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Basics of FF-SAR Altimetry processing

The fully focused SAR altimetry is a novel nadir looking altimeter
data prcessing technique, developed by Egido & Smith [1], at
NOAA’s Laboratory for Satellite Altimetry.

The Synthetic Aperture Radar (SAR) processing technique
combines coherently the response of a single point on the
surface during its entire illumination time by the radar.

The target is processed with a synthetic “aperture” of several
km, improving the resolution to L/2, L = antenna length.
Coherent processing both range migration and phase change
correction occurring over the entire “aperture” (time when a
point on the ground is visible to the radar, about 2 seconds,
more than 10,000 pulse echoes). The resulting Ax ~= 0.5 m.
The technique can be applied to any kind of SAR Altimeter,
provided that the radar is coherent.

FF-SAR 2D Point Target Response

* Description of mathematical formulation and processing details in:

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING

Across-Track Sare Range [m)

Fully Focused SAR Altimetry:
Theory and Applications

Alejandro Egido, Member, IEEE, and Walter H. F. Smith Aooa-Trk Dirmnca )
Oct. 19th - 23rd, * Online

The delay/Doppler (D/D) algorithm implemented for CryoSat-2 and Sentinel-3 data,
[Raney, 1998], applies coherent processing to pulses transmitted in bursts. This is the
so-called closed-burst operation mode.

The 64 echoes within each burst (equivalent to 3.5 milliseconds of flight) through an
along-track FFT, creating Doppler beams of about 300 meters in the along track
direction. Doppler beams from subsequents bursts, pointing to the same location on
the ground are combined to form the delay/Doppler stack. Those are later
multilooked to improve the final speckle noise statistics.

In the case of fully focused synthetic aperture radar (FF-SAR) altimetry [Egido &
Smith, 2017] the coherent integration time can be extended, potentially, up to the
illumination time of a target on ground, leading to the theoretical limit in the along-
track resolution, equal to L/2, where L is the antenna length.

[Raney, 1998] R. K. Raney, "The delay/Doppler radar altimeter," in IEEE Transactions
on Geoscience and Remote Sensing, vol. 36, no. 5, pp. 1578-1588, Sep 1998.

[Egido & Smith, 2017], A. Egido and W. H. F. Smith, "Fully Focused SAR Altimetry:
Theory and Applications," in IEEE Transactions on Geoscience and Remote Sensing,
vol. 55, no. 1, pp. 392-406, Jan. 2017.



Conventional Altimetry
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Coherent processing for ~2 seconds
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In this slide we put in perspective three different nadir looking processing techniques:
the conventional pulse limited altimeter, the delay/Doppler processing, and the fully-
focused SAR altimeter.

The footprint of a fully focused SAR altimeter measurement is an elongated strip on
the surface, which is pulse-limited across-track and SAR focused along-track. On a
random rough surface like the open ocean, the fully focused altimeter waveforms are
a random realizations of speckle noise. These single looks are essentially uncorrelated
between each other so they can be incoherently averaged to obtain a multi-looked
waveform.
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OSTST Project Objectives

* Consolidate SAR-Altimetry Processor
* SAR altimetry processing optimizationfor different applications
* Specular echoes retracking (on-going)
* Novel Parametric sea-state bias model (on-going)
» Science Application Development
— Open Ocean

— Coastal zones

— Marginal Ice Zone / Sea-Ice
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The objective of this project was to develop critical aspects and understanding of the
FF-SAR altimetry processing technique, and to develop key applications in key areas,
such as the open ocean, coastal zones, and marginal ice zones.
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NOAA LSA SAR-Altimetry Processor

*  SAR altimetry data processor developed in-house

* IDLand C code pre-operational processor
* Sentinel-3 and Cryosat-2 capable
* Generation of experimental L1 and L2 data products in netcdf
*  Great flexibility of configuration options:
— Focused, unfocused (delay/Doppler), PLRM, LR-RMC processing
— Configurable coherent integration time
— Windowing Along- Across- track
— Configurable Zero-Padding
— Zero Doppler focusing & timing bias adjustments
— Configurable posting rate and multi-looking
— Amplitude Comp ion/ Delay Con
— LSA Retracking Library including
*  Modified SAMOSA retracker

* [B 2019] Fast lution numerical

*  Optimized use of computational resources:
— Memory efficient coding
— Modular code...possibility to include further options in the future

— New processing method for focusing improves speed by ~2 orders of magnitude.
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The NOAA LSA SAR-altimetry processor has been fully developed in house.
During this project, the processor was upgraded to a pre-operational level.

The high configuration capability makes this a very valuable tool for the altimetry
community as a whole.
It will soon be updated to use Sentinel-6/MF data.
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Despite the fact that the FF-SAR 2D point target response shows the expected ~0.5
meter resolution in the along-track and slant-range dimensions, the full along-track
PTR shows side-lobes that are due to the lacunar sampling of the Doppler spectra,
originated by the closed burst operation.

This limits the performance of FF-SAR for current SAR altimeters. This is observed as
the increase in effective number of looks (ENL) from the standard delay/Doppler
processing to FF-SAR is lower than expected. The increase is a factor of 2, whereas a
factor of about 3 was expected.

This issue is not specific of the FF-SAR processing technique, and could be overcome
with an appropriate sampling of the fully available along-track Doppler spectrum. As
shown by the autocorrelation function of consecutive FF-SAR waveforms on-ground,
the short scale correlation length of individual waveforms is about 0.5 meters,
corresponding to the along-track resolution, which suggest an even higher speckle
noise reduction if the full Doppler bandwidth was properly sampled.
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SAR Altimetry Processing Optimization

Effective Number of Looks Analysis

Target lllumination Time~2.2 sec
Coherent Integration ~3.5 msec x 11 bursts
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Using different coherent integration times, such as 5 bursts and 11 bursts for the
focusing, but maintaining all bursts for multilooking results in very similar effective
number of looks throughout the waveform.

We concluded that, in closed burst operation mode, as long as all the information is
maintained, there is not a significant difference between processing modes, in terms
of speckle noise reduction. Therefore, over the open ocean, similar performance in

the reduction of measurement noise could potentially be obtained with the
delay/Doppler processing and FF-SAR.

12
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Optimizing SAR Altimetry for the Open Ocean

The case for increasing the posting rate in delay/Doppler altimeters

Alejandro Egido “™*, Salvatore Dinardo ©, Christopher Ray *

* NOAA Laboratory for Satellite Altimetry, 20740 College Park, MD, USA
® Global Science & Technology, Inc., 20770 Greenbelt, MD, USA
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* Increasing the posting rate in closed bursts
delay/Doppler altimetry data leads to a
significant improvement in the estimation
of the geophysical parameters.

* Going from 20 Hz to 40 and 80 Hz in the
posting rate results in an RMS error
improvement of 20 to 30% for all oF 3
parameters. 0 8

8

RMS Error Improvement [%6]

2 4 6
Significant Wave Height [m]

Fig. 4. Geophysical parameter estimation relative RMS noise improve-
ment. In solid lines, relative RMS error improvement between the 20 Hz
and 40 Hz posting rates. In dashed lines, relative RMS error improvement
between the 20 Hz and 80 Hz posting rates.
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Following that idea, we conducted an investigation in which we determined that the
autocorrelation function of adjacent SAR waveforms resulted in a decorrelation
length much shorter than the inherent delay/Doppler along-track resolution. Thus, it
is justified to increase the posting rate, potentially to ~80 Hz, the burst repetition
frequency. By doing so, we obtained significant improvements in the retrieval of
geophysical parameters.

This update in the processing requires minimal change in the ground segment, and
could become an actionable item for operational agencies.

In 25 years of altimetry special issue:

Alejandro Egido, Salvatore Dinardo, Christopher Ray, “The case for increasing the
posting rate in delay/Doppler altimeters”, Advances in Space Research, 2020,
https://doi.org/10.1016/j.asr.2020.03.014.

14



Optimizing SAR Altimetry for the Open Ocean

Could all this be related to vertical wave motion?

Existing state dependent trends when comparing Decreasing Effective Number of Looks for a
SAR vs PLRM for SSH and SWH, already previously delay/Doppler alti as a function of SWH
observed by [Raynal, et al, OSTST 2018]
Data Source: Sentinel-3A, RADS
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Another aspect of the optimization and validation of our technique over the open
ocean was to compare the FF-SAR and delay/Doppler measurements with pseudo-
Low Resolution Mode measurements. This is important to compare the new SAR
altimeter data to the conventional altimeter geodetic data record.

As other authors, we observed that there are sea-state dependent biases in the
determination of both SSH and SWH. Another effect that has been previously
observed was the reduction on the effective number of looks with sea-state,
something that is not observed in LRM mode.

We posed the question whether all this could be linked to vertical wave motion.

15



Numerical Simulations

delay/Doppler map computation

A2 /Gz(ﬁ')a‘)(ﬁ')xz(&ﬁf)dﬁ

POMIN ) = Gz R1(7)

— G: Antenna Gain

oY Radar Backscattering

— 2z Woodward-Ambiguity Function (WAF)
R: Distance to point on surface

X(07,0f) = sinc [B d7] sinc [T; 6 f]

— B: Chirp signal bandwidth
— T,: Coherent integration time (burst duration for delay/Doppler)

For altimeter geometry o? and R can be considered to be mostly constant
over the antenna footprint, and therefore:

DDM(T, f) ~ I{AGz(ﬁ')x2(6T, df)dp
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In order to investigate this issue, we performed numerical simulations of the
delay/Doppler waveform.

16



Numerical Simulations

Effect of Vertical Wave Motion: AT Resolution Degradation

* The effect of wave height and wave vertical motion is considered as:
X(07,6f;0.) = sinc [B 7] * g(7;02) - sinc [T} § f] * g(0 f3 {(62)?))

— o, standard deviation of PDF of heights (assumed Gaussian)
— <(&)>:Azimuth smearing [Alpers, 1986]

* Simulations were performed for several

— w- 7
Doppler bandwidths and sea states 5 m’%ﬁ:
- _
*  For 12 kHz (closer configuration to S3 g0 m_
0

delay/Doppler processing) there is a good

qualitative agreement in the trend of the

biases with respect to the SAR vs PLRM

1.0
error analysis, for both SWH and SSH!! 0 2 cygnicant Wavs Height(m] e

We introduced the effect of the vertical wave motion as a degradation of the along-
track resolution, as proposed in [Alpers, 1986].

The azimuth degradation is considered as a convolution of the original along-track
PTR with a Gaussian, whose variance depends on the vertical velocity through the
significant wave height.

We performed several numerical simulations of SAR waveform returns for different
sea-states and Doppler bandwidths.

We then retracked those waveforms without considering the vertical wave motion
effect to see if we could reproduce the biases observed in the S3A data.

For a 12 kHz bandwidth, comparable to S3, the results we obtained from the
numerical simulations qualitatively agree with the results from S3A data.

We are now working on introducing the vertical wave motion effect in our SAR
waveform model to estimate it in the retracking process.

17
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Coastal Zone Application Development

* Study objectives: to provide a cross-evaluation for S3 PLRM, UFSAR, and FF-SAR data
to quantify.
* Sentinel-3A and -3B data processed in FF-SAR and retracked using LSAR processor in
Nova Scotia area for 2018 and 2019.
- ‘ o

?
v ‘1’ ‘ ‘
9

Latitude

! WW»’&

Longitude

Image Courtesy UNH
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We tested the benefits of using FF-SAR for coastal zones in the Nova Scotia area.
For this we processed two full years of Sentinel-3A data and Sentinel-3B in 2018 and

2019.



Coastal Zone Application Development

Performance Estimation vs Coast Distance (credit: UNH)

* SSHA noise levels, estimated as the absolute value difference between consecutive
20Hz SSHA measurements (Cipollini et al., 2017).

* Median statistic estimated in 1-km wide bins.

* FFSAR shows improved performance - having the lowest noise, with respect to SRAL L2
EUMETSAT official product.
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The results show that the FF-SAR has superior performance than delay/Doppler (UF-
SAR in this slide), specially at distances closer to the coast.

20



Coastal Zone Application Development

Geostrophic Currents Estimation (credit: UNH)
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We are now using these data to estimate geostrophic currents in the region.
The extended temporal dataset should allow us to investigate the seasonality of

these currents.
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SAR Waveform Classification

delay/Doppler Stack Processing

d/D Stack floes: d/D Stack leads:
Diffuse Scattering Specular Scattering
. ! g B 250F E g T
200F
g 150F
ol et
50
~:;2(; m 0 0
~180 Doppler Beams -50 0 50 -50 0 50

Doppler Beams Doppler Beams

« Diffuse and specular scattering mechanisms have very different signatures in the
delay/Doppler stack.

* Classification method based on specular vs diffuse scattering ratio.

* This method ensures that the radar returns used for is coming just from focal point location

« After correction of antenna gain pattern and flat surface response, the method is
independent of radar altimeter.

OSTST @ Oct. 19th - 23rd, 2020 * Online 23

For the development of sea-ice application component we are now working on the
development of a physical based retracker for sea-ice, and specifically specular
echoes.

The first step in this process is to develop a classification method to discriminate SAR
altimetry waveforms from leads or floes.

We have developed a new classification method based on the specular vs. diffuse
scattering ratio, that we obtain from the delay/Doppler stack, with the idea that
highly specular returns coming from leads have the energy concentrated on the
central Doppler beams, whereas diffuse echoes from floes have the energy
distributed across the stack.

23



SAR Waveform Classification

Sea-Ice Leads
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We have tested this classification method using NASA Ice-bridge underflights for both
CS2 and S3.

In this slide we’re showing images of the Data Mapping System camera, overlaid with
the classified S3A footprint, showing extremely good agreement between the
position of leads and ice-floes based on this classification method. Mixed or
ambiguous returns are also classified, and those will be excluded from later analysis.
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Floe-Length Distribution Maps
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Based on this classification method we have developed sea-ice floe length maps for a
full Arctic season.

This high resolution Arctic data will be made available shortly through public ftp.



FF-SAR Altimetry for sea-ice

Freeboard Determination

100 100
76 75
E wfl Ew
25 25
0 0
26 -26
-0 -0

e is
-100 -100

Aw __du

Ewf E ]

& 20 & 20

§ 10, AR Ao A LT § 10 EH |1 ) i Judihy PR e
0 A 0
10* 10*

}10‘[ AN é“"r 1
10 ~ i A 10 1
10° 10° .

= 10 10

5 s ‘ J E 8 | ‘

|
g:"‘)- | it E:t. e |
0 s X ey e 'S < S 1 0 . 1 L USRS l"\ 1 = ¥y
o 500 1000 1500 2000 o 500 1000 1500 2000
Along-track distanca (km) Along-track distance (km)
Floe Dominated Area Lead Dominated Area
OSTST # Oct. 19th - 23rd, 2020 * Online 26

We have also tried the performance of FF-SAR in the determination of sea-ice
freeboard.

For that, we have considered the processing of CryoSat-2 SAR mode echoes in full FF-
SAR resolution, and we have then applied different multilooking lengths, to test the
performance of those. The sea-ice waveforms were then classified with a retracked
based on JPL’s sea-ice retracker.

We determined that by using shorter multilooking lenghts, due to the higher number
of measurements, it was possible to reduce the measurement error of heights
measurements over both floes and leads at scales of 10 to 25 kms.
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Conclusions and Future Work

* During this project we have developed critical aspects of SAR altimetry and investigated
the application of FF-SAR processing to key science application areas.

* We have developed a SAR altimetry L1 and L2 pre-operational processor with a full
range of configuration capabilities and state of the art processing methods.

* We have investigated the application of FF-SAR in the open ocean, coastal areas and
marginal ice zones, with very promising results.

* During this last year of the project we will finalize the development a the parametric
sea-state bias model and the implementation of a physical retrack for sea-ice
applications.

*  Work for future projects entails a complete investigation on the effects of vertical wave
motion on SAR altimetry and the reconciliation of the conventional low resolution

mode altimetry data record with the novel SAR altimetry data record.
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