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Abstract

With development of the altimetry techniques, the measurement principle has been changed
from conventional pulse-limited principle to the delay-Doppler principle since CryoSat-2. The
delay-Doppler altimetry presents scientists with the chance to develop new processing schemes
and improve products that maximize the benefits of the measurements. Nevertheless, one
of the challenges for delay-Doppler Altimetry lies in the complexity of the post-processing,
especially the Delay-Doppler processing.

The focus of this thesis is to better understand delay-Doppler and fully focused SAR altime-
try. This thesis compares the retrieved waveforms and resultant water level time series with
different altimetry principles, processing options and retracking methods. By using platform
SARvatore for delay-Doppler altimetry and SMAP for fully focused SAR altimetry, different
processing options (data posting rate, Hamming window and zero padding) and different re-
trackers (SAMOSA family for SARvatore, PTR for SMAP) can be applied and compared.

Our results reveal that the waveforms generated by different configurations have different
peaks for SARvatore. For SMAP, with or without zero padding or Hamming window had
very little impact, with more differences mainly coming from the different retracking methods.
Our results also show that fully focused SAR does not bring a significant improvement when
applied to Sentinel-3 data.

In summary, different configurations and retracking methods can significantly affect the shape
of waveforms and their derived ranges. According to this thesis’s experiments, the config-
uration with 80 Hz data posting rate, Hamming window, zero padding, extended receiving
window and retracker SAMOSA++ offers the best performance.
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1

Chapter 1

Introduction

1.1 Motivation

With development of the altimetry techniques, the measurement principle has been changed
from conventional pulse-limited principle to the delay-Doppler principle since CryoSat-2. The
delay-Doppler altimetry begins a new generation in the altimetry community and presents
scientists with the chance to develop new processing schemes and improve products that max-
imize the benefits of the measurements. Nevertheless, one of the challenges for delay-Doppler
Altimetry lies in the complexity of the post-processing, especially the Delay-Doppler process-
ing. This is mainly due to the fact that different ways of performing options lead to differ-
ent waveforms and, therefore, different retracking results. Moreover, different platforms such
SARvatore and DeDop have different algorithms for processing and they could differ in terms
of their performances.

The focus of this thesis is to better understand delay-Doppler and fully focused synthetic aper-
ture radar (FF-SAR) altimetry. Various processing options are compared and contrasted over
different case studies in terms of the retrieved waveform, retracking method, and the resultant
water level time series.

1.2 Satellite Altimetry

1.2.1 Altimetry Principles

Altimetry satellites such as CryoSat-2 and Sentinel-3 are equipped with radar altimeters, which
can measure the distance between the satellite and the surface of the Earth.

In general, the altimeter contains a nadir-looking antenna, which can transmit radar signals
to the Earth at a high frequency. Once the signal reaches to the surface of the Earth, it can be
reflected back to the altimeter. The altimeter measures the elapsed time ∆t of the round trip
between the satellite and the surface. Thus the range, the distance of the satellite to the surface,
can be derived roughly as:

ρ̂ = c · ∆t
2

(1.1)

where c is the light speed. However, the radar signals can be decelerated as they travel through
the atmosphere, causing significant error in the obtained range. To calculate the signal prop-
agation error, the altimeters of CryoSat-2 and Sentinel-3 comprise two frequencies for range
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Figure 1.1: Altimetry Principle [Credit: CNES/D. Ducros]

measurements, namely the Ku-band (13.575 GHz, bandwidth 350 MHz) and the C-band (5.41
GHz, bandwidth 320 MHz). Additionally, there are also instrumental errors and geophysical
disturbances that must be eliminated. The corrected range ρ is obtained by removing all these
errors from measured range. With the help of the GNSS and DORIS sensors onboard, the pre-
cise orbit altitude of the satellite to the reference surface can be determined. Furthermore, the
sea surface height can be therefore derived from the corrected range and the orbit altitude h
by:

H = h− ρ (1.2)

The slant-range resolution is given by:

δSR =
cτ

2
(1.3)

where τ is the pulse duration. With the slant-range resolution and look angle of the altimeter,
the ground-range resolution which we generally refer as the spatial resolution, can be calcu-
lated. For radar altimetry, the pulse compression is used to improve the range resolution by
processing the transmitted relatively long pulse in a way that is equivalent to the effective short
pulse. The radar system uses chirp signals to overcome the limitation that oscillators cannot
generate echoes with sufficient power to reach the ground in a short period of time. The chirp
signal is a frequency modulated (FM) signal. By using the chirp signal, the resolution is no
longer determined by pulse duration τ but by bandwidth B.

For conventional altimetry, the altimeter transmits a pulse with known power toward the sur-
face and receives a certain power as the signal returns. The pulse leaves the antenna as a
widening beam, becoming ever wider the farther it travels. The returned power in time, the
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"waveform", is sampled in a tracking window. The information about range can be derived
from the waveform. To better understand the shape of a waveform, the four processes of wave-
form formation are introduced step by step.

Figure 1.2: Waveform Formation [Tourian, 2012]

When the altimeter emits the pulse and the tracking system is activated, a low power noise
is received as a result of the parasite reflection of the pulse in the ionosphere and atmosphere
and the instrument electronic noise within 0 < t < t0. Then the wavefront reaches the surface
at t = t0. The pulse illuminates a point and the tracker begins to receive the returned power.
During t0 < t < t1, the returned signal rises up, while the footprint at the surface being a disc
spreads with time. This power rise in the tracking window is known as "leading edge." At time
point t = t1, the return power increases up to a maximum and the trailing part of the signal
begins to hit the surface. During t > t1, the tail of the pulse continues to reach the ground,
making a circular ring footprint. The footprint continues to grow larger and thinner over time
until it finally vanishes. At the same time, the received power will also gradually become lower
with time, exhibiting a descending trend in the waveform.

1.2.2 Retracking

In order to derive range from altimetry measurements, it is required that the true leading edge
is identified and located as accurately as possible. This is partially done via the concept of
on-board tracking: on reception, the satellite tries to position the leading edge of a waveform
onto a specific bin, the tracking bin. However, the tracker range is not precise enough with less
calculation time and less information. The preciser range is obtained by the post-processing,
which is retracking.

Waveform retracking is the process of calculating geophysical quantities from a waveform.
These quantities includes the final altimeter range, backscatter coefficient, wind speed over
the ocean and significant wave height (SWH). Because different waveforms over the water
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Figure 1.3: Schematic Altimeter Mean Return Waveform over Ocean Surface [Tourian, 2012]

surface produce different types of patterns, various algorithms are applied for the calculation
of these geophysical quantities. In general, retracking algorithms can be divided into three
broad branches [Dinardo, 2020]:

- empirical retracking
- physically-based retracking
- statistical retracking

The empirical retracker calculates parameters based on heuristics that are defined based on
retrospective experience or a "guess and try" approach. This is generally applicable in cases
where it is difficult to build theoretical models. On the other hand, physically-based retrackers
are founded on waveform models, which are usually defined by the characteristics of the sensor
and the signal as well as the shape of the waveform itself. In physically-based retracking, the
mean returned power waveform P(t) can be expressed as a convolution [Brown, 1977]:

P(t) = Pf s(t) ∗ qs(t) ∗ PPTR(t) (1.4)

where t is the satellite receiver’s time, Pf s(t) is the flat surface impulse response, qs(t) is the sur-
face elevation probability density function (PDF) of specular points within the altimeter foot-
print, and PTR(t) is the system point target response (PTR) [Brown, 1977; Deng and of Technol-
ogy. Dept. of Spatial Sciences, 2003]. The physically-based model can be classified downwards
according to whether the waveform model is obtained purely numerically or by analysis. An-
alytical models are more robust, more versatile, and faster than numerical models, because
analytical models are closed models under the necessary assumptions and approximations,
whereas numerical models are usually more complex [Dinardo, 2020]. Finally, the statistical
retrackers define the geophysical quantities by minimizing or maximizing the statistical prop-
erties of a set of consecutive waveforms.
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1.3 SAR Altimetry Missions

1.3.1 CryoSat-2

CryoSat-2 is the follow-up to the Earth Explorer Opportunity Mission in the European Space
Agency’s (ESA) Living Planet Programme. The successor to the CryoSat, whose launch failed
on October 8, 2005. CryoSat-2 was selected for development in 1999, and was launched on
April 8, 2010. The satellite is located at an altitude of 717 km with an inclination of 92◦ and has
a 369 day repeat cycle.

Figure 1.4: CryoSat in Orbit [earth online —ESA, 2021]

CryoSat-2 aims to monitor the thickness of land ice and the most dynamic parts of the Earth’s
cryosphere and sea ice. It employs synthetic aperture radar (SAR) and interferometry tech-
niques from standard imaging radar missions to improve its accuracy over rugged ice sheet
margins and sea ice in polar waters. CryoSat-2 measures the height difference between sea
ice and adjacent waters as well as the ice height, and it tracks changes in ice thickness. The
measured data help to understand the link between the melting of polar ice and sea level rise,
which are significant impacts to climate change.

The SAR interferometric radar altimeter (SIRAL) is the primary instrument on CryoSat and has
the capability to meet the measurement requirements for ice height and sea ice freeboard. The
SIRAL instrument contains a conventional pulse-limited radar altimeter and a second antenna
with synthetic aperture and interferometric signal processing. SIRAL is able to operate in three
modes: low resolution mode (LRM), in other words, pulse-limited operation; SAR and SAR
interferometry (SARIn or SIN) burst mode [earth online —ESA, 2021].

Over the ice sheet gaps and oceans, CryoSat-2 generally operates as a traditional radar altime-
ter in LRM. In this mode, the pulse repetition frequency (PRF) is limited to 2 kHz and, therefore,
LRM has a lower data rate compared to the other two modes Bouzinac et al. [2019]. PRF reffers
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to the transmission interval of the pulses. The SAR mode is used over sea ice and a few oceano-
graphic areas. It emits bursts of pulses with PRF of 20 kHz and uses SAR processing to obtain
better spatial resolution than LRM. The footprint on the surface is a rectangle of 250 m× 80 m.
SIRAL can operate as an interferometer by using the second antenna. The origin of the echo can
be obtained by comparing the different paths of the signal returning to the two antennas [Bouz-
inac et al., 2019]. Therefore, the SARIn mode is used around the ice sheet margins with slopes
and over mountain glaciers.

CryoSat-2 achieved its main mission goals in the cryosphere. The mission provided evidence
for the advanced performance of SAR mode altimetry over the ocean (leading to Copernicus
Sentinel-3 operating globally in SAR mode). In the past two years, the CryoSat-2 mission has
shifted its goal to maintain a time series of unique climate records across the cryosphere and
to present attractive scientific and technical objectivess in the fields of swath processing, polar
oceanography, cryosphere meteorology, and so on [earth online —ESA, 2021].

1.3.2 Sentinel-3

Sentinel-3 is a European Earth observation satellite mission developed to measure sea-surface
topography, sea- and land-surface temperatures, and ocean- and land-surface colors with high
accuracy and reliability [Sentinel Online —ESA, 2021]. Sentinel-3 is composed of two satellites:
Sentinel-3A and Sentinel-3B. Sentinel-3A was launched on February 16, 2016, while Sentinel-3B
was launched on April 25, 2018. In January 2016, Sentinel-3C and Sentinel-3D joined the pro-
gram, with Sentinel-3C expected to launch in 2023 [THE CEOS DATABASE, 2021]. For optimal
coverage, Sentinel-3 is placed in a near-polar, sun-synchronous orbit with a high inclination of
98.65◦ at the altitude of 814.5 km and has a repeat cycle of 27 days. The orbits of the two satel-
lites are the same, with a phase difference of 140◦. The spacecraft is composed of four main
instruments:

-ocean and land color instrument (OLCI),
-sea and land surface temperature instrument (SLSTR),
-SAR radar altimeter (SRAL), and
-microwave radiometer (MWR).

OLCI is inherited from Envisat’s medium-resolution imaging spectrometer. It is a push-broom
imaging spectrometer with five cameras and 21 bands, designed to provide a direct view of the
Earth and to monitor ocean conditions and coastal zones. SLSTR is an along-track scanning
radiometer developed to retrieve sea surface skin temperatures on a global scale [ESA, 2012].
SRAL is the core instrument of the Sentinel-3 derived from ENVISAT RA-2, CryoSat SIRAL
and Jason-2/Posedion-3 heritage, and is seeks to provide range measurements over different
types of surfaces. MWR is designed to correct for travel delays of SRAL signals caused by
tropospheric water content.

In addition to the main instruments, a Global Navigation Satellite System (GNSS) instrument,
a Doppler Orbit determination and Radio-positioning Integrated on Satellite (DORIS) instru-
ment (Sentinel-3A only), and a laser retro reflector are used to determine a precise orbit.

The SRAL can operate in two modes: LRM and SAR mode. Compared to LRM, the SAR mode
provides a higher along-track resolution using the delay-Doppler concept [Raney, 1998]. In
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Figure 1.5: Sentinel-3 Satellite and Payloads [Credit: ESA]

LRM, SRAL operates as a conventional pulse-limited altimeter at a PRF of 1920 Hz with a pat-
tern containing a sequence of six Ku-band pulses (13.6 GHz) and one C-band pulse (5.3 GHz).
For a radar cycle of 50 ms, there are 16 patterns, in other words, a total of 84 Ku-band pulses
and 14 C-band pulses. In SAR mode, SRAL emits pulses at PRF of 18 kHz. Every 64 Ku-band
pulses forms a burst, which is surrounded by two C-band pulses. The duration of the burst
cycle is about 12.5 ms, so four burst cycles are equal to an LRM cycle of 50 ms [Sentinel Online
—ESA, 2021].

1.3.3 Sentinel-6

The Copernicus Sentinel-6 mission continues the Jason satellites’ decades-long series of sea
level measurement and sea state monitoring until at least 2030. Sentinel 6 stands on the heritage
of the Jason series, ESA’s CryoSat satellite, and the Copernicus Sentinel-3 mission. The Sentinel-
6 mission comprises two identical satellites: Sentinel-6 Michael Freilich launched on November
21, 2020, and Sentinel-6B, to be launched in 2025. The satellites are located in a polar orbit at
an altitude of 1, 336 km with an inclination of 66◦. This orbit allows the mapping for 95% of the
Earth’s ice-free oceans every 10 days [Sentinel6 - ESA, 2021].

The payload for each Sentinel-6 satellite includes a precise orbit determination (POD) suite
(GNSS, DORIS, and LRA), a microwave radiometer, and the Poseidon-4 dual frequency (C/Ku-
band) nadir-pointing radar altimeter, which enables centimeter-level determination of the sea
surface height.

Poseidon-4 is a nadir-pointing dual-C/Ku-band frequency SAR altimeter (only the Ku-band
operates in SAR), which includes nine separate measurement modes using two chronograms:
an acquisition chronogram and an interleaved chronogram [Donlon et al., 2021]. The inter-
leaved chronogram operates in an open burst configuration with a PRF of 9 kHz. The inter-
leaved (open burst) transmit-and-receive approach means that twice as many samples are
available compared to the Sentinel-3 radar altimeter SARL, allowing for a significant improve-
ment in the noise characteristics of the altimeter [Donlon et al., 2021].
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Figure 1.6: LRM Radar Cycle Transmitting Pattern (left) and SAR Radar Cycle Transmitting Pattern (right) for
Sentinel-3 [Credit: Thales Alenia Spazio]

Figure 1.7: Evolution of Satellite Radar Altimeter Chronograms [Donlon et al., 2021]
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The PRF of Poseidon-4 is adjusted along the orbit with the help of the satellite vertical velocity
derived from the DORIS instrument. The worst case scenario for each tracking cycle (50 ms) is
an altitude change of 2.5 m. The use of the interleaved chronogram allows SAR mode and LRM
heritage acquisitions to run simultaneously to ensure that the introduction of SAR technology
into the reference does not introduce bias into the long-term sea-level climate record derived
from LRM measurements alone [Donlon et al., 2021].

1.4 Processing Levels and Product Types

Sentinel-3 altimetry data is released at different levels:
-Level-0 is the raw telemetered data, geolocated and dated;
-Level-1 is the corrected data for instrumental and geometrical effects based on Level-0 data;
and
-Level-2 is the Level-1 data corrected for geophysical effects.

Level-0

Level-0 processing has two main functions: One is to extract the raw data provided by the in-
strument source packet in instrumental engineering units and to convert them to international
system units. The second function of the Level-0 processing chain is to correct the date and time
of the measurement data and to provide the satellite position and the measurement position on
the Earth’s surface that correspond to the measurement data.

The Level-0 product is an internal product only. It is not available to users and is used only as
an input to Level-1 processing.

Level-1

The input data for Level-1 processing are the Level-0 product. The primary functions of the
Level-1 processing chain are to apply calibration and geometrical corrections, calculate the
tracker range and the sigma0 scaling factor, and derive the waveform.

Specifically, there are three types of Level-1 products provided by the ESA: Level-1A prod-
ucts, Level-1BS products and Level-1B products. The Level-1A products contain geo-located
and fully calibrated complex echoes for subsequent data processing, while Level-1BS prod-
ucts contain fully SAR-processed and range aligned complex echoes but without multilooking.
Level-1B products contain the same variables as Level-1BS, except for complex in-phase and
quadrature echoes and the part about stack characteristics.

In general, the processing of Level-1A to Level-1B consists mainly of all processes starting from
the raw telemetered data to build a waveform from a certain illuminated surface.
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Level-2

The input data to Level-2 processing are the Level-1 product. The main function of the Level-2
processing chain is to perform retracking to the output waveforms of Level-1 processing, and to
compute physical parameters including the retracked altimeter range, backscatter coefficient,
and significant wave height.

There are two types of Level-2 products according to the surface covered: water (WAT) and
land (LAN) products. The processing algorithm is identical; only the geographical coverage is
different.

1.5 Case Study

Itaparica

Itaparica, also known as Luiz Gonzaga, is a reservoir in the middle course of the São Francisco
River. It is located in the east of Brazil, 290 km from the Atlantic Ocean, with an area of 834 km2

and a water storage capacity of approximately 11 billion m3 [Melo et al., 2016]. The reservoir
is the achievement of the construction of the Itaparica Dam in 1988, which has hydroelectric
power generation as its main purpose.

The in situ data for Itaparica are from the National Water Agency (ANA) of Brazil. The mon-
itoring station Uhe Luiz Gonzaga (Itaparica) Barramento is located at 9.14◦S, 38.31◦W with
the code number 49042580. The distance between virtual station and in situ station is about
31 km.

Figure 1.8: Reservoir of Itaparica [left: Wikipedia© 2021 right: Google Earth© 2021]
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Mississippi

The Mississippi River, located in south-central North America, is the largest water system in
North America, with a basin area of about 3 million km2. Addtionally, it is the longest river in
North America, with its source at Lake Itaska in northwestern Minnesota, United States, at an
elevation of 446 m. It flows through the central Great Plains and southward into the Gulf of
Mexico, with a total length of 3, 767 km.

The in situ data for the Mississippi River are retrieved from the United States Geological Sur-
vey (USGS). The selected monitoring station is located in Baton Rouge, a city in southeastern
Louisiana, on the south bank of the Mississippi River, 250 km from the Gulf of Mexico. The
monitoring station is located at 30.44◦N, 91.19◦W with the code number 07374000. The dis-
tance between virtual station and in situ station is about 9 km.

Figure 1.9: Baton Rouge by the Mississippi River [left: Wikipedia© 2021 right: Google Earth© 2021]

São Francisco

The São Francisco River is the fourth largest water system in South America and the longest
of all rivers in Brazil; it is named after St. Francis of Assisi. It originates in Minas Gerais and
flows northward, turning eastward near Pernambuco and Bahia, and finally emptying into the
Atlantic Ocean. The river has a total length of 2,830 km and a basin area of 641, 000 km2.

The in situ data are obtained also from the National Water Agency of Brazil. The monitoring
station Uhe Sobradinho Montante 4 is located in São Francisco, Minas Gerais, Brasilien, at
15.95◦S, 44.87◦W and with the code number 44190900. The distance between virtual station
and in situ station is 226 m.
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Figure 1.10: São Francisco by the São Francisco River [left: Wikipedia© 2021 right: Google Earth© 2021]
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Chapter 2

Delay Doppler Altimetry

2.1 Introduction

In conventional pulse-limited altimetry, the altimeter transmits and receives pulses in time se-
quences. The footprint on the surface goes from a point to a solid circle, after which it gradually
becomes a circular ring and then eventually disappears. The waveform is constructed by aver-
aging of the incoherent pulses to deal with inherent speckle noise [Cotton et al., 2008]. Disad-
vantages of traditional pulse-limited altimetry include the relative waste of radiated power, the
fact that most of the radiated power falls outside the pulse-limited region and cannot be used
for height estimation, and the dilation of the footprint over rougher terrain [Raney, 1998].

In terms of transmitted pulse, the main difference between conventional pulse-limited altime-
try and delay Doppler altimetry is the PRF. For Sentinel-3, SRAL operates in the LRM mode
at a PRF of 1920 Hz , while in SAR mode, the PRF is 18 kHz. The much higher PRF allows the
pulses to be constructed in bursts, and the pulses within a burst to be correlated because the
coherency allows for SAR processing. [Sentinel Online —ESA, 2021].

Unfocused SAR data processing should be performed where the altimeter synthesizes a large
antenna as it flies forward by exploiting the Doppler characteristics of the return echoes. Delay
Doppler altimetry uses delay compensation to reduce the size of the along-track footprint. The
transmitted pulse is modulated and then the received signal is correlated with the transmitted
pulse. The delays of the specific point on the surface are chosen from each corresponding burst
and are summed to produce the waveform after the application of range compensation.

Figure 2.1: Conceptual Representation of Beam-Steering Processing and Stack Formation for a Given Surface
[Credit: ESA].
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In the case of Sentinel-3, the spatial resolution of the LRM mode in both along-track and across-
track direction is 1.64 km [Sentinel Online —ESA, 2021]. However, in SAR mode using the
delay-Doppler concept [Raney, 1998], the spatial resolution in the along-track direction rises
to 300 m.

Figure 2.2 illustrates the waveform formation in delay Doppler altimetry. The red color repre-
sents the footprint of the conventional altimetry while the green color stands for delay Doppler
altimetry. The first part of the figure indicates a case where the signal has not yet reached the
surface. As with the situation of waveform formation of conventional altimetry, there is also a
thermal noise. As the signal reaches the surface, the returned power arises sharply. The foot-
print is no longer as a circle but a narrow bin, which explains the sharper echo in the tracking
window. Because of the beam stacking, the trailing edge is more concave than that seen in
conventional altimetry.

Figure 2.2: Waveform Formation for SAR Altimetry [Credits: R.K. Raney, Johns Hopkins University Applied
Physics Laboratory]
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2.2 Level-1B Processing

In general, Level-1B Processing contains all steps to build a waveform from the raw teleme-
tered data. In the following lines, the details of processing from Level-1A to Level-1B are pre-
sented.

2.2.1 Calibration Correction

After extraction from the Level-1A data product, the received burst pulses must to be cor-
rected.

There are five steps of corrections:
1. Computation of tracker ranges corrected for ultra-stable oscillator (USO) frequency drift:
The on-board measured USO frequency drift is applied to the tracker range.

2. Computation of tracker ranges corrected for internal path correction: The travel dif-
ference between the transmission and the reference lines within the altimeter is applied to the
tracker range.

3. Correction of the automatic gain control (AGC) for instrumental errors: AGC is a
technique that uses the information from the previous signal level to adjust the gain in
anticipation of the next signal. The aim is to ensure that the signal level remains as constant
as possible [Bouzinac et al., 2019]. The instrumental error of AGC should be corrected and
applied to the tracker range.

4. Correction of power and phase: The phase and power variations are applied to all
echoes within the burst. These phase and power corrections are measured on-board through a
sequence of calibration echoes in CAL1 calibration mode. [Sentinel Online —ESA, 2021].

5. Correction of the waveforms: The calibration mode CAL2 corrects Level-0 waveforms
by the gain profile range window (GPRW) instrumental effects. The GPRW accounts for
several instrumental effects (e.g., intermediate frequency filters gain response) that have an
impact on the Level 0 waveform’s power [Sentinel Online —ESA, 2021]. Both CAL1 and CAL2
activities are included in the Cyclic Monitoring Reports, which summaries the assessment of
the altimeter instrument with a cyclic period of 27 days [Sentinel Online —ESA, 2021].

2.2.2 Determining Surface Locations

The purpose of this stage is to reference the measurements of the altimeter to surface locations
along the satellite track. These surface positions correspond to the intersection of the Doppler
beam with the surface elevation estimate. Based on the satellite Doppler resolution and the
surface profile, the spacing between surface locations can be calculated. This prevents the
surfaces from being oversampled or exhibiting gaps.
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The first surface location is determined by the window delay associated with the first burst of
the tracking cycle [Makhoul-Varona et al., 2020]. Then the algorithm is performed iteratively.
First, the angular azimuth beam resolution θ is calculated as [Makhoul-Varona et al., 2020]:

θ = arcsin
λ

2|vs| · τB
(2.1)

where τB is the burst duration, vs is the satellite velocity vector and λ is the carrier wavelength.
After the calculation of the angular azimuth beam resolution θ, the angles of sight αi, which are
between the nadir direction and the vector from satellite position to each burst surface position,
are determined (in Figure 2.3 α1 to α3). Then, the processing is taken by comparing the αi and
θ until αi is greater than θ. After that, the interpolation is performed between that determined
surface location with αj (in Figure 2.3, it refers to α3) and the previous surface point of that
determined surface location. In the case of processing by ESA, this interpolation is done with
cubic splines [Makhoul-Varona et al., 2020]. The second comparison is to be taken between αi

j
and θ and end by the time the angular azimuth beam resolution coincides with the angles of
sight.

Figure 2.3: Coarse (left) and Fine (right) Intersection Step of the Surface Locations Algorithm [Credit: isardSAT]

With the information of associated orbit state from orbit interpolators, the new surface location
can, therefore, be also located on the orbit (see Figure 2.4). Furthermore, the window delay
of the new surface location is calculated for tracker alignment correction. Then, the process
begins again with the obtained new satellite location.

2.2.3 Determining Doppler Beams Direction

To perform the delay Doppler processing later, for each burst, the angles between the satellite
velocity vector and the vector between the burst location and all surface locations under the
satellite’s boresight must be calculated.
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Figure 2.4: Determination of the Associated Orbit State [Credit: isardSAT].

The calculation begins with identifying the surface location closest to the nadir direction. Then,
Np surface locations are selected, Np/2 forwards and Np/2 backwards. In the case of Sentinel-3
missions, Np is 64. These selected surface locations and their indices are stored for later process-
ing. The beam angle θc is calculated for each surface locations with the expression [Makhoul-
Varona et al., 2020]:

θc = arccos
vs ·wsat→surf

|vs| · |wsat→surf|
(2.2)

where vs is the satellite velocity vector and wsat→surf is the vector between the burst location
and surface locations.

2.2.4 Delay-Doppler Processing (Beam Steering)

This process is implemented by applying a manipulated phase value to echoes in order to
steer the beams towards the computed surface locations. The algorithm generates a set of
64 Doppler beams per burst in the frequency domain, with each Doppler beams steered to a
different surface location. The processing is done by applying a Fast Fourier Transform (FFT)
in the along-track direction. After processing, the Delay-Doppler map is created; it contains
both the delay that the transmitted echo to the tracker and the Doppler frequency shift of that
echo.

There are two different methods depending on the accuracy required: exact beam steering and
approximate beam steering. The exact method uses all beam angles (64 for Sentinel-3) to guide
the beam to each calculated surface position. In contrast, with approximate beam steering, only
the center beam angle is used. This means that only the center beam is steered exactly and the
other Doppler beams will be steered approximately to their own closest surface positions, so
that the other Doppler beams will be equidistant.
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Figure 2.5: Geometry of the Beam Angles Algorithm [Credit: isardSAT].

Figure 2.6: Delay-Doppler Map and Iso-Range and Iso-Doppler Lines on the Surface [Gleason, 2006].
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To apply the FFT, the angles θbeam(b, p) that are applied to the pulses should be first deter-
mined [Makhoul-Varona et al., 2020]:

θbeam(b, p) = θc(b) + δθp = θc(b) + arcsin
λ · p

2|vs| · Np · PRI
[rad] (2.3)

where

b : the index within a burst b ∈ [0, Nb − 1]

p : the pulse index b ∈ [−
Np

2
,

Np

2
− 1]

θc(b) : the computed beam angle in section 2.2.3
δθp : the azimuth angular beam resolution

λ : the length of carrier wave
Np : the number of pulses in each burst

PRI : pulse repetition interval
vs : the satellite velocity vector

And the beamforming is taken as [Makhoul-Varona et al., 2020]:

Φb(k, n) =
1√
Np
·

Np−1

∑
p=0

Φw(p, n) · e−2j·( 2π
λ ·PRI·vs·cos (θc(b))+ π·k

Np )·p (2.4)

This equation applies to the exact method because each beam is steered according to the cor-
responding θc(b) and only the central beam is retained for each FFT, while the approximate
method utilizes the same equation (Eq (2.4)), but only with single FFT using the central beam
angle. Figure 2.7 and Figure 2.8 present the illustration of the exact beam forming and the
approximate beam forming.

2.2.5 Beam Stacking

From the DDM, all Doppler beams from different bursts but pointing at the same surface loca-
tion are collected in one stack. Thus, these stacked Doppler beams illuminate the same surface
location at different look angles from different bursts.

2.2.6 Geometry Correction (Range Alignment)

All corrections for geometrical misalignments in range within the same stack are computed and
applied. As the beam stacking has been performed, these corrections can be achieved for each
stack. Specifically, there are three range corrections: Doppler correction, slant range correction,
and tracker alignment correction.

In the case of Sentinel-3, all of theses corrections are applied in the same domain before range
compression. By doing so, there is no need to classify the various corrections according to their
precise levels, because all corrections are applied as phase shifts.
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Figure 2.7: Illustration of the Exact Beam Forming [Makhoul-Varona et al., 2020]

Figure 2.8: Illustration of the Approximate Beam Forming [Makhoul-Varona et al., 2020]
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Figure 2.9: Stacking Process for Surface Location I [Credit: isardSAT]

Figure 2.10: (left) Stack Without Geometry Corrections, (right) Stack With Geometry Corrections Ap-
plied [Makhoul-Varona et al., 2020]
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Doppler Correction

The purpose of this correction is to compensate for the Doppler effect due to the movement of
the satellite during the transmission and reception of the echo. After beam stacking, the infor-
mation of each pulses within the stack still exhibits Doppler effects for each processed burst.
The Doppler correction, therefore, is applied to lead all pulses in that stack, which means to
the same Doppler bin for that processed burst. For each Doppler beam, the Doppler frequency
shift is computed for the compensation of the Doppler effect. The frequency shift in meters
∆rD(b′) is computed as [Makhoul-Varona et al., 2020]:

∆rD(b′) =
c
2
·
[

τ

B
·

Doppler︷ ︸︸ ︷(
− 2

λ
|vs(b′)| cos θc(b′)

)
︸ ︷︷ ︸

range-delay

]

︸ ︷︷ ︸
range-shift

[m], b′ ∈ [0, Nbs − 1] (2.5)

where

|vs(b′)| : the modulus of the satelites’s velocity at the given burst position
c : the speed of light
τ : the pulse of duration
B : the transimitted bandwidth

Nbs : the number of beams pointing to that specific surface

Figure 2.11: Doppler Shift Effect [Credit: isardSAT]
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Slant Range Correction

Slant range correction refers to range cell migration correction (RCMC). The range migration
due to the different radial distances from each surface location to corresponding burst centers
is applied. Figure 2.12 indicates the geometry of the slant range correction. For the ranges of
the surface location I, the difference ∆r(b′) is computed as:

∆r(b′) = |r(b′i)| − |h(l)| [m] (2.6)

with r(b′i)| being the range to the surface location for each burst position and |h(l)| being the
real surface height.

Figure 2.12: Slant Range Correction [Credit: isardSAT]

Tracker Alignment Correction

Tracker alignment correction refers to the correction of window delay misalignment. The range
misalignment due to the different tracker shifts for Doppler beams within one stack is compen-
sated. In Section 2.2.2, the window delay is already calculated for each surface locations. Thus,
the differences between the reference surface location to all burst positions in the stack are
computed [Makhoul-Varona et al., 2020]:

∆Swd(b′) =
τwdre f − τwd(b′)

T0
[samples] (2.7)

where τwdre f is the reference window delay, τwd(b′) is the window delay with the b′ beam and
T0 is the clock period.
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2.2.7 Range Compression

This stage performs a range compression of the Doppler beams in the stack, which is the con-
version of Doppler beams from the pulse-width time domain to the frequency domain. This is
implemented as a range FFT in the across-track direction. As an option, the zero-padding can
be applied before range compression. The details of zero-padding are discussed in the section
2.4.1.

2.2.8 Multi-Looking

This algorithm computes the incoherent summation of all Doppler beams within one stack in
the along-track direction. The implementation is to square the signals first and then take the
average. The result of this operation is a Level-1B waveform.

In the case of processing by ESA, the calculation of multi-looked waveform required two
scaling: iq scaling and AGC scaling. For Level-1BS Product, the scale factor of iq scaling is
iq_scale_factor_l1bs_echo_sar_ku and the scale factor of AGC scaling is agc_ku_l1bs_echo_sar_ku.
The multi-looked waveform WML is performed by a summation of single-looked waveforms
Wk,l within the stack:

WML(k) =
Ne f f

∑
n=1

Wk,l(k, n) (2.8)

where Ne f f is the number of effective single-looked waveforms.

2.3 Level-2 Processing

Level-2 processing consists of applying various retracking algorithms to Level-1 waveforms
and computing geophysical corrections for the measurements. In the case of Sentinel-3 mis-
sions, four retracking algorithms are applied in the SAR mode based on different topographi-
cal conditions to Level-1 waveforms, namely, ocean retracking, offset center of gravity (OCOG)
retracking, ice sheet retracking, and sea-ice retracking.

2.3.1 Ocean retracking

An ocean retracker is an analytical retracker for open ocean and coastal zones. The algorithm
consists of fitting the theoretical multi-looked waveform model to real Level-1B SAR waveform
using the Levenberg-Marquardt method. The theoretical waveform model is inherited from the
SAMOSA project. The single-look model is given by [SAMOSA5]:

Wk,l = Pu(α
2
p

√
2π)
√

gl Γk,l(0)
{

f0(glk) +
σz

LΓ
· gl ·

σz

LZ
Tk · f1(glk)

}
(2.9)

The parameters are described by MSSL et al. [2019]:

f0(ξ) =
∫ +∞

0
e−

1
2 (ξ−v2)2

dv =
π

2
√

2

(
1
4

ξ2
)1/4

[
Isc
− 1

4

(
1
4

ξ2
)
+ sign(ξ) · Isc

1
4

(
1
4

ξ2
)]

(2.10)
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f1(ξ) =
∫ +∞

0
e−

1
2 (ξ−v2)2

(ξ − v2)dv (2.11)

=
π

2
√

2

(
1
4

ξ2
)3/4

[(
Isc

1
4
(

1
4

ξ2)− Isc
− 3

4
(

1
4

ξ2)

)
+ sign(ξ) ·

(
Isc
− 1

4
(

1
4

ξ2)− Isc
3
4
(

1
4

ξ2)

)]

where

k : the index defined by k = k′ − k0 with k′ ∈ [−
Np

2
+ 1,

Np

2
] and k0 = t0Br (Br is Bandwidth)

l : Doppler frequency index
σz : surface roughness
Pu : the waveform power amplitude

gl , Lz, Lr, Tz and Γk,l(0) are computed by system parameters. Isc
v is the scaled spherical modified

Bessel function of the first kind and order v:

Isc
v (z) = e−|z| · Iv(z) (2.12)

2.3.2 OCOG retracking

First used in both the ENVISAT and CryoSat-2 missions [Sentinel Online —ESA, 2021], the
OCOG retracker is used in the SAR mode for sea ice margins. The method is empirical and
starts from the estimation of OCOG amplitude. The OCOG retracker bin can be calculated by
OCOG amplitude. The range correction is then computed as the difference between the OCOG
retracker bin and the nominal tracking point.

The OCOG amplitude POCOG is computed as [MSSL et al., 2019]:

POCOG =

√√√√∑Ns−1
i=0 P4[i]

∑Ns−1
i=0 P2[i]

(2.13)

The OCOG retracker bin is:

iOCOG = (i0 − 1) +
POCOG − P[i0 − 1]
P[i0]− P[i0 − 1]

(2.14)

where i0 refers to the index of the first bin containing more power than POCOG. The OCOG
retracker bin is:

δROCOG = (iOCOG − iTP)× dbin (2.15)

where dbin is the size of a range window bin in meters and iTP is the index of the nominal
tracking point. The OCOG corrected range is computed as:

ROCOG = Rtr + δROCOG + dCoG +
ctFFT

2
First bin (2.16)

First bin refers to the first gate appearing in the window, and dCoG is the CoG correction.
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2.3.3 Ice Sheet Retracking

The ice-sheet retracker is inherited from the CryoSat-2 mission. The algorithm is taken by fit-
ting the retrieved Level-1B SAR waveform analytically to an echo model, which has a modified
Gaussian form and consists of five sections. The amplitude and the retracker bin can be derived
from the fitted waveform.

The echo modell is given by:
P(t) = ae− f (t) (2.17)

where fi is a five-part function that describes the shape of the waveform. The five functions are
[MSSL et al., 2019]:

f1(t) = g(t− t0) + (m− g(t0 − nσ)) where t < t0 + nσ (2.18)

f2(t) = b0 + b1(t− t0− t1)+ b2(t− t0− t1)
2 + b3(t− t0− t1)

3 where t+ nσ < t < t0 + t2 (2.19)

f3(t) =
1

σ(t− t0 − t1)
where t0 + t2 < t < t0 − t1 (2.20)

f4(t) =
1
σ
(t− t0 − t1) + a2(t− t0 − t1)

2 + a3(t− t0 − t1)
3 where t0 − t1 < t < t0 − t3 (2.21)

f5(t) =

(
− log

[
ce−α(t−t0)

a
√

t− t0

])1/2

where t > t0 + t3 (2.22)

The unknown parameters of the modell can be derived by applying the Levenberg-Marquart
method. With these parameters, the amplitude of the ice sheet is calculated as:

PIceSheet = a×max(P) (2.23)

The ice sheet retracker bin is given as:

δRIceSheet = dbin × (iIceSheet − iTP) (2.24)

Finally, the ice sheet’s corrected range is computed as:

RIceSheet = Rtr + δRIceSheet + C + dCoG (2.25)

where C is the geophysical and meteorological corrections.
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2.3.4 Ice Retracking

This retracking method is a heritage of the ice-2 retracker (also called ice erf re-tracker) imple-
mented in both the ENVISAT and CryoSat-2 missions. It is a physical-based retracker. The
expression of the return power is given [Brown,1977]:

Vm(t) =
Pu

2
·
[

1 + erf
(

t− τ

σL

)]
· exp[sT · (t− τ)] + Pn (2.26)

with
erf(x) =

2√
π ·
∫ x

0 e−t2dt
(2.27)

where

τ : the epoch
σL : the width of the leading edge
Pu : the amplitude
sT : the slope of the logarithm of the trailing edge
Pn : the thermal noise level

2.3.5 Sea Ice Retracking

The sea ice retracker is designed for sea-ice waveforms and was first used in the CryoSat-2 Mis-
sion. It is a simplified version of the ice sheet retracker using only three-part fitting functions.
The waveform is modeled into three parts, which are the leading edge, the trailing edge, and a
linking part between the leading and the trailing edges.

Figure 2.13: Schematic Description of Leading Edge and Trailing Edge [Credit: isardSAT]
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The echo modell is [MSSL et al., 2019]:

P(t) = f (t, α) (2.28)

where f (t, α) is a three-part function. The leading edge is described by f (t, α):

f1(t, α) = a0e−[
t−t0

σ ]2 (2.29)

The linking part is given by:

f2(t, α) = a0e
−

[
− 3kσ−2c

2σt2bc
(t−t0)

3−−5kσ+4c
2σtbc (t−t0)

2+ 1
σ (t−t0)

]2

(2.30)

where

tb = kσ2 (2.31)

c =
√

ktb (2.32)

And the trailing edge is fitted by:

f3(t, α) = a0e−k(t−t0) (2.33)

In summary, the echo modell is:

P(t) =


P1(t) f or t < t0
P2(t) f or t0 < t < tb
P3(t) f or tb < t

 (2.34)

The range correction for a sea ice retracker is:

δR f it = (i f it − iTP)× dbin (2.35)

The corrected range is computed by:

R f it = Rtr + δR f it + C + dCoG (2.36)

2.4 Platforms for processing SAR altimetry

2.4.1 SARvatore

The grid processing on demand (G-POD) service, SARvatore (SAR versatile altimetric toolkit
for ocean research and exploitation) for Sentinel-3, is a web platform that provides online ser-
vices to process SRAL Level-1A data in Sentinel-3 SAR mode to Level-1B and Level-2 prod-
ucts. The service is based on the Sentinel-3 SARvatore processor prototype, a heritage of the
CryoSat-2 SARvatore processor prototype [GPOD User manual, 2021].

The input values for the SARvatore service are Level-1A data, which are stored in the G-POD
server and can be selected by the geographical area of interest, by specifying latitude, longi-
tude, time, or relative orbit number (RON). The output data are available as Level-2 prod-
ucts, which contain waveforms and range integrated powers (RIPs), and as Level-1B products,
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Figure 2.14: Interface of Selecting Input Data

Option Name Option Value Official S3 Inland Water

Data Posting Rate
- 20 Hz
- 80 Hz

- 20 Hz - 20 Hz

Range Walk Correction
- No
-Yes

- No - No

Hamming Weighting
Window

- Only in coastal zone
- Yes, apply it
- No, do not apply it

- No -Yes

Exact Beam-Forming
- Approximated
- Exact

- Approx. - Approx.

FFT Zero-Padding
- Yes
- No

- No -Yes

Radar Receiving
Window Size

- 128 range bins
- 128×2 range bins
- 128×3 range bins
- 128×4 range bins

- 128 range bins - 128×2 range bins

Antenna Pattern
Compensation

- No
- Yes

- No - No

Dump SAR Stack
Data in Output

- No
- Yes, with only power
- Yes, with power

and phase

Table 2.1: Level-1 Processor Options
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Option Name Option Value

Restrict the Retracking on Specific Surfaces
- Process all
- Process only open sea points
- Process only water points

PTR Width Alphap Parameter
- LUT
- Constant

SAMOSA Model Generation

- Use SAMOSA2
- Use SAMOSA3
- Use SAMOSA+
- Use SAMOSA++

Dump Rrange Integrated Power (RIP) in Output
-No
-Yes

Dump SAR Echo Waveforms in Output
-No
-Yes

Single-Look or Multi-Look Model
- Multi-look
- Single-look

Choose the Default Tide Model
- FES2014b
- TPXO8
- TPXO9

Choose the Default Mean Sea Surface Model
- DTU18
- DTU15
- CLS-CNES15

Table 2.2: L2 Processor Options
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which include SAR stack data, generated in standard NetCDF and that can be read by any
NetCDF tools.

Table 2.1 and Table 2.2 present the options provided by the SARvatore service, which offer sev-
eral sets of configurations such as Official S3, Inland Water, et cetera. The Level-1 processor
settings for both configurations are indicated in Table 2.1. The same parts of these two configu-
rations for the Level-2 processor are underlined, with the difference being that Official S3 uses
SAMOSA2 while Inland Water uses SAMOSA+.

Level-1B Processor

Data Posting Rate

The SARvatore service provides with two options for data posting rate: 20 Hz and 80 Hz.
According to Dinardo et al. [2018], 80 Hz is chosen because it corresponds to the burst
repetition interval (BRI) of the CryoSat-2 and Sentinel-3. Fixing the grid center location at the
burst center avoids interpolating the ground locations of satellite orbits at 300 m intervals. The
grid step is changed from 300 m to 80 m [Dinardo, 2020].

Range Walk Correction

Range walk is the changing range migration during the burst acquisition, and its com-
pensation can be added to delay-Doppler processing aiming at increasing the accuracy of
the Level-1B waveforms [Scagliola et al., 2021]. Exact Doppler beam steering should also be
applied when applying range walk correction. The range walk correction is applied necessarily
only over the ocean where waves are moving. In case of inland water altimetry, this correction
should not be necessary.

Hamming Window

The Hamming window is a low-pass filter in time domain defined by Richard W. Ham-
ming. The window function is applied prior to delay-Doppler processing, which is an FFT
in the along-track direction. The purpose of applying the Hamming window is to mitigate
the effect of side-lobes ambiguity. However, at the same time, the Hamming window leads
to a widening of the main beam, which results in a decrease of the resolution from 300 m to
400 m in the along-track direction [Dinardo et al., 2018]. Additionally, the peak power is also
reduced. Figure 2.15 indicates the comparison of azimuth impulse response with and without
the Hamming window. The black line represents the response without the Hamming window,
while the red line represents the response with the Hamming window. The Hamming window
is recommended to be used in the situation of specular surface where the nadir echo contains
strong energy [Bouzinac et al., 2019]. Figure 2.16 illustrates an example for sea ice, with the two
graphs above representing an azimuth FFT of a single burst and a beam stack map without the
Hamming window and the two graphs below representing the situation with the Hamming
window.
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Figure 2.15: Comparison of Azimuth Impulse Response With and Without Hamming Window (black: without
Hamming Window red: with Hamming Window)[Bouzinac et al., 2019]

Figure 2.16: Azimuth FFT of a Single Burst and Beam Stack Map With and Without Hamming Window (left:
Before RCMC right: After RCMC) [Bouzinac et al., 2019]
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Zero Padding

Zero padding refers to adding zeros to the end of a time-domain signal so that the total
number of samples is equal to the next higher power of two. In case of Sentinel-3, the original
number of the sample is 128, and zero padding is the addition of 64 zeros before and after the
data, thus making the total number of samples to 256. Zero padding is applied prior to range
compression in order to oversample the waveform and, hence, avoid aliasing effects in the
case of peaky waveform.

Figure 2.17: Zero Padding in Time Domain by Adding Zeros [bitweenie, 2021]

Extended Radar Receiving Window

In this situation, the double extension of the receiving window consists of using a larger
receiving window of 512 samples (with zero-padding) to store the stack data in range
dimension after the slant range compensation.

Level-2 Retracker

The SARvatore provides four Retrackers: SAMOSA3, SAMOSA2, SAMOSA+, and
SAMOSA++. These four trackers are based on the SAMOSA model, a physically-based
model that provides a complete description of SAR altimeter returned waveform, allowing
the returned waveform to be represented as maps of reflected power in delay-Doppler
space [Dinardo, 2020].

SAMOSA3 and SAMOSA2

The SAMOSA model was first introduced by Ray et al. [2015]; it assumes that the sum
of the power of all the scatters across the sea surface follow the Brown model [Brown, 1977].
Furthermore, four approximations are made that are described in Ray et al. [2015] to arrive at
a closed-form expression of the waveform. The waveform is expressed finally as:

Pk,l = KBk,l
√

gl

[
(1 + Tk,lko f f ) f0(glκ) + Tk,l glσ

2
s f1(glκ) + λs

g3
l σ3

s

6
(3 f1(glκ) + f3(glκ))

]
(2.37)
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with

K =
λ2

0N2
b LxLy

4πh4

√
2πA2

gσ2
g , σs =

σz

Lz
(2.38)

ko f f =
〈z〉 − zEM

Lz
κ = k + ko f f (2.39)

gl = [σ2
g + (2σglL2

x/L2
y)

2 + σ2
s ]
−1/2 (2.40)

fn(ξ) =
∫ ∞

0
dv(v2 − ξ)ne−(v

2−ξ)2/2 (2.41)

Bk,l =
∫ ∞

−∞
dz

e−z2/2σ2

√
2πσ

Γk,l(z) (2.42)

Lx =
ch fp

2vt fcNb
, Ly =

√
ch

αsτu
, Lz =

c
2sτu

(2.43)

Tk,l =
Lz

Bk,lσ2

∫ ∞

−∞
dz

e−z2/2σ2

√
2πσ

zΓk,l(z) (2.44)

Where

k, l : Cell(k,l) reffers to range k of beam l
vt : the tangential velocity of the satellite in the Earth-centered frame
s : the chirp slope

τu : the usable pulse length
fc, fp : the center frequency and pulse repetition frequency

λ0 : the width of the leading edge
Nb : the number of pulses in a burst

h : the presumed distance between the instrument and the sea
surfaces as estimated by the altimeter’s onboard tracker

Ag, σg : parameters of Gaussian apparoximation of Υ2

〈z〉, σz : the mean sea height and its standard derivation
zEM : electromagnetic bias

The system is defined in a right-hand coordinate system with the origin at the specular point
on the sea surface. The z-axis is normal to the surface and the x-axis is in the plane formed by
the satellite velocity and z-axis. The point(x, y, z) is refer to the initial location of the scatterer.
The expression of f0 and f1 are introduced in Equation 2.10 and Equation 2.11.

The SAMOSA3 retracker uses only the zero-order term of the model and the SAMOSA2
retracker uses both the zero and the first-order terms.
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SAMOSA+

SAMOSA+ is the abbreviation of the SAMOSA-based marine SAR retracker; it was first
introduced in Dinardo et al. [2018]. While it was based on the original SAMOSA model, two
additions were implemented to the model to overcome the performance deficiencies of the
SAMOSA2 and SAMOSA3 retracker in coastal areas, inland waters, and sea ice by breaking the
assumption of a non-coherent backscattering surface on which the physical model is based.

The first innovation is the selection of the first guess of the epoch for range determination. It
is not governed by the position of the waveform peak, but by the peak position of the moving
point-wise product in a subset of 20 consecutive waveforms. The off-nadir effect is mitigated
by applying the correlation power. Figure 2.18 illustrates the utility of the new method in
avoiding land contamination. The upper red line reveals the first guess epoch from the wave-
form’s maximum while the lower blue line indicates the first guess epoch from the point-wise
product.

In the SAMOSA2 and SAMOSA3 retrackers, the mean squared slope (MSS) is set to zero,
which means that the reflecting surface is considered as an infinite diffuse surface on the
footprint. Both the SAMOSA2 and SAMOSA3 trackers are designed for ocean surfaces where
the backscatter profile is assumed to be uniform at near-nadir incidence. Thus, the second
improvement of the SAMOSA+ retracker lies in the treatment of specular waveforms: The
mean squared slope is not treated as a constant in the fitting algorithm, but as one of the
parameters that needs to be estimated. With this algorithm, the SAMOSA+ retracker has the
ability to simultaneously fit the sharp waveforms generated by bright targets and the broad
diffuse waveforms generated over the ocean [Dinardo, 2020].

SAMOSA++

The SAMOSA++ retracker [Dinardo, 2020] refers to the SAMOSA-based pan-thematic
SAR retracker. Based on the SAMOSA+ retracker, the SAMOSA++ retracker adds new
information extracted from the Range Integrated Power (RIP) to the SAMOSA model. The
RIP is derived from the summation in the range direction of the beam stack map and reveals
the backscattering profile in the along-track direction. By fitting the RIP waveform using the
Gaussian model, the term Γk,l(0) of function Γ (Equation 25 in Ray et al. [2015]), the product of
the gain and the radar cross section, can be rewritten as the product of the RIP in along RIPaz
and RIP in across track RIPact directions [Dinardo, 2020]:

Γk,l(0) = RIPaz(xl) · RIPact(yk) (2.45)

Where xl is the along track coordinate and yk is the across track coordinate. Figure 2.19 il-
lustrates the contribution of Γk,l(0) derived from the RIP information to different shapes of
waveforms. Regardless of whether Γk,l(0) behaves as a circular Gaussian or possesses sharp
peaks, the SAMOSA++ retracker is always be able to cope with returned waveform shapes.

It should be added that the Gaussian model sometimes does not fit the RIP waveform due to the
relatively sharp shape of the RIP in the coastal regions. Instead, a functional model consisting
of a sum of four Gaussians is used to fit the RIP [Dinardo, 2020].
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Figure 2.18: CryoSat-2 SAR Echogram in the German Bight with a Land-Sea Transition [Dinardo, 2020]

Figure 2.19: Different Γk,l(0) Contributes to Different Shapes of Waveforms [Dinardo, 2020]
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2.4.2 DeDop

DeDop is an open source toolbox funded by the ESA. The DeDop tool processes Level-1A
product to a Level-1BS product and a Level-1B Product. Compared to the SARvatore service
product or standard official product, DeDop provides with additional setting options for Level-
1B processing. The DeDop tool comprises both a command-line interface, the DeDop Shell, and
a graphical user interface, the DeDop Studio. The main goal of the tool is to make it easy to
configure and run, and to provide some analysis functions to check and compare the Level-
1B results [DeDop User manual, 2021]. Because DeDop does not provide Level-2 product, this
thesis will not use DeDop to process the data.

Figure 2.20: Blockdiagram of DeDop
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Figure 2.21: A Snapshot from DeDop with Different Options that can be Configured
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Chapter 3

Fully Focused SAR

3.1 Introduction

As mentioned in Section 1.3.2, the duration of one burst cycle in SAR mode is 12.5 ms, or 80 Hz.
Since the delay-Doppler processing is specific to each burst (64 echoes within each burst), its
data rate is restricted to a maximum of 80 Hz. In recent years, the so-called fully focused SAR
(FF-SAR) has been applied to process CryoSat-2 and Sentinel-3 data. Compared to delay-
Doppler processing, FF-SAR is able to process different bursts with proper delay and phase
compensation, thus increasing the along-track resolution up to its theoretical limit, which is
half the antenna length. Furthermore, the effective number of looks (ENL) also rises with the
number of multilooks [Egido and Smith, 2017].

The brief introduction of processing steps following Egido and Smith [2017] is given. The
processing begins with the definition of illumination time, that is, to determine how much
data needs to be synthesized. The main purpose of FF-SAR processing is to align the delay
and phase of these radar echoes within the illumination time in order to coherently combine
them.

Based on the deramp-on-receive technique and considering that the satellite is moving during
the transmission and reception of the radar signals, the intermediate frequency (IF) or beat
signal is described with τ′ = τ − d as [Egido and Smith, 2017]:

sIF(t, η) = st(t− d) · sr(t, η)∗ (3.1)

= exp
(

2π j
(

fcτ′ − ατ′t +
α

2
τ′2
))

(3.2)

where

t : fast time
τ : slow time
fc : carrier frequency
α : chirp rate

vr : the relative velocity of the platform with respect
to the scatterer at the center of the radar pulse

d : delay of the transmitted signal
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Fast time refers to the different time slots composing a pulse repetition interval (PRI) and slow
time updates every PRI [Ilioudis, 2021]. Same as the delay-Doppler processing, RCMC is ap-
plied after an along-track FFT. The geometrical corrections are applied during the target illu-
mination time, the delay for any point can be described as [Egido and Smith, 2017]:

τ′(η) = γi + 2
δRi(η)

c
(3.3)

With γi is defined as the minimum two way travel time to the target referenced to the tracker
range and δRi(η) is a function of slow time for the range migration, which can be calculated
according to the satellite orbit positions [Egido and Smith, 2017]. By adding the range displace-
ment causing from the Doppler frequency shift, the total range cell migration is

δRi(η)− c fD(η)/α (3.4)

With fD(η) is the Doppler frequency and α is the chirp rate. Applying all the corrections to Eq.
(3.1), the corrected signal at ith scatterer on the surface is [Egido and Smith, 2017]:

si,RCMC(t, η) = si,IF(t, η) exp
(

2π j
(

2αδR(η)
c

− fD(η)

)
t
)

= exp
(

2π j
(

fcτ′i (η) + αγit +
α

2
τ′i (η)

2
))

The relative range phase (RRP) is defined as the first term on the complex exponential, which
amount to the phase rotation due to range migration.The second term is the continuous wave
(CW) phase. The third term on the complex exponential is the residual video phase (RVP).

After correcting the range cell migration, the range compression is implemented as a range FFT
in the cross-track direction, so that the proper phase correction can be applied in frequency
domain. The phase errors need to be analyzed in both RRP and RVP, where RVP effects are
removed by checking the position of the target in the complex radar map and RRP effects are
removed by applying the RRP couterrotation to the signal according to delay history. Finally,
the single-look waveform is obtained by summing over the range- and phase-aligned echoes
within the coherent processing time.

3.2 SMAP

SMAP is a standalone altimeter data processor written in Python 3 (3.7.3). It can accomplish
fully focused SAR processing (time-domain back-projection algorithm) for Sentinel-3 Level-1A
products. The program provides with different configurations to process Level-1A data.

The input data are standard Sentinel-3 Level-1A products, a configuration file, a LTM CAL2
ascii file, which is provided by program and available for both Sentinel-3A and Sentinel-3B,
and optionally a shapefile to restrict the processing to specified areas. The bounding box in
configuration file can also restrict the processing area. In addition to bounding box, the op-
tions consisting in configuration file are shown in Table 3.1. The output data includes the L1B
product and L2 product in NetCDF format.
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The program provides a sample configuration for hydrological study which is also shown in
Table 3.1. The study in this thesis focuses on zero padding and hamming window, so four
configurations are set up based on the default Hydro configuration, see Table 4.2.

Figure 3.1: Generation of Multilooks with FFSAR from One Data Block [Credit: CLS Team]

Illumination time

FF-SAR processing of SMAP runs on a data block consisting of a number of bursts and shifts the
bursts along the input file, processing the data in sequence (see Figure 3.1). The illumination
time defines the time of the synthetic aperture, i.e., the size of the data block. 2.3 s refers to the
180 bursts for one data block.

The along-track resolution between single looks is given by [CLS Team]:

δAlongTrack(SingleLook) =
0.886 · wavelength · altitudesat

2 · vproj · illumination time
(3.5)

where vproj is the satellite velocity projected on ground.

Posting Rate

Posting rate defines the along-track resolution between multi-looks, which is also the final
along-track resolution for the output data. The along-track resolution between multi looks
can be calculated by [CLS Team] as:

δAlongTrack =
vproj

posting rate
(3.6)

where vproj is round 8441 m/s. The along track resolution for output data with posting rate
640 Hz is about 13 m.
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Option name Option value Hydro
Processing

Name of one l1b processing ffsar_bp ffsar_bp

Name of l2 processing (retracker)
- OCOG_SAR
- PTR
- MultiPTR

- OCOG_SAR
- PTR
- MultiPTR

L1b options
Illumination time 0.08 - 2.3 [s] 2.3 [s]

Zero Padding 1, 2 2

Hamming Window in range
- No
- Yes

- Yes

Hamming Window in azimuth
- No
- Yes

- Yes

Posting Rate 20 - 17825 [Hz] 640 [Hz]
Extension Factor in range 1, 2 1

L2 options
Threshold for the OCOG retracker 0 - 1 0.8

Number of estimates
in the MultiPTR retracker

0 - 10 3

Table 3.1: SMAP Options

PTR and MultiPTR

A point target response (PTR) retracker is a numerical retracker using experimental algorithm
[Tourain et al., 2021]. PTR retracker fits the main peak of waveform by modeling the radar
PTR as a square sinc function. The model is appropriate for retraking single point waveforms
[CLS team]. MutliPTR retracker fits multi peaks of waveform with PTR retracking and indi-
cates the number of peaks to be retracked. The retracker return retracking parameters for each
individual peak.
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Chapter 4

Result and Discussion

In this chapter, the water level time series are generated over Itaparica, Mississippi and São
Francisco. Meanwhile, for each location, the waveforms of two selected points in this area
with different retrackers and different processing configurations are created. Three groups of
data are used in this chapter for comparison:
- the official product of Sentinel-3
- the SARvatore product of Sentinel-3
- the SMAP product of Sentinel-3

The official products are processed by program AltBundle+. AltBundle+ is a matlab-based
program developed by University Stuttgart using Level-2 products to generate water level time
series, outliers, radargram stack, etc.

For SARvatore product, there are 7 configurations with 4 retrackers (SAMOSA2, SAMOSA3,
SAMOSA+ and SAMOSA++). The configurations are listed as:

Option Name Inland
Water 80 Hz

Inland
Water 20 Hz

Default
80 Hz

Default
20 Hz

Hamming
Window

Zero
Padding

Range
Walk

Data Posting Rate - 80 Hz - 20 Hz - 80 Hz - 20 Hz 20 Hz 20 Hz - 20 Hz
Range Walk Correction - No - No - No - No - No - No - Yes
Hamming weighting

Window -Yes -Yes - No - No - Yes - No - No

Exact Beam-Forming - Approx. - Approx. - Approx. - Approx. - Approx. - Approx. - Exact
FFT Zero-Padding -Yes -Yes - No - No - No - Yes - No
Radar Receiving

Window Size
(range bins)

- 128X2 - 128X2 - 128 - 128 - 128 - 128 - 128

Table 4.1: SARvatore Config Options

For Itaparica, the configuration Inland Water 80 Hz and Inland Water 20 Hz are inherited from
configuration Inland Water from Table 2.1. And the configuration Default 80 Hz and Default
20 Hz are from configuration Official S3 in Table 2.1. The configuration Hamming Window,
Zero Padding and Range Walk are based on the configuration Default 20 Hz with correspond-
ing changes.

For SMAP product, the configurations are based on the configuration Hydro in Table 3.1. The
4 configurations are shown in the Table 4.2 below. Config 1 stands for the standard Hydro
configuration, which means with Zero Padding and Hamming Window in both range and
azimuth. Config 2 represents the configuration without Zero Padding and Hamming Window,
while Config 3 applies only Zero Padding and Config 4 applies only Hamming Window.



Chapter 4 Result and Discussion 44

Option name
Config 1

zp = 2, hm = 1
Config 2

zp = 1, hm = 0
Config 3

zp = 2, hm = 0
Config 4

zp =1, hm = 1
Zero Padding 2 1 2 1

Hamming Window
in range

- Yes - No - No - Yes

Hamming Window
in azimuth

- Yes - No - No - Yes

Table 4.2: SMAP Config Options

Each case study has a location map. First we compare the water level time series of each case
study under 5 different processing assumptions. Then we compare waveforms in different con-
figurations and retrackers in the same configuration. For Itaparica, we also provide additional
DDMs and RIPs of selected points in this area.

4.1 Itaparica
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Figure 4.1: Location of Itaparica

The water level time series from June 2016 to October 2020 are shown in Figure 4.2 to Figure 4.6.
Figure 4.2 shows the water level time series with different retrackers and same configuration
Inland Water 80 Hz using SARvatore. We can see that the overall trend of each result is same as
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in situ data, but there is a difference of about 1 m with the in situ data. Compared to in situ data,
the obtained results with 4 retrackers have a greater fluctuation. Specifically, the results for
SAMOSA+ and SAMOSA++ are more stable than those for SAMOSA2 and SAMOSA3. As can
be seen from the figures, at the beginning of 2019 and the beginning of 2020, both SAMOSA2
and SAMOSA3 provide results that differ from the reference value by about 3 m. Compared
to the results with different SAMOSA retrackers, the result of AltBundle+ with OCOG have
about the same performance until 2020. Starting in mid-2020, the result of official product with
OCOG falls exactly on the line of in situ data, while other results have a greater difference.

Figure 4.3 presents the results with different configurations in Table 4.1 and same retracker
SAMOSA++ using SARvatore. The results for all groups show the same trend for most of the
time, with the main differences in 2016 and 2020, and these poorer results are from groups SAR-
vatore Default 80 Hz (orange), SARvatore Default 20 Hz (purple) and SARvatore with Ham-
ming Window (grey). It can also be seen from the graph that between 2017 and late 2019, the
configurations SARvatore Default 20 Hz and SARvatore with Hamming Window (grey) lead
to a significant overestimation of water level, while the differences for the other groups are not
large.

Figure 4.4 represents the water level time series with different retrackers and same configu-
ration (with zero padding and hamming window) using SMAP. From the figure we can see
that MultiPTR2 and MultiPTR3 deliver generally better results than the other three groups. As
with SARvatore, the individual SMAP results also significantly differ from the in situ data af-
ter 2020, with a maximum difference of about 3 m. Figure4.5 shows the results with different
configurations and same retracker OCOG using SMAP. The configurations yield low disparity
in results, with all 4 configurations giving the same significant difference in results in late 2017
and early 2019. Figure 4.6 shows the difference between the best result of SARvatore and the
best result of SMAP. Compared to SARvatore and SMAP, official Product with OCOG offers a
better result.

Figure 4.7, Figure 4.8 and Figure 4.9 indicate the bias, RMSE and correlation for each config-
uration and each retracker, respectively. Overall, SARvatore’s results are better than SMAP’s.
The bias of SARvatore is between 0.65 m and 1.7 m, while the bias of SMAP is more than 3 m
for the other 4 retrackers except for OCOG which is around 1.2 m. In terms of SARvatore itself,
the Range Walk with SAOMSA2 offers the best result with the best RMSE 0.5138 m and the best
correlation 0.8103. And for SMAP, the best result is from Config 3 (zp=2 hm=0) with the best
RMSE 0.8549 m and the best correlation 0.7077.

Figure 4.10, Figure 4.11 and Figure 4.12 show the along track profiles of Itaparica.
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Figure 4.2: SARvatore with Different Retrackers (Config-Inlandwater 80 Hz) of Itaparica
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Figure 4.3: SARvatore with Different Configs (Retracker-SAMOSA++) of Itaparica
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Figure 4.4: SMAP-FFSAR with Different Retrackers but Same Config zp=2 hm=1 of Itaparica
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Figure 4.5: SMAP-FFSAR with Different Configs and Same Retracker OCOG of Itaparica
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Figure 4.7: Bias[m] with Different Configs and Different Retrackers of Itaparica (with Official OCOG 0.5299 m)
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Figure 4.8: RMSE[m] with Different Configs and Different Retrackers of Itaparica (with Official OCOG
0.3236 m)
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Figure 4.10: Along Track Profile of Itaparica with Official Product (Retracker: OCOG)
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Figure 4.11: Along Track Profile of Itaparica with SARvatore (Config: Default 20 Hz with SAMOSA++)
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Figure 4.12: Along Track Profile of Itaparica with SMAP (Config: zp=1, hm=0 with OCOG)
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Figure 4.13: DDM, Waveform and RIP of Point 1 with Different Configs (first)
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Figure 4.14: DDM, Waveform and RIP of Point 1 with Different Configs (second)
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Two points are selected to analyze the waveforms and retrackers, with their locations depicted
in Figure 4.1. The DDM, waveform and RIP of point 1 with different configurations using
SARvatore are represented in Figure 4.13 and Figure 4.14. From these plots, it can be concluded
that the resulting DDM can vary greatly depending on the steps taken to process the data, and
the resulting waveforms and RIPs are therefore very different.

The first point is located in the center of the lake. Figure 4.15 to Figure 4.17 show the wave-
forms of point 1 with different configurations. It can be seen that the waveforms generated by
different configurations are similar except for the Range Walk. And the positions of the peaks
are not the same for configurations expect for Inland Water 80 Hz and Inland Water 20 Hz.

Compared to other configurations, The option Extension Window of Inland Water 20 Hz and
Inland Water 80 Hz are set to 128× 2. The consequence of this is that the length of range bins is
doubled. In order to better compare waveforms, only the second half of Inland Water’s wave-
form is taken. Figure 4.18 and Figure 4.19 show waveforms with different configurations using
SMAP. Although the overall waveform trend is different for each configuration, the figures re-
veal that neither zero padding nor hamming window has significant effect on the position of
the waveform peaks. Figure 4.20 indicates the comparison of waveforms between SARvatore,
SMAP, and the official product. To make the comparison fair, the minimal configuration is used
for both. From the figure, we can see that despite using the same configuration, the waveforms
of the three are not identical, but the peak positions of SARvatore and official product are very
similar.

Figure 4.21, Figure 4.22 and Figure 4.23 represent the different retrackings for the official prod-
uct, SARvatore and SMAP. It is clear to see that the different retrackers offer very similar re-
tracker bins in case of official product and SARvatore, while in the case of SMAP, the retracker
bins have significant differences.

The second point is far away from lake Itaparica (see Figure 4.1), in that circumstances, neither
SARvatore nor SMAP offers meaningful results, therefore there is also no retracking result. On
the contrary, the official product works normally in this case and provides a waveform which
is then successfully retracked. Figure 4.24 to Figure 4.29 illustrate the waveforms with different
configurations and Fiugre 4.30 to Figure 4.32 represent the respective retracking.
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Figure 4.15: SARvatore Waveform with Config Inlandwater of Point 1 from Itaparica
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Figure 4.16: SARvatore Waveform with Default Config of Official S3 Product of Point 1 from Itaparica
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Figure 4.17: SARvatore Waveform with Different Settings versus the Official Waveform of Point 1 from Itaparica
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Figure 4.18: SMAP Waveform With and Without Hamming Window of Point 1 from Itaparica
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Figure 4.19: SMAP Waveform With and Without Zero Padding of Point 1 from Itaparica
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Figure 4.20: SARvatore Waveform versus SMAP Waveform of Point 1 from Itaparica
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Figure 4.21: Retracking for Official Waveform of Point 1 from Itaparica
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Figure 4.22: Retracking for SARvatore Waveform of Point 1 from Itaparica
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Figure 4.23: Retracking for SMAP Waveform of Point 1 from Itaparica
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Figure 4.24: SARvatore Waveform with Config Inlandwater of Point 2 from Itaparica
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Figure 4.25: SARvatore Waveform with Default Config of Official S3 Product of Point 2 from Itaparica
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Figure 4.26: SARvatore Waveform with Different Settings versus the Official Waveform of Point 2 from Itaparica
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Figure 4.27: SMAP Waveform With and Without Hamming Window of Point 2 from Itaparica
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Figure 4.28: SMAP Waveform With and Without Zero Padding of Point 2 from Itaparica
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Figure 4.29: SARvatore Waveform versus SMAP Waveform of Point 2 from Itaparica
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Figure 4.30: Retracking for Official Waveform of Point 2 from Itaparica
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Figure 4.31: Retracking for SARvatore Waveform of Point 2 from Itaparica
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Figure 4.32: Retracking for SMAP Waveform of Point 2 from Itaparica
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Figure 4.33: Location of Mississippi

For river Mississippi, the water level time series from June 2016 to October 2020 are generated.
For SARvatore, from Figure 4.34 it can be seen that different retrackers offers similar results for
the most of the time. Figure 4.35 shows that Range Walk generates a result which is significantly
different from the other configurations. For SMAP, Figure 4.36 reveals that retracker MultiPTR3
and MultiPTR2 offer poor results in comparison to other retrackers and Figure 4.37 shows no
distinct difference between different configurations except for mid-2017 and the end of 2019.

Figure 4.39, Figure 4.40 and Figure 4.41 describe the bias, RMSE and correlation for each config-
uration and each retracker, respectively. From the statistics, it can be seen that MultiPTR2 and
MultiPTR3 do not perform well compared to other configurations of SARvatore and SMAP.
The best of SMAP is Config 2 without zero padding and hamming window and with retracker
PTR. The results of SARvatore are all very similar. On all counts, the best among SARvatore
is Default 20 Hz with SAMOSA+. It is to be noticed that the correlations are clearly higher in
Mississippi compared to Itaparica, besides the biases and RMSEs between in situ station and
virtual station are not as large.

Figure 4.42, Figure 4.43 and Figure 4.44 show the along track profiles of Mississippi.
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Figure 4.34: SARvatore with Different Retrackers (Config-Inlandwater 80 Hz) of Mississippi
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Figure 4.35: SARvatore with Different Configs (Retracker-SAMOSA++) of Mississippi
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Figure 4.36: SMAP-FFSAR with Different Retrackers but Same Config zp=2 hm=1 of Mississippi
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Figure 4.37: SMAP-FFSAR with Different Configs and Same Retracker OCOG of Mississippi
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Figure 4.38: SARvatore versus SMAP of Mississippi



Chapter 4 Result and Discussion 62

InlandWater 80Hz InlandWater 20Hz Default 80Hz Default 20Hz Hamming Window Range Walk Zero Padding

SAMOSA+

SAMOSA++

SAMOSA2

SAMOSA3

0.9255

0.9194

0.6699

0.6686

1.041

0.7437

0.7861

0.7572

0.9141

0.8225

0.681

0.6901

1.044

0.881

0.8362

0.8127

1.031

0.8451

0.7586

0.7581

0.9641

0.6424

0.3831

0.4326

1.037

1.041

0.8464

0.8484

zp=2 hm=1 zp=1 hm=0 zp=2 hm=0 zp=1 hm=1

OCOG

PTR

MultiPTR1

MultiPTR2

MultiPTR3 4.416 4.101 5.304

0.6002

1.192

1.2

2.411

0.6788

1.209

1.246

2.429

0.632

1.179

1.203

1.797

2.751

0.6482

1.199

1.19

2.839

0.38

0.93

1.48

2.02

2.57

3.12

3.66

4.21

4.76

5.3 

[m
]

Figure 4.39: Bias[m] with Different Configs and Different Retrackers of Mississippi (with Official OCOG
0.4642 m)
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Figure 4.40: RMSE[m] with Different Configs and Different Retrackers of Mississippi (with Official OCOG
1.2426 m)
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Figure 4.41: Correlation of In situ Data with Different Configs and Different Retrackers of Mississippi (with
Official OCOG 0.9332)
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Figure 4.42: Along Track Profile of Mississippi with Official Product (Retracker: OCOG)
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Figure 4.43: Along Track Profile of Mississippi with SARvatore (Config: Default 20 Hz with SAMOSA++)
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Figure 4.44: Along Track Profile of Mississippi with SMAP (Config: zp=1, hm=0 with OCOG)
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Figure 4.45: SARvatore Waveform with Config Inlandwater of Point 1 from Mississippi
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Figure 4.46: SARvatore Waveform with Default Config of Official S3 Product of Point 1 from Mississippi

0 32 64 96 128 160 192 224 256

Range bins

0

0.2

0.4

0.6

0.8

1

N
or

m
al

iz
ed

 p
ow

er

For Range Walk, exact beam steering is applied
For other cases, no other parameters are set

Hamming Window
Range Walk
Zero Padding
Official

Figure 4.47: SARvatore Waveform with Different Settings versus the Official Waveform of Point 1 from Missis-
sippi
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Figure 4.48: SMAP Waveform With and Without Hamming Window of Point 1 from Mississippi

0 32 64 96 128 160 192 224 256

Range bins

0

0.2

0.4

0.6

0.8

1

N
or

m
al

iz
ed

 p
ow

er

SMAP with zp=1 hm=0
SMAP with zp=2 hm=0
Official

Figure 4.49: SMAP Waveform With and Without Zero Padding of Point 1 from Mississippi
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Figure 4.50: SARvatore Waveform versus SMAP Waveform of Point 1 from Mississippi
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Figure 4.51: Retracking for Official Waveform of Point 1 from Mississippi
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Figure 4.52: Retracking for SARvatore Waveform of Point 1 from Mississippi
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Figure 4.53: Retracking for SMAP Waveform of Point 1 from Mississippi
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Figure 4.54: SARvatore Waveform with Config Inlandwater of Point 2 from Mississippi
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Figure 4.55: SARvatore Waveform with Default Config of Official S3 Product of Point 2 from Mississippi
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Figure 4.56: SARvatore Waveform with Different Settings versus the Official Waveform of Point 2 from Missis-
sippi
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Figure 4.57: SMAP Waveform With and Without Hamming Window of Point 2 from Mississippi
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Figure 4.58: SMAP Waveform With and Without Zero Padding of Point 2 from Mississippi

0 16 32 48 64 80 96 112 128

Range bins

0

0.2

0.4

0.6

0.8

1

N
or

m
al

iz
ed

 p
ow

er

SMAP with zp = 1 hm = 0
SARvatore with Default 20 Hz
Official

Figure 4.59: SARvatore Waveform versus SMAP Waveform of Point 2 from Mississippi
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Figure 4.60: Retracking for Official Waveform of Point 2 from Mississippi
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Figure 4.61: Retracking for SARvatore Waveform of Point 2 from Mississippi

0 16 32 48 64 80 96 112 128
Range bins

0

0.2

0.4

0.6

0.8

1

N
or

m
al

iz
ed

 p
ow

er

Config:zp=1 hm=0

Tracker
OCOG of Official
OCOG of SMAP
PTR
MultiPTR1
MultiPTR2
MultiPTR3
SMAP waveform
Official waveform

Figure 4.62: Retracking for SMAP Waveform of Point 2 from Mississippi
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Two points in the river Mississippi are selected to represent their waveforms and retracker bins.
The first point is located in the center of the river and the second point at coast area (see Figure
4.33). By comparing Figure 4.45 and Figure 4.54, it can be seen that the waveforms from water
area and coast area are quite different. They both exhibit a small rise in front of the leading
edge of the waveform; the difference however is that the rise of waveforms in the water area is
relatively small, while the rise of waveform at coast area is relatively large. The result is that the
retracker bins are pretty much the same in the first case. And in the second case, the retracker
bins are much more different (see Figure 4.51 and Figure 4.60).

Figure 4.45 to Figure 4.46 represents the waveforms with different configurations for point 1.
Except for Range Walk, all other configurations present the same peak position of the wave-
form. Unlike point 1, the waveforms of point 2 are all different from each other (see Figure 4.54
to see Figure 4.47). Figure 4.48, Figure 4.49, Figure 4.57 and Figure 4.58 show also the same
peak position with differnt SMAP configurations for both point 1 and point 2.
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Figure 4.63: Location of São Francisco

For São Francisco, the water level time series of São Francisco are from November 2018 to April
2019. Figure 4.64 indicates that the results of SARvatore with different retrackers but same con-
figuration InlandWater 80 Hz are quite comparable most of times. For the second and the forth
point after 2019, the results and in situ data are roughly 0.5 m apart, while in the other four
months, the results and in situ data are nearly identical. Figure 4.65 demonstrates the result
from configuration of Range Walk differs from other configurations. And in case of SMAP,
Figure 4.66 reveals that the results of retracker MultiPTR2 and MultiPTR3 are pretty poor com-
pared to other retrackers unter the configuraiton with zero padding and hamming window.
And Figure 4.67 indicates the results of different configurations under same retracker OCOG
are fairly similar, and same as Figure 4.64, the results differ from the in situ data by roughly
0.5 m for the second and the forth point after 2019. Figure 4.68 represents the comparison be-
tween SARvatore and SMAP. It can be seen that overall SMAP results are not as impressive as
SARvatore, but in April 2019 provides with the result more close to in situ data.

Figure 4.69 to 4.71 demonstrate the statistics of water level time series. For SARvatore, the re-
sults of configuration Range Walk with different retrackers are not comparable to other results.
For SMAP, as can be seen from the statistics, the difference between the results of MultiPTR2
and MultiPTR3 is extremely high. The best performer comes from MultiPTR3 with config-
uration with zero padding but without hamming window, while other three configurations
provides the worst results in terms of Bias, RMSE and correlation. Figure 4.72, Figure 4.73 and
Figure 4.74 show the along track profiles of São Francisco.
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Figure 4.64: SARvatore with Different Retrackers (Config-Inlandwater 80 Hz) of São Francisco
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Figure 4.65: SARvatore with Different Configs (Retracker-SAMOSA++) of São Francisco
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Figure 4.66: SMAP-FFSAR with Different Retrackers but Same Config zp=2 hm=1 of São Francisco
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Figure 4.67: SMAP-FFSAR with Different Configs and Same Retracker OCOG of São Francisco
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Figure 4.68: SARvatore versus SMAP of São Francisco
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Figure 4.69: Bias[m] with Different Configs and Different Retrackers of São Francisco (with Official OCOG
0.4642 m)
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Figure 4.70: RMSE[m] with Different Configs and Different Retrackers of São Francisco (with Official OCOG
1.2426 m)
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Figure 4.71: Correlation of In situ Data with Different Configs and Different Retrackers of São Francisco (with
Official OCOG 0.9332)
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Figure 4.72: Along Track Profile of São Francisco with Official Product (Retracker: OCOG)
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Figure 4.73: Along Track Profile of São Francisco with SARvatore (Config: Default 20 Hz with SAMOSA++)
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Figure 4.74: Along Track Profile of São Francisco with SMAP (Config: zp=1, hm=0 with OCOG)
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Figure 4.75: SARvatore Waveform with Config Inlandwater of Point 1 from São Francisco
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Figure 4.76: SARvatore Waveform with Default Config of Official S3 Product of Point 1 from São Francisco
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Figure 4.77: SARvatore Waveform with Different Settings versus the Official Waveform of Point 1 from São
Francisco
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Figure 4.78: SMAP Waveform With and Without Hamming Window of Point 1 from São Francisco
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Figure 4.79: SMAP Waveform With and Without Zero Padding of Point 1 from São Francisco
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Figure 4.80: SARvatore Waveform versus SMAP Waveform of Point 1 from São Francisco
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Figure 4.81: Retracking for Official Waveform of Point 1 from São Francisco
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Figure 4.82: Retracking for SARvatore Waveform of Point 1 from São Francisco
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Figure 4.83: Retracking for SMAP Waveform of Point 1 from São Francisco
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Figure 4.84: SARvatore Waveform with Config Inlandwater of Point 2 from São Francisco
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Figure 4.85: SARvatore Waveform with Default Config of Official S3 Product of Point 2 from São Francisco
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Figure 4.86: SARvatore Waveform with Different Settings versus the Official Waveform of Point 2 from São
Francisco
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Figure 4.87: SMAP Waveform With and Without Hamming Window of Point 2 from São Francisco
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Figure 4.88: SMAP Waveform With and Without Zero Padding of Point 2 from São Francisco
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Figure 4.89: SARvatore Waveform versus SMAP Waveform of Point 2 from São Francisco
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Figure 4.90: Retracking for Official Waveform of Point 2 from São Francisco
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Figure 4.91: Retracking for SARvatore Waveform of Point 2 from São Francisco
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Figure 4.92: Retracking for SMAP Waveform of Point 2 from São Francisco
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For São Francisco, two points are selected to present their waveforms and retracker bins (see
Figure 4.63). Same as for Mississippi, one point in the water area and the other one at coast
area. The waveforms produced by the two points of the Mississippi river are not quite similar,
and in the case of the São Francisco, the waveforms of the two points are essentially the same
(See Figure 4.80 and Figure 4.89). For point 1, the waveforms generated by 80 Hz or 20 Hz have
no difference (see Figure 4.75 and Figure 4.76), while the peaks of waveforms of point 2 vary in
Figure 4.84 and Figure 4.85. Same as the first two case studies, the generated waveforms from
SMAP show no significant difference (see Figure 4.78, Figure 4.79, Figure 4.87 and Figure 4.88).
From Figure 4.80 and Figure 4.89 it can be seen that the peaks of waveforms of SARvatore and
SMAP are at same location.

For retracker bins, it is apparent that the official product preforms better than SARvatore and
SMAP. For both SARvatore and SMAP, all retracker bins are at least 4 bins away from their own
peaks, which is more in line with the official product waveform (see Figure 4.81 to Figure 4.83
and Figure 4.90 to Figure 4.92).
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Chapter 5

Conclusion

With the development of the satelite altimetry, the measurement principle has evolved from the
pulse-limited concept to the now widely applied delay-Doppler principle. Now, the altimetry
community is more focused on the improvement of processing steps and the using of fully-
focused SAR to obtain more precise results for inland areas. This thesis reviewed the general
steps of Level-1B processing and retracking methods for Level-2. Different processing steps of
Level-1B and different retracking methods of Level-2 yield different waveforms, retrackings,
and therefore, water level estimations.

To study the influence of these configurations, two applications are used in this thesis, which
are SARvatore for delay-Doppler altimetry and SMAP for fully-focused SAR. Furthermore,
both applications can employ different retracking methods. With Sentinel-3 data, the water
level time series, waveforms and retracker bins of three case studies are considered for com-
parison.

Our results reveal that the situation in inland areas is much more complicated than expected.
For SARvatore, in most examples, the waveforms generated by the 80 Hz and 20 Hz configura-
tions are similar, so the difference in water level comes mainly from the application of different
retracking methods. In various configurations, Inland Water 80 Hz configuration performs rel-
atively consistently, with decent results in all three case studies. Compared to the Hamming
window and zero padding, the range walk exhibits a significant difference in RMSE in the
various locations with different retrackers; For river Mississippi and river São Francisco, the
difference between the best and worst results is more than 0.5 m. Moreover, the waveforms of
the range walk are quite different from the waveforms produced by the other configurations.
As for SAMOSA retrackers, sometimes the same retracker bins are given (see Figure 4.22), and
on other occasions the results given differ by four bins (see Figure 4.61). In terms of water level
time series, the best performers are obtained by SAOMSA+ under Inland Water 80 Hz.

Although the along-track resolution was increased from 300 m to 13 m through the application
of SMAP, the results did not improve significantly, and in some cases, were not even as use-
ful as the ones from SARvatore and official products. For SMAP, the different configurations
—specifically, with or without zero padding or the Hamming window—had very little impact,
with more differences mainly coming from the different retracking methods. As for SMAP’s
retracking method, it is difficult to conclude which one performs best. In the study, it even
appeared that the best-performing retracker (MutliPTR3) for the water level time series at the
first location performed the worst at the second case study.
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In summary, the following conclusions can be drawn:
- Different configurations and retracking methods can significantly affect the shape of wave-
forms and their derived range.
- According to this study’s experiments, Inland Water 80 Hz with SAMOSA++ offers the best
performance
- Our results show that FF-SAR does not bring a significant improvement when applied to
Sentinel-3 data.

With the commissioning of Sentinel-6 Michael Freilich, researchers can expect the data to be
used in the future for FF-SAR and to present better results than those of Sentinel-3.

It is suggested that more effort be devoted to investigating the internal algorithms of the Level-
1B processing and the reatracking, especially SMAP retrackers, as the community is less famil-
iar with them. Doing so will allow a clearer interpretation of the generated waveforms under
different configurations can be given.
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