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ABSTRACT

In the processing of data acquired by conventional radar altimeters,
algorithms designed to compute elevation of signal backscatterers as-
sume that the point closest to the satellite antenna is the nadir point.
While this is a valid assumption over the oceans, it is often not valid in
non-oceanic surfaces. Radar altimetry data acquired over ice sheets,
for instance, are dominated by multiple scatterers off-nadir to the
satellite, which implies that more than one scattering surfaces in the
radar footprint contribute to the received signal. A SAR/Interfero-
metric Radar Altimeter, which is the primary payload of CryoSat, al-
lows the geolocation of an off-nadir scatterer by recording the receiv-
ing signal in two distinct receiving antennae separated by a baseline
of 1.2 m. In recent studies on ice sheet elevation changes based on
CryoSat data, however, only one scatterer is ‘tracked’. Hence, the full
potential of the backscattered signal is not exploited. In this study,
we design an algorithm that enables elevation estimation and ge-
olocation of multiple off-nadir scatterers within the radar footprint
from CryoSat Level 1b waveforms. With the results obtained by our
CryoSat level 2 data processor, we obtain elevation change measure-
ments over a part of the Jakobshavn Isbree (or the Jakobshavn drainage
basin) at West-Greenland. Our algorithm provides about twice as
much retracked elevations compared to the number of elevations
from the CryoSat ESA level 2 products, and hence a better spatial
sampling of the elevation change signal.
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INTRODUCTION

The year 2014 (an EI-Nino neutral year) is found to be the warmest
year in the instrumental record (Cole, 2015) (since 1880). The Earth
has warmed by 0.8 degrees Celsius since the first year of the instru-
mental record, which has caused accelerated melting of our planet’s
ice sheets. With such cause-and-effect running in motion, it is neces-
sary to understand how climate change dynamics affect the Cryosphere
of our planet. Ice sheets have proven to be an important area of study
to analyse the consequences of Anthropogenic Global Warming and
to forecast their contribution to the future climate change scenario.
The large scale hydrological activity ongoing in ice sheets is a fun-
damental starting point in their study. Inland precipitation causes the
accumulation of snow, which gets compacted due to its weight and
forms a denser ice base. The residual accumulated ice flows from the
inland to the coast through gravity and exits the ice sheet as glacial
flow. This cycle is maintained via inland re-precipitation, which is
recharged by evaporation from the ocean. These set of natural phe-
nomena maintain a balance between the incoming precipitation and
outgoing runoff via marine terminating glacial flow. With warming
of our Earth, there is a feedback mechanism that causes increased
inland precipitation and glacial flow, and increased coastal losses. In
fact, a net contribution of 19 to 30 millimeters to the Sea Level Rise
(SLR) from four dominant marine terminating glaciers of Greenland
has been forecast by the year 2200 (Nick ef al., 2013). In particular the
Greenland Ice Sheet (GrIS) is an interesting area for monitoring ice
melting because accelerated melting of the GrIS not only causes sea
level rise but also weakens the Meridional Overturning Circulation
(MOC). This has much more widespread consequences to regional
and global climates (Hua ef al., 2011). The GrIS thinning can have po-
tentially disastrous implications for settlements situated in the coastal
regions. Hence, a system for continuous and accurate monitoring of
ice sheets with a high spatio-temporal sampling needs to be realised.
Among a variety of parameters like temperature, wind, flow veloc-
ity, albedo, etc., probably the most important parameter necessary
to understand the dynamics of ice sheets is topography (Remy &
Parouty, 2009). Without the information of topography of the en-
tire ice sheet, physical ice flow models, for instance, cannot be con-
strained. The topography of the exterior of ice sheets is quite vari-
able. This poses the challenge; to be able to obtain elevation profiles
over the entire ice sheet continent with a significant spatial sampling
rate. Also, data acquisition should not be hindered by the presence
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of clouds, which are quite common over ice sheets. Because satellite
radar altimeters are unaffected by the presence of clouds, radar al-
timetry is a very robust technique to monitor ice sheets. Conventional
satellite radar altimeters are pulse limited, such as ERS 1 launched
in July 1991, ERS 2 launched in April 1995, and Envisat in March
2002. From the SeaSat mission in 1978, the GeoSat mission (1985-
1990), to the Envisat mission (2002 - 2012), pulse limited altimeters
have provided ice sheet elevation profiles, which have contributed to
our understanding of ice sheet dynamics. For instance, the ERS mis-
sion helped determine a thinning of coastal Greenland by -2.0+0.9
cm/year and a thickening of the inland by 6.4 + 0.2 cm/year, over
a period from 1992-2003 (Johannessen ef al., 2005). Another excellent
example of the resourcefulness of satellite radar altimetry is the map-
ping of active subglacial lakes by McMillan et al. (2013).

The concept of altimetry is quite simple - the satellite sends a signal
which bounces off a surface scatterer within the satellite footprint and
is received at the satellite. This received signal is recorded and from it
the two way travel time is derived, which is used to obtain the range
information of scatterer to the satellite. With the orbital information of
the satellite, the position and elevation of the scatterer are estimated.
However, conventional altimetry provides the user with data with a
low spatial resolution since instruments generally have a beam foot-
print in the order of 10-20 km. The elevation that is computed from
the two way travel time of the signal is conventionally assigned to the
nadir point, as there is no way of locating the actual position of the
scatterer within the footprint. With such coarse measurements it is un-
reliable to compute elevation changes as the user might be computing
elevation changes between two different scatterers lying within the
same footprint in two distinct satellite passes. This, in particular, oc-
curs over coastal regions of ice sheets, where the topography is very
variable. Raney (1998) presented a novel radar altimeter concept that
resulted in more accurate data with a higher along-track resolution.
The so called delay/Doppler altimeter utilises the multi-looking con-
cept of side-looking Synthetic Aperture Radars. Due to this ‘multi-
looking” and coherent averaging of ‘bursts’ of Radar backscattering
pulses according to their Doppler frequency, the variance of elevation
estimates is reduced. This kind of altimetry was first realised in the
CryoSat mission’s Synthetic Aperture Radar Interferometric Altime-
ter (SIRAL) instrument, which has a beam footprint of 15 km in the
across track direction and 300 m in the along track direction in two
of its three modes.

The general ice sheet topography is marred with crests, troughs,
rough terrain in the ice sheet exteriors, and sloping terrain. This
causes a large ambiguities while using conventional altimetry for
computing elevation of surface scatterers over ice sheets. This is be-
cause the primary assumption made in conventional altimetry is that



1.1 A HISTORY OF SATELLITE RADAR ALTIMETRY AND RETRACKING ALGORITHMS FOR ICE SHEET M(

the point-of-closest-approach to the satellite (POCA) is the nadir point.
Because of this, the computed elevation is assigned to an incorrect
point on the ellipsoid. To solve this problem, a phase monopulse al-
timetry technique was proposed by Jensen (1995) that utilised two
different antenna to receive the backscattered signal. The phase dif-
ference between the two antennae provided the direction of the scat-
terer with respect to the antenna’s pointing direction (or boresight).
This contribution was the first one that did not need an additional
reference DEM to resolve the effects of cross track slope in the re-
ceived waveform. It was a significant breakthrough that led to the
development of the CryoSat mission.

The launch of CryoSat-2 in 2010 has marked the beginning of an
entirely new type of satellite radar altimetry (Wingham et al., 2006).
With an orbital inclination of 92 degrees, the CryoSat mission pro-
vides near global coverage with a large track density in the higher lati-
tudes. The CryoSat mission is the first satellite mission to be equipped
with a delay-doppler altimeter along with a secondary receive an-
tenna to provide interferometric measurements that allows the de-
termination of receive angles of the scattered waveforms. This satel-
lite altimetry mission is equipped with three altimeter modes - the
Low-Resolution mode (LRM), the Synthetic Aperture RADAR mode
(SARM) and the Synthetic Aperture Radar Interferometric mode (SAR-
InM). The principal innovation in the CryoSat mission is the SAR/In-
terferometric Radar Altimeter (SIRAL), that combines a delay /Doppler
SAR altimeter with phase monopulse interferometry. With these tech-
nologies, the SIRAL instrument is able to provide information about
the position and elevation of the scatterer in the SAR footprint.

The conventional radar altimeter paradigm is to obtain one eleva-
tion measurement per received waveform. While this has been the
prevalent practice, with the advent of CryoSat, it is now possible to ge-
olocate multiple scatterers. This project documents a novel technique
in elevation retrieval of scattering surfaces which utilises the full ca-
pabilities of the SARIn mode of the SIRAL system of the CryoSat mis-
sion. The following sections will discuss the research work leading
to the inception of this project, the research objectives and questions
driving this research.

1.1 A HISTORY OF SATELLITE RADAR ALTIMETRY AND RETRACK-
ING ALGORITHMS FOR ICE SHEET MONITORING

The very short 106-days mission of the SeaSat-1 satellite in 1978 pro-
vided valuable satellite altimetry data over continental ice sheets. A
radar return pulse waveform is a record of the returned pulse power
with respect to the time of receive. The SeaSat-1 altimeter was de-
signed to record the shape of the leading edge of the return pulse
waveform. This objective was partly achieved by utilising a low band
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pass filter, dubbed as the alpha-beta tracker, that maintained the lead-
ing edge of the return pulse waveform. While this was accomplished
over ocean surfaces and ice sheets with a topographical slope of less
than 1°, the tracker failed to locate the leading edge of the return
pulse at the center of the waveform from areas of high topographical
variability. This lead to a departure of the leading edge of the received
waveform and the tracker position in the return waveform. Martin
et al. (1983) developed a set of routines that located this departure
from the tracking bin. This method was known as "retracking’, which
re-located the position of the leading edge of the return pulse with
respect to the position of the tracking bin. They showed that retrack-
ing radar waveforms that were generated from received backscattered
signal could improve SeaSat-1 satellite range measurements over ice
sheets by 10 m (Martin ef al., 1983). The concept of leading edges and
radar waveforms are discussed in Chapter 2 and Chapter 3.

One of the interesting observations that Martin ef al. (1983) made
in their study was the existence of multiple ‘ramps’ in the received
power, which was identified as off-nadir pulse interactions. A ramp or
a peak in the received pulse waveform corresponded to an increase in
the returned power due to the receiving of backscattered signal from
a surface scatterer lying in the radar footprint. The fact that they ob-
served more than one peak was indicative of multiple scatterers in the
radar footprint. Although their algorithm did not geolocate these mul-
tiple peaks, it was the first approach that took this phenomenon into
account and retracked multiple scatterers. Their retracking algorithm
was adopted by NASA'’s Ice Altimetry Group as the NASA GSFC V4
algorithm.

Martin et al. (1983) pointed out that return waveforms over ice
sheets were not spatially consistent and were dominated by errors
due to, (i) sloping surfaces, (ii) off-nadir reflections, (iii) undulating
surfaces with variations in similar spatial scales as the radar foot-
print, and (iv) dynamic lag of altimeter tracking circuit, primarily
due to variable topography. In elevation change studies, it is critical
to correct for such sources of error, and geolocate the scatterers as
accurately as possible to avoid incorrect elevation change estimates
(dH/dt) (Hurkmans et al., 2012a). In particular, sloping surfaces are
a primary cause of errors in elevation estimates as the POCA is up-
slope and not at the nadir point, and the elevation corresponding to
it is assigned to the nadir point. To tackle this problem, three pop-
ular techniques were designed (Bamber, 1994), (i) The ‘Direct tech-
nique’ designed by A.C. Brenner (1983), (ii) The "Relocation method’
designed by A.C. Brenner (1983), and (iii) The ‘Intermediate tech-
nique’ designed by F. Remy & Minister (1989). In summary, the di-
rect method applies no correction to the position, the intermediate
method applies no correction to the range but to the position. The
relocation method applies a correction to both range and position
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(Bamber, 1994). All three methods used a-priori information of the
slope via a reference DEM, and hence the quality of their results was
dependent on the quality of the DEM. Note that this is resolved with
the phase monopulse approach by Jensen (1995), which does not rely
on an external apriori source of information.

Radar return waveforms are usually noisy, which significantly af-
fect the fit of an analytical model through the received waveform.
With the launch of ERS-1 and ERS-2, ESA’s primary algorithm devel-
oped was the Offset Center Of Gravity (OCOG) algorithm (Wingham
et al., 1986). This was the first retracking algorithm that did not fit an
analytical model through the received data, and hence was a more
robust approach in processing received radar waveforms. It located
the leading edge of the waveform by offsetting the position of the
center of gravity of the received waveform. This method is discussed
in Chapter 3 and is one of the methods implemented in this study.

One of the critical factors that need to considered in using radar
signals over ice sheets is its penetration into the ice. A Ku-band (wave-
length of 2.3 cm) radar signal can penetrate several meters into the ice,
causing multiple reflections from the surface of the ice and the sub-
surface layering. Such a ‘multipath” effect results in both surface and
volumetric backscattering and was first observed by Ridley & Part-
ington (1988). There was a need to design a retracking method that
took into account this ability of radar signals. Davis (1993) developed
the first re-tracking algorithm that took into account the penetration
of radar signal into the ice, for ice sheet satellite radar altimetry. This
algorithm employed a non-linear combined surface and volume scat-
tering model that was fit through the waveform using an iterative
least-squares approach. However, fitting a model through noisy re-
ceived waveforms can result in incorrect results.

Davis marked a need for consistent techniques that ensured a re-
peatable retracking point in the waveform to reduce the likelihood
of errors and biases appearing in the computed elevation. He intro-
duced a new empirical algorithm known as the threshold retracking
algorithm that provided more repeatable results when compared to
the OCOG and V3 algorithms (Davis, 1997). The threshold algorithm
is similar to the OCOG algorithm in the sense that both of them
do not employ an analytical model into their leading edge compu-
tation. However, the threshold retracking algorithm was superior, in
the sense that it provided the user with the control to choose the kind
of threshold at which waveforms could be retracked in a consistent
manner. This new algorithm was adopted by NASA over the GSFC
V4 algorithm. Due to the flexibility and robustness of the threshold
retracker, it is commonly used to retrack waveforms over ice sheets
for elevation change studies (Brenner et al., 2007).

All satellite radar altimeters launched before CryoSat were not equipped
with a dual receiving system that made it impossible to correct for
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slopes without apriori information of the topography within the radar
footprint. The SIRAL altimeter enables the geolocation of off-nadir
scatterers on sloping terrain, at a higher spatial resolution, without
the use of an apriori information source. This feature is the primary
technology that makes the CryoSat mission a reliable remote sensing
system to monitor ice sheets. Currently, it is the only satellite mission
that is designed to monitor polar regions since the loss of the ICESat
mission in 2009 and the ENVISAT mission in 2012. McMillan et al.
(2013) demonstrated the ability of the CryoSat mission to monitor
subglacial lake volume changes. They combined data from the ICESat
mission and the CryoSat mission to monitor the surface depression
of Antarctic subglacial Lake Cookg,, which was reported to lose be-
tween 2.9-6.4 km? of water during a flood event between 2007-2008.
This observation was made possible due to the SARIn mode of the
SIRAL instrument, which enabled McMillan et al. (2013) to observe
the progression of the flood event with detailed 3-D mapping.

One of the most significant contributions towards ice sheet mon-
itoring with CryoSat was that of Helm et al. (2014), who created
a DEM with their novel Threshold First Maximum Retracking Al-
gorithm (TMFRA). From their algorithm, they provided elevation
change information between 2011 to 2014 over Greenland and Antarc-
tica, and over the Jakobshavn Isbraein the south-west coast of Green-
land (Helm ef al., 2014). Their study demonstrated the important role
the CryoSat mission played in observing the polar regions of the
Earth. With the support of processing techniques developed by Helm
et al. (2014), Wouters et al. (2015) provided direct evidence of glacial
thinning in the Southern Antarctic Peninsula.

The contribution on CryoSat that drives the motivation of this study
was provided by Gray ef al. (2013), who explored the possibility of
utilizing data in the return waveform that corresponded to scatterers
beyond the POCA within the radar footprint. They reported a swath
processing method that resulted in height measurement beyond the
POCA for an average cross track slope between 0.5° —2°. Their results
increased the data volume by an order of 2 magnitude (Gray et al,,
2013). This result motivates this study, in which we attempt to re-
track scatterers beyond the POCA.

1.2 RESEARCH OBJECTIVE AND RESEARCH QUESTIONS

This study aims to fully utilize CryoSat data to extract information
about multiple scatterers within the radar footprint over ice sheets
exteriors. In doing so, it is needed to come up with a technique or
a modification that looks at the entire received waveform, identifies
possible peaks in the waveform that may represent multiple distinct
scatterers in the radar footprint, and retracks them separately to ob-
tain the information of satellite range to these different scatterers. For
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this, the SARIn mode needs to be incorporated so that these distinct
scatterers are located at different positions along the swath of the
satellite. It is expected that a successful development of such a pro-
cedure may increase the amount of data points within the region of
interest. To study the impact of such an algorithm, elevation change
studies are conducted, and the results are compared with the out-
come of the CryoSat Level 2 Processor developed by the European
Space Agency. So, our primary research objective is,

To Design an algorithm that utilizes the entire return echo data of CryoSat
to study ice sheet elevation changes.

From this objective, three research questions are proposed.

1. Can a retracker process CryoSat SARIn waveforms to retrieve multiple
elevation estimates per waveform?

This question drives the designing phase of the project. To re-
track SARIn waveform peaks from multiple scatterers, we will
design a subwaveform retracker modification, that will be im-
plemented over existing retrackers. This subwaveform retracker
is coupled to a brute force interferometric processing algorithm
that takes into account ambiguities in phase due to surface to-

pography.

2. How does the proposed retracking scheme compare to the available
Level 2 CryoSat SARIn data products from ESA?

To assess the impact of the proposed method, we will compare
our results to those from the CryoSat ESA Level 2 products over
the same region of interest. Our selected region of interest in
the Jakobshavn Isbrae, which lies on the south-west coast of the
Greenland ice sheet.

3. What is the impact of applying this developed technique in studying
ice sheet elevation changes?

To compute elevation changes over the period that the baseline
B data are available (July 2010 to March 2015) over the Jakob-
shavn Isbree we adopt the method developed by Wouters ef al.
(2015). For assessing the performance of the designed retrack-
ers, we choose the Jakobshavn Isbrae as our region of interest
because:

i) CryoSat SARIn data from 2010 to 2015 is quite large and
vastly increases the computation time in comparison to
choosing a smaller area like the Jakobshavn Isbree instead
of the entire coastal zone of Greenland.

ii) Jakobshavn Isbree experiences a large magnitude of losses
that have been scientifically well documented and observed
with the help of remote sensing systems like an airborne
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and space-borne lidar, satellite gravity missions, radar al-
timetry, etc.

We also compute elevation changes from CryoSat level 2 data
using the same method, and compare them with our results.

1.3 OUTLINE

In Chapter 2, we discuss the innovations of the SIRAL altimeter and
explain how the received waveforms look like. We introduce some
example waveforms that were recorded over ice sheets.

In Chapter 3, we discuss the concept of retracking. The different
retrackers used in this study are introduced, and the developed sub-
waveform retracker modification is discussed. After that, we intro-
duce the interferometric processing and geolocation algorithm that
was implemented along with the designed retracking approach. We
include the entire flow diagram of the routines implemented in this
study.

In Chapter 4, we discuss the results of these retrackers and compare
them to the Level 2 CryoSat data products from ESA.

In Chapter 5, we conclude by answering the research questions
and the research objectives and provide recommendations for future
research.



CRYOSAT: THE MISSION, ITS MODES AND ITS
PRODUCTS

Satellite radar altimetry is the remote sensing technique to measure
the range of the surface to the satellite using by measuring the time
taken for a microwave signal to travel from the satellite to the surface
and back. This two-way travel time is necessary to compute the ele-
vations of surfaces with respect to the WGS 84 ellipsoid. The latter
requires precise time-keeping along with a very specific knowledge
of the satellite’s orbital position and altitude with respect to a specific
reference ellipsoid. The orbital information is obtained with the help
of orbit determination systems like DORIS, which uses a network of
50 ground beacons over the entire world. These beacons transmit sig-
nals to a satellite’s Doris receiving antenna and utilise the Doppler shift
of signals to provide very precise orbital position.

The pulses emitted by these altimeters illuminate a nearly circular
area on a flat surface, known as the footprint of the altimeter. The
beam-limited footprint of a satellite radar altimeter is described by the
following equation,

D = 2htan(6/2), (1)

where D is the footprint diameter, h is the altitude of the satellite
with respect to the ellipsoid, and 0 is the 3 dB beamwidth of the
antenna. The beam-limited footprint of a satellite radar altimeter at a
height of 717 km and with a 3 dB beamwidth of approximately 1.2
degrees is around 15 km. The footprint of a satellite radar altimeter
determines the spatial resolution of the data; the larger the footprint,
the lower the spatial resolution. Hence, radar altimeter footprints of
15 km do not provide sufficient resolution to monitor topography,
like ice sheets, which have a high topographical variability within
the footprint, even though such a footprint can provide sufficient res-
olution to monitor a relatively invariant topography, like the ocean
surface. In monitoring the entire globe, the SIRAL altimeter onboard
the CryoSat mission is the first of its kind that utilises a multi-mode
approach to provide sufficient spatial resolution over areas with topo-
graphical variations in the sub-kilometer scale.

This chapter provides an overview of the CryoSat mission, describes
the SIRAL altimeter in comparison to conventional altimeters, and
gives examples of its data over ice sheets.
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2.1 THE CRYOSAT MISSION: A BRIEF LOOK ON THE TECHNICAL
DETAILS

The CryoSat-2 mission (Figure 1), hereafter just referred to as CryoSat,
was launched on April 8, 2010, for an intended mission life of three
years and eight months. The satellite has a non sun-synchronous low
Earth orbit at an approximate altitude of 717 km above the WGS84
ellipsoid, an inclination angle of 92°, and a repeat orbit of 369 days
with a 30-day sub-cycle. The goals of the mission are: i) recovering
regional and basin-scale trends in Arctic sea ice thickness and total
mass, and ii) estimating the contribution of shrinking of Antarctic
and Greenland ice sheets to the global sea level. The secondary goals
of the mission are: i) observation of the seasonal and interannual vari-
ability of Arctic and Antarctic sea ice thickness and mass, and ii) ob-
servation of variations in thickness of ice caps and glaciers (Wingham,
1999). These goals are facilitated by:

1. An orbital inclination of 92°, which provides coverage of up to
+88° latitude. This inclination angle is particularly beneficial
to monitor Greenland and Antarctica, as the orbital inclination
facilitates a much denser network of satellite tracks at higher
latitudes.

2. The onboard state-of-the-art altimeter (SIRAL), which operates
incorporates delay/Doppler altimetry and phase monopulse in-
terferometry over coastal regions of ice sheets with a footprint
size of 0.3 km in the along-track direction and 15 km in the
across-track direction (Wingham et al., 2006). This altimeter pro-
vides data with a higher spatial resolution in the along-track
direction, which is an important feature to monitor ice sheets.
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Figure 1: A picture of the CryoSat-2 satellite. The most pronounced feature
of the CryoSat satellite is its two SIRAL antenna. Image obtained
from www.esa.int.

2.1.1  The SIRAL instrument: A brief insight into the altimeter modes

SIRAL, or SAR/Interferometric Radar Altimeter, is the principal in-
strument onboard the CryoSat satellite. It has three modes of oper-
ation. The mode of operation depends on the area above which the
satellite flies. The three modes of operation are: (i) the Low Resolution
Mode (LRM), (ii) the Synthetic Aperture Radar Mode (SARM), and
(iii) the Synthetic Aperture Radar Interferometric Mode (SARInM).
Table 1 provides all relevant parameters of the SIRAL instrument. A
map of the CryoSat mode mask is provided in Figure 2.


www.esa.int
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Figure 2: This Geographical mode mask of CryoSat for 2014 over the entire
world shows the regions of SAR mode (green), the SARIn mode
(purple) and the LRM mode (red) acquisitions. Image obtained
from ESA.

2.1.1.1 Low Resolution Mode

The LRM is the conventional altimetry mode of the satellite and re-
sults in an approximate footprint size of 15 km. This wide footprint is
sufficient over open oceans and the interior of ice sheets where the to-
pography is usually smooth. The LRM mode utilises a single antenna,
and transmits a 13.575 GHz signal with a 350 MHz bandwidth at a
Pulse Repetition Frequency (PRF) of 1.971 kHz, which corresponds
to a Pulse Repetition Time of 507 ps. The length of the pulse is 49
us. This means that at a height of 717 km, the instrument in the LRM
transmits a pulse that is received approximately 4.78 ms later. Only
44.8 ps of the return echo is recorded, which reduces the receiver
bandwidth to 320 MHz. The processed LRM data covers a range win-
dow of 60 m for each return echo, sampled over 128 bins with a bin
width of approximately 0.47 m. Because the LRM has a very large
footprint, it is not suitable for the coastal margins of the ice sheets
and sea ice measurements.
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Table 1: The parameters are: i) f frequency in GHz, ii) Bieceive the received
bandwidth in MHz, iii) PRF, the pulse repetition frequency in kHz,
iv) tpulse is the pulse duration in ps, v) Npips is the number of bins
in the waveform, vi) 3 dB Angle is the look angle in degrees (along
track x across track), vii) d is the footprint size (along track, across
track), and vii) Ay, is the length of the range bin sample (in meters).

LRM SARM SARInM
f (GHz) 13.575 13.575 13.575
Breceive (MHZ) 320 320 320
PRF (kHz) 1.97 18.181 18.181
tpuise (HS) 44.8 44.8 44.8 s
Nbins 128 128 512

3 dB Angle (in degrees) 1.0766 x 1.2016 1.0766 X 1.2016  1.0766 X 1.2016

d (km) 15 0.3 0.3
15 15
Ay (m) 0.4686 0.2342 0.2342

2.1.1.2  Synthetic Aperture Radar Mode

The SAR mode employs delay/Doppler or SAR altimetry developed by
Raney (1998). In this mode, 64 pulses are transmitted in bursts at a
PRF of 18.181 kHz and a Burst Repetition Frequency (BRF) of approx-
imately 87.5 Hz. At a height of 717 km, these bursts are received 4.78
ms later. These received echoes from a single burst are processed at
the processing facility, where single-look waveforms are generated for
received pulses from 300 m strips in the along-track direction. These
single look waveforms are combined to create a multi-looked wave-
form for that 300 m strip.

The along-track footprint width Ax in delay/Doppler or SAR altime-
try can be calculated using the,

1 hA

AX= —
Ng 2Vs,c Tprr

(2)

where A represents the pulse wavelength, Vs ¢ represents the ve-
locity of the satellite along its orbit, Tprr represents the pulse pe-
riod and N represents the number of pulses per burst. Using values
provided in Table 1, we arrive at an along-track footprint width of
approximately 300 m. This unique footprint characteristic is particu-
larly useful to monitor sea ice and the exterior of ice sheets. Figure 4
provides a graphical representation of the footprints involved in the
SIRAL instrument. It is important to note that before the signals corre-
sponding to that specific strip are combined, they are zero-padded to

13
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decrease the waveform bin size to 1.5625 ns or 0.23 m (in the current
release of CryoSat data products (Baseline B), the SARM waveforms
are cut to 128 bins, covering a range window of 30 m). The resulting
waveform has different characteristics in comparison to LRM wave-
forms and is discussed in the following section.

Figure 3: A. The figure represents conventional altimetry over a scattering
surface. The pulse, which is represented in green, represents the
entire area in the footprint. B.
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Figure 4: CryoSat footprints in SARM/SARInM (footprint A) and LRM
(footprint B). Figure adopted from Scagliola (2013).

2.2 THE CRYOSAT SYNTHETIC APERTURE RADAR INTERFEROMET-
RIC MODE

An innovation in the SIRAL instrument is the Synthetic Aperture
Radar Interferometric mode or the SARInM. This mode has the same
footprint characteristics with the SARM and differs from LRM and
SARM in the receiving chain — The SARInM uses two antennae
the backscattered signal. This feature allows to compute cross-track
angles at which signals arrive. The SARInM uses the burst mode
and transmits 64 pulsed bursts at a PRF of 18.181 kHz (just like the
SARM), but differs in the BRF, which is at about 21.4 Hz. After receiv-
ing the signals, they are sampled into 512 complex bins. This increases
the range window to 120 m. This sampling is done to accommodate
the larger topographical variations in the exterior of ice sheets. The
SARInM is also equipped with an onboard tracker that determines
the exact time at which the measurement window is opened by pre-
surveying the ground surface. This onboard tracker has a much larger
window of 480 m to capture the strong topographical variations in
ice sheet exteriors. In some cases, the topographical variations are
too large, and the onboard tracker fails. In such a situation the track-
ing window is opened either too early or too late. This causes the
returned signal to fall partly or wholly outside the measurement win-
dow. It is important to keep this in mind while processing the data.
For surfaces with large topographical variations over short distances,
a received SARIn waveform can sometimes have more than one peaks.

15
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This is a common phenomenon in the exterior of the Greenland ice
sheet. These peaks correspond to multiple scatterers in the illuminated
surface. Also, depending on the type of surface the radar pulses can
penetrate into the surface and cause a delay in their receive time. If
the penetrated radar reflects back to the satellite and falls within the
measurement window, it can appear as a peak. Because of this, it is im-
portant to study the reasons for such occurrences and identify which
waveform peak corresponds to off-nadir scatterers and which wave-
form peaks correspond to pulse penetration into the surface. In our
project, it is assumed that the reflections received are primarily due
to off-nadir scattering surfaces. Figure 5 provides a graphical expla-
nation of the generation of a received waveform over surfaces with
large order topographical variations over within the radar footprint.
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Figure 5: The waveform of the received signal from a surface in not recorded
from the time of transmission of the signal tiansmit- Between the
time of start of transmission and the start of receiving and record-
ing the signal tstart, the pulse from the satellite altimeter first re-
flects off surface S, and then from surface Sy, as S, is closer to
the altimeter than S;. Because of this, the first signal recorded is
from the surface S, at time t;. At time t;, the tail end of the pulse
is recorded, which consist of weaker backscatter from S,. Finally
at t3, the backscattered signal from S; reaches the altimeter and
starts getting recorded. At tstop, the measurement window termi-
nates and beyond this no reflections are recorded. The figure is
not drawn to scale and the lobes do not represent full backscatter
behaviour.
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A signal returning to the altimeter is received by both antennas. De-
pending on the position of the scatterer with respect to the position of
the satellite, t signal received at one of the antenna may have travelled
a longer distance than at the other antenna. If the receiving signals
are in phase, it implies that the signals either have the same path
length or the path difference of the signals is an integer multiple of
the signal’s wavelength. Also, if the antenna receive two similar am-
plitude signals at the same time from two distinct scatterers, a phase
difference of zero is computed for that receiving time. If the same sig-
nal received by the two antenna comes from an off-nadir point, the
received signals will not be in phase. If 0 is the angle of the scatterer
with respect to the normal from the satellite’s CoM to the nadir, and B
is the baseline of the antennas, the extra distance travelled Ar by the
return signal to one of the antennas is B sin 0 (see Figure 6). This extra
path length causes a phase difference that is proportional to the frac-
tion of the wavelength of the received signal: Ap = 2ZBSiN® Using
the relationship between the path difference and the phase difference,

the receiving angle of the signal is 6 = sin™ (%).

Figure 6: In the SARInM, CryoSat exceeds the performance of other altime-
ters over areas with strong topography, by being able to geo-locate
off-nadir scattering surfaces. Here, the POCA is at an angle 6 from
the nadir point. With the accurate knowledge of CryoSat’s base-
line B, and the information from the on-board interferometer, it is
possible to compute the receiving angle 0 of the pulse. Implement-
ing this approach in elevation computation results in geo-located
positions of off-nadir scatterers.
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2.2.1  The CryoSat received waveforms

Due to the unique characteristics of the SAR altimeter, its waveforms
are much different from conventional pulse limited altimeter received
waveforms. To illustrate the differences in waveform types between
conventional altimeters and the delay/Doppler or SAR/SARIn altime-
ter, a graphical example of waveforms acquired over open oceans is
shown in Figure 7.

CryoSat SARIn waveform over a flat ocean surface CryoSat LRM waveform over a flat ocean surface

Maximum Recieved Power .
Leading Edge Width Leading Edge

Maximum Recieved Power

Received Power
Received Power

Trailing Edge

Noise Floor Noise Floor
L L

Time Time

Figure 7: A typical CryoSat waveform over flat ocean surface with low
roughness versus a typical pulse limited waveform. Here, the in-
fluence of along-track Doppler processing is clearly visible; the
leading edge slope and the trailing edge slope are very abrupt in
the SARIn waveform, as compared to the waveform in the LRM.

To understand the reason for the differences of waveforms gener-
ated by the SAR altimetry and conventional altimetry over the same
surface, let us look at Figure 4 which represents two cases: Figure
4.A describes a SAR footprint and Figure 4.B represents a conven-
tional altimeter footprint. The surface is a flat surface (in this case,
an ocean). For the sake of simplicity, a pulse sampled at three dif-
ferent instances is shown. The pulse at position 3 has just reached
the surface, and at positions 2 and 1, it has already interacted with
the surface and is returning to the satellite. The blue colored rings
represent the surface area illuminated by the pulse at different time
intervals. The sharpness of SARM/SARINM waveforms arises from
the differences in the illuminated area over time, as the amount of
energy being backscattered to the satellite is proportional to the illu-
mination area. In case of conventional altimetry, there is an increase
in the illuminated area from pulse position 1 to 2, which decreases at
pulse position 3. This results in a gradual trailing edge slope in the
waveform. In case of SAR altimetry the illuminated area drastically
increases and decreases with time, which corresponds to a sharper
trailing edge in the received waveform.

19



20 CRYOSAT: THE MISSION, ITS MODES AND ITS PRODUCTS

2.2.1.1  Examples of SARIn waveforms

Some examples of SARIn waveforms over ice sheet topography are
provided in this section, along with the ground track of the satellite
and the nadir point of the satellite when the echo was recorded. A
satellite image obtained from Landsat 8 is provided to show the type
of terrain illuminated by the radar footprint. The date of LandSat 8
acquisition does not coincide with the date of CryoSat acquisition.
The CryoSat acquisition was on 22-Aug-2014.

Date of LandSat acquisition = 14-Sep-2014 Lat =67.71 deg, Lon = -50.32 deg
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(a) LandsSat 8 Image (b) Single scatterer specular wave-
form

Figure 8: The waveform in this example corresponds to a single scattering
surface in the radar footprint.
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(a) LandsSat 8 Image (b) Waveform affected by noise

Figure 9: The waveform in this example is clearly affected by noise. Never-
theless, there seems to be a signal from a scattering surface.
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Date of LandSat acquisition = 14-Sep-2014 Lat = 67.66 deg, Lon = -50.3 deg
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(a) LandsSat 8 Image (b) SARIn waveform with multiple
peaks

Figure 10: This is an exampe of a SARIn waveform with two distinct
peaks. These peaks could represent two distinct scattering sur-
faces within the radar footprint. However, it is also possible that
this waveform could be possible due to penetration of the trans-
mitted signal into the ice. Without phase difference information,
it is very difficult to know with certainty which is the case.

Lat = 67.18 deg, Lon = -50.15 deg

Dato of LandSat acauisiion = 19-Aug 2013
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(a) LandsSat 8 Image (b) A noisy waveform with a distinct
scatterer at bin 150

Figure 11: Looking at the terrain from the LandSat 8 image, we may de-
duce that the noise in the waveform could be because of weaker
backscattered signals due to radar pulse penetration. Because it
is very difficult to conclude this with certainty, we implement a
criterion in our study that filters out peaks with low return power.
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Lat = 67.12 deg, Lon = -50.14 deg

Date of LandSat acauisiion = 19-Aug 2013
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(a) LandsSat 8 Image (b) A very noisy received waveform

Figure 12: This is an example of a very noisy return waveform over ice sheet
topography.

Date of LandSat acauisiion = 19-Aug-2013 Lat = 67.15 deg, Lon = -50.14 deg
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(a) LandsSat 8 Image (b) SARIn waveform with multiple
peaks

Figure 13: This is a clear example of a received SARIn waveform with mul-
tiple scatterers within the radar footprint.
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(a) LandsSat 8 Image (b) Extremely noisy waveform

Figure 14: This is an example of an extremely noisy waveform. These wave-
forms are discarded in the data editing prior to the actual retrack-
ing. These kind of waveforms are primarily affected by incorrect
pre-estimation of the expected range to the surface by the onboard

tracker (see Section 2.2).
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(a) LandsSat 8 Image (b) Noisy waveform

Figure 15: This could possibly be due to backscattering of the signal from
many different types of scattering surfaces - ice, earth, or water.

2.3 SUMMARY

The CryoSat mission is currently the only dedicated mission that pro-
vides radar altimetry data over the polar regions of the Earth. The
SARIn mode of the SIRAL altimeter provides higher spatial sampling.
This feature is advantageous in monitoring elevation changes over the
ice sheet exteriors where the spatial variability of the topography is
quite high over distances in the order of 100 m. This chapter provided
the properties of the the CryoSat SIRAL altimeter and its data.

The leading edge of these waveforms carries the necessary infor-
mation about the exact arrival time of the backscattered radar pulse,
and provides us with the two-way travel time of the radar pulse be-
tween the SIRAL altimeter and the scattering surface(s). By so-called
retracking, the exact gate (or bin, or range sample) at which the pulse
is received can be determined, from which elevation of the scatter-
ing surface(s) can be computed. In the next chapter, the concept of
retracking is discussed in depth.
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The satellite tracker of a radar altimeter almost always has an idea
about the two-way travel time of the transmitted radar signal, unless
the onboard tracker fails (see Chapter 2, Section 2.2). In a CryoSat re-
ceived waveform, the midpoint bin acts as the reference point of the
received signal, which corresponds to the two-way time between the
emitted pulse to the midpoint of the received waveform. This refer-
ence point does not always coincide with the leading edge of a peak
in the radar waveform. The process in which the leading edge of the
peak corresponding to a surface scatterer within the radar footprint
is re-adjusted to improve range results is known as retracking.

Simply implementing a retracking algorithm is usually not enough
for SARIn waveforms over ice-sheets. Because satellite altimeters are
inherently nadir pointing, it is assumed that returns from a flat sur-
face parallel to the orbital plane of the satellite originate from the
nadir point of the satellite. When the topography is uneven and slop-
ing, this assumption is incorrect, resulting in large errors in eleva-
tion estimates. Because of this, an algorithm to compute elevations
from CryoSat altimetry measurements also needs to include an in-
terferometric processing algorithm that takes advantage of the dual
receiving antenna of CryoSat. Such an algorithm that takes the sensor
data (level 1b data) from a satellite and computes geophysical param-
eters (or, level 2 data) is known as a level 2 Processor. This chapter
discusses the developed CryoSat level 2 Processor by examining the
different common retrackers presently used for retracking ice sheet
radar returns, introduces the novel concept of subwaveform retracking
and a brute force interferometric processing scheme that is designed
to tackle phase ambiguities.

The chapter concludes with a brief explanation of the elevation
change computation technique designed by Wouters et al. (2015), which
has been adopted in a slightly modified form in this study.

3.1 THE DESIGNED CRYOSAT LEVEL 2 PROCESSOR

Before computing elevations, CryoSat SARIn data need to be pre-
processed to remove waveforms that are contaminated with noise.
Noisy waveforms have a much larger area under the curve (see Chap-
ter 2) in comparison to waveforms that are much less noisy. This fea-
ture is exploited in our data-editing step. We compute the ‘energy” of
the waveform (or, the area under the curve of the waveform) using
the Matlab function trapz.m. Observing the energy of multiple wave-
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forms, we set a threshold. If the energy of the waveform exceeds this
threshold, no elevations are estimated.

The full CryoSat level 2 processor designed in this study is sum-
marised in Figure 16.
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Figure 16: The flow diagram describes the level 2 processor designed to
retrack and compute elevations and geo-locate scatterers from
CryoSat SARIn waveforms. A and Ppe,i correspond to the ‘En-
ergy’ of the waveform and the maximum power of the sub-
waveform, respectively. These parameters are computed to check
whether the input waveform and the subwaveform peaks con-
form to the set threshold criterion.
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3.2 RETRACKING

Retrackers are routines designed to locate the range bin that best rep-
resents the two-way travel time between the scattering surface and the
satellite altimeter. With the help of retracking, it is possible to improve
the accuracy of the measurements in the order of several meters. To
demonstrate this, let us look at the principal equation involved in
satellite radar altimetry,

R=> (3)

where, R, ¢, and T are the range of the scattering surface to the satel-
lite altimeter, the speed of light in vacuum, and the two-way travel
time of the received pulse respectively. The two-way travel time, in
the computation of the range, is fixed at the Tracking bin in Figure
17. The window delay is the theoretical two-way travel time of the
received pulse and represents the ty in Figure 17. Taking the height
of CryoSat relative to the WGS84 ellipsoid to be 717 km, we can cal-
culate the theoretical two-way travel time 1,

2
to=7.15x10° x -~ 0.0048 sec
From Figure 17, the time t, — to is known as the retracker correc-

tion, where t, is the time corresponding to the retracked bin location.
So, the retracker correction t, is,

tre =to —tr. (4)

Note that the time parameters in Equation 4 are computed with
respect to the start of the tracking window.
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Figure 17: An example of a SARIn return over ice sheets. to — t; represents
the retracker correction that needs to be applied to obtain the
correct two-way travel time.

Over ice sheets, CryoSat SARIn waveforms record the peak repre-
senting the POCA typically around bin 150. In CryoSat baseline B
level 1B data products, the tracking bin/reference time is set at the
256" bin (ESA & Laboratory, n.d.). So, effectively, the tracking bin
at bin 256 is off by 106 bins from the range bin representing the scat-
tering surface. In CryoSat’s SARIn mode, each bin represents approx-
imately 23 cm. So, in this case, the range measurement is corrected
with approximately 24 m.

After obtaining the retracker correction, the next step is to compute
the corrected range of the scatterer to the altimeter,

C
Rcorr = *(twd - trc) + AR eophysical correctionss (5)
2 geophy

where R¢orr is the corrected range, t,,q is the window delay or the
time from the signal transmission to the reference point on the wave-
form, and ARgeophysical corrections 1 @ set of space/time dependent cor-
rections. The geophysical corrections applied in this study are taken
from the CryoSat level 1b data products. There are two main types of
corrections, namely the atmospheric and the tidal corrections (ESA &
Laboratory, n.d.). The atmospheric corrections are:

1. Dry Tropospheric Correction - Compensates for the effect of
non-polar gases such as oxygen and nitrogen, and has a range
of 1.7 - 2.5 m.
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2. Wet Tropospheric Correction - Compensates for the effect of po-
lar gases, mainly water vapour, and has a rang of o - 0.5 m.

3. Inverse Barometric Correction - Compensates for variations in
sea surface height due to atmospheric loading, and has a range
from -0.15 - 0.15 m.

4. Dynamic Atmospheric Correction - Compensates for variations
in sea surface height due to atmospheric pressure and winds,
and has a range from -0.15 - 0.15 m. This correction is only
applied over open oceans.

5. Ionospheric Correction - Compensates for the slowing down of
the radar pulses due to the pulse-free electron interaction in the
ionosphere. The correction ranges from 0.06 - 0.12 m.

The tidal corrections are:

1. Ocean Tide Corrections - Corrections are provided for effects of
local tides and long period equilibrium tides. These corrections
range from -0.5 - 0.5 m.

2. Ocean Loading Tide Corrections - Removes the deformation of
the Earth’s crust due to the weight of the overlying ocean. The
correction ranges from -0.02 - 0.02 m.

3. Solid Earth Tide Corrections - Removes the deformation of the
Earth due to tidal forces from the Sun and the Moon acting on
the Earth’s body. The correction ranges fro -0.3 - 0.3 m.

4. Geocentric Polar Tide - Removes long period distortion of the
Earth’s crust caused by variations in centrifugal force as the
Earth’s rotational axis moves its geographic location. The cor-
rection ranges from -0.02 - 0.02 m.

In this research study, five different retrackers have been utilised.
These are the, i) Threshold Retracker, ii) OCOG Retracker, iii) Gaus-
sian fitting based Retracker, iv) Simplified CryoSat Retracker, and v)
Beta Retracker. In the next section, all these retrackers are briefly in-
troduced.

3.2.1 Threshold Retracker

The Threshold Retracker is a robust and simplistic approach to esti-
mate the correct waveform bin associated with a ground scatterer in
the received waveform by calculating the point that exceeds a particu-
lar chosen threshold. This threshold is represented as a percentage of
the maximum received power in the waveform, and can be adjusted
depending on the type of scattering (Davis, 1997). A small threshold
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value is preferred when the received signal is dominated by volumet-
ric scattering, whereas a high threshold is preferred for returns that
are dominated by surface scattering.

To obtain the threshold-constrained tracking bin, this retracking
technique considers three main parameters (Figure 18): i) the maxi-
mum power in the waveform Py, qx, ii) the thermal noise floor in the
return waveform Py ,ise, and iii) the threshold coefficient C¢. Wing-
ham et al. (2006) suggest that in SARIn waveforms, the point on the
echo corresponding to the surface lies closer to the maximum. From
this, we have chosen a threshold of 0.8. The exact received time t,
(Equation 4) is computed by a simple linear interpolation between
the first sample below and after the threshold power, which is calcu-
lated by Equation 6.

Pthreshold = Pnoise + Ct (Pmax - Pnoise) (6)

The parameters Pihresholds Pnoise, and Pmax are the power at the spec-
ified threshold, noise power and maximum power of the waveform,
respectively.

Tracking Gate | " | Tracking Gate

Received Power
Received Power

Waveform Bin Waveform Bin

Figure 18: Figure A represents the threshold retracker and Figure B repre-
sents the OCOG retracker.

3.2.2 OCOG Retracker

The Offset Center of Gravity (OCOG) retracker is also an example of a
method that is designed specifically for return echoes over ice sheets
(Wingham et al., 1986). This method is very robust as it does not re-
quire an analytical model to locate the leading edge of waveform
peaks. The OCOG retracker uses the energy of the return waveform to
assign a leading edge bin to the peak corresponding to the scattering
surface. This is done by first computing the location of the center of
gravity C (Figure 18 B) of the entire return waveform using Equation
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7 . The energy, or the area under the waveform curve, is utilised as
the area of a rectangle that is centered at this location. The width W
is obtained from Equation 8.

k
C= Zn:] nPZ

721;:1 52 (7)

==K o1 (8)

where P is the power at each bin of the return waveform, n is the
bin number, and k is the total number of bins in the waveform. Finally,
the leading edge epoch is computed using Equation o,

tW
t, = dt (C—2>. (9)

The Threshold and the OCOG retrackers belong to a class of re-
trackers known as statistical or numerical retrackers as they do not
implement an analytical model to compute the leading edge position
of a waveform peak. Due to this, statistical retrackers always pro-
vide a retracker result. Next, we will introduce some retrackers that
belong to the class of so-called functional retrackers which use ana-
lytical models to obtain the leading edge position.

3.2.3 Gaussian Retracker

In the Gaussian retracking scheme, univariate multi-gaussian func-
tions are fitted through the data to obtain an analytical representation
of the waveform. This approach exploits the Gaussian-like shape of the
peaks in the return waveform and fits eight different Gauss functions
to the data. This number corresponds to the maximum number of
Gaussian functions fit by Matlab’s fit function. From visual inspec-
tion, we found that using the maximum number of Gaussian func-
tions provided the best fit to the data. The functional model to be fit
to the data is,

8 ( x—bn )2
P= Z anexp | — ( c ) , (10)
n=1 n

where P is the return waveform power at each bin, x is the bin
number, n is the number of Gaussian functions, and a,,b,, and cn,
are the fit parameters of each of these Gaussian functions; i.e., the
maximum received power, the location of the peak, and the width of
the waveform peak. In total there are 24 parameters to be estimated.
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n-parameters with a, values over 50% of maximum power are se-
lected and the tracking bin Nyetracked is located using Equation 11 and
Equation 12.

MNretracked = Dn — Cn VvV — ll’lpn, (11)

tr = Nyetracked dt/ (12)

where py, is the threshold at which the tracking bin is expected, dt
is the sampling interval. p, depends on the type of scattering (see
Section 3.2.1). Equation 11 is derived from Equation 13.

f(x) = aexp <—(X_b)2>

CZ
= a=aex 7(X_b)2
TR e (13)
12 13
= In(py) = — P
= In(pn)c? = —(x—b)?

=x=—y/—In(pn)c+b.

3.2.4 Simplified CryoSat Retracker

Giles et al. (2007) designed the Simplified CryoSat Retracker as a sim-
plification to the original CryoSat retracker designed by Wingham
et al. (2006). In this retracker the return waveform is split into three
parts: i) the leading edge governed by a Gaussian function, ii) a poly-
nomial function that represents the top of the peak of the waveform,
and iii) an exponential trailing edge that is described by the following
function,

P= aexpffzm, (14)
where a is the maximum return waveform power, and
t—1t
flt:t<tq) = G“ (15)

t—t
fltiteg <t<tq+ty) = T“+az(t—ta)2+a3(t—ta)3 (16)

flt:t>tq +tp) = Vk(t—tq) (17)

tq is the bin corresponding to the maximum amplitude 4, k is the
rate of decay of the trailing edge, o is the width of the leading edge
(or, standard deviation of the Gaussian function), t}, is the distance
between the leading and the trailing edges, and a; and a3 are con-
stants.
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Received Power
[«5)

to

Waveform Bin

Figure 19: The primary motivation to design the simplified CryoSat re-
tracker was to reduce the number of parameters involved in re-
tracking SARIn waveforms using the original CryoSat retracker.
In comparison to the original CryoSat retracker The Simplified
CryoSat Retracker reduces the number of segments in the wave-
form from five different segments to just three.

The constants a; and a3z are chosen such that P and its first deriva-
tive are continuous and smooth (Stenseng, 2011);

e — (—vVktp20/tp) +2 (18)
7 (2 4222 + 2taty(3—20)

ktb—L—at (19)
tlzj oty 3lb- 9

a; =

After estimating the parameters by using non-linear regression, t4
is used as the corrected tracking bin. In this research, we also use
a separate method to obtain the leading edge tracking bin by using
Equation 20.

Nretracked = ta — 0V —Inpy,

(20)
tr = Nyetracked dt.

The parameter py, is the threshold or the fraction of the maximum
power at t, where the leading edge bin is expected.
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3.2.5 Beta Retracker

The Beta retracker (Martin ef al., 1983) was the first attempt to retrack
radar altimeter returns over ice sheets. The retracker is based on the
famous Brown’s ocean model (Brown, 1977).

Pt:t>0) = nPPTPmeGP% [erf <\/t20> + 1] (21)

The Brown’s model draws a relation between the received power

by a radar altimeter to geophysical parameters like the ocean surface

elevation density function, and the SWH or the Sea Wave Height. The

Beta retracker model uses empirical analogues of the various param-
eters in the Brown’s model (Equation 22):

P(t) = B1 4+ B2(1+PB5Q)f <t;f3>, (22)
where
1r e
f(z) = mj exp 2 dgq, (23)
0 t Ba
Q- <Pats (2

t—(Bs+8) t>ps+ B

B1 represents the thermal noise in the return waveform, 3, is the
return power, 33 is the midpoint of the leading edge, 34 is the leading
edge rise time, and 35 represents the slope of the trailing edge. The
term g in Equation 24 (the erf function with a lower bound of —oco

toz= (%)) represents Q. It is important to note that this specific

retracker was designed for the SeaSat altimeter that had a low trailing
slope in the received waveform ramps, or peaks. The retracker was
later revised with an exponential trailing edge (Deng & Featherstone,
2006). The revised Beta retracker has been implemented in this study,

Pt} = b1+ Baoxp P (102, @)

where

Q:{t_( 0 t < B3 + kB4 (26)

B3+kPBs) t=P3+KkPs
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(a) The different B-parameters in the (b) Example of a fit by the up-
waveform from the Deng & Feath- dated beta-5 retracker using the
erstone (2006) updated beta model levenberg-marquardt least squares

implementation of Matlab

Figure 20: The Beta-5 retracker

In this study, the parameter k locates the beginning of the trail-
ing edge and is estimated along with the other parameters. The 33
parameter locates the retracking bin t, (Equation 4). The beta-5 re-
tracker only retracks the POCA. The beta-g retracker was introduced
to retrack waveforms with two distinct peaks (Martin ef al., 1983):

2
P(t) =1+ Basexp—PsiQf (tgfﬁ , (27)
i=1 t

where

0 t < PBzi+kPai

tim12 = (28)
Rt {t—(f33i+kf34i) t > B3i+kPBai

The beta-9 retracker provides information about an additional re-
flecting surface apart from the POCA.
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(a) The different B-parameters in the (b) Example of a fit by the up-
waveform from the Deng & Feath- dated beta-9 retracker using the
erstone (2006) updated beta model levenberg-marquardt least squares

implementation of Matlab

Figure 21: The Beta-g retracker

3.2.6  Retracker modification : A multiple sub-waveform approach

Distinct scatterers within a radar footprint that contribute to the re-
ceived waveform share similar features — they all possess a leading
edge, a trailing edge, and a local maxima that lies in between the lead-
ing and the trailing edge. These features are observed for almost all
waveforms and only differ for cases of data contaminated with noise.

We exploit this by introducing the concept of sub-waveform retrack-
ing. In this approach, individual peaks in the return waveform are
separated into sub-waveforms, and their leading edges are retracked
individually. The steps followed are,

1. Locate peaks in the received waveform.

The waveform peaks are located by Matlab’s findpeaks routine.
We choose a peak separation of 20 bins in order to accommodate
the trailing edge of the previous slope, the leading edge of the
current slope and the trailing edge of the current slope.

2. Remove all peaks with maximum receive power of less than 50% of the
global maximum.

This step is necessary to only retrack peaks that return a signif-
icant amount of return power with respect to the global maxi-
mum.

3. Reject all peaks that appear too soon (before bin number 40) or too late
(after bin number 500).

From preliminary inspection of various waveforms, it is ob-
served that the peak representing POCA falls somewhere around
bin 150. However with noisy waveformes, it is possible to find
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peaks before bin 40. Peaks beyond bin 500 are usually observed
in very noisy waveforms.

4. Isolate sub-waveforms by selecting five bins around the bin represent-
ing the local maximum.

5. Apply statistical or functional retracker.

0.25 T T
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0.1 1

Received Power (PicoWatts)

0.05 L}J 1

0 80 160 240 320 40 480 560 640 720 800
Time (nanosec) i

f
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Figure 22: From the waveform in this example, there are three peaks that
match the criteria discussed in Section 3.2.6. In the subwave-
form approach, each of these separate peaks is retracked indepen-
dently from each other. From this example, we observe that the
third peak may not be retracked successfully, i.e., the retracking
point could be located ouside the leading edge of the peak due
to the presence of a sub-peak. This is because some retracking
techniques may not respond well to noise on the leading edge.

Scatterers beyond the POCA are retracked using the subwaveform
approach. If the data only contain valid single-peak waveforms, our
results will provide the same number of retracked peaks as the num-
ber of waveforms. If the number of valid peaks per waveform is
greater, our results will provide more retracked peaks than the num-
ber of waveforms. The next section discusses the modified retrackers
that have been implemented in this study.

£

T T
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3.2.7 Implemented Retrackers in this study

In this study, eight different retrackers are implemented. These are
based on the five retrackers discussed in Section 3.1.1 - 3.1.5, and the
subwaveform approach:

1. The Multi-Threshold Retracker is a subwaveform retracker that

applies the Threshold Retracker to individual subwaveforms to
obtain multiple retracked peaks in a SARIn waveform. A thresh-
old coefficient value of 0.8 is used.

. The Multi-OCOG Retracker is a subwaveform retracker that ap-
plies the OCOG Retracker to individual subwaveforms to obtain
multiple retracked peaks in a SARIn waveform.

. The Beta Retracker.

. The Multi-Gauss Threshold Retracker utilises the Gaussian re-
tracker and the subwaveform approach:

(i) An 8-Gaussian function is fit to the waveform.
(ii) The subwaveform approach is applied to the fit.

(iii) The Threshold retracker with a threshold coefficient value
of 0.8 is applied to the subwaveforms.

This method has been designed to test the feasibility of using
functional fits of waveforms and statistical retrackers in tan-
dem. Helm ef al. (2014) implemented a similar approach, where
they used a modified version of the Threshold retracker to a
smoothened SARIn waveform, to obtain the leading edge of the
waveform.

. The Multi-Gauss OCOG Retracker follows the same process as
the Multi-Gauss Threshold Retracker with the exception that it
uses the OCOG retracker instead of the Threshold retracker.

. The Gauss Retracker utilises the Gaussian retracker and Equa-
tion 11 to obtain multiple retracked bins in the waveform:

(i) The Gaussian retracker isapplied, resulting in 24 different
fit parameters.

(ii) Fit parameters (an, by, and cn) with a,, > 50% of the max-
imum power are selected.

(iii) Leading edges of the waveform peaks are located by im-
plementing Equation 11.

. The Multi-Simplified CryoSat Retracker is our implementation
of the Simplified CryoSat Retracker designed by Giles ef al. (2007),
designed to retrack multiple peaks. This retracker utilises the
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subwaveform approach for providing peak locations and com-
piling initial values for fitting. The steps are outlined as follows:

(i) The subwaveform approach is applied to identify all wave-
form peaks.

(ii) For each subwaveform, the initial values are computed for
each parameter in Equation 14.

(iif) The function to be fit is compiled from these fit parameters.
This compilation is done by summing Equation 14 for each
peak. Such a functional model was compiled for the beta-9
retracker.

(iv) The functional model is fit to the waveform using the “trust-
region-reflective” option of Matlab’s lsqcurvefit.m func-
tion.

(v) The retracked bins are assigned to the waveform.

8. The Multi-Simplified CryoSat II Retracker is our subwaveform
implementation of the Simplified CryoSat Retracker that utilises
the Gaussian-like leading edge fit parameters for locating the
location of the leading edge. The difference of this method with
the Multi-Simplified CryoSat Retracker is that it does not utilise
the subwaveform approach to compute initial values. Rather,
the method fits the subwaveforms itself. This method follows
these steps:

(i) The subwaveform approach is applied to get the subwave-
forms.

(ii) The Simplified CryoSat model (Equation 14) is applied to
these subwaveforms.

(iif) From the subwaveforms, the retracker bin is obtained by
applying Equation 20 with a threshold (pr) of 0.8.

3.3 THE BRUTE-FORCE INTERFEROMETRIC PROCESSING APPROACH

The phase difference of the signal received by the two antennae for
each epoch in the return waveform is computed and stored in the
level 1b dataset. Using these data and the knowledge of the retracked
bin on the received waveform corresponding to a scattering surface,
the phase difference for that peak is computed.

The phase difference of the received signal between the two an-
tenna lies within a range of [—m, nt]. Helm ef al. (2014) observed that
for scatterers lying beyond an off-nadir angle of 0.54° with respect
to the satellite, the phase difference jumps beyond this range and is
wrapped to fit into the [—m, 7] range. In fact, three different cases can
be distinguished:
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1. If the scatterer is positioned at a flat surface within a distance of
approximately Rsin © = 717 km x sin(0.54) ~ 6.75 km from the
nadir point in across track direction, the phase difference data
is not wrapped.

2. If the scatterer lies at a larger off-nadir angle, and the phase
difference is wrapped.

3. If the scatterer is positioned on a very steep across track slope,
the phase difference is wrapped (ESA, 2014).

Figure 23: In scenario A, The scatterer is within an off-nadir angle of 0.54°
and the interferometric phase difference does not get wrapped.
Scenario B represents a case of when the off-nadir angle of the
scatterer is larger than 0.54°. Scenario C is the situation when the
scatterer is located within this ‘no-wrap” off-nadir angle, but the
phase is still wrapped due to very steep across track slope.

Without the use of external information, it is impossible to resolve
this ambiguity. In this study, the 1 km x 1 km GLAS/ICESat Digital
Elevation Model from DiMarzio et al. (2007) is utilised to correct for
this ambiguity. This DEM is converted from its Polar Stereographic
coordinate system to the geodetic latitude and longitude using rou-
tines obtained from MATLAB Central (Bliss, 2011). The procedure for
interferometric processing comprises the following steps:

1. The retracked bins are rounded to the nearest integer and the
phase data ¢ for that bin are assigned to the scatterer.

2. It is unknown whether the phase data has been wrapped. So,
three interferometric phase difference scenarios are realised: i)
¢ — 2m, ii) ¢, and iii) ¢ + 27

3. The interferometer angle 0 (or, the off-nadir angle) is obtained
by the following expression:

0=F. sin”! <M> , (29)

27B
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where B is the baseline of the altimeter, k = [—27,0,27], A is
the wavelength of the transmitted signal and F. = 1/0.973 is a
correction to be applied in the calculation of the interferometer
angle (Galin ef al., 2013).

. The range of the satellite to the scattering surface is computed

using Equations 3 to 5.

. The across-track ground range from the nadir and the elevation

of the scatterer with respect to the WGS 84 ellipsoid is com-
puted using (Figure 24):

Rground range — Reorr sin, (30)

hscatterer = |:hsat — Reorr cos 04

oo (2 o (20):

. With the known nadir point location and the calculated ground

ranges for three different possibilities of phase, three possible
locations of the scatterer are computed. This is facilitated by
computing the azimuth of the satellite track from the Matlab
function azimuth.m, and locating the scatterer using the ground
range and the reckon.m function. All computations are done
with respect to the WGS 84 ellipsoid.

. Using linear interpolation, the NSIDC DEM values at the three

different positions per retracked range are calculated and com-
pared to the computed elevations. The position that corresponds
to the elevation that agrees best to the interpolated DEM is se-
lected as the most likely position of the scatterer.
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Figure 24: Elevation computation geometry for level 2 Processor designed
in this study. Parameters R, Rg, 6,0, and hg, represent the range
of the scatterer to the satellite (SP), the mean radius of the Earth
(CN), the interferometer angle (ZASP) and the angle (£NCP’)
subtended by the arc NP/, which joins the nadir point N and the
scatterer’s position on the ellipsoid P’, at the center of the Earth
C, respectively. The elevation of the scatterer PP/ = AN’ cos6’,
where 0/ = R%COSG’, and AN’ = AN + NN’ = (hgat — Rcos0) +
(Re — Rg cos 0'). AP is the ground range. The figure is not drawn
to scale.
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3.4 SURFACE ELEVATION CHANGE MEASUREMENT USING MEA-
SUREMENT GROUPING

The study’s primary objective is to get the most information out
of CryoSat level 1b SARIn waveforms to study the Greenland’s ice
sheet elevation changes. This section discusses our modified version
of Wouters ef al. to obtain ice sheet elevation change information. The
method comprises of four steps:

1. For each measurement point (referred to as the central point),
all data points within 0.0045° latitude and longitude from the
central point are selected (including the central point) using the
Matlab’s ingeoquad.m.

2. The selected points are checked for outliers by implementing
the iterative Grubbs test. This implementation was provided by
Shoelson on Matlabcentral. If the central point is removed from
this iterative outlier detection scheme, the process is stopped,
and no elevation change is computed for that point.

3. To compute reliable elevation trends, three criteria are set for
the grouped data points:

(i) Total number of data points > 12;

(ii) The data points should belong to at least three different
satellite passes;

(iif) The time span covered by the data should be at least two
years.

If the criteria are not met, the process is stopped and no eleva-
tion change is computed for that central point.

4. A g9-polynomial surface model is fit along with the linear trend
parameter (Wouters et al., 2015),

Y=a1+at+azx+asy+ (15X2 + agyz + arxy
2 2 2.2 (32)
+agx"y + agxy” + ajox°y-,

where Y contains the elevations the data points in the group,
parameters aj — ag are to be estimated, t is the measurement
epoch (in years), and x and y are the longitude and latitude
respectively. The estimation is carried out using Matlab’s non-
linear regression function nlinfit. The estimated linear trend
parameter a, is assigned to the centroid of the selected data
points. This centroid location is computed by taking the average
of the positions of the selected data points.



3.5 CONCLUSION

We implement the following modifications compared to the method
designed by Wouters ef al. (2015):

1. A latitude-longitude constraint of 0.0045° is chosen to select
data points around the central measurement point, instead of
clustering data points within 500 m to the central point. This
step decreases the computation time.

2. The 1-D elevation change trend is assigned to the centroid of
the selected data points, instead of the central point.

3.5 CONCLUSION

In an effort to utilize the full waveform information, we designed
a novel subwaveform approach that enables retracking of multiple
scattering surfaces in the SAR footprint. From this subwaveform ap-
proach, we provide six different multi-peak retrackers, and two other
retrackers for testing purposes. Such an approach is the first attempt
to retrack multiple scatterers from a single SARIn waveform.

Because the SARIn phase difference data can be ambiguous, we
designed a brute force interferometric approach that looks at the pos-
sibilities of elevations and ground locations and compare them to a
reference DEM. The elevation and ground location combination that
agrees best with the reference DEM is assigned as the final level 2
product. Indeed, the accuracy of the results will strongly depend on
the quality of the reference DEM begin used.

The next chapter discusses the results obtained from the applica-
tion of these methods, provides a qualitative comparison of the dif-
ferent retrackers implemented, and explains the elevation change in-
formation computed over the Jakobshavn Isbree.
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RESULTS AND DISCUSSION

To assess the performance of the (subwaveform) retrackers, all de-
signed methods were applied to derive the elevation changes over
the Jakobshavn Isbree.

Hurkmans et al. (2012b), Helm et al. (2014), and Thomas et al. (2009)
observed a clear elevation change signal over the Jakobshavn Isbree,
concentrated at the mouth of the glacier. Based on their map, we
generate a polygon the region of interest (see Figure 25).
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Figure 25: Jakobshavn Isbrae - The blue lines represent CryoSat satellite
tracks on SARIn mode between 2010 and 2015

This chapter assesses the performance of each of these methods by
comparing the computed elevations to i) the available level 2 CryoSat
data over the basin and, ii) the ICESat DEM by DiMarzio et al. (2007).
The chapter also compares the linear elevation change trends com-
puted over the chosen region to the values available in scientific liter-
ature.
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4.1 JAKOBSHAVN ISBRAE - SOME FACTS

The Jakobshavn Glacier, or the Jakobshavn Isbrae in Danish, is a
marine terminating glacier terminating at Ilulissat Icefjord in West
Greenland. It is the largest and the fastest outlet glacier of Greenland
and handles the drainage of about 5.4% - 6% of the surface area of
Greenland ice sheet (Motyka et al., 2011; Echelmeyer et al., 1993). The
fluctuating velocity of the glacier is the subject of various scientific
studies. Between 1985 to 1992, the glacier slowed down from 6700
m/yr to 5700 m/yr and then sped up to 9400 m/yr by the year 2000.
A speed up to 12,600 m/yr in 2003 was reported by Joughin ef al.
(2004), which increased to 18,000 m/yr in 2014 (Messerli et al., 2014).
This acceleration of flow in 1998 was accompanied by the progres-
sive increase in the retreat of the glacier. Luckman & Murray (2005)
speculated that the initiation of this acceleration and retreat may have
been driven by the same mechanism that led to the departure of the
seasonal glacier flow rate invariance in spring 1995.

What is most relevant to our study, however, is the rapidly chang-
ing surface elevation of the Glacier. Prior to 1997, Jakobshavn was one
of the few glaciers to observe a thickening trend (Thomas ef al., 2009),
after which it began thinning at alarming rates. Between 1997 - 2006,
the glacier has experienced thinning at the rates higher than 20 m/yr
(Hurkmans et al., 2012b).

mr
-15-10-5 0
ds/dt (m &)

B
-15-10 -5 0
ds/dt (m a1

1997-2002 / i 2002-2008

Figure 26: The figure describes the spatial pattern of the thinning observed
in JakobShavn from ATM (Airborne Topographical Mapper) flights,
overlayed over a Landsat image from 2002. Image adapted from
Thomas et al. (2009).

Holland et al. (2008) provided hydrographic data that showed an
increase in subsurface ocean temperatures along the west coast of
Greenland. They suggested that the increase in acceleration and thin-
ning of the Jakobshavn Isbrae could be explained by:
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i) Increased lubrication of the ice-bedrock interface with an in-
crease in meltwater drained to the glacier bed due to increasing
summer temperatures.

ii) Weakening and break-up of the floating ice tongue that but-
tressed the glacier.

Holland et al. further noted that the increase in ocean temperatures
along West Greenland originated from the Irminger Sea near Iceland,
which provided warm waters to the coastal zone. This oceanic circula-
tion change was traced to the changes in the atmospheric circulation
of the North Atlantic region.

4.2 CRYOSAT LEVEL 2 ELEVATIONS FROM DESIGNED PROCESSOR

This section discusses the results derived from the designed level 2
processor from this project and compares it to the CryoSat ESA level 2
data products and the ICESat (Ice, Cloud, and land Elevation Satellite)
digital elevation model from DiMarzio ef al. (2007).

4.2.1  CryoSat Level 2 products from ESA

There is a total of 141,788 points (corresponding to an equal number
of SARIn waveforms) in the ESA-CryoSat level 2 data over the Jakob-
shavn basin outlined in Figure 25 acquired over the period 2010-2015.
These data were downloaded from the CryoSat FIP server using a
downloader developed in Python. The retracking method used in this
processor is known as the CryoSat Retracker (Wingham et al. (2006))
which is designed to retrack a single peak in the received pulse wave-
form. Figure 4 represents a map of elevations. The data have not been
post-processed.
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141788 CryoSat Level 2 Elevations from ESA
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Figure 27: This map represents the data from the CryoSat level 2 retracker.
The elevations are with respect to WGS 84 ellipsoid.
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4.2.2  Results from different retrackers

Upon downloading CryoSat Levelib data for the same region de-
scribed in Figure 25 and the same period, a total of 132,155 CryoSat
SARIn waveforms were found, which is different from the number of
waveforms in level 2 data. The reason of this discrepancy is unknown.

In Table 2, the results from retracking 588 CryoSat satellite tracks
over the Jakobshavn basin are provided. The retracked data starts at
the beginning of the satellite mission in 2010 to March 2015.

Table 2: The parameters npoca, Nnon-POCA, and Ny, represent the number
of retracked points from the POCA, the number of retracked points
beyond the POCA and the total number of retracked points by the
retrackers described in Section 3.1.7. The retracker names are abbre-
viated: i) m-T is multi-Threshold, ii) m-OCOG is multi-OCOG re-
tracker, iv) m-GT is multi-Gauss Threshold, v) m-GOCOG is multi-
Gauss OCOG, vii) m-SC is multi-Simplified CryoSat, and viii) is the
multi-Simplified CryoSat II retrackers.

Name NPOCA  Nnon-POCA  Niotal

m-T 129762 162983 2092745
M-OCOG 129762 162983 202745
Beta 82929 36246 119175
m-GT 1290613 104037 233650
m-GOCOG 129613 104037 233650
GS 129737 33284 163021
m-SC 129762 162983 202745
m-SCS 115313 138633 253946

4.2.2.1 Discussion of results from retracking

Possibly the most important observation that can be made from Table
2 is the total number of retracked waveform peaks. A very high num-
ber of peaks that lie beyond the POCA (non-POCA) are retracked.
Just from retracking these peaks, the number of elevation estimates
becomes approximately twice the number of elevation estimates from
a level 2 processor that does not look beyond the peaks that represent
the point of closest approach.

Every multi-peak retracker works with the same number of sub-
waveforms in a received waveform. However, the total number of
retracked bins are different for each retracker because of the different
computation methods. The following observations and conclusions
are drawn from Table 2:
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1. The Multi-Threshold, Multi-OCOG, and Multi-Simplified CryoSat
retrackers provide the maximum number of retracked peaks.

The Threshold and the OCOG retrackers are empirical retrack-
ers that benefit from the subwaveform approach, which gives
these retrackers the opportunity to retracker all possible peaks

in a waveform. The approach provides the Multi-Simplified CryoSat
retracker with the initial conditions for carrying out the analyt-
ical fits for the same number of subwaveforms as the Multi-
Threshold and the Multi-OCOG retrackers.

2. The Beta Retracker provides the smallest number of retracked
peaks.

The Beta Retracker is designed to only retrack one peak that lies
beyond the first peak in the received pulse waveform. Because
of this, the maximum number of points that can be retracked
from a single received waveform is 2. Also, the Beta Retracker
relies on an analytical model to locate the leading edge of the
peaks . If a waveform is very noisy, it will affect the output of
the fitting routine. Due to these ‘limitations’, the total number
of retracked peaks by the Beta Retracker is the lowest compared
to the number obtained using the other retrackers.

3. Among the multiple scatterer retracking techniques (except
the beta retracker) the Gaussian retrackers show a different
number of retracked POCA and non-POCA points.

Because the Gaussian fits of the received waveform do not com-
pletely resemble the original waveform, the number of peaks
present in the fitted waveform changes. This implementation
was designed with the assumption that the shape of a peak
in the return waveform resembles that of a Gaussian function.
However, this is not the case for all received waveforms. In
many cases, the fitted waveform represents a smoothened ver-
sion of the waveform that does not represent the exact number
of ‘valid” peaks as the original waveform. This results in a de-
crease in the total number of retracked peaks.

4.2.3 Elevations computed after Interferometric Processing of retracker re-
sults

To assess the performance of the different retrackers, the ICESat DEM
(DiMarzio et al., 2007) is utilized. Using the Matlab’s scatteredInterpolant,
the DEM was linearly interpolated to the positions where the level 2
processor outputs results. After that, the interpolated DEM elevation
value is subtracted from the level 2 processor elevation. The statistics
of these differences are shown in Table 3. The results in the table have
been post-processed by applying an implementation of the Grubb’s
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test for outlier detection and removal. This test is an iterative outlier
detector that computes a test statistic using the data in a sample with
the maximum deviation. This test statistic is compared to a computed
critical value computed from the data sample. From this comparison,
it is decided whether an observation is accepted or rejected (Grubbs,

1969).

Table 3: Statictics of the elevation differences between ICESat and L2 pro-
cessed data (in m). The table contains the total number of POCA
points 1y, the total number of non-POCA points nyp, the total num-
ber of points nt, the mean difference of elevation from NSIDC ICE-
Sat DEM at these POCA retracked points p,, the standard deviation
of this difference at POCA oy, the mean of the difference from the
NSIDC ICESat DEM for points beyond the POCA pnp and the stan-
dard deviation of this difference onp. L2ESA is the shortened name
of level 2 ESA products.

Name np Tnp nt Up Op Hnp Onp
m-T 122125 152434 285422 -4.29 48.45 -11.81 35.82
m-OCOG 122176 152406 285549 -4.14 48.36 -11.92 35.02
Beta 79612 33941 116151 -0.70 66.24 -11.81 38.80
m-GT 121949 97628 227649 -5.46 47.62 -11.65 36.91
m-GOCOG 126459 97662 227868 -5.41 47.54 -11.90 35.46
GS 119939 27349 152347 -7.25 48.58 -8.60 44.53
mi-SC 122305 152323 285394 -3.40 49.60 -11.79 35.82
m-SCS 109748 127363 244385 1.58 64.78 -11.06 138.48
L2ESA 140521 0 140521 3.98 80.60 0 0

An elevation map of the scatterers obtained from the CryoSat L2
processor of SARIn data from 2010 to 2015, using the Multi-Threshold
Retracker, is displayed in Figure 4.
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Figure 28: The map represents elevation of the Jakobshavn Isbree with re-
spect to the WGS 84 ellipsoid from CryoSat altimeter measure-
ments from 2010 to 2015 using the Multi-Threshold Retracker

Figure 29 — 36 show the histograms of the elevation difference
with the ICESat DEM for all retrackers implemented in the study.
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Figure 29: Histogram of differences in meters between elevations obtained

using the Multi-Threshold retracker and the ICESat DEM
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Figure 30: Histogram of differences in meters between elevations obtained

using the Multi-OCOG retracker and the ICESat DEM
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Figure 31: Histogram of differences in meters between elevations obtained

using the Beta retracker and the ICESat DEM
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Figure 32: Histogram of differences in meters between elevations obtained
using the Gauss retracker and the ICESat DEM
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Figure 33: Histogram of differences in meters between elevations obtained
using the Multi-Gauss Threshold retracker and the ICESat DEM
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Figure 34: Histogram of differences in meters between elevations obtained
using the Multi-Gauss OCOG retracker and the ICESat DEM
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Figure 35: Histogram of differences in meters between elevations obtained
using the Multi-Simplified CryoSat retracker and the ICESat
DEM
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Figure 36: Histogram of differences in meters between elevations obtained
using the Multi-Simplified CryoSat II retracker and the ICESat
DEM
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Figure 37: Histogram of differences in meters between elevations obtained
using the ESA level 2 Processor and the ICESat DEM

4.2.3.1 Discussion of elevation results from different retrackers

Some important observations that are made in comparison to ESA’s
CryoSat level 2 data products are listed and discussed below:
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1. The total number of elevations from the multiple peak re-
trackers developed in this project is significantly larger than
those from the CryoSat ESA level 2 data.

Our multiple peak retracking and interferometric processing ap-
proach provide more than one elevation estimate per waveform
while the CryoSat level 2 processor developed by ESA only pro-
vides a single elevation estimate per waveform. The number of
elevation estimates from the Multi-Threshold, Multi-COG and
Multi-Simplified CryoSat retrackers are two times larger than
the number of elevation estimates from the CryoSat ESA level 2
products.

. For each retracker, the number of elevations computed is less
than the number of retracked peaks in a waveform.

It is possible that a retracker provides results that cannot be pro-
cessed by the brute force interferometric processing algorithm.
In such cases, our algorithm rejects that retracked peak from
the waveform and no elevation is computed for that retracked
peak.

. The level 2 ESA Products provide significantly larger number
of CryoSat POCA elevations than our subwaveform retrack-
ers.

This is because of two reasons:

i) The number of CryoSat data files found within the same
polygon described in Figure 25 for the CryoSat level 2 ESA
Products was more than the number of CryoSat level 1b
data files found within the same polygon. It is unsure why
this is so. Maybe the application designed in this project
for downloading large amounts of CryoSat data contains a
code bug.

ii) The methods implemented in this study discards noisy

waveforms before retracking and computing elevations, whereas

CryoSat level 2 products provide elevation estimates ob-
tained from these noisy waveforms.

. The differences between the elevations computed from our
retrackers and the ICESat DEM elevations do have a signif-
icantly lower standard deviation in comparison to the same
from the CryoSat ESA level 2 Products.

The reduction can be almost 40%. From a comparison of Figures
and , we conclude that the drop is likely caused by the fact
that we have much less elevations in coastal regions close to
the glacier tongue. This is because the topographical variations
are larger, and the received waveforms contain more noise. Our
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designed retrackers do not compute any elevations for these
waveforms.

5. The standard deviation of the difference between the non-
POCA elevations computed from the multiple peak retrackers
and the elevations from the ICESat DEM from DiMarzio et al.
(2007) is lower than the same for the POCA elevations. How-
ever, the POCA elevation estimates from the multiple peak
retrackers have a lower mean difference to the ICESat DEM el-
evations, in comparison to the non-POCA elevation estimates,
except the Gauss retracker.

A possible explanation for the Gauss retracker behaving incon-
sistently with other implemented multiple peak retrackers is:

i) The shapes of the POCA and the non-POCA subwaveforms
are different. If a waveform contains multiple specular peaks
within the receiving time window, the shapes of the sub-
waveforms are similar. If the waveform is non-specular and
the subwaveforms are close to each other, the shape of the
leading edge of the POCA subwaveform is different from
the shape of the leading edge of the non-POCA subwave-
form.

ii) Retrackers like the Beta, Multi-Simplified CryoSat, and Multi-
Simplified CryoSat II retrackers require information of the
shape of the subwaveform for locating the leading edge.
If the shapes of the subwaveforms of the POCA and non-
POCA are not similar, the relative positions of the retracked
bins on the leading edges with respect to the subwaveform
maxima will be different.

iii) Retrackers like the Multi-Threshold, Multi-OCOG, Multi-
Gauss Threshold and Multi-Gauss OCOG rely on the shape
of the leading edges for locating a retracker bin for the sub-
waveform. If the leading edge shapes of the POCA and the
non-POCA subwaveforms are not similar, the relative posi-
tion of the retracked bins on the leading edges with respect
to the subwaveform maxima will be different.

iv) The Gauss retracker is the only retracker in the g different
retrackers shown in Table 3 that is symmetrical; the leading
edge and the trailing edge of the subwaveform by the fit
parameters a,, b, and c,, have the same slope magnitude.
This symmetry results in a consistent performance of the
Gauss retracker between POCA and non-POCA subwave-
forms.

6. The Multi-Simplified CryoSat II and the Beta retrackers have
the smallest ppoca
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Looking at the histograms of the Multi-Simplified CryoSat II
and the Beta retrackers in Figure 36 and Figure 31 respectively,
there appear to be large positive differences between the eleva-
tions computed from the retrackers and the ICESat DEM along
with a dominant negative difference distribution. This is not ob-
served in other retrackers (Figures 29, 30, 32, 33, 34, 35). Because
of this, the mean difference shifts towards the positive side. The
same is observed for the level 2 ESA data products, that contain
large positive differences with the ICESat DEM.

In Figure 38, a map of the elevation differences between computed
elevations from the ESA Processor and the ICESat DEM, and com-
puted elevation from our implementation of the Multi-Simplified CryoSat
II Retracker and the ICESat DEM is provided.
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Figure 38: Figure A represents a map of difference between the elevations
from the CryoSat ESA level 2 Products and the ICESat DEM eleva-
tions at those points. Figure B represents the same for elevations
computed from the Multi-Simplified CryoSat II retracker.

From the figure, the following observations and conclusions are
drawn:

1. In both cases, there appear to be areas where the computed
elevations differ from the ICESat DEM by more than 100 m.

Looking at Figure 38, we observe that large offsets are preva-
lent in regions on high surface variability. These regions are the
glacial lake, the rocky terrain and multiple areas all over the
basin that may have large spatial variations over a couple of me-
ters. A reason why this could be so is that the uncertainty of
the DEM in these regions could be very high, and also the level
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2 results in these regions could be erroneous. This in an indica-
tion that spaceborne radar altimetry is insufficient for mapping
areas with very high variability.

2. There seems to be an artifact due to large negative departure
from the ICESat DEM from a single satellite track in Figure B.
This is not observed in Figure A.

The cause of this artifact is unknown. It appears that this is
specific to a single satellite track.

3. The level 2 ESA elevation differences from the ICESat DEM
show a dominant negative spatial trend, even though Table 3
suggests a positive mean difference.

Looking at the histogram of these difference in Figure Figure
37, the level 2 ESA elevations contain very large positive mean
differences in the order of 100 m that cause the mean difference
to the ICESat DEM to shift from the negative to the positive
side.

4.3 ELEVATION CHANGE RESULTS FROM THE DIFFERENT RETRACK-

ERS

The results from the different retrackers were used to estimate the
linear elevation change trends over the specified basin polygon using
the methodology described in Chapter 3.4. Table 4 provides the lin-
ear elevation change trend statistics of elevations computed from the
results of different designed retrackers described in Chapter 3. These
numbers are obtained after a coarse outlier detection to remove un-
realistic elevation change results (absolute values greater than 50 me-
ters/year). This outlier detection is done by checking whether each
elevation change value at a specific location is within 2 times the stan-
dard deviation around the mean of all points within a certain degree
range (0.0899° in our case, from Matlab’s deg2km(10)) from its po-
sition. If this is not the case, the elevation change point is removed
from the data. Second, a final Grubb’s test was applied to remove re-
maining outliers. Figures 40 and 42 show maps of the linear elevation
change trend estimates computed from our level 2 CryoSat elevations
between 2010 to 2015. Figure 39 represents linear elevation change
trends computed from CryoSat ESA level 2 data products between
2010 to 2015. The histograms shown in Figure 42 represent the distri-
bution of the elevation change results from different algorithms used
in this study.
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Table 4: Statistics of the linear elevation change trend estimates from data
acquired over July 2010 to March 2015 using the elevation estimates
from different CryoSat level 2 Processors downloaded or imple-
mented in this study. The parameters are: i) number of points ny, ii)
the mean of the elevation change over the specified polygon in me-
ters/year pay, iii) the standard deviation of the elevation change
computed in meters/year oAy, iv) the maximum negative elevation
change in meters/year minayy, v) the maximum positive elevation
change in meters/year maxay, vi) the % of the total number of
positive elevation change points %., and vii) The total number of
points within the bounding box in Figure 39. ny)

Name ny UAH OaH Minay maxay Yoo Ny}

m-T 135952 -1.68 2.26 -13.19 9.82 11.03 36030
m-OCOG 133964 -1.68 2.25 -13.10 9.73 11.05 35462
Beta 19782 -1.34 2.07 -11.04 8.37 16.44 3601
m-GT 88699 -1.61 2.19 -12.56 9.33 11.48 22003
m-GOCOG 88969 -1.64 2.12 -12.23 8.93 10.53 22165
GS 37285 -1.46 2.08 -11.48 8.57 13.15 8137
m-SC 133576 -1.67 2.29 -13.28 9.95 11.36 35141
m-SCS 95054 -1.64 2.37 -13.54 10.27  12.64 24580
L2ESA 26614 -1.27 271  -14.20 11.65 17.91 5471
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Figure 39: CryoSat ESA level 2 processor elevation changes between July

2010 to March 2015.
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Figure 40: Linear inter-annual elevation trends between 2010 and 2015 for
elevations computed from: i) the Multi-Threshold retracker (top-
left), ii) the Multi-OCOG retracker (top-right), iii) the Beta re-
tracker (bottom-left), and iv) The Gauss Threshold retracker
(bottom-right).
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Figure 41:

Linear inter-annual elevation trends between 2010 and 2015 for el-
evations computed from: i) the Multi-Gauss OCOG retracker (top-
left), ii) the Gauss retracker (top-right), iii) the Multi-Simplified
CryoSat retracker (bottom-left), and iv) The Multi-Simplified
CryoSat II retracker (bottom-right).
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Figure 42: Histograms of the linear elevation change trends computed using
the various retrackers.
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Figure 43: The map, adopted from Helm ef al. (2014), shows the spatial vari-

4.3.1

ation of the elevation change observed from 2011 to 2014 in the
Jakobshavn basin. The yellow line represents the boundary of the
SARIn data.

Discussion of elevation change results

The following observations are drawn from the elevation change re-
sults presented:

1.

The elevations from the subwaveform approach provide a larger
number of linear elevation change trend estimates in compari-
son to the same from ESA level 2 products, and hence a better
spatial sampling of the observed signal.

The reason is two fold:

i) The subwaveform approach provides large number of scat-
terers at which elevation trends can be computed.

ii) Scatterers at much farther off-nadir angles fall within the
neighbourhood of other scatterers during elevation change
computation. Hence, less points are rejected that do not
meet the criterion outlined in section 3.4.

We observe a clear spatial trend of negative elevation changes
that is similar to the results obtained by Helm ef al. (2014) for
the Jakobshavn basin. While Helm et al. (2014) observed a much
lower elevation change (Figure 43) that does not exceed -3 m/yr
between 2011 and 2014 (according to them, the spatial averaging
technique they implemented influenced this result), the spatial
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signal was clear. This kind of signal is also observed in Figure
26 by Thomas et al. (2009).

The parameter npolygon from Table 4 provides the total num-
ber of elevation trend estimates within the polygon described
in Figure 39. The polygon is a rough bounding box of the ob-
served spatial elevation trend distribution. The number of ele-
vation trend estimates from the subwaveform approach within
this polygon is much larger than the number of elevation trend
estimates within the same polygon computed from the eleva-
tions of ESA level 2 data.

. Some points show a strong positive linear elevation change

trend inside the polygon outlined in Figure 39.

Possible explanations for this can be:

i) An actual positive elevation change due to flow of ice. This
is because if at a specific time the radar altimeter computes
elevation for a point on the glacier basin, the same geo-
graphic location’s topography can change due to the flow
of ice.

ii) Incorrect parameterization of the topography. If the func-
tional model is not correct, the topographical signal will
leak into the linear trend estimates. This is observed in ar-
eas showing strong topographical variability.

Table 4 provides the parameter npesitive, Which is the percentage
of positive inter-annual elevation trend estimates. The elevation
estimates from the ESA level 2 processor, the Beta retracker and
the Gauss retracker contain more number of positive elevation
trends than the results from the subwaveform approach. These
three algorithms also provide the smallest number of elevation
estimates.

. The mean elevation trend over the Jakobshavn polygon from

the Beta retracker, the Gauss retracker and the ESA level 2
products is less negative and inconsistent with the same from
other retrackers in Table 4.

The histograms of the elevation trends from the Beta retracker,
the Gauss retracker and the level 2 products from ESA are very
different from the histograms of the elevation trends from the
other retrackers. From Figure 42, we observe that the number
of negative elevation trend estimates from the subwaveform re-
trackers decreases gradually with increasing negative elevation
trends. This behaviour is not observed from the histograms of
the elevation trend estimates from the beta retracker and the
ESA level 2 products. Because of this, the mean of the elevation
trend estimates do not have a larger negative value.
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4. The standard deviations of the linear elevation trend estimates
from the algorithms that retrack multiple peaks is lower than
the same from CryoSat ESA level 2 products.

This suggests that the linear elevation trend estimates using the
multiple scatterer retrackers are more consistent than the lin-
ear elevation trend estimates from a single scatterer retracking
algorithm.

4.4 CONCLUSION

From the analysis of the results obtained using our subwaveform re-
tracking approach, we observe a much larger number of elevations
and linear elevation change trend estimates, in comparison to the
same from the CryoSat level 2 data products from ESA. From the
discussion of results in this chapter, we conclude the following;:

1. A multiple scatterer retracking approach for CryoSat SARIn
data provides a better picture of the Jakobshavn drainage basin
than a single scatterer retracking approach based on the same
data.

2. A multiple scatterer retracking approach provides a larger num-
ber linear elevation change trend estimates that are also more
consistent in comparison to the linear elevation change trends
estimated from the data products of ESA, using the same eleva-
tion change computation approach.

3. The subwaveform approach works best with robust retracking
algorithms like the Threshold and the OCOG retrackers, and
is also beneficial in providing initial conditions for retrackers
that require an analytical model to retrack multiple peaks. This
was observed with our implementation of the Multi-Simplified
CryoSat retracker. However, the subwaveform approach does
not perform as well when an analytical model is fit through
each of the subwaveforms. The Multi-Simplified CryoSat retracker
did not perform as consistently as the Multi-Threshold, the Multi-
OCOG and the Multi-Simplified CryoSat retrackers, even though
it worked with the same number of waveform peaks.

The next chapter finalises this thesis by providing answers to the
research questions proposed in Chapter 1, and provides recommen-
dations for future work.






CONCLUSIONS AND RECOMMENDATIONS

This chapter answers the research questions discussed in Chapter 1,
and provides recommendations for future research.

5.1 SUBWAVEFORM RETRACKING METHOD

The first research question was: Can a retracker process CryoSat SARIn
waveforms to retrieve multiple elevation estimates per waveform? This ques-
tion has been addressed in Chapter 3.

5.1.1  Conclusions

In this project the shape of the received SARIn waveform was stud-
ied. It was observed that multiple individual peaks in a waveform
shared similar characteristics; i) a leading edge, ii) a peak, and iii)
a trailing edge. A method was designed to exploit this geometry by
splitting the full waveform into multiple subwaveforms. After that,
we applied existing and newly developed retrackers to each subwave-
form in order to retrack multiple peaks. The retrackers used were
the Threshold retracker from Davis (1997), the OCOG retracker from
Wingham et al. (1986), the Simplified CryoSat retracker from Giles
et al. (2007), and some Gaussian-based retrackers. From these four re-
trackers, six different subwaveform-modified versions and a separate
symmetric Gaussian retracker were obtained. These retrackers were
tested together with the beta retracker from Martin ef al. (1983), which
was not modified for this study.

From the results in Chapter 4, we conclude that the designed mul-
tiple scatterer retrackers designed are able to retrack scatterers that
lie beyond the POCA in the range window of the CryoSat SIRAL
altimeter. From a compatibility point of view, it was observed that
the robust numerical retrackers greatly benefited from the subwave-
form approach, whereas the subwaveform functional retrackers did
not provide as many retracked peaks. It was also observed that the
subwaveform approach could be used to provide initial conditions
to multi-peak retrackers that implemented analytical models. This
was observed in the case of the Multi-Simplified CryoSat II retracker,
which located the leading edges of multiple peaks in a waveform by
fitting functional models to the subwaveforms. Even though the re-
tracker was provided with the same number of subwaveforms as the
Multi-Threshold, the Multi-OCOG and the Multi-Simplified CryoSat
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retracker, it still did not produce the same number of retracked peaks,
while the other three did.

We conclude that it is possible to retrack multiple peaks in a CryoSat
SARIn waveform using the subwaveform approach.

5.1.2  Future Recommendations

Three out of the eight retrackers implemented require a threshold
value that defines the relative position of the leading edge bin of the
waveform peak with respect to the peak power. In our study, this
retracker threshold was set to 80% of the total maximum received
power in the waveform. We note that it is important to choose an
defendable threshold chosen based on some criteria. For example, a
threshold of 40% of the first maxima in the received waveform was
implemented by Helm et al. to account for the penetration of radar
signal into the ice. In ice sheet retracking, often the retracker comes
across specular or non-specular waveforms. In both cases it is bene-
ficial to choose an optimal retracking threshold. We recommend to
study which retracker threshold best explains the location of the scat-
terer in the range window of the CryoSat altimeter.

5.2 PERFORMANCE OF THE ELEVATION ESTIMATES COMPUTED
FROM THE SUBWAVEFORM APPROACH

The second research question was: How does the proposed retracking
scheme compare to the available Level 2 CryoSat SARIn data products from
ESA? This question has been discussed in Chapter 4. This section
also answers the third research question proposed: What is the impact
of applying this developed technique for studying ice sheet elevation changes?
This has also been discussed in Chapter 4.

5.2.1  Conclusions

The elevation estimates obtained after implementing the proposed
retracking scheme over the Jakobshavn Isbree were compared to the
elevation estimates from CryoSat ESA Level 2 products over the same
area. The following is a summary of the results:

i) The total number of elevation estimates from the subwaveform
retrackers (except the Multi-Simplified CryoSat II retracker) was
two times larger than the total number of elevation estimates
from the CryoSat ESA Level 2 data products.

ii) The absolute mean difference between the elevation estimates
from the ESA Level 2 products and the ICESat DEM provided
by DiMarzio et al. (2007) was much lower than the absolute
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mean difference between the elevation estimates from the mul-
tiple scatterer retrackers developed in this project and the ele-
vations from the ICESat DEM. This was explained by the tail of
the histogram of the differences. The ESA level 2 data have a
longer right hand side tail with difference upto 400 meters.

iii) The standard deviation of the differences in the case of the ESA
level 2 data was significantly larger. This was because the ESA
level 2 products provided elevation data over areas that showed
strong topographical variability, whereas our method did not.
These elevations had large differences from the DEM that con-
tributed the large standard deviation number.

To study ice sheet elevation changes, the spatio-temporal elevation
change trend estimation technique from Wouters et al. (2015) was
adopted. The elevation change trends estimated between 2010 and
2015 with the multiple peak retrackers were compared to the same
from the elevations of ESA Level 2 products over the same area. The
multiple peak retrackers designed in this study provided more eleva-
tion change estimates with a lower standard deviation than the same
from the ESA Level 2 products.

In conclusion, the subwaveform approach has a positive impact in
elevation change studies as it improves the spatial sampling of the
observed signals.

5.2.2 Future Recommendations/Suggested Improvements

To improve elevation change estimates, it would be beneficial to im-
prove the estimation of the functional model that accounts for the to-
pography. A possible alternative could be to implement the method
described by Helm et al. (2014), who removed the effect of topography
by generating a DEM from the elevation estimates and subtracted in-
terpolated elevation values at the position of each elevation estimate.

5.3 STATUS OF THE RESEARCH PROJECT

This section concludes this research document by discussing whether
the proposed research objective was achieved, and describes future
possible research that could benefit from the developed method in
this research project.

5.3.1 Did we achieve the research objective?

After answering the research questions, this section evaluates the sta-
tus of the project with respect to achieving the primary research objec-
tive discussed in Chapter 1: Design an algorithm that utilizes the entire
return echo data of CryoSat to study elevation change over ice sheets.
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We successfully increased the total number of elevation estimates
which lead to an increase in the total number of elevation change esti-
mates in comparison to Level 2 processors that do not implement our
subwaveform approach. Hence, we indeed utilized the entire return
echo data of CryoSat.

5.3.2  Future possible research in line with this research

We propose the following research topics:

1.

Computation of coastal ice sheet mass variations using CryoSat
data and multiple peak retracking algorithms.

. Computation of glacier basin volume changes using CryoSat

data and multiple peak retracking algorithms.

. Adjusting the multiple peak retracking algorithms to accommo-

date the new Baseline C Level 1b data.

DEM generation using multiple scatterer retracker results.

. Estimation of intra-annual elevation changes.

Application of the designed method in this project over the en-
tire coastal zone of Greenland.

Comparison of the CryoSat subwaveform estimates to other atime-
ters, like the NASA ATM, or the ICEBridge missions, ICESat,
etc.
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