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Abstract

Inland surface water bodies (e.g. lakes and rivers) are very important to the na-
ture and human society. To monitor the water level of inland water bodies, gauge
stations were built since 19th century, but the amount of the stations is declin-
ing since the 1970s because of lack of maintenance. An accurate and continuous
monitoring of lakes and rivers is available because of the satellite altimetry mis-
sions launched, e.g. Jason-2 and ENVISAT. These satellites can provide water
level with proper spatial and temporal resolution.

In the recent past, researchers have used different satellite mission observations
to generate time series of inland water level in order for monitoring the water
bodies. In this thesis, we use the new designed satellite mission Sentinel-3, which
carries different sensors, to generate the water level time series of Dongting Lake
and Poyang Lake in China. Initially, we combine the altimetry measurements
with satellite images to determine virtual station. We choose Sentinel-3 Ku band
data and on-board Ocean tracker to generate the water level time series. After-
wards, we apply different waveform retracking algorithms (5 -parameter and
OCOQG) to compare the results with on-board tracker. We also validate the results

with the other database, then investigate the waveforms of each sampling date.

The comparisons show the three tracking methods we used are capable to Quasi-
Specular waveforms, and OCOG shows the best result to flat patch waveforms.
Furthermore, some suggestions for improvements are also discussed in the last
chapter.

Key Words: Sentinel-3; Altimetry; Water Level; Waveform Retracking
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Chapter 1

Introduction

1.1 Motivation

Water is the most precious resource in the nature, and fresh water supply is un-
der threat of non-renewability due to the growing demand (Kim et al. 2008). On
the earth, the total volume of water is evaluated about 333 million km 3, which
includes 97.5% salt water and 2.5% fresh water, and only 0.3% of fresh water is
in liquid form on the earth surface, i.e. lakes, reservoirs and rivers (Gleick 1993,
Eakins & Sharman 2010).

The inland surface water bodies—water in the lakes, reservoirs, creeks, streams,
rivers—are vitally important to our daily life. The main uses of surface wa-
ter include drinking-water, public use, irrigation use, and industry use by the
thermoelectric-power cooling electricity-generating equipment. The majority of
water used for thermoelectric power, public supply, irrigation, mining, and in-
dustrial purposes came from inland surface water sources (Kenny et al. 2009).
However, oods and droughts are extreme hydrologic natural disaster (Cooley
2006). They have a marked impact on fertile soil, supply of fresh water and
transportation corridor. These extreme events re ect the probabilities of anthro-
pogenic climate change (Peterson et al. 2008). Moreover, extreme events (i.e.
oods and droughts) cause changes in natural and human society much more
than ordinary climatic conditions (Peterson et al. 2012). Consequently, continu-
ous monitoring on the surface water bodies is necessary to forecast and analyze
the possible hydrological disasters.

In order to manage and monitor the inland water resources, the level of water
bodies is of great concern. For this purpose, in-situ networks of gauging stations
were built in the past decades, which record the data of discharge of stream and
water level with speci c time intervals. However, to maintain and build these

gauging stations is time-consuming and costly. For political reasons, a large
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amount of gauging stations which are lack of maintenance in remote areas are
abandoned and destroyed by human activities. Figure 1.1 shows that the world-
wide number of gauging stations has been decreasing since the 1970s (Fekete &
Vorésmarty 2007, Milzow et al. 2011). In addition, processing methods and differ-
ent seasons have a large impact on the measurement precision. Therefore, for hy-
drological studies, measuring water level with gauging stations cannot provide
satis ed spatial and temporal resolution. Since altimetry satellite missions have
been launched, the new technique has been utilized as a reliable and repeatable
monitoring method for the ocean and inland surface water bodies, which gives a
very large improvement on measurement accuracy and ef ciency of monitoring.
Water level time series is important not only because it can re ect the change of a
water body, but also it has applications shown as follow:

- Estimating river discharge from multi-satellite observations based on mea-
suring the change in total water storage by the Gravity Recovery and Cli-
mate Experiment (GRACE) mission (Sneeuw et al. 2014), monitoring the
water level using satellite altimetry (Tourian et al. 2013), and extracting river
width through satellite imagery (Elmi et al. 2015).

- Estimating lake volume change using water level from satellite altimetry.
For example, Tourian et al. (2015) used water level from satellite altimetry
and water surface extent from satellite imagery, together with local bathym-
etry data for computing total water volume in Lake Urmia.

Figure 1.1: Available stations (updated in March 2017) according to the
Global Runoff Data Centre (GRDC) database are depicted for different
years (Tourian et al. 2017).
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1.2 Monitoring hydrological cycle by satellite altime-
try

Since inland surface water bodies directly effect on the nature and human soci-
eties, water protection and disaster forecast increasingly rely on monitoring hy-
drological cycles. Although, satellite altimeters were designed and optimized for
operating over ocean initially (Berry et al. 2005), since decades of studies, altime-
try missions also provide an opportunity to monitor inland hydrological cycles
(Calmant & Seyler 2006).

After the rst earth-orbiting satellite SEASAT launched, the initial work over
ocean has been followed by inland water level time series generation (Birkett
1994, Cazenave et al. 1997). Figure 1.2 shows the past, current and future mis-
sions, and there are seven satellite altimetry missions currently in service, which
are Jason-2, Cryosat-2, HY-2, Saral, Jason-3, ICESat-2 and Sentinel-3. Among
these satellite missions, altimeter sensors provide water surface level both in
ocean and continent continuously with repeat periods from 10 to 35 days.

Figure 1.2:Operating period of satellite altimetry missions (Open Altime-
ter Database, TUM)

Due to improvements of measurement accuracy, this enabled researchers to pour
attention to studies of inland surface water level monitoring. With development

of satellite altimetry missions, the measurement of inland surface water bodies
can achieve superior performance in temporal and spatial resolution. Maheu
et al. (2003) generated water level time series of the Plata basin (South Africa)
with altimetry data from the Topex/Poseidon satellite over the period 1993-2001.
They found that all the sites they selected can achieve the precision which is
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smaller than 0.2 m during the measured period. Berry et al. (2005) applied multi-
ple altimetry missions (TOPEX, ERS-2 and Envisat) to generate water level time
series of Amazon basin. They compared the altimetry data with gauge station
measurements, as a result, the Pearson correlation coef cient for TOPEX, ERS-2
and Envisat according to gauge station are 0.91, 0.93 and 0.98, respectively. For
comparison between the data from altimetry satellite missions and in-situ gaug-
ing stations, Crétaux & Birkett (2006) studied 10 lakes in central Asia, they found
the accuracy of satellite altimetry is homogeneous, which depends on the amount
of satellite data. Crétaux et al. (2011) took advantage of Jason-1 data and in-situ
gauging records, for the Lake Victoria, they presented the water level comparison
with the RMS (Root Mean Square) of 2.6 cm and the correlation coef cient is 0.99.
Results indicate that the altimetry provides extremely accurate water level in the
continuous monitoring series. Schwatke et al. (2015) presented a new approach
to generate water level time series using multi-mission altimetry satellites. This
method is concerning data processing, Kalman lIter and meticulous outlier de-
tection. In their cases, the generated RMS with respect to in-situ data from 4 to
36 cm for lakes and 8 to 114 cm for rivers. In the monitoring of the Inner Niger
Delta, Normandin et al. (2018) selected data from 19 gauge stations from 1995 to
2017 to compare with the past and current missions. Results imply that 80 % of
the cases can get correlation coef cient larger than 0.8 and the RMSE smaller than
40 cm in 48% of cases. They veri ed that the recently launched missions (SARAL,
Jason-3 and Sentinel-3A) performed better than the past missions, especially the
use of the Ka-band for SARAL and the Synthetic Aperture Radar (SAR) mode for
Sentinel-3A.

Over the past few years, several research teams have already established hydro-
logical databases of inland surface water level time series derived from satellite
altimetry missions (e.g. DAHITI, HydroSat and Hydroweb). However, results
of researches on different inland surface water bodies indicate that large lakes
and wide rivers normally provide better performances than that of small lakes
and narrow rivers. This is caused by disturbances of lands, rough water surfaces
and lag effects of the Automatic Volume Control (AVC) when altimetry wave-
forms generated while it measures the shores of rivers or lakes (Guo et al. 2009).
Consequently, contaminated waveforms should be retracked to those effects. In
addition, numerous elements can also affect the accuracy of the measurements
from altimetry satellite missions. Among these errors, some come from the al-
timeter, some are from the other on-board instruments, moreover, the microwave
propagation errors in the atmosphere and geophysical adjustments also should
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be considered.

1.3 Objectives

In this thesis, we take advantage of Sentinel-3A SAR Radar Altimeter (SRAL) data

to monitor the variation of the water level of Dongting Lake and Poyang Lake.

As the Sentinel-3A satellite mission was launched on 16 February 2016, hence the
data are available in these areas since June 2016. The objectives in this thesis are
shown as follow:

- Select the virtual station of the lake to generate the water level time series
with the on-board retracked altimeter range.

- Implement different retraking algorithms to analyze the different results.
- Compare the water level variation with that of the other database.

- Combine the altimeter measurement positions in the tracks with optical re-
mote sensing images of near synchronous acquisition dates in different sea-
sons.

- Analyze the performances of waveforms in different seasons.

1.4 Structure of this thesis

The structure of this thesis to implement the objectives is divided into the follow-
ing chapters. In Chapter 2, the detailed principle of satellite radar altimetry will
be presented. Furthermore, Sentinel-3 mission and potential challenges will also
be introduced in this chapter. In Chapter 3, waveform structure and different re-
tracking algorithms will be explained in more details. For Chapter 4 and 5, these
two chapters present our implementations of two lakes, and we will analyze the
results in this part. Chapter 6 indicates the summary, conclusion and further re-
search direction.






Chapter 2

Satellite altimetry measurement

Altimetry satellites are basically used to determine the distance between the al-
timeter and a target surface on the earth, which measure the round-trip time of
radar pulse (Chelton et al. 2001, Deng 2003). The magnitude and shape of radar
pulse echoes (waveforms) contain the information about the characteristics of the
surface which caused the re ection (yszkowicz & Bernatowicz 2017). For the
ocean monitoring, altimeters can normally obtain best results because of spatial
homogeneity of the ocean surface. Recent satellite altimetry missions can achieve
the accuracy of measurements up to 5 cm over the ocean (Shum et al. 1998). For
surfaces, which are not homogeneous with discontinuities or signi cant slopes
(e.g. ice sheets, rivers, lakes and land surfaces), to obtain accurate interpretation
is more arduous.

2.1 Measuring principle

2.1.1 Range measurement

There are three main parts of a satellite altimeter, including a radar signal trans-
mitter (isotropic antenna), a receiver and an on-board extremely stable oscilla-
tor (Ghosh et al. 2017). The signal transmitter emits microwave signals at high
frequency (over 1700 pulses/second) to the earth, and the receiver receives the
echoes from the earth surface. If a precise measurement of round-trip time be-
tween the altimeter and the water surface is recorded, the one-way distance called
range R can be determined (Fu & Cazenave 2000). Figure 2.1 presents the range
measurement from the satellite altimeter to the water surface.

The original range R between the altimeter and the water surface is determined
by eq. (2.1):
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R= :—2Lct; (2.1)

in which, cis the speed of light, and t is the round-trip traveled time between the
altimeter and the water surface.

Figure 2.1: Schematic of satellite altimetry measurement principle (Aviso,
2018)

Itis obvious that the precision of the range depends on the precision of time mea-
surement. If the precision of travel time can be improved to the magnitude of
10 s, then knowing the speed of light, the resolution of the range measurement
can achieve to the magnitude of centimeter (Siddique-E-Akbor et al. 2011). For
the part of time correction, it will be introduced in Chapter 3.
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Furthermore, there are also some correction parameters @ R;) should be removed
from the original measured range, which are caused by pulses propagation in
atmosphere, geophysical disturbances and instrumental errors (Dumont et al.
2009). The effects of correction parameters will be introduced in Section 2.2.

Actually, the corrected range R should be presented as eq. (2.2):

X
R=R 4R, (2.2)

2.1.2 Sea Surface Height

The sea surface height (SSH), is the distancéh at a given instant from the water
surface to a reference ellipsoid (e.g. WGS84 or Geoid), which is calculated by ap-
plying the following equation:

h= Hsat R

X
= He R+ 4R; @3

i
In eq. (2.3),Hsa is the altitude of the satellite with respect to the reference ellip-
soid derived from the orbital parameters of the satellite. To determine the high
precision orbital parameters, the modern altimetry satellite missions carry sev-
eral sensors, such as Satellite Laser Ranging (SLR), Doppler Orbitography and
Radiopositioning Integrated by Satellite (DORIS) and Global Positioning System
(GPS) (Pandey et al. 2014).

2.2 Correction parameters

Since the speed of light is a constant during propagation in a vacuum, the range
between the satellite and the water surface could be easily determined. How-
ever, radar signals slow down because of dry gases, water vapour, and liquid
water in the lower atmosphere and electrons present in the upper atmosphere.
These effective factors may lead to an error in the range measurement. Hence,
geophysical corrections (i.e. inverse barometer, sea state bias, polar tide, ocean
tide, earth tide, ionospheric correction, dry tropospheric correction, and wet tro-
pospheric correction) and instrument error corrections (i.e. Doppler correction,
time delay due to ight and time delay due to ground corrections and antenna
center of gravity) should be removed from the original measured range to get the
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correct range. Figure 2.2 presents the correction parameters of radar altimetry.
We will introduce the main three correction parameters for range estimation in
the following subsections.

Figure 2.2:Schematic of correction parameters for radar altimetry (CNES)

2.2.1 Dry tropospheric correction

Among all the in uence factors making time delay, the dry tropospheric correc-
tion (DTC) has the largest range correction due to the dry gas component of the
atmosphere (Fernandes et al. 2014). The DTC can be estimated with an accuracy
of a few millimeters from surface atmospheric pressure ps using the modi ed
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Saastamoinen model (Davis et al. 1985), because it is almost linear height depen-
dence with an absolute value of about 2.3 m at sea level and a range of about 0.2
m. The model is described as eq. (2.4):

0:0022768

1 0:00266 cos2 0:28 10 6 hg !

where ps is the surface pressure in hPa, is the geodetic latitude, hs is the surface
height above the geoid (in meters) and 4 Cg. results in meters.

4 Cgyc = (2.4)

In the eq. (2.4), ps is the total atmospheric pressure, i.e. the partial pressure of
dry air and the pressure due to water vapor, this expression actually gives the
zenith path delay caused by the hydrostatic component of air and not just by
the dry component of atmospheric pressure. The most common sources of at-
mospheric pressure are the atmospheric models from the European Centre for
Medium-Range Weather Forecasts (ECMWF) (Miller et al. 2010), and the National
Centers for Environmental Prediction (NCEP).

2.2.2 \Wet tropospheric correction

The path delay caused by water vapour, the wet tropospheric correction (WTC),
which is one of the major errors during propagation of radar signals in the at-
mosphere. The most accurate method for modelling this effect is through the
measurements of microwave radiometers (MWR) on-board the altimetric mis-
sions, because of the high variability over the ocean both in time and space. The
passive MWR on-board altimeter satellites retrieve the water vapour percentage
from the instantaneous measured brightness temperatures, at the nadir, in chan-
nels inside and outside the water vapor absorption line at 22.235 GHz (Scharroo
et al. 2004).

From this algorithm, the WTC can be determined by the total column water
vapour (TCWV) and near-surface air temperature ( Tp) (Bevis et al. 1992). The
equation is described as follow:

1,72555 TCWV

= ; + ; :

where T, is the mean temperature of the troposphere, which can be modeled
from Ty, according to the article of Mendes et al. (2000):
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T = 50:440 + 0:789T, ; (2.6)

eq. (2.5) and eq. (2.6) provide the WTC at the level of the atmospheric model
orography. The height dependence of water vapor is not easy to model, due to its
large variability. In spite of this, Kouba (2008) proposed the following empirical
expression:

4 Cuo(Ns) = 4 Rugo (o) €50™ (2.7)

in which, hg and hg are the ellipsoidal heights of the model orography and sur-
face, respectively.

2.2.3 lonospheric correction

The refraction caused by electrically-charged particles in the atmosphere has to
be taken into account, which is a part of range estimation for satellite altimetry.
Most of those charged particles occur in ionosphere, the part of the atmosphere
between an altitude of 50 and 2000 km, where ions are produced by the pho-
toionization of atomic and molecular gasses (Rush 1986).

The total delay affecting the radar pulse along its path through the ionosphere,
4 Cion, can be estimated from the integral over height of the ionospheric refrac-
tivity Nion(2), which is in turn proportional to the electrons in the ionosphere,
Ne(z). Moreover, the ionospheric refraction is dependent on frequency f, which
Is inversely proportional to the square of the frequency (Chelton et al. 2001):
z R
4Cion(f)=10 °  Nin(z)dz
zJ2 (2.8)

= — Ne(z)dz ;
f2 o

where k = 40:250m3 Hz? electrons !, n. is expressed in electrons/m?3, f in Hz

and 4 Rjo, results in meters. The last integral in eq. (2.8) represents the atmo-
spheric columnar electron density. This total electron content (TEC) is usually

expressed in TECU (TEC units), with 1 TECU = 10%° electrons/m 2, allowing the

altimetric ionospheric path delay to be more practically written as:

KTECar .
f2 ’

4 Cion(f) = (2.9)
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where k = 0:40250m GHz? TECU!, f is expressed in GHz, and TEC,; is the
total electron content below the altimeter. For altimeters operating in the Ku-
band (approximately 13.6 GHz), this comes out to 2.18 mm of path delay per
TECU (Schreiner et al. 1997). Operating on two different frequencies, recent
high-precision radar altimeters ying on Envisat, Jason-1, Jason-2 and TOPEX, in
principle, direct estimation of TEC 4 from the difference between the measured
ranges on the two frequencies (Scharroo & Smith 2010):

figu fé;S RC RKu

TECan = f}% fés K
u ;

(2.10)

The ranges, Rk, and Rc:s, in eq. (2.10) are those measured on the primary Ku-
band and on the secondary C-band (5.3 GHz for TOPEX and Jason) or S-band
(3.2 GHz for Envisat), respectively. GNSS is used for deriving TEC to estimate the
lonospheric correction for altimeter range measurement, additionally, the neces-
sary interpolation in space and time to the altimeter ground track, altitude scaling
has to be performed (lijima et al. 1999).

2.3 Satellite altimetry missions

Since the rst oceanographic satellite SeaSat launched in 1978, different missions
have been providing vital monitoring technique for the surface water bodies.
These satellite altimetry missions with precise orbit determination continuously
measure the water level on the earth, including oceans, lakes and rivers.

2.3.1 Sentinel-3 mission

Sentinel-3A was launched on 16th February in 2016, which is jointly operated by
European Space Agency (ESA) and European Organisation for the Exploitation
of Meteorological Satellites (EUMETSAT) to deliver operational ocean and land
observation services. The main objective of the Sentinel-3 mission is to measure
sea surface topography, sea and land surface temperature, and ocean and land
surface colour with high accuracy and reliability to support ocean forecasting
systems, environmental monitoring and climate monitoring. It carries different
instruments, which are Ocean and Land Colour Instrument (OLCI), Sea and Land
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Surface Temperature Instrument (SLSTR), SAR Radar Altimeter (SRAL), and Mi-
crowave Radiometer (MWR). Figure 2.3 shows the main instruments of Sentinel-
3.

SRAL is the instrument providing the measured range and corrections, which we
use for generating the inland surface water level time series in this thesis. The
main frequency used for range measurements is the Ku-band (13.575 GHz, band-
width 350 MHz), however, contrary to Cryosat, a second frequency is used. The
C-band frequency (5.41 GHz, bandwidth 320 MHz) is used for ionospheric cor-
rection. There are two radar modes of SRAL, one is Synthetic Aperture Radar
(SAR) mode, and the other one is Low-Resolution Mode (LRM). The SRAL in-
strument is always operated at High Resolution Mode (i.e. SAR mode), and Low
Resolution Mode (LRM) is for back-up only.

OLCIl is a medium-resolution imaging spectrometer that uses ve cameras to pro-
vide a wide eld of view. OLCI has 21 spectral bands with wavelengths ranging
from the optical to the near infrared. Bands vary in width from 2.5 nm to 40 nm,
and serve a variety of different purposes, including measuring water vapor ab-
sorption, aerosol levels, and chlorophyll absorption. OLCI products are available
at two spatial resolutions: full resolution at approximately 300 m and reduced
resolution at approximately 1.2 km.

Figure 2.3:Main on-board instruments of Sentinel-3 (Credit: ESA)
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Sentinel-3 is equipped with a new-generation (multi-channel and digital) receiver,
which is able to track up to seven beacons simultaneously. Ricker et al. (2012) in-
dicated that real-time accuracy of the DORIS navigation solution (Diode) is about
3.5 cm. Diode is used to drive the open loop tracking mechanism of the SRAL al-
timeter. The combination of both GPS and DORIS measurements in Precise Orbit
Determination (POD) processing improves the nal performance on the three di-
rections, with the precision can be up to 1 cm (Kang et al. 2006).

2.3.2 Other satellite altimetry missions

Except Sentinel-3A, there are 6 other satellite altimetry missions currently oper-
ating in the space. Satellites Jason-2 and Jason-3 with a relatively short repeat
cycle (10 days), able to observe the same spot on the ocean frequently but with
relatively widely-spaced ground tracks (315 kilometres at the equator). Satellite
SARAL with a 35-day repeat cycle, is on the same ground-track as ERS-1 & 2 and
Envisat. Cryosat-2 ables to work with an interferometric mode, with a high orbit
inclination of 92 to satisfy the scienti ¢ requirements for observing the poles and
the ice sheets. HY-2A operates in the rst period (initially planned over the rst

2 years) with a 14-day cycle (altitude 971 km), then in a second period (initially
planned to last one year) with geodetic orbit (168-day cycle, altitude 973 km). Ta-
ble 2.1 gives the speci cations and instrument characteristics for different satellite
altimetry missions.
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Table 2.1: Parameters of different altimeter missions (AVISO, 2018)

Altimeter _u.m<_m: Altitude Band >:$:3.m PRF  Waveform ZoB_dm_ . _uc._mm
Time [km] Beamwidth[ ] [Hz] Gates Tracking Point  Width [ns]
SEASAT 17 days 800 Ku 1.59 1020 60 29.5 3.125
GEOSAT 17 days 800 Ku 2.00 1020 60 30.5 3.125
ERS-1 35days 785 Ku 1.30 1020 64 325 3.030
TOPEX 10days 1336 Ku 1.10 4500 128 325 3.125
C 2.70 1200 128 32.5 3.125
Poseidon 10days 1336 Ku 1.10 1700 60 29.5 3.125
ERS-2 35days 785 Ku 1.30 1020 64 325 3.030
GFO 17 days 880 Ku 1.60 1020 128 325 3.125
Jason-1 10days 1336 Ku 1.28 1800 104 31.0 3.125
C 3.40 300 104 31.0 3.125
Envisat 35days 800 Ku 1.29 1800 128 46.5 3.125
S 5.50 450 64 25.5 6.250
ICESat-1 90 days 600 Laser 0.029 40 1000 500 5.000
Laser 0.010 40 544 272 5.000
Jason-2 9.9days 1336 Ku 1.26 1800 104 31.0 3.125
C 3.38 300 104 31.0 3.125
Cryosat-2 369 days 717 Ku 1.08,1.20 18181 128 63.0 1.5625
SARAL 35days 800 Ka 1.29 1800 128 46.5 3.125
Jason-3 9.9days 1336 Ku 1.28 1800 104 31.0 3.125
C 3.40 300 104 31.0 3.125
Sentinel-3A 27 days 814.5 Ku 1.28 1924 128 44.0 3.125
C 3.40 274.8 128 44.0 3.125




17

Chapter 3

Altimetry waveform

3.1 Waveform construction

A satellite altimeter emits short radar pulses towards the earth surface in the
nadir direction and measures the re ected echoes. Microwave energy from a
single radar pulse radiating within a thin, spherical shell away from the nadir
antenna interacts with the earth's surface. When the wavefront encounters the
nearest water surface, it illuminates one point and a re ected echo begins to re-
turn to the altimeter. The re ected signal intensity grows through the area of
interaction between pulse and surface increasing. Thereafter, the backscattered
energy begins to decline due to the nite antenna beamwidth and fewer re ected
facets in off-nadir directions. The power of the re ected signal is recorded within
the duration of the pulse, which construct the initial waveform. The procedure of
waveform construction is shown in Figure 3.1.

Normally, a waveform contains noises, which are from the re ected signals. To
reduce the noise in waveforms, the re ected pulses are averaged and construct a
mean waveform. The averaged returned waveform known as Brown model, is
the mean of returned power series recorded by the satellite altimeter, and it con-
tains mainly of three parts (Brown 1977) (Figure 3.2):

- The thermal noise: The altimeter sometimes generates the noise power be-
fore the rst return of a signal from the scattering surfaces. It performs a
constant power level to the return waveform.

- The leading edge: Itis the main part of a waveform which records the rising
procedure of return power from the scattering surfaces. From this part, the
information about the range between the satellite altimeter and the mean
sea surface at the nadir can be extracted.
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- The trailing edge: This part is constructed as the return power from the
scattering surface decaying. It can be approximated by a straight line whose
slope depends on the altimeter antenna pattern and the off-nadir angle
(Chelton et al. 2001).

Figure 3.1: The procedure of constructing the returned waveform (Credit:
CNES)

Figure 3.2: Schematic altimeter mean return waveform over ocean surface
(Tourian 2012)
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The waveform indicates the re ectivity (estimated from the amount of power in
the re ected pulse) and the large-scale roughness of the scattering surface. The
on-board tracker is an algorithm on board the satellite which computes the range
to the nadir by recording the round trip time of the pulse. This travel time rep-
resents the time that the mid-point of the radar pulse needs to return from target
surface at nadir. Hence, the on-board tracker calculates the time by nding the
mid-point on the leading edge. The on-board tracker continuously adjusting the
range window and try to keep the leading edge of the waveform stable at the
xed centre of the range window, which is known as tracking gate (Deng 2003).
The tracking gate is a pre-designed bin index of a waveform, which de nes the
initial range between the satellite and the surface at nadir. Therefore, on-board
tracker itself will nd out the half-power point of the leading edge and determine
the offset to the tracking gate. The offset represents the range correction, and the
tracked range can be calculated.

3.2 Waveform types

Over the ocean, normally the altimeter can receive Quasi-Brown returned wave-
forms with a sharp and stable narrow peak (Berry et al. 2005). Over inland water,
the waveform is complicated and normally contaminated by the slope, roughness
and vegitation cover within the footprint. Waveforms from large lakes and wet-
lands are the typical high powered spikes which are similar to returned signals
from oceans (Birkett 1995). A waveform becomes broader and more noisy as sam-
ples of the waveform are contaminated by non-water bodies. Due to the inhomo-
geneous surface within the large footprints of radar, the number of Quasi-Brown
model waveforms decreases and more narrowly peaked waveforms appear by
decreasing the size of water body (Berry et al. 2005). In other words, waveforms
over inland water bodies do not show similar patterns, which are normally classi-
ed into four types: Quasi-Brown model, at patch, Quasi-Specular and multiple
peak waveforms (Guzkowska et al. 1990), shown as Figure 3.3.

The Quasi-Brown waveforms are characterized by the sharp leading edge with
a wide slowly decreasing trailing edge. This kind of waveform is normally pro-
duced over the ocean, large lakes or wide rivers. The Quasi-Specular waveforms
have the sharp vertical leading edge and the rapid decrease of trailing edge. This
kind of waveform usually produced over narrow rivers. Comparing to Quasi-
Specular model, the at patch waveforms have similar leading edge, but the
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trailing edge decreases slowly. This kind of waveforms are produced over the
water bodies surrounded by low re ecting surfaces. The multiple peak type has
double or several peaks in one waveform, which is usually formed over the close
to the banks of water bodies.

Figure 3.3: Examples of (a) Quasi-Brown model, (b) at patch, (c) Quasi-
Specular and (d) multiple peak over inland water (Berry et al. 2005)

3.3 Hooking effect

As a satellite altimeter measures the range in the nadir direction, the footprint
location is supposed to be directly under the altimeter. Since the water surface
re ects usually more strongly than the surrounding land surface, the altimeter
measures the distance to the water surface even when it is not nadir-positioned
over the water. The off-nadir distortion of altimetry measurements is known as
hooking effect. This issue usually occurs that the water surface with high re-
ected power is at the edge rather than at the nadir of the radar footprint. Figure
3.4 demonstrates the measured off-nadir distances form a parabolic shape in the
along-track altimetric height pro les (Da Silva et al. 2010).

The satellite altimeter along the orbit measures the water body with the range ,
and the altitude of the satellite is a;, then the calculated water level is H; = a; .
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However, the actual nadir range between the altimeter and the water surface is
0, and the altitude of the satellite at the zenith of the water body is aj,. Obviously,
the true water level should be Hgy = ag 0.

Figure 3.4: Off-nadir measurement of the slant distance to the water body
(Boergens et al. 2016)

Generally, measurements along the track over water-land transitions always gen-
erate hooking effect, shown as Figure 3.5. The left view Figure 3.5(a) is the RGB
image with along-track measurements, and the blue dots are the epochs over the
water in nadir direction. Figure 3.5(b) shows the peaks of waveforms appear
in different bins according to the leading edges have shifts among the measure-
ments. The on-board tracking procedure will then determine the range by tting
this re ected power that traversed a skewed path. Since the range estimation as-
sumes the target is at the satellite nadir, this leads to an overestimated range, i.e.,
to an underestimated height of the re ecting water surface.

However, the hooking effect can usually be ignored in water level generation if

the water body is large which has enough nadir-positioned measurements. For
narrow rivers or small lakes, the off-nadir measurements should be used to gen-
erate the water level by averaging even better than the solo measurement over
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the water body.

(@) Measurements along- (b) Power of waveforms along-track
track over Yangtze River

Figure 3.5:Example of the hooking effect from Sentinel-3A altimetry data

3.4 Waveform retracking

Retracking is a post-processing and analysis of radar altimeter waveform data to
retrieve an optimized gate or bin for the range measurement. The main purpose
of waveform retracking is correcting the estimated range from on-board tracker.
As mentioned above, waveforms over water bodies do not show the same pat-
tern, and the on-board estimation algorithm may be not proper to a speci ed type
of waveform. The on-board tracker continuously computes the mid-point of the
leading edge in a limited time, which always leads to a computational error. Near
lake shoreline or over shallow water the altimetry waveforms generally contam-
inated by responses from non-water bodies inside the footprint of the radar. Due
to these reasons, retracking is a necessary procedure to improve the quality of
range measurements.

As described before, the offset between the retracking gate and the tracking gate
presents the error in range measurement (Figure 3.6). The offset can be trans-

formed to range by eq. (3.1):

C
4 Ryet = (Gate ret C':‘a-tenom) é ; (3.1)
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where Gate,; is the retracking gate and Gate,o,, is nominal tracking gate. The
parameter is sampling rate of the pulse (for Sentinel-3, it is 3.125 ns).

Figure 3.6: Schematic of retracking (Tourian 2013)

Although several retracking algorithms are applicable as a post-processing step,
the quality of range estimation depends on the type of retracking algorithms.
Moreover, there is no single algorithm which can meet the diverse needs of all
the waveforms (Lee et al. 2010, Uebbing et al. 2015). Consequently, several re-
traking algorithms were developed for different type of waveforms, including

-parameter retracker, ocean retracker, Ice-2 retraker and OCOG retracker. Over
inland water bodies, the waveform normally contains a narrow peak due to the
small size of water. From large amount of researches, -parameter and OCOG
retrackers are always applicable for lakes or rivers. Therefore, for our study these
two retrackers will be introduced in the following subsections.

3.4.1 -parameter retracker

The -parameter was developed by Martin et al. (1983) to process the waveforms
over continental ice sheets, which was rstly used for SEASAT radar altimeter.
5 -parameter function is used to t the single-ramp returned waveforms, and
the 9 -parameter function is used to t the two-ramp returned waveforms.
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The general function of 5 -parameter for retracking the waveform is given as
(Matrtin et al. 1983):

t
y()= 1+ o1+ sQP & (3.2)
( 0 f t< +0:5
Q= | or 3T (3.3)
t (3+0.5 4) for t> 3+0.54
Z X l q2
P(x)= p—exp —— dg (3.4)
1 2 2

The model parameters mentioned in Figure 3.7 are:

- 1. The thermal noise level of the waveform

- 5. The return signal amplitude

- 3. The mid-point of the leading edge of the waveform
- 4. The return waveform rise time

- 5. The slope of the trailing edge

Figure 3.7:5 -parameter retracker ts a single-ramp waveform (Tourian
2013)
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The -parameteris tted on the waveform using least squares method to estimate
5 parameters ; 5. The offset can be derived from the 3 and the tracking gate,
so the range correction can be determined as the following equation:

C
4 Rret = ( 3 Gatenom) é (35)

3.4.2 Off Center of Gravity (OCOG) retracker

OCOG is a robust retracker, which depends on the statistical approach. It was
introduced by Wingham et al. (1986) to produce ice sheet data products from
ERS-1/2. This algorithm calculates center of gravity ( OCG) of a rectangular box.
The twice of OCG height is called waveform amplitude A, and it determines the
length of the box. The width ( W) of the rectangular box determines the retracking
gate, which shown in Figure 3.8.

Figure 3.8: Schematic description of OCOG retracker (Tourian 2012)

The function to determine COG, A and W are given by the following equations:

N N2 b2
COG = iP2(t) P2(t) (3.6)
i=1+n 1 i=1+n
V
A= PA(t) PA(t) (3.7)

i=1+ nq i=1+ ny
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|
N n2 P K
W = PZ(t) P (t) (3-8)
i=1+ n1 i=1+ nq
in which, Pj is the waveform power at i bin, N is the total number of samples in
the waveform. n; and n, are the numbers of bins in the waveform affected by

aliasing at the beginning and the end. Then, the retracking gate can be calculated
by:

Gatee = COG (3.9)

2
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Chapter 4

Data and area of study

In this thesis, we use Sentinel-3 SRAL data and Landsat-8 satellite images for the
aims of the study. These data are available from the websites of their operators,
which are free to the public. We selected the rst two largest lakes (Dongting
Lake and Poyang Lake) in China for the experiments.

4.1 Data

4.1.1 Altimetry data

The Sentinel-3 orbit has a revisit time of 27 days providing global coverage of to-
pography data at mesoscale (inter-track distance at the Equator 104 km using one
satellite). The along-track resolution and across-track resolution of SAR mode are
approximately 300 m and 1.64 km respectively. Sentinel-3 SRAL data, distributed
by ESA, ful lls needs of the most scienti ¢ researchers. The data include time
of range measurements, on-board tracked ranges, satellite positions, geophysical
corrections and instrumental corrections. For the range measurements different
retracking algorithms, i.e. ocean, 5- , OCOG are operationally applied to wave-
forms to provide accurate height estimates.

4.1.2 Satellite images

Combining the altimetry data with satellite images is very bene cial to moni-
tor the water body surface. As mentioned in Chapter 2, Sentinel-3A also carries
many other instruments except altimeter, including Ocean and Land Colour In-
strument (OLCI). OLCIl images have 21 spectral bands with wavelengths ranging
from the optical to the near-infrared. OLCI image is supposed to be used for our
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