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Resymé / Summary:

A critical review of the mission requirements [R-3] is described. Emphasis is put on limitations and
requirements put on the geophysical models for the baseline system parameters and observation geometry in
order to meet the user requirements.

A review of forward models (mono- and bistatic) for NRCS, DCA and SAR wave spectra is provided, and
necessary improvement and extension to be implemented in Task 2 are defined. A similar approach is applied
to retrieval schemes to be implemented in Task 3. Of particular importance is the necessity of a synergetic
approach to the retrieval of wind, wave (partly) and current fields. Simulations show that very accurate
estimates of local wind vector and wind sea waveheight are needed in order to meet the requirement of an
accuracy of retrieved surface current speed of < 0.3 m/s.

The baseline observation concept to consider is shown in Figure 1.
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Abbreviations:

ATI - Along Track Interferometry
ADCP - Acoustic Doppler Current Profiler
CS - Companion Satellite

DC - Doppler Centroid

DCA - Doppler Centroid Anomaly
ENL - Equivalent Number of Looks
LBB - Long Baseline Bistatic

LBS - Long Baseline Stereostatic
NRCS - Normalized Radar Cross Section
NESZ - Noise Equivalent Sigma Zero
OSC - Ocean Surface Current

RAR - Real Aperture Radar

S1 - Sentinel 1

S2 - Sentinel 2

SAR - Synthetic Aperture Radar

TSCV - Total Surface Current Vector
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1. Introduction

One or two passive follower to the Sentinel 1 missions operating in ATI, LBB or LBS modes is a
promising concept for measuring ocean surface current from space. The baseline observation concept
is shown in Figure 1. This technical note (TN1) addresses the scientific challenges and describes the
necessary geophysical forward and retrieval models needed to move the concept from SRL4 to SRLS.
Computational efficient geophysical forward models (GMF) (mono- and bistatic) are described with
corresponding retrieval models for TSCV field. The unique advantage of the S1+CS to measure
simultaneously the surface wind vector, wave field (partly) and DCA is utilized in the retrieval scheme
to properly compensate the measured DCA for sea state bias.

The forward and retrieval simulation tools are used to build a performance model for the S1+CS
system. The performance model and test scenarios are outlined in the TN2. The performance of
S1+CS for TSCV measurements is not only dependent on the system characteristics (TAR, NESZ,
ENL,..), but also highly dependent on the ocean surface conditions. Environmental parameter ranges
cover both the requirements set by the user community for the OSC field (accuracy, resolution,
dynamic range) as well as realistic ranges for expected ocean surface conditions (wave height, wind
speed, surface current). An end-to-end performance model will be developed, capable of mapping
errors introduced by system characteristics and measurement uncertainties into the TSCV for realistic
range of sea-state parameters. Performance metrics for TSCV (RMSe, Bias, Resolution, Dynamic
Range) and test scenarios are also outlined in TN2.
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Figure 1 ~ Schematic illustration of the passive follower concept using a bistatic or stereostatic
geometry with Sentinel-1. The figure is taken from [R-2]. When the transmit TX array is
electronically steered in elevation or azimuth, the bistatic RX array is steered in 2D to achieve
alignment of ground projected principal axis of TX and RX.
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2. Review of Scientific Mission Requirements

The total ocean current (TSCV) is the coherent horizontal and vertical movement of surface ocean
water (over a specific depth regime) with a given velocity that persist over a geographical area and
time period. The horizontal surface current is the dominant part in a stratified ocean with typically
velocity in the range 0.1 — 1 m/s. The dynamic processes that create, force and steer the total ocean
current vector (TSCV) are complex and include surface wind stress (Ekman current), surface waves
(Stokes drift), geostrophic flows, horizontal and vertical thermohaline dynamics, tidal forces all mixed
with varying bathymetry and shoreline geometry. Measuring the different contributions to the TSCV
is difficult and requires several different types of instruments and measurement principles (ADCP,
Drifters, HF radar, satellites). The large-scale geostrophic current is well measured by conventional
radar altimeters, and routinely used in models to predict large-scale ocean circulation. However fast
moving small scale eddies are not resolved by altimeters, and furthermore the low resolution hampers
the applicability of the altimeters in coastal areas. High-resolution SAR have shown capabilities
through ATI and DCA measurements to map radial ocean surface velocity field, which can be
converted to surface current by removing the Stoke contribution to the measured radial velocity.
However, the Stoke contribution is usually the dominant signal in the SAR ATI and DCA unless in
areas of strong currents like Agulhas. At present there are no satellites that measure simultaneously the
two dominant terms, the Stoke drift and the geostrophic drift. In the recent years, new technologies
have been developed like WaveMill[A-2], SKIM [A-3], (and also for land waters, SWOT[A-1]) to
better measure simultaneously ocean topography and waves, and the corresponding TSCV. The
S1+CS has the potential of further filling the gap, by synergetic combination of NRCS, Image Spectra
and DC derived from SAR measurements.

2.1. Summary of User Requirements

User requirement for ocean current has recently and extensively been derived in the framework of the
ESA GlobCurrent project [A-4]. The requirements are given as geophysical quantities with
corresponding accuracy, spatial and temporal sampling, coverage and length of data records. It turns
out, not surprisingly, that the majority of the users require higher resolution closer to the coastline (1-2
km) than for the open ocean (10-25km), but with the same measurement accuracy of <0.2 m/s. This
accuracy requires an accuracy of the DCA of around 3Hz at an incidence angle of 23° and around 5Hz
at 35°.

In terms of sampling in time, the requirements are hourly products for the coastal areas and daily
products for the open ocean areas. For the data latency the requirement is near-real time (i.e. within 3-
6 hours).

A comprehensive report on the user requirements for ocean current products can be downloaded from
https://globcurrent.nersc.no/system/files/pubdeliver/GlobCurrent D-020 URD_v4-signed.pdf.

In short the user requirements can be stated as:

- The majority of users want global current data
- The spatial resolution should be 1-2 km in coastal areas and 10-25 km for open ocean
- The time resolution should be between one hour and one day

- The speed uncertainty should be between 5 and 30 cm/s and must be specified per product
pixel

- Time series of 10 to 20 years are desired
- The majority of users want access to data in near real-time

- All data products should be compatible with the NetCDF-CF (Climate and Forecast
variables) standard
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- The product should provide quantification of contributions from Stokes and Ekman drift,
and tidal currents

Numerical ocean current model and ocean wave model constitute the ocean component of coupled
ocean-atmosphere models. Numerical models have improved significantly the last year much thanks to
assimilation of atmosphere and ocean data provided by satellite or by various types of in-situ
measurements. Still improvements can be done both on the assimilation scheme and on the quality of
the measured ocean and atmosphere data [A-5],[A-6]. For the latter the S1+CS mission can contribute.
SAR missions such as Envisat [A-10],[A-11],[A-16] Sentinel-1 [A-12] and TanDEM-X[A-13],[A-14]
have already demonstrated the potential of providing ocean surface current measurements both from
Doppler Centroid Anomaly (DCA) and Along Track Interferometry (ATI).

The main application and benefit of the SAR ocean current data are expected to be:

- Scientific improvements of numerical large-scale ocean circulation models through
advancing ocean data assimilation

- Improved mapping and modelling of the Equatorial current
- Improvement of coastal ocean models through assimilation of ocean current data [A-7]

- Improvement of particle drift models [A-8] tailored to specific application through
assimilation of ocean current data

- Application of drift models for prediction of marine debris, oil spill [A-9], search and rescue
operations, sea ice drift, iceberg drifts, cod egg drift, aqua culture and harmful alga bloom.

2.2. Requirement on Geophysical Calibration of DCA

The ocean Doppler centroid anomaly (DCA) is to first order a sum of the contribution from the
underlying surface current and the wind/wave induced drift. The latter contribution is often called the
“DCA wave bias”. A fundamental requirement for utilizing the DCA for ocean surface current
measurement is the ability to precisely predict or measure “DCA wave bias”, which is approximated
to be proportional to the line-of-sight component of Stoke drift [A-10]. The Stoke drift can be
parameterized in terms of wave parameters:

2,2
(1) U, ~ amta e4-7'l:z//1

=

AT

where @, 4, T, are the dominant wave amplitude, wavelength and wave period of the wind sea, and z
is the depth. Unfortunately, the S1+CS system is in general not suitable to capture waves at
wavelengths that mostly contribute to the Stoke drift because of the azimuth cut-off that filters
strongly the underlying 2D ocean wind sea wave spectra. At an average wind speed of 7 m/s, azimuth
wavelength components shorter than 220 m are not resolved. However, the limitation can be
overcome if we are able to extract information on inverse wave age (y = Uyo/Cp) from the 2D SAR
ocean wave image spectra. In combination with the S1+CS measured wind vector a full 2D ocean
wave spectra can then be synthesized from analytical wave models [A-15]. Research efforts should be
put on developing robust methodology/algorithm to extract inverse wave age or wind sea Hj
information (or proxy for these) from SAR ocean image spectra. To illustrate this, we show in next
sections how the geophysical calibration of DCA (i.e. removal of “DCA wave bias”) put strong
requirements on the accuracy of the local wind and wave field estimates.

Wind Sea Wave Spectra

The impact of inverse wave age on the prediction of the “DCA wave bias” is shown in Figure 2 with
the vertical bars corresponding to +5% change in inverse wave age. It can be seen that knowledge of
wave age or wind sea H; is critical for achieving the required accuracy of ocean surface current (<0.3
m/s) from DCA measurements. In Figure 3 we predict DCA error as function of error in inverse wave
age (or wind sea H,) around the fully developed sea corresponding to an inverse wave age of y =
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0.84. From Figure 3 we see that at high incidence angles (= 35°) a requirement on the wind sea H
accuracy should be < 0.5m, but for lower incidence angles (= 23°) the requirement should be
< 0.2m. At present there exist no algorithms can provide wind sea Hy from SAR measurements to the
accuracies mentioned above.
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Figure 2 Simulated “DCA wave bias™ (and corresponding radial velocity) as function of wind
speed for VV and HH polarizations at incidence angles of 23 deg (left) and 35 deg (right). The
vertical bars indicate variations in DCA with £5% variation in inverse wave age, y around 0.84.
Wind direction is upwind (towards the radar).
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Figure 3 ~ Simulated DCA (and corresponding radial velocity) errors as function of error in the
wind sea H, (around H, for y = 0.84) for VV and HH polarizations at incidence angles of 23 and
35 degrees. Left plot is for a wind speed of 7m/s and right plot is for 11m/s.

Wind Vector

Another critical factor for the geophysical calibration of the measured DCA is the accuracy and
resolution of the wind vector used as input to the forward DCA model. In Figure 4 we show simulated
errors in DCA at VV and HH polarization as function of incidence angle, given errors in the input
wind speed of 1 m/s,1.5 m/s and 2 m/s, for two different wind speeds (7 and 11 m/s).

In Figure 5 we show errors in DCA as function of incidence angle, given errors in the wind direction
of 10 deg, 15 deg and 20 deg around the upwind, for two different wind speeds (7 and 11 m/s).

The results show that we should aim at predicting the wind speed with an accuracy approaching
1m/s, and the wind direction with an accuracy of 10 deg. Again less constrain at high incidence
angles.

10
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2.3. Forward Model Requirements

In this study we have selected forward models based on the closed form approach. This approach fits
better to the main objectives of this study, which are the development of TSCV retrieval scheme and
an end-to-end (E2E) performance simulator for the S1+CS observing system.

The forward geophysical model functions (GMF) are the engine of the TSCV retrieval methodology
and the E2E performance model. The GMFs to be used must be able to provide for both mono- and
bistatic geometry and all linear polarizations (hh,vv,vh,hv), the following SAR metrics:

- Normalized radar cross section (NRCS)
- Doppler centroid anomaly (DCA) and Doppler spectra (or Doppler spread)
- 2D Ocean image cross spectra (complex) (CCS)

The input parameters to the closed form GMFs selected for this study are ocean wind vector, inverse
wave age and surface current vector. The ocean surface within the GMFs is described statistically
with a wave spectra model [A-15]. The GMFs for NRCS and DCA are quite mature, while the CCS
must be reconsidered as well as extended to bistatic geometry. This is basically to update the

11



SATRoSS TN1

modulation transfer functions (RAR and SAR MTF) used in mapping the underlying ocean wave
spectra to SAR image spectra.

The general parameterisation of the forward GMFs is:
(2) GMF = F(Ulo,(l)-y. Y, 0:, 05, ¢, krad:pOl)

where
- U = wind speed [m/s]
- @ = wind direction relative to range [deg]
- v = surface current vector relative to range [m/s]
- ¥y = inverse wave age [norm|
- 6; = local radar beam incidence angle (see Fig.6)[deg]
- 65 = local bistatic scattering elevation angle (see Fig.6)[deg]
- ¢, = local bistatic scattering azimuth angle (see Fig.6)[deg]
- k,qq = radar wavenumber [rad/m]

- pol = radar beam polarization [hh, vv, hv, vh]

Figure 6  General 3D bistatic scattering geometry.

It should be emphasized at this stage that the forward models outlined in Section 0 and 0 do not
include surface current implicitly i.e. current gradients and wave current interactions are not
supported (see Romeiser & Thompson, 2000, Hansen et. al. 2010). However, for the Doppler
model the direct mean surface current contribution (2K..q-Vv) is included as part of the
retrieval model. This is also the retrieval model concept proposed for the SKIM mission.

In Section 5 a summary of the features supported by the forward and retrieval models are summarized.

Scattering and Doppler Models — Python Implementation

The scattering and Doppler model implemented at Ifremer supports various asymptotic methods such
as Kirchoff Approximation (KA), Small Slope Approximation (SSA), Geometrical Optics (GO), and
Weighted Curvature Approximation (WCA) [A-18]. The available forward bistatic scattering
models have been released and published https://www.grss-ieee.org/publication-

category/rscl/.

12
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Python notebooks, containing the forward model implementation, have been shared with the team and
source code is available on request from Ifremer. Standard configurations have been implemented and
basic input parameters listed below can be changed to investigate sensibilities and simulate S1+CS
System parameters.

Validation has been done against other models including semi-empirical models for the mono-static
case (see Figure 7).

0 C band -Dugplex-w-w:nd = 10 ms - incD = 23 deg 5 C band - NRCS - HH - Wind = 10 m/s - inc0 = 40 deg
— Kirchhoff — Kirchhoff
0 — WCA WY -16 oy el — WCA HH
e o CDOPWVV ® & CSARMod HH
0 o i
17 »
.. -
0 - L L) o~
. B 18 '\.' \ > t. o
% g ™ Y o T ‘s o P
-3 & Y - . - \ . - P
a8 H s, o / i %
-10 -20 \‘ .Y & . \\ - oA
\ \ L — A et ‘.;
30 -n \ / N /
/.r‘ X 4
i \ ’r’
-30 -22 / N g
T -
40 -23 -
-200 50 0 5 100 150 200 =200 -150 -100 =50 [ %0 100 150
Azimuth [deg] Azimuth [deg]

Figure 7  Left: DCA as function of azimuth angle. Right: NRCS as function of azimuth angle.
The red dots are semi-empirical models for DCA (CDOP) and NRCS (CSARMod), included for
comparison.

Input/Output Data:

Input system parameters:

e Incidence and azimuth angle — ongoing wave [deg]
e Bistatic elevation and azimuth scattering angle — outgoing wave [deg]
e Radar frequency/wavelength [rad/m]

e Radar polarization [vv, hh]

Input geophysical parameters:
e Wind speed [m/s]
e Wind direction [degRa]

e Different wave spectra models

e Electric permittivity

Output parameters:
e NRCS [dB]
e Geophysical Doppler Shift [Hz]

e Product format: TBD

Required Updates:

As part of Task 2, the forward model implementation will be extended with the following elements:

e Implementation of upwind/downwind asymmetries for
-NRCS

13



SATRoSS TN1

- Doppler shifts
¢ Implementation of Reduced Curvature Approximation (RCA)
e FEulerian/Lagrangian harmonization for Doppler approach

e (Cross-polarization

Scattering and Doppler Models — IDL Implementation

The software is written in IDL and stored and maintained in Norut gitLab repository
(gitlab.itek.norut.no). The software can be made available on request from Norut. Currently, it only
supports mono-static scattering geometry.

Scattering Model:

The backscattering model implemented at Norut is based on the theoretical works documented in the
papers [A-19],[A-20],[A-24]. The first paper [A-19] describes the analytic scattering model (General
Curvature Model - GCM), which is based on evaluating the scattering integral by a curvature
expansion of the fields at an elevated non-perfect conducting regular surface. The model supports vv,
hh and cross-polarisation as well as different radar frequencies and incidence angles. A Lagrangian
surface model is used providing “Stokes-like” waves with sharper crest and wider trough. However,
this version did not include effects of breaking waves nor the effect of wave skewness. These effects
were included into the extension of the backscattering model as described in paper [A-20],[A-21],
respectively. The effect of breaking waves (non-Bragg) is included using the model of [A-25]
providing the total NRCS on the form:

() 05%=044n" (1 —q) + 09 aa € {hh,vv, hv}

where a4, is the NRCS from the GCM model, which inherently includes both specular and Bragg
scattering terms from regular surface. g,,;, is the non-Bragg term from breaking waves, and q is the
fraction of area on the surface that breaks computed from the wind sea spectral model. The final
extension of the monostatic GCM model was to include skewness in the wave field (see Figure 8).
This extension provides upwind/ downwind asymmetry in NRCS even for low winds where no wave
breaking occurs.

The software can be run with and without skewness and with two different upwind/downwind
skewness coefficients, either Breon or Cox [A-26]. These skewness coefficients are both driven by the
wind speed.

ka=0.45; a=0.013m;A=0.18m; T=0.34s

Eulerian
- —-— Lagrangian
Lagrangian with skewness|]

0.081
0.06
0.041
0.02

n[m]

-0.021
-0.041
-0.06
-0.081

-015  -01  -0.05 0 0.05 0.1 0.15
x [m]

Figure 8  1-D deep-water small surface wave profile using a Eulerian, a Lagrangian, and a
Lagrangian with skewness approaches. Wave parameters such as wave steepness, wave
amplitude, wavelength, and period are shown above the plot (from [A-20])
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The model implementation has been validated extensively against Cmod5.n, and quantitative results
can be found in [A-20]. Example is shown in Figure 9. A good agreement between the
upwind/downwind asymmetry of the extended GCM and Cmod5.n is achieved for moderate winds
(=5-10 m/s) and moderate incidence angles (=32°—40¢°). For low incidence angles (<26¢), the GCM
tends to overestimate the upwind/downwind asymmetry compared with CMODS5.n.

The input/output parameters are listed below.

9i=26°——u1 0=10m/s 6i=32°——u1 0=10m/s 9i=40°——u1 0=10m/s
-5 : . : -10 : : -16
SN AN S | PN SO f ) f
@ . S e o B R AT ATL SR
D qOfa e 14 SARREERL Ry SRR S
%" N eI oA RN 20 kA Vo]
o -16p -~ AN A B
_15 : : -18 : : 22 : :
90 270 90 270 90 270
------ Lag. - — - — Skew.CM Skew.BH — Cmod
-8 : : -12
= -10 | -14
e} ‘
> .
%~ 12 : -16
_12 ‘ ‘ -14 22 -18 :
90 270 90 270 90 270

Figure 9  Comparison of NRCS from backscatter model with and without skewness parameters
as function of wind direction relative to range (0 is downwind) for three incidence angle and wind
speed of 10 m/s. Upper plots are HH polarization and lower are VV polarization. For VV
polarization the NRCS from Cmod5.n is overplotted (from [A-20]). Here Lag means only
Lagrangian, CM means Cox&Munk skewness parameter, and BH means Breon skewness
parameter.

Doppler Model

The Doppler model implemented at Norut is based on the theoretical work first documented in paper
[A-23] based on the first version of the GCM backscattering model. Later the Doppler model was
extended [A-22], to include the latest backscattering model as described in Section 0 including both
wave skewness and breaking waves. The latter paper also contains comparison against the semi-
empirical Doppler model — CDOP (see Figure 10). The formalism of the Norut DCA model from
regular surface is a bit different from previous models in the sense that it is directly derived from
spectral moments (first and zero) of the spectra of the theoretical expression for the complex SLC
image. The formalism is then similar to the way we estimate DC from an SLC image i.e. as a
frequency shift of the azimuth spectra of the SLC image. The contribution to the DCA from breaking
waves is added to the regular wave DCA using the same approach as for the NRCS. Explicitly we
write for the total DCA:

4)  fiF =P fie - A= +Pipfiora aa € {hh,vv, hv}

where the coefficients P is the backscatter ratio of the respective scattering model NRCS and the total
NRCS, and again q is the fraction of breaking waves.
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The software is implemented in IDL, and computes both the NRCS and DCA in the same run. The
data are stored in a netCDF file. The input/output parameters are listed below.

_ _Dchhwfoskewness Dchhwfskewness . Dc

CDOP

Bi=26°——u1 0=7m/s 8i=32°——u10=7mfs 9i=40°——u1 0=7m/s

90 270 90 270 90 270

Figure 10  Comparison of GCM DCA model output with and without skewness as function of
wind direction (0 is downwind) for three incidence angles and wind speed of 5 m/s. The full lines
are DCA from CDOP (from [A-22]).

Input/Output Data:

Input system parameters:

e Incidence Angle [deg] ; supports array
e Radar wavenumber [rad/m]

e Radar polarization [vv, hh,vh,hv] ; supports array of string

Input geophysical parameters (min, max and number of values):

e Wind speed [m/s]
e Wind direction [degRa]

e Inverse wave age [norm.]

Output data:
e NRCS [dB]

e DCA [Hz],
e DCA spread [Hz]
e Format — netCDF

Required Updates:

Extending the code to support bistatic configuration of S1+CS.
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Ocean-to-SAR Spectral Model — IDL Implementation

The spectral forward model implementation is based on an approximate version of the closed from
ocean-to-SAR cross-spectral transform [A-27]. The actual analytical form implemented is given as:

() P t) = [SseIPO0) (4 4 ok, x 1))e kxdx — 5(k)

where a(ky,ﬁ t) = pm(& t) + ik, (paf (& t) — Pso (& t)) Here, P is the SAR image cross spectra
as function of wave-vector k = (kx,ky) (range, azimuth) and ¢ is the look separation time. pgg,
Psor Poe and pg, are cross covariance functions between the azimuth shift field § = §UT caused by

the range component of the orbital velocity of the waves, U,., and the modulation field o of the radar
backscatter cross section. These fields are generally written in terms of MTFs T}, T, and the
underlying ocean wave spectra, S as:

1 1 . o 1 . PO

6 pim(t) = o ] LT R)e (k) + 17, (~) T (ke s(~10)) d
where | € {¢,0},m € {¢,0} and || is ocean wave dispersion relation. The underlying wave spectra,
S is computed from the spectral model of [A-15]. The modulation transfer function of ¢ is computed
from a backscatter model.

The transform can be shown to be a sum of non-linear (mainly wind driven) part and a quasi-linear
(mainly swell driven) part:

(7)  P(k,t) = Pyin(k, t) + Pyin(k, t)

where the quasi-linear part can be written as
quin(& t) = ¢ k3p5£(0.0) f{kf,p;g (5, t) + a(ky, X, t)}e_‘k’fdg. Here the exponential cut-off factor is
given as pg£(0,0) = i f |T§(K)|25 (k)dk where T¢ is the azimuth shift (velocity bunching) MTF

given as Tg(k) = §w|k| {l%xl sinf + i cos 9}. And g is the range to velocity ratio and 8 is the incidence

angle. The non-linear part (Eq.(7) can be written as:
Poin(k, t) = e *5res(00) {f [e‘k32/P€€(£'t) —1— K2pge(x, t)] e~ikxgy

®) + [ [e57520) — 1] a(k,, x, ) dx)

The full spectra (Eq.(7)) and the quasi-linear spectra (Py;i,) are both outputs from the simulator. An
example is shown in Figure 11 and Figure 12. Note that the non-linear part vanishes at range axis,
k, = 0. The input/output parameters are listed below.
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- Quasi—linear part

Azimuth Spectral Regions
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Noige L :
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Non—dimensional azimuth wavenumber j 5 T
— Full, ... Quasi, ——— Nen ) vermurmber [rad/m)
Figure 11  Simulated azimuth spectral Figure 12 Simulated cross-spectra  wind
profiles for the quasi-linear, non-linear, and speed of 12 m/s and wind direction of 45
full SAR spectra. The shaded areas illustrate degrees relative to range axis. ul) quasi-linear
the different imaging areas in azimuth part, ur) non-linear part, Il) full SAR spectra,
wavenumber domain. The non-dimensional Ir) corresponding input ocean wave spectra.

azimuth wavenumber is k = k,, /p;;(g, 0).

Input/Output Data:

Input system parameters:

e Swath (Sentinel-1) [is1,is2,is3,is4,is5]

e Radar wavenumber [rad/m]
e Radar velocity [m/s]

e Azimuth resolution [m]

e Ground range resolution [m]
o Satellite height [m]

e Radar polarization [vv, hh, vh, hv]

Input geophysical parameters (min, max and number of values):
e  Wind speed [m/s]
e  Wind direction [degRa]

e Inverse wave age [norm.]

e Look separation time [sec]

Output spectral data:

e SAR ocean image cross-spectra (real and imaginary part)
e Quasi-linear part of SAR ocean image cross-spectra (real and imaginary part)

e Format (TBD)

Output meta data:
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e List of meta data describing the content (type,size,...) of spectral data
e List of computed Hg, NRCS and RAR MTF amplitude versus input wind field
e  Output format: info file (text), data file (binary)

Required Updates:

The current version of the spectral forward simulator does not support bistatic geometry or the
existence of surface current. In the S1+CS inversion scheme the phase of the cross spectra in the linear
region is important since it is used for consistency check of the Doppler retrieved surface current.
Below we describe a possible extension of the spectral simulator to meet these needs.

Wave Spectra in Uniform Current Field:

In linear wave theory the dispersion relation will be modified as:

9 wk)=twy tuv-k

where || = 4/ gk is the dispersion relation for deep water waves, and v - k = vk cos(¢ — ) where
¢ — [ is the angle between wave direction and surface current direction.

Wave spectra (given as a product between heave and the normalized directional spectra) in a steady
current as seen by an observer can be written as:

_ Cy (k)
(10) S(w) D(w,¢) = |cg (k) +v cos(¢p—B)|

So(@ik1) - Do (@i, ¢)

where Cj; is the group velocity, and indexes O refers to spectra in a system moving along the direction
of the current. Here k on the right hand side of Eq.(10) is the solution of the dispersion relation given
in Eq.(9). The forward simulator can be updated by adding a module that modifies the computed
wave spectra and dispersion relation according to Eq.(9) Eq.(10). Example of simulated phase and
spectral profiles in a current regime are shown in Figure 13. The integrated phase difference over the
spectral peak between no current and with current will be used in the inversion scheme to check
consistency of the first iteration on the surface current.
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Figure 13 Phase (_) and spectral range profiles (---=real part, ....= imaginary part) of

simulated SAR cross spectra with different current directions (downwave ( g = 0°), and upwave
(B = 180°), and speeds (v = 0 m/s and v = 0.5 m/s). Wind direction is downwind (¢ = 0°).

Bistatic Geometry:

The whole ocean-to-SAR spectral transform must be reconsidered for bistatic geometry. The bistatic
geometry will modify the MTF used in Eq.(6). In the mono-static version the RAR MTF is computed
from a backscatter model.

Phase Spectra and Dispersion Relation:

The proposed surface current retrieval scheme (Section 0) for the high-bandwidth modes of S1 intends
to use the SAR spectral phase information to check for consistency. However, the existing version of
the forward model does not properly reflect the phase or in general the range spectral profile observed
in S1 data. While the phase of the simulated spectra (see Figure 13) has a linear behaviour along range
axis (only classic dispersion relation phase), the observed phase or dispersion shows a different
behaviour as shown in Figure 14. In general the dispersion relation observed in the SI WV data is
lower than expected from linear theory. This indicates that there is non-linearity in the imaging along
the range axis and/or that the effective look separation time is shorter than expected.

Furthermore, the phase signal from a single measurement in the S1 WV or SM modes is rather noisy
due to the short look separation time (7 = 0.36sec). For the S1 IW mode, both high range resolution
and large look separation time (Tt = 2.5sec) can be achieved in the burst overlap areas, causing a
much stronger phase signal as shown in Figure 15. Such data are also in much better agreement with
the linear dispersion relation for the peak of the spectra.

Another critical factor is also whether or not the surface current signal is strong enough to be
detectable in the spectral phase of a single S1 measurement. As can be seen from Figure 13, the
simulated impact of a surface current is rather small on the phase.

Research is needed to better describe and understand the forward cross-spectral model with and
without the presence of a surface current.
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Adaption to S1+CS TSCV retrieval

The forward models describe above requires adaption to the S1+CS TSCV retrieval approach outlined
in Section 0. The forward models must be linked such as to produce all the necessary mapping
between input and output geophysical parameters needed for the inverse GMF’s to be used in the
retrieval scheme. To avoid computation time and to provide a clean interface, a look-up table (in
netCDF format) can be used to provide the inputs to the retrieval scheme. Furthermore, the complex
2D image cross spectra from the forward model needs to be converted to the specific spectral metrix
used in the inversion scheme. Efforts should be put on finding cross-spectral parameters as proxies for
wind/wave/current parameters.

2.4. Retrieval Model Requirements

Retrieval model concept

The retrieval model is based on the forward GMFs and the S1+CS system error models. A surface
current retrieval model needs ideally to be based on a coupled wind/wave/current retrieval approach in
order to accommodate for the coupling of surface roughness and kinematics manifested in SAR
measurements. This requires collocated (in time and space) knowledge of sea-state and wind field.

The usual OSC retrieval is the direct approach, which neglects the sea state information and performs
a prediction of the DCA wave bias using CDOP with only external model wind field as input. The
residual DCA between the measured DCA and the predicted DCA wave bias is then converted to LOS
surface current.

obs_ ccdop

(11) vy = _ e i)
kraa

The weak points of this approach are: - neglecting of sea state in the CDOP function as quantified in
Figure 3, - the use of model wind field, which may introduce errors for instance due to coarser
time/space resolution. Impact on DCA due to errors in wind field is quantified in Figure 4 and Figure
5. The accuracy achieved with this method as compared to drifter is at best around 0.4 m/s [A-12], [A-
16], [A-17]. It is likely to believe that most of the uncertainty comes from errors in the prediction of
the “DCA wave bias”. Over sea ice, where the “DCA wave bias” is negligible, much better
agreement (< 0.1m/s) is achieved between sea ice drift derived from DCA and from feature cross-
correlation [A-28].

The proposed S1+CS OSC retrieval scheme builds on experience from monostatic SAR systems and is
extended to bistatic SAR systems by adapting the observation geometry to the contributing scatterers
bistatic facets, but also to solve consistently for both wind vector and surface current without using
model wind field. The inputs considered for this TSCV retrieval are, for each of the three receiving
antennas (one active and two passive), the NRCS, the DCA and the Image Cross Spectra. The S1+CS
TSCV retrieval scheme will also incorporate S1+CS system and measurement errors. The use of
metrixes extracted from the Image Cross Spectra can help us avoid the use of model wind field, at
least for the high range bandwidth data (i.e. WV, SM and IW modes) of S1+CS. For EW mode, a
degraded approach is proposed where we rely on the use of ancillary model wind field. The retrieval
approach can be divided into the following four steps:

The first step is to estimate 10m wind vector U, and inverse wave age, y from NRCS (o) and Image
Cross Spectra (sp) by minimization the cost fuction J1:

(Gtgj—)mo (U )_O-éj—)o s)z (spr(rjgj (g 'y)_sz(Jj)s)Z
(12) jl(glO'V) = ZjE{sl,csl,CSZ} VZrE::j) ) 2ot iarl(o (j)) ”

o—obs SPobs

where the summation j is over the S1 and the CS measurements, and the subscript mod means the
predicted GMF values and obs means the corresponding value estimated from the S1+CS data. The
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spectral parameters, sp will be extracted from separated region of the cross-spectra such as to track
both the wind driven and the wave age impacted spectral areas. The Var means the variance, which
depends on the S1+CS system and measurements errors. This cost-function approach is similar to the
one developed for the multi-antenna “WaveMill” (+/- 45 degree) system.

The second step provides a first iteration of the surface current vector, v. We start with estimating the
expected DCA wave bias (fyc_wave) using the forward DCA model with inputs U; and y. Then we
take the difference between observed DCA and the DCA wave bias and compute the first iteration on
the radial surface current components for each of the three antennas:

1 e el )
dc—obs ’‘dc—-wave Uio0¥

oo
(13) 9 =- j €{s1,cs1,cs2}

kraa
The third step performs a refinement of wind vector using the first guess surface current, followed by
a final iteration on the surface current. First a consistency check is performed by comparing the
observed phase speed from the image cross spectra (in the linear region) with the simulated phase
speed (from the forward model of Section 0) including the first guess surface current (v,, =

+./g/k + v cos ), where § is the angle between surface current and wave direction. If consistency is
achieved, a refinement of the wind vector is performed by minimization the cost function J2, where
we now compensate for the existence of the surface current vector, v. If not, no TSCV estimate is
provided.

. . 2 (6)) )]
— (fcg)—wave(QO'V)_Afcgjc)—obs) (o-o—mod(glO)L_o’o—obs)
(14)  J2(Uso) = Tjefstestes2) var(ar ) + var(e?,,.) +

dc—obs o—obs

2
(pawion)],-svih:)

Var(spgjgs)

where the first term is the difference between DCA wave bias model and the residual DCA estimated
itself from the difference between observed Doppler and the predicted surface current, v induced

Doppler (Afdc_obs(j) = fdc_obs(j) —%|Kmd|vr(j)). The second term is the difference between

observed NRCS and modeled NRCS based on using both U;y and v. The third term is the difference
between observed cross-spectral parameter and modeled cross-spectral parameter, where the latter
includes a modification due to surface current, v.

The final step is the second iteration on the surface current components using again Eq. (13), but now
with the refined wind vector, U;o as input to the DCA wave bias model. The final surface current
vector in the azimuth, ground range plane (2, 37) (see Figure 16) can then established by combining
the radial components, vﬁj ) from mono-static and bi-static geometries as follows:

S1

U=—" (J?+tan¢ -}7)
(15) — sinfg \— Z
d) = tan~! vFS1/sin B, 055 /sin Ocs,
- (2v31/sin 051 ) sin s
where ¢ is the surface current direction relative to S1 radar line of sight and Y. = Y51 = =Y 1S

the angle between the S1 plane of incidence and the bisector planes of CS1 and CS2.

And 04, 0.41,, 0.5, are the incidence angles of S1 (i.e. in the plane of incidence) and of the CS1 and
CS2 (i.e. in the bisector planes), respectively. The relation between the S1+CS radial surface current
components and the total surface current vector is illustrated in Figure 16.
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Figure 16 Relation between the radial surface current vector components of S1+CS and the
total surface current vector U at an angle of ¢ with respect to S1 ground range.

A graphical illustration of the retrieval steps is given in Figure 17 applicable for the WV, SM and

IW mode. The retrieval steps for the degraded approach applicable for the EW mode are shown in
Figure 18.

Forward models

Companion2
N Uio Sentinell
3 : : Compamonl
Up Cross Down
Sy DCA,
Re 3 : \ m UlOvect l P l g
-UP Cross  Down f Up Cross Down L TSCVl

DCA,, model

TScv,

Linear dispersion
relation

DCA,, model
Internal results

First itererations DCA,,

Output TSCV; «—

Figure 17  High-level retrieval scheme for the TSCV from S1+CS observations.
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Figure 18 High-level degraded retrieval scheme for the TSCV from S1+CS observations.

Input/Output Data:

Input system parameters:

e Local radar incidence angle

e Local radar bistatic scattering elevation angle
e Local radar bistatic scattering azimuth angle
e Radar wavenumber

e Radar polarization

Input data_
e Triplets of observed NRCS, DCA and Cross-Spectra
e Triplets of observation uncertainty of NRCS, DCA and Cross-Spectra
e Look-up tables (netCDF) of pre-computed triplets of NRCS, DCA and Cross-Spectra as

function of wind and current fields. These are pre-computed using the forward models.

Output data:
e Wind field

e Current field

Required Updates:
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Include the retrieval of inverse wave age or equivalently the wind sea waveheight as part of the wind
retrieval.

3. Doppler Calibration

It is important to notice that the measured Doppler centroid frequency is in general a sum of
contribution from geometry (satellite attitude and antenna) and geophysics (surface motion). The
geometric terms must be predicted and removed to the same accuracy as required for the final DCA.
Experiences with Sentinel-la and b show that the requirement of an absolute calibration of the
estimated DC to better than SHz put strong requirement on the attitude prediction along the orbit as
well as on the prediction of the antenna electronic miss pointing DC bias. Although this is put in place
at best practice, experiences show that a data driven refinement of the DC calibration is needed. The
following task should be put in place to achieve the goal of fully calibrated DC from S1+CS:

e Access to precise attitude data. Software to compute the DC from attitude and vice versa for
S1 and the followers

e Access to antenna model. Software to compute electronic miss pointing DC bias from S1+CS
antenna models.

e Generation of EM DC bias correction profiles. Assessment of antenna time stability on cycle
basis by routine monitoring of mismatch between data estimated and model predicted EM
miss pointing DC bias. Provision of mean electronic miss pointing DC bias correction profile
on cycle basis. For this the TOPS mode land acquisitions should be used.

e Generation of refined attitude file. This can be done by a data driven approach that minimizes
(along orbit segments) the difference between observed DC and the computed “DCA wave
bias” with respect to a simple parametric model for the residual attitude+EM DC. The total
updated attitude+EM DC is then used to generate a refined attitude file. For this the S1 WV
mode must be used.

e DC calibration work flow: An operational work flow that generates the above mentioned DC
correction data and refined attitude files, and performs an absolute calibration of the measured
DC for all S1 modes. The precise DC calibration should ideally be an integrated part of the
Level 2 processor.
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S.

Forward and Retrieval Model Summary

A summary of key features of the forward and retrieval models is given in the table below.

Output Ggeophysical
Models Input Geophysical Parameters Surface Model Characteristics Parameters Input System Parameters
Image

Wind Current  Wave Spectral |Breaking Lagrangian,+ Electric Current Cross

Vector  Vector Age Model |waves Skewness  Permitivity Gradient Rainrate SST NRCS DCA Spectra |Inc. Angle Polarization Radar Freq.
Forward models - NRCS yes - yes Yes Yes Yes Yes No No No Yes Yes Yes Yes
Forward models - DCA yes yes yes Yes Yes Yes Yes No No No Yes Yes Yes Yes
Forward models - Spectra yes yes yes Yes No No Yes No No No Yes Yes Yes Yes

Input System and Observation
Input Observed SAR Parameters Input Modelled SAR Parameter Output Ggeophysical Parameters Errors
Image Image
Cross AUX- Cross Wind Current Wind Sea|DCA NRCS Spectral
NRCS DCA Spectra  WIND NRCS DCA Spectra Vector Vector Hs variance variance Variance
Retrieval Model Yes Yes Yes Optional |Yes Yes Yes Yes yes Optional |Yes Yes Yes
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