, = —2sinfl; +i2co0sf;) = — 0, + fl
o 2U1{|k| sinfl; +i2cosf,;) {|k|5m ; +icost)
- —w[:—‘fll[:siuﬂ. + sin . cosa) — f—%si.nl!?,:ii:m+ ilcosfy + cosd))
= {U Jr¢+Lr EFJ_}+{U!,J£‘:+U dn}
T —w[l'-‘,._‘llisiuﬁ‘ +sinfl. cosa) — j—i?si.nﬁhsi:m+ ileosfly +cosd.))
v Ue- P +U- ) E+ (U R+ U §)
S1 spec. coverage (> 200 m) Harmony spec. coverage (> 200 m) Ratio of coverage fraction
20000 250000 4
200000 200000
_l;xsoc-ao 150000
. . . 300000 100200
e Directional ()MACS, cut-off and RAR. o o
° POlaHmetﬂC (|)MACS1 Cut—Off and RAR 8 100500 .":-)c-mI T):oo:‘ 200000 0 tomo :o:oc-:[ Tm 400000 8 100500 .":oc-mI ;]oocoo 00000
[ ]

Addltlonal ConStralntS On the Vvlnd'WaVe SyStem 0o o1 02 03 04 135 0‘6 00 01 02 03 o0& }CS 06 00 0s 10 15 20 25 !‘O
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SEASTAR

e Better line-of-sight diversity than Harmony.
e Lower range resolution.
e Quad-pol transmission?

-/
— 7 I =1/
F —) L K
Rw  k w ke '
= —2sinfl; +i2cosf;) = — sinfl, +icosd
I,I' EU[{I.kl i !} Elkl t 1‘.}
r~7—7 M4
y A
- k & . =
—w(l’jFr sinflcosa — % sinfsin a + i cosf)
Tz — J_r-} ¥ Jr)éy_ . ) /
dy ' dx L J
—w(%ﬁsmﬂc&sa— %mnﬁmna—i—mcnsﬂ} X F——F ‘:;M
T, =
L Y 4 af »
(U ,5: .5:'+'('U ,5:, ’4 ~100-150 km !
Gommenginger et al. 2019
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Sentinel-3 Next Generation Topography

e Near-nadir incident angles. H
: . : lcocw»,fpyy({],[}]:rr?\fag

e Velocity and range bunching dominant.
e Closed-form only applicable inlow sea states.

o Non-linear range bunching. /pee(0,0) = SWH
B A xm P:E:{ ta ni[ﬂ 4tan HJ
o  Supercritical waves.
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SWARMSAR

e  SwarmSAR is a MIMO like configuration E)E T
e  Allnodes illuminate the same area of interest By
° Each node has a basic imaging capabilities i
° Resolution capabilities increase when nodes work together. fi
fi
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Summary and conclusions

* SAR retrieval algorithms:
Limited improvements in closed-form retrievals (~2003-2020).
Emergence of (parametrized) neural-network approaches (~2005-2020).

* Current work (~2020-2023):
Improvements in the closed-form model and inversion.
Exploitation of continuity in wave fields (Fireworks).
Deep-learning retrievals.
Assimilation of wave data into models.
Multi-sensor approaches.
Satellite radar altimetry as a new source for wave-spectrum estimation.
Retrieval algorithms for proposed and approved missions.
SARWAVE: https://www.sarwave.org/

sarwave

=
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https://www.sarwave.org/

Recommendations

e Learn RAR MTF from IW data exploiting all possible polarisations.

e Use of rapidly growing wave drifter network oven open ocean and sea ice for learning and validation.
e Use wave retrieval in sea ice for MIZ monitoring.

e Explore wave retrieval methods before azimuth SAR focusing to avoid image distortion.

e Make an open source wave-spectra-retrieval algorithm library, out of existing up to date knowledge.
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Recommendations

e Multi-sensor synergies:
o Different sensors are sensitive to different parts of the wave spectrum.
o Better constraints at cross-overs.
o  Cross-calibration.

e Multiscale Integrated Retrievals for the Ocean (MIRO) algorithms:
o Wind stress, wave-Doppler, currents and long-wave spectra should not be estimated separately.
o Multiscale retrievals based on deep-learning approaches.
o Causal filtering and/or external models should be computed.
o  Continuity constraints on the wave field (Fireworks/IW mode).
o Possibly iterative methods.

e Future missions:
o  Benefit from MIRO algorithms.
o Line-of-sight diversity.
o  Synoptic, high-resolution view of the air-sea interface.
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