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ABSTRACT 

Radar altimeters transmit modulated chirp pulses towards the sea at nadir, and 
then record the returned echoes which were reflected from the sea surface in 
an altimeter footprint. Time series of the power of received echoes by altimeters 
is usually known as “waveform”. Geophysical parameters are retrieved by a 
process called “waveform retracking”, which consists of fitting a theoretical 
model response to the measured waveforms. Over the open ocean, so-called 
Brown mathematical model is always treated as the standard model. The 
fundamental parameters derived from waveform retracking are the satellite 
height above the sea surface (range), the significant wave height (SWH) and the 
backscatter coefficient (휎 ) related to sea surface wind. In addition, subsequent 
studies have also indicated the possibility of retrieving a wave period 
parameter from SWH and 휎  measurements of altimeters, and numerous 
empirical models have been proposed in the last two decades. Moreover, in 
contrast to open ocean, the radar altimeter data gathered over the coastal zones 
(particularly, within 10 km from the coastline) are always flagged as “bad” due 
to the issues of land contamination in the footprint and intrinsic difficulties in 
the geophysical corrections. In this thesis, two issues on waveform retracking 
are studied and described in separated partsⅠand Ⅱ; namely, wave period 
retrieval and waveform retracking over coastal zone, respectively. 

Part Ⅰ: Recent researches have investigated the possibility of deriving an 
altimeter wave period parameter from the SWH and 휎  measurements. 
Several retrieval models have been proposed, but the results of these studies 
show that wave periods estimated from satellite altimetry data behave 
differently from those calculated from buoy data, especially in low-wind 
conditions. In this thesis, the geometric mean wave period 푇  is calculated 
from buoy data, rather than the commonly used zero-crossing wave period 푇 . 
The geometric mean wave period uses the fourth moment of the wave 
frequency spectrum and is related to the mean-square slope of the sea surface 
measured using altimeters. The values of 푇  obtained from buoys and 
altimeters agree well (root mean square difference: 0.2 s) only when the 
contribution of high-frequency sea waves is estimated by a wavenumber 
spectral model to complement the buoy data, because a buoy cannot obtain 
data from waves having wavelengths that are shorter than the characteristic 
dimension of the buoy. 

Part Ⅱ: Altimeter waveforms are corrupted at coastal zones due to due to 
the heterogeneous reflective surfaces over altimeter footprint. The waveform 
corruption mainly consists of two types:  
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1) waveform corruption due to the effect of land contamination. Around 
the coastal area, the returned echoes reflected from the targets located above 
the mean sea surface such as land superimpose on the ocean returns. Generally, 
the power of land reflection is much weaker than that reflected from the sea 
surface. Even for the case of highly reflective point targets, like artificial 
construction, ship and iceberg etc., the echoes returned from these targets 
present as “speckle” noises and only appeared at the waveform thermal noise 
area. On the other hand, a power deficit can be seen in waveform trailing edge 
due to the weak reflection from land in altimeter footprint. The power deficit 
exceeded the normally decaying which controlled by the antenna beam pattern 
in the theoretical Brown model.  

2) waveform corruption due to the inhomogeneous of the sea surface 
reflectivity. This is known to happen in particular for semi-closed seas, where 
the sea surface usually smoother than surrounding waters. The calm semi-
closed seas can be seen as bright targets in the radar signal. Reflections from 
the calm water seriously corrupted waveforms and present as redundant peaks 
in the waveform trailing edge. Previous research has been pointed out that two 
of the predominant coastal waveform classes are quasi-specular and multi-
peak waveforms. Both of them are connected with the presence of bright targets 
like calm water.  

Since coastal waveforms are generally complicated, it is difficult to 
distinguish whether an echo is corrupted in a single waveform. In previous 
studies, sub-waveform retrackers which use only the waveform leading edge 
are recommended for coastal waveform ratracking. Different from the sub-
waveform retrackers, the along-track waveforms (echogram) are used in this 
thesis considering its spatial distribution. In fact, the strong reflections from 
calm water obviously present as a parabola in the echogram. Utilizing the 
parabolic signature, these noises which are difficult to distinguish in individual 
waveform are explicitly selected and removed in this study. In addition, the 
power deficit due to weak land reflection is also compensated. The method has 
been performed to Jason-2 20Hz data around Tsushima in Japan. Results show 
that the correlation coefficient of sea surface height anomaly (SSHA) derived 
from altimeter and tide gauge measurements remains larger than 0.9 even at 
about 3km depart from coast. The root mean squared difference is about 20cm.       

Keywords: radar altimeter; buoy; wave period retrieval; high-frequency sea wave; 
mean squares lope ; waveform retracking; land contamination; tide gauge. 
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1. Introduction 

Radar satellite altimetry is now a mature discipline over the open ocean. Since 
the Topex/Poseidon mission started from 1992, radar altimeters have been 
provided global, real time, all-weather accurate measurements of sea surface 
exceed 30 years. The satellite altimeter products have been beneficial to a wide 
range of scientific questions, including global ocean circulation monitoring, 
long-term sea level rise and operational oceanography, etc. (Vignudelli et al., 
2011).  

     The fundamental parameters measured by radar altimeters are the 
satellite height above the sea surface (known as “range”), the significant wave 
height (SWH, 퐻 ) and the backscatter power (휎 ) (related to the surface wind). 
In addition, Challenor and Srokosz (1991) proposed that wave period could be 
derived from altimeter 퐻  and 휎  measurements. As the statistical character 
parameters describing the sea state, the wave height and period are important 
in theoretical research on ocean wave, in coastal and offshore engineering, and 
other applications. Traditionally, wave parameters are often obtained from sea 
wave frequency spectra measured by in situ buoys. However, the use of buoys 
is restricted to primarily coastal regions and, hence, cannot provide 
information on global ocean wave conditions. On the other hand, the altimeter 
measurements of 퐻  are widely accepted to be of comparable accuracy to that 
of in situ measurements (e.g., Krogstad and Barstow, 1999; Challenor and 
Cotton, 2002). In recent years, many altimeter wave period retrieval models 
have been proposed (Davies et al., 1997; Hwang et al., 1998; Sarkar et al., 1998; 
Gommenginger et al., 2003; Quilfen et al., 2004; Kshatriya et al., 2005; Mackay 
et al., 2008; Govindan et al., 2011; Badulin, 2014). However, these models 
perform worse in low-wind conditions than in high-wind conditions.  

In contrast to the open ocean, the radar altimeter data gathered over the 
coastal zone (particularly in the last 10 km from the coastline) are always 
flagged as “bad” due to the issues of land contamination in the footprint and 
intrinsic difficulties in the geophysical corrections. In the last couple of years, 
significant research has been carried out to overcome these problems and 
extend the capabilities of current and future altimeters to the coastal zone, with 
the aim of integrating the altimeter-derived measurements of sea level, wind 
speed, and significant wave height into coastal ocean observing systems. 
(Cipollini et al. 2009). Although the application of new techniques (like Ka-
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band and Delay-Doppler) will enhance the capabilities of coastal altimetry, the 
archived coastal altimetry data of conventional pulse-limited radar altimeters 
would be invaluable for studies of coastal oceanography, such as coastal 
currents and sea level change et al. In this thesis, two issues on waveform 
retracking are studied and described in separated partsⅠand Ⅱ; namely, wave 
period retrieval and waveform retracking over coastal zone, respectively. 

This chapter is organized as follows: fundamental altimeter waveform 
theory is introduced in Section 1.1; an overview of altimeter wave period 
retrieval is presented in Sections 1.2; the issues of land contamination effect on 
coastal waveforms is introduced in Section 1.3; in Section 1.4, the objectives and 
organization of this thesis are introduced. 

1.1 Altimeter Waveform Theory 

1.1.1 Altimeter Waveform  

As the Jason-2 altimetry data is used in this thesis, the Poseidon-3 altimeter of 
Jason-2/OSTM mission is used to introduce the fundamental waveform theory 
of pulse-limited radar altimeter. Jason-2/OSTM takes over and continues 
Topex/Poseidon and Jason-1 missions in 2008. It carries a Poseidon-3 altimeter 
for a high-accuracy altimetry mission. The main technical parameters of 
Poseidon-3 altimeter and orbit information are listed in Table 1-1. Poseidon-3 
is a radar altimeter that emits pulses at two frequencies (13.6 and 5.3 GHz, the 
second frequency is used to determine electron content in the atmosphere) and 
analyzes the return signal reflected by the surface. Moreover, Poseidon-3 is 
equipped with an open-loop tracking technique for which a Digital Elevation 
Model (DEM) has been developed.  The altimeter's onboard memory contains 
the elevation values of areas overlayed by the ground tracks. These data, 
combined with Doris, are used to position the radar echo receiving window in 
advance, in order to anticipate the contrasts of the topography and to give 
priority to measurements over water. This technique prevents the altimeter 
from losing track as sometimes occurs with a conventional tracking loop, and 
enables measurements to be acquired close to the shoreline.  
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Table 1-1. The main technical parameters of Poseidon-3 altimeter and orbit of Jason-2 

altimeter.  

Emitted Frequency (GHz) Dual-frequency (Ku, C) - 13.575 and 5.3 

Pulse Repetition Frequency (Hz) 2060 interlaced {3Ku-1C-3Ku} 

Pulse duration (microseconds) 105 

Bandwidth (MHz) 320 (Ku and C) 

Antenna diameter (m) 1.2 

Antenna beam width (degrees) 1.28 (Ku), 3.4 (C) 

Power (W) 7 

Orbit altitude (km) 1336 

Orbital velocity (km/s) 7.2 

Poseidon-3 altimeters transmit modulated chirp pulses towards the sea at 
nadir, and then records the echoes which reflected from the rough sea surface 
over the pulse-limited altimeter ground footprint. These pulses are emitted at 
regular intervals defined by the Pulse Repetition Frequency (PRF): about 
1800Hz for Ku-band pulse (Table 1-1). The acquisition depends on the 
functioning of the on-board tracker, which adjusts the altimeter observation 
window in time in order to keep the reflected signal coming from the Earth 
within the window. In order to reduce geophysical Rayleigh noise (speckle) in 
individual received echoes and to perform the time tracking, these individual 
echoes are averaged on-board every 50 ms (20Hz). The power of returned 
echoes as received by altimeter is registered in a time series and sampled with 
a 3.125 ns two-way travel time resolution. The received power by altimeter 
represented in time function is also known as “waveform”. Each resolution cell 
in a altimeter waveform is called as a ”gate”, and totally 104 gates are given for 
Jason-2. 

As show in Figure 1-1, altimeter transmit a pulse towards a flat sea surface. 
There is only thermal noise exist in waveform before the pulse reached to the 
sea. After the leading edge of the pulse strikes the sea surface, the area 
illuminated by the pulse grows linearly to form a disk until the trailing edge of 
the pulse reaches the sea surface a time later. The illuminated area is also 
known as pulse-limited footprint and it represents the region on the sea surface 
within which specularly reflecting wave facets contribute to the radar return 
measured by the altimeter. The radius of the footprint circle is controlled by the 
pulse bandwidth, the altitude of altimeter and SWH. For Jason-2, it increases 
from about 1km for a flat surface to 5km for a SWH of 10 m (Chelton et al., 
1989). Meanwhile, the received power by altimeter sharply rise in this process 
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and this portion is known as the waveform leading edge. Thereafter, the area 
illuminated by the pulse becomes an expending annulus spreading on the earth 
surface. As the illuminated area of these annulus stay constant, thus the power 
of returned signals that reflected back from these annulus are the same if the 
sea surface is homogenous, but the received power by altimeter will be 
exponential decaying accounts for the antenna’s gain pattern (Amaroucheet et 
al., 2004). The decaying area of the waveform is known as waveform trailing 
edge. The effective footprint of a pulse-limited altimeter is controlled by the 
pulse bandwidth and by the width of the analysis window. The radius of Jason-
2 pulse-limited footprint is about 9.6km for flat surface case.  

 

Figure 1-1. The pulse spherically expands to the sea surface at nadir (top); altimeter 

footprint varies with time (middle); the shape of waveform presents as a fast-rising 

leading edge and a gradually decaying trailing edge which depending on the antenna 

beam width. (download from http://www.aviso.altimetry.fr) 

1.1.2 Waveform Retracking and Brown model 

Waveform parameters are estimated from measured waveforms by a 
processing step called ”waveform retracking” performed on the ground 
segment. The waveform retracking consists of fitting a model response to the 
measured waveform. Generally, waveform is spatial integral of instantaneous 
illuminated area over the pulse-limited footprint. Typical oceanic waveforms 
has a well-defined shape, with the thermal noise area, the fast-rising leading 
edge and the gradually decaying trailing edge, and they can be described 
analytically by the Brown model (Brown, 1977; Hayne, 1980) over the open 
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ocean. Waveforms on ocean are quite typical of Brown class (as shown in Figure 
1-2) since the echo is exclusively reflected by the water. So-called Brown 
theoretical ocean model is now the standard model over the open ocean. It 
describes the time evolution of average returned power, 푃(푡), scattered from a 
rough scattering surface at nadir (namely the waveform) as: 

푃(푡) = 푎 푃 |  ( )| exp(−푣) + 푇                (1-1) 

with: 

푎 = exp         훾 =
∙

 

erf (푥) =
2

√휋
푒 d푡 

푢 =
√

    푣 = 푐 (푡 − 휏 − ) 

푐 = 푏 푎    푏 = cos(2휉) − ( )   푎 =
( )

 

휎 = 휎 + 휎     휎 =  

where 푐 is the speed of light, ℎ is the satellite altitude, 푅  is radius of the 
Earth, 휉 is the antenna mispointing (off-nadir) angle, 휃  is the antenna beam 
width,  휏 is the Epoch with respect to the nominal tracking reference point, 휎  
is the rise time of the leading edge (depending on a term linked to and on the 
width of the radar point target response), 푃  is the amplitude of the returned 
signal and 푇  is the thermal noise level.  

From the waveform retracking using Brown model, several parameters can 
be deduced:  

 Epoch ( 휏 ): this gives the time delay between the waveform nominal 
tracking point (estimated by the on-board tracker, gate 32 for Jason-2) and 
the retracked waveform mid-point. The distance between satellite altimeter 
and mean sea surface (range) can be derived as follows: 

  range = tracker_range + ∗ Epoch                (1-2) 

where 푐 is the speed of light, the tracker_range(all instrument corrections 
have been included) can be derived from the round-trip time 
corresponding to the nominal tracking point. 
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 Amplitude (푃 ): the power of returned signal depends upon the scattering 
character of the sea surface, the transmit power of radar system, the 
mispointing angle 휉  of antenna, and two-way attenuation by the 
intervening atmosphere. Note that, in order to operate the altimeter 
electronics within the linear response region of all receiver stages, an 
Automatic Gain Control (AGC) has been implemented in the electronics 
package. Therefore, the amplitude of waveforms do not represent the 
actual sea surface roughness. This can be converted to backscatter 
coefficient, 휎 , by multiple a scale factor (in linear power units) related to 
instrument parameter, satellite geometry and AGC etc.(Roca et al., 2000). 

 휎 = 휎 _푠푐푎푙푒 + 10푙표푔 (푃 )                  (1-3) 

where 휎 _푠푐푎푙푒  is the scaling factor for 휎  evaluation (dB). Generally, 
wind speed has inverse relationship with 휎 . 

 Rise time of leading edge (휎 ): this is also referred to as leading edge slope, 
depending on a term 휎  linked to SWH, 퐻 , and on the width of the radar 
point target response 휎 . For Jason-2, 휎 = 0.513푟 , 푟  is the time 
resolution (3.125 ns for Jason-2). 

퐻 = 2푐 휎 − 휎                        (1-4) 

    where 푐 is the speed of light. 

 Antenna mispointing angle (휉): linked to the slope of trailing edge with 
strong impact on retrieved amplitude, 푃 , reducing the apparent 
backscatter coefficient of the radar antenna (i.e. any deviation from nadir 
of the radar pointing). This parameter is estimated from the decaying 
trailing edge of waveform which also referred to as trailing edge slope. In 
fact, the slope of the waveform trailing edge is due to antenna beamwidth, 
to mispointing of the antenna, and/or to sea surface specularity (Raney, 
2008). As globally Jason-2 platform real mispointing is near to zero, the 
slope of the trailing edge mainly represents the regions where geophysical 
effects like sigma0 bloom events and rain cells take place.  

 푇 : this is linked to the thermal noise level in real waveform which should 
be removed from the waveform samples. 

 

 

 

 

 



7 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

Figure 1-2. Characteristics of typical Brown waveform over the open ocean. 

1.2 Overview of Altimeter Wave Period Retrieval Models 

As mentioned in Section 1.1, two parameters measured by radar altimeter are 
related to the sea state, the significant wave height 퐻  and backscattering 
coefficient 휎  which is related to the wind speed 푢 . It provide the 
probability of deriving a wave period parameter from the two parameters. In 
recent years, many altimeter wave period retrieval models have been proposed. 
These models can be divided into two groups:  

 The first one (Hwang et al., 1998; Zhao, 2002) derive a wave period 
model, 푇(퐻 , 푢 ) , through the empirical relationship between 
dimensionless wave parameters based on wind sea theory (Toba, 1972; 
Hasselmann et al., 1976). These models based on the assumptions of a 
"saturated" sea condition and negligible swell, and hence, it is only suitable 
for enclosed seas such as the Gulf of Mexico where swell systems from 
distance sources are not prominent. 

 Most of the models belong to the second group. These models derive a two-
parametric wave period model, 푇(퐻 , 휎 ),  from co-located altimeter and 
buoy data sets with no reference to physics of sea waves (e.g., Davies et al., 
1997; Gommenginger et al., 2003; Quilfen et al., 2004; Caires et al., 2005; 
Kshatriya et al., 2005; Mackay et al., 2008; Govindan et al., 2011). These 
models are widely used for estimates of wave periods from altimeter data 

Gate (Round-trip delay time) 

Trailing edge slope  

(Antenna mispointing angle) 

Leading edge mid-point 

Thermal noise 

Power Amplitude  

(backscatter coefficient, wind speed) 

Nominal tracking point 

Leading edge slope 

(SWH) 

Epoch (range, SSH) 
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and show reasonable accuracy (Badulin, 2014). However, these models also 
perform worse in low-wind conditions than in high-wind conditions.  

To date the most accurate model proposed is that of the Mackay et al. 
(2008). They proposed a two-piece altimeter wave period model which is 
divided according to 휎 , and then performed this model to six altimeters. As 
listed in Table 1-2, this model produces root mean square errors (rmse) for the 
estimation of 푇  of approximately 0.53 s for high-wind conditions, but the 
precision deduced to 0.86s for low-wind conditions.  

Note, however, that the wave period determined by altimeters’ 퐻  and 휎  
measurements is referred to as the geometric mean wave period 푇  (Challenor 
and Srokosz, 1991), and is defined differently from the zero-crossing wave 
period 푇 , which could cause a systematic discrepancy in the comparisons. 
Therefore, in PartⅠof this thesis, the geometric mean wave period directly 
calculated from buoy wave spectra is compared with the geometric mean wave 
period calculated from altimeter measurements.  

Table 1-2. Result for the 푇  two-piece model proposed by Mackay et al. (2008). 

 N 

sample number 

훿 

(dB) 

휎 ≤ 훿푑퐵 휎 ≥ 훿푑퐵 Overall 

Bias (s) rmse(s) Bias(s) rmse(s) Bias(s) rmse(s) 

TOPEX 

POSEIDON 

JASON 

ERS-2 

ENVISAT 

GFO 

 

8983 

500 

3980 

8283 

2918 

6069 

12.87 

12.81 

12.95 

12.39 

12.29 

12.88 

Mean 

0.0009 

0.0003 

0.0001 

-0.0007 

0.0000 

0.0008 

0.0003 

0.54 

0.55 

0.53 

0.54 

0.50 

0.51 

0.53 

0.0002 

0.0358 

0.0028 

0.0004 

0.0048 

0.0014 

0.0068 

0.87 

0.88 

0.90 

0.83 

0.85 

0.83 

0.86 

0.0007 

0.0015 

-0.0001 

-0.0008 

0.0002 

0.0006 

0.0004 

0.59 

0.60 

0.59 

0.59 

0.56 

0.56 

0.58 

1.3 Altimeter Waveform in the Coastal Zone 

1.3.1 Land Contamination Effect on Coastal Altimeter Waveform 

Over an ocean surface, altimeter waveform has a characteristic shape that can 
be described analytically by the Brown model. While the waveforms are 
corrupted when altimeters proximity to the coastal zone, where the reflective 
surfaces over the altimeter footprint are not homogeneous. The corrupted 
waveforms deviate from the theoretical open ocean shape and make the 
accurate retrieval of the parameters more difficult (Gommenginger et al. 2011).  

    Figure 1-3 is an example of a time series of Jason-2 altimeter waveforms 
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(hereafter referred as to echogram) over Tsushima in Japan. The top subplot of 
Figure 1-3 is the raw echogram. Each column of the echogram represents an 
altimeter waveform, the color represents the power of each echo. As an AGC 
has been implemented in the electronics package to operate the altimeter 
electronics within the linear response region of all receiver stages, the power 
cannot represent the actual sea surface roughness. Moreover, since land-to-sea 
and sea-to-land transitions might influence the behavior of the on-board tracker, 
the midpoint of waveform cannot be maintained at the nominal tracking point 
by the on-board tracker, gate 32 for Jason-2. The waveforms as shown in the 
bottom subplot are re-aligned based only on the tracker movements and re-
scaled by the AGC (Tournadre, 1998). The latter subplot more realistically 
reflects the scattering intensity of sea surface along track. Figure 1-4 depicts the 
ground track of Jason-2 altimeter over Tsushima in Japan.  

 

 

Figure 1-3. Top: Raw echogram of Jason-2 over Tsushima (pass 36) on 2009.09.22 
(cycle 45). Bottom: Re-scaled and re-aligned echogram corresponding to the top 
subplot. Black line represent the coastline.   
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Figure 1-4. Blue line is the ground track of Jason-2 altimeter over Tsushima (pass 36) 
on 2009.09.22 (cycle 45). Circles represent the pulse-limited altimeter footprint at the 
red point. The land area (red line) in the footprint lead to the power deficit of 
waveform trailing edge. The sea surrounded by land always present as “calm water” 
and seriously corrupt the shape of waveform. 

As shown in Figure 1-3, it is obviously that the waveforms are corrupted 
over the coastal zone. The reasons caused waveform corruption can be divided 
into three types as follows:   

1)  Corrupted by the reflection from the targets located above sea level 
(main lobe or side-lobes), e.g. artificial structures. As the target located 
above the sea level, it can give an echo even located far from satellite 
nadir. As shown in Figure 1-5, according to the study of Tournadre 
(1998), a point target of height 100m above sea level located at distance 
17km from the satellites nadir will give an echo at the tail of Jason-2 
altimeter waveform trailing edge. However, because the power of the 
returned signals from these targets generally weak and hence usually 
only can be seen when they appeared at the thermal noise area.  
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Figure 1-5. Relationship between the height and distance to satellite nadir of a point 
target which returns could be received by Jason-2 altimeter. 

2)  Land area located in the altimeter footprint decrease the effective sea 
surface area and cause the power deficit of waveform trailing edge 
exceeding the normally decaying caused by antenna pattern (Gómez-
Enri et al., 2010). As shown in Figure 1-4, the blue circles represent the 
annular altimeter pulse-limited footprints. As the land exist in the 
footprint (red line), the sea surface only accounted for about two third 
of the area of corresponding annulus.    

3)  Oceanic surface may have anomalous profiles, particularly, the semi-
closed seas always present as bright targets in the radar signal, which also 
known as “calm water” (Gómez-Enri et al., 2010). The echoes reflected 
from a bright target such as calm water present as a parabolic shape in 
the echogram. Two of the predominant coastal waveform classes are 
quasi-specular and multi-peak echoes (Idris and Deng, 2012, Class 12 
and 21 in Figure 1-7). They are both connected with the presence of 
calm water. Figure 1-6 shows the relationship between the size of calm 
water and their trajectories on the waveform echogram. For the small 
size case, which the diameter of calm water is 2km, the calm water 
behaves like point target and presents as a parabola on the echogram. 
The parabolic signature which caused by semi-closed sea as shown in 
Figure 1-3 belong to this kind of situation. Waveforms can be correctly 
retracked after removing the corrupted echoes along the parabola. As 
the diameter increasing, a “V-shape” signature can be detected on the 
echograms. When the diameter of calm water is larger than altimeter 
footprint size, waveforms can be correctly retracked but with a 
negative mispointing angle at the center of the V-shape pattern. But 
for the waveforms very close to the edge of “V-shape”, only the echoes 
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around leading edge should be used for retracking.       

 

Figure 1-6. Jason altimeter echo waveform in presence of circular slicks of 2 and 10 
km radius and 10 and 5 dB relative brightness. (a) Schematic diagram showing the 
slicks (gray circles) and the altimeter footprint (circles, 1 per second). Modeled 
waveforms for the (b) 2 km radius and 10 dB brightness slick, (c) 10 km radius and 5 
dB brightness slick, and (d) 20 km radius and 5 dB brightness slick. The waveform 
color scale is in arbitrary units (1 correspond to the maximum value of the Brown 
model). (Tournadre et al., 2006) 

 

Figure 1-7. Schematic representation of the waveforms classes within the PISTACH 
processing. 
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1.3.2 Coastal Waveform Retracking Models 

The land contamination on coastal waveforms, particularly evident along the 
trailing edge pose a real challenge to conventional approach to retrack the 
coastal waveforms. Many coastal waveform retracking models have been 
proposed in recent years (Gommenginger et al., 2011). In this thesis, we simply 
divide these models into two groups according to whether they based on the 
Brown model based.    

Group 1: Non Brown model based models, include the empirical retrackers 
(Deng and Featherstone, 2006; Hwang et al., 2006; Lee et al., 2008; Bao et al., 
2009; Fenoglio-Marc et al., 2009) and the β-parameter retrackers ((Martin et al. 
1983). They are originally designed to be used for ice-sea and/or inland waters. 
In recent years, people also applied them to coastal areas but the precision of 
retracked SSH is low compared to Brown model even over the open ocean, e.g. 
about 50cm or 1gate for threshold retracker (Raney, 2010). Moreover, the 
seamless connect with Brown model requires an accurate quantification of 
biases assessment.  

Group 2: Brown model based models. Mainly include:   

 remove the noise (Non-Brown signals) and retrack the full waveform 
(Quartly, 2010; Tseng et al.; 2014). These studies focused on the peak 
echo appeared at waveform trailing edge caused by bright targets 
within the altimeter footprint, but the effect of power deficit due to 
the existence land area within altimeter footprint have not been 
discussed as we know. 

 the addition of peaks to the Brown model the presence of bright 
targets (Tourneret et al.; 2010; Halimi, 2012; Idirs and Deng 2012). It is 
difficult to apply them to multi-peak waveforms, and did not take the 
power deficit of trailing edge into consideration.  

 retrack the “truncated” waveform, namely a sub-waveform around 
leading edge rather than the full waveform. These models retrack the 
truncated waveform rather than full waveform in order to avoid the 
noise appeared at trailing edge which caused by land contamination. 
(Passro et al.; 2014). The few gates of waveform used for retracking 
will deduce the precision especially for the backscatter coefficient 
estimation. 

These coastal waveform retracking models have been greatly improved 
the data acquisition rate over coastal areas. However there are still several 
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issues remains unresolved. In fact, none of these models can adapt to any 
coastal zones and any sea conditions. It is difficult to identify whether a signal 
is contaminated from a single waveform, on the other hand, the bright targets 
returns will leave a parabolic trajectory on the waveform echogram.  

1.4 Objectives and Organization of this Thesis 

PartⅠ: Many altimeter wave period retrieval models have been proposed but 
all of them lost its precision in low-wind conditions. In these past researches, 
the in situ buoy measurements are always treated as “true value”, but the buoys 
cannot measure high-frequency waves whose wavelength smaller than buoy 
size. Therefore, the effect of high-frequency sea waves on wave period retrieval 
from radar altimeter and buoy data is considered in this thesis.   

PartⅡ: It is difficult to determine whether an echo is contaminated in a 
single waveform. Therefore, the sub-waveform retracking methods are always 
used for retracking coastal waveforms in the past studies, which pursue a 
sequential point-by-point retracking method for global altimeter data. On the 
other hand, for a specific sea area of interest, it is more convenient to determine 
the contaminated echoes in the echogram and modify the corrupted waveforms. 
In this thesis, we introduce a waveform modification method and then 
performed it to Jason-2 altimeter waveforms over Tsushima islands in Japan.  

    Finally, the conclusion is presented in Section 4.  
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2. PART Ⅰ: Wave Period Retrieval by σ  and SWH  

2.1 Introduction 

This chapter is organized as follows: the dataset used in the present study is 
presented in Sections 2.2; the derivation of wave parameters from buoy and 
altimeter measurements is introduced in Section 2.3. In Section 2.4, the 
comparison of geometric wave period obtained from buoy (푇 ) and altimeter 
(푇 ) reveals that 푇  is larger than 푇 , primarily because buoys missed high-
frequency sea waves having wavelengths that are shorter than the characteristic 
dimension of the buoy. When a wavenumber spectral model is used to obtain 
the data for high-frequency sea waves, the compensated buoy wave period 푇  
is confirmed to agree well with 푇 , as described in Section 2.5. In Section 2.6, 
the difference between zero-crossing wave period 푇  and geometric wave 
period 푇  and the effects of high-frequency sea waves are further discussed. 
Finally, a brief summary is presented in Section 2.7. 

2.2 Dataset  

Datasets of co-located buoy/altimeter measurements have always been used in 
the retrieval of wave periods from altimeter observations. The co-located US 
National Data Buoy Center (NDBC) buoy hourly data and along-track AVISO 
Geophysical Data Records (GDRs) of Jason-2 altimeter data are used in this 
study. The dataset covers the duration from July 2008 to December 2014. 

NDBC, a component of the National Oceanic and Atmospheric 
Administration's (NOAA) National Weather Service (NWS), maintains a 
network of data buoys to monitor oceanographic and meteorological data off 
U.S. coasts including the Great Lakes. NDBC's non-directional and directional 
wave measurements are of high interest to users because of the importance of 
waves for marine operations including boating and shipping. Instead of the 
NDBC hourly reported wave measurements, the frequency spectra of sea 
waves and wind speed measurements are used in this study, and all of the wave 
parameters such as wave height and wave period can be derived from the 
frequency spectra as described in Section 2.3.  

Jason-2 altimeter GDR products provide two parameters of sea state, 퐻  
and 휎 , for every second, and the along-track space resolution is about 7km. A 
judicious choice of time/space collocation criteria is critical to ensure the quality 
of the dataset. Through comparisons of altimeter-derived wave height, wind 
speed and wave period with corresponding measurements from NDBC buoys 
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in the Gulf of Mexico, Hwang et al (1998) studied the quantitative effect of the 
spatial lag and time lag on the correlation of the TOPEX altimeter and surface 
buoy measurements of wind and wave parameters. Results showed that the 
agreement between altimeter and buoy measurements of wind speed and wave 
height improve with shorter spatial lags, while time lags of up to 1 hour do not 
produce significant changes in the key statistics such as the RMS difference and 
the correlation coefficient. In order to insure a sufficiently large number of valid 
hits to allow meaningful statistical treatments, the space and time separation 
criteria between altimeter and buoy measurements were set to 50 km and 30 
min, respectively. Moreover, as the spatial resolution along ground track of 
Jason-2 is 7km, only the median of the altimeter measurement within 50 km of 
the buoy was used to reduce the random sampling variability as recommended 
by Gower (1996).  

Considering the 50km space lag between the co-located buoy/altimeter 
measurements and sea waves begin to be affected by the ocean bottom when 
they travel into areas of shallow water, only the buoys located in the open ocean 
(deeper than 1000 m) were chosen in order to avoid shallow water effects. 
Finally a total of 30 NDBC buoys were selected (Figure 2-1). After removing 
some outliers, 4196 pairs of co-located measurements were obtained. 

 
Figure 2-1. Locations of the 30 collocated National Data Buoy Center (NDBC) buoys. 

2.3 Rationale of the Retrieval of Altimeter Wave Period 

A sea state is the condition of the ocean surface, considered as a stochastic field, 
that is characterized by statistics such as the wave height, period, and direction-
independent wavenumber spectrum 휑(푘)  or frequency spectrum 퐹(푓) , 
where 푓  is the frequency in Hz and 푘  is the wavenumber. In the case of 
NDBC buoy measurements, 퐹(푓) is determined through a time series of buoy 
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motion, and all of the basic wave measurements are derived from n-th wave 
spectral moments, which are defined as: 

 

푚 = ∫ 푓 퐹(푓)푑푓, for n = …, −3, −2, −1, 0, 1, 2, 3, ... (2-1) 

Based on the linear theory assumption, the basic wave height and period 
parameters are calculated as follows (Tucker, 1992): 

Significant wave height (퐻 ): 

퐻 = 4 푚  (2-2) 

Average zero-crossing wave period (푇 ): 

푇 =   (2-3) 

Moreover, the crest period 푇  is defined as follows: 

푇 =   (2-4) 

A wave buoy, which is finite in size, is not able to follow waves having 
wavelengths shorter than the approximate diameter of the buoy, and the 
corresponding limiting frequency is called the cut-off frequency. In the present 
study, we use 푓  and 푓  to represent the lower and upper cut-off frequencies, 
respectively. For most of the NDBC buoys considered in the present study, 푓  
is 0.02 Hz, since waves with periods longer than 50 s are practically negligible. 
Meanwhile, 푓  is 0.485 Hz, and thus, based on the deep water dispersion 
relationship, 푓 = (2휋) 푔푘 , data for high-frequency sea waves having 
wavelengths of less than approximately 6.6 m are not captured.  

Unlike buoy measurements, radar altimeters cannot capture the spectral 
information of sea waves. Instead, 퐻  and 휎  are directly derived from the 
one-second averaged time series of the sea surface echo of microwave radar 
(namely the waveform). We hereinafter use superscripts A and B to indicate 
altimeter and buoy measurements, respectively. For example, 퐻  and 퐻  
represent significant wave height measurements obtained by an altimeter and 
a buoy, respectively. 

For near-nadir incidence radar applications, the backscatter coefficient, 휎 , 
is commonly considered as being due primarily to specular reflection and is 
inversely proportional to the wind stress. For an isotropic rough surface having 
a Gaussian distribution, the backscatter coefficient due to specular reflection 
can be expressed as follows (Barrick, 1974): 

휎 = | ( )| sec 휃 exp − , (2-5) 
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where 휎  is the backscatter coefficient in natural units, |푅(0)|  is the Fresnel 
reflection coefficient at normal incidence characterizing the surface reflectivity, 
푀푆푆  is the filtered mean square slope (MSS) of the sea surface measured by 
altimeter, and 휃  is the radar incidence angle. In the present study, we use 
|푅(0)| = 0.61 (Klein and Swift, 1977), and 푀푆푆  represents the portion of 
surface roughness elements having length scales greater than the diffraction 
limit, 3λ, where λ is the radar wavelength (Vendemark et al., 2004), namely 
greater than 6.6 cm for the 2.2 cm Ku-band radar altimeter. For normal 
incidence radar altimeters, 휃 = 0, equation (2-5) can be simplified as follows: 

휎 = | ( )| . (2-6) 

The MSS can be obtained by integrating the slope spectrum, 휑(푘)푘 , as 
(Phillips, 1977): 

푀푆푆 =  ∫ 휑(푘)푘 푑푘, (2-7) 

where 휑(푘) is the direction-independent wavenumber spectrum. Using the 
deep water dispersion relationship and the Jacobian operator (Holthuijsen, 
2007), the MSS can be expressed using the direction-independent frequency 
spectrum, 퐹(푓), as follows (Li et al., 2003): 

푀푆푆 = ∫ ( ) 퐹(푓)푑푓 = 푚 , (2-8) 

where 푚  is the fourth spectral moment, and g represents the acceleration of 
gravity. 

Based on Equations (2-3) and (2-4), the geometric mean wave period 푇  can 
be defined as follows (Challenor and Srokosz, 1991): 

푇 = 푇 × 푇 =
.

. (2-9) 

For buoy measurements, 푇  can be obtained directly from spectral 
moments by: 

푇 =
.

. (2-10) 

Based on Equations (2-2), (2-6), (2-8), and (2-9), 푇  can be derived from 
altimeter measurements by (Davies et al., 1997): 

푇 =
.

=
| ( )|

× (휎 (퐻 ) ) .  . (2-11) 

Therefore, both altimeter and buoy measurements can be used to obtain 푇 . 
Note that this formulation is very similar to the model proposed by 
Gommenginger et al (2003), which used heuristic arguments to show that the 
wave period can be retrieved using a linear relationship, namely 푇~ 휎 퐻

.
. 
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Note, however, that the wave period determined by altimeters’ 퐻  and 휎  
measurements is referred to as the geometric mean wave period 푇 , and is 
defined differently from the zero-crossing wave period 푇 , which could cause 
a systematic discrepancy in the comparisons. Therefore, in the next chapter, the 
geometric mean wave period 푇  directly calculated from buoy wave spectra is 
compared with the geometric mean wave period 푇  calculated from altimeter 
measurements. 

2.4 Comparison of Geometric Mean Wave Periods Determined 
from Buoy and Altimeter Data 
In this study, we use various statistics to quantify the comparisons, namely the 
correlation coefficient (CC), bias, slope of the regression line, and root mean 
square difference (RMSD) around the regression line. First, the wave periods 
푇  and 푇 , which are defined differently, are compared, as shown in Figure 2-
2. Referring to the two-piece wave model proposed by Mackay et al. (2008), the 
plots are divided according to the wind speed conditions. The geometric mean 
wave period determined by altimeter data 푇  is positively correlated with the 
zero-crossing wave period determined by buoy data 푇  under all wind 
conditions. However, as the wind speed decreases, the CC and RMSD around 
the regression line estimated by the orthogonal distance regression (ODR) 
method (Boggs and Rogers, 1990) become small and large, respectively, as 
shown in Table 2-1. In addition, 푇  is always significantly shorter than 푇 . 
This could be due to either the difference in the definitions of the wave periods 
or the observation methods, or even due to improper choice of the |푅(0)|  
constant. 

 

(a) 
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(b) 

Figure 2-2. Buoy 푇  and altimeter 푇  data when the wind speed is lower (a) or 
higher (b) than 5 m·s−1. In the right-hand panel, the blue (red) plots indicate data for 
which the wind speed is higher (lower) than 10 m·s−1. The regression lines estimated 
by the orthogonal distance regression (ODR) method are plotted by the dashed (0–5 
m·s−1), broken (5–10 m·s−1), and solid (>10 m·s−1) green lines. 

Table 2-1. Correlation coefficient (CC), bias, slope of the regression line, and root 
mean square difference (RMSD) around the regression line for 푇  vs. 푇  and 푇  vs. 
푇  for various ranges of wind speed. All CC are significant at the 99.9% confidence 
level. 

 Wind Speed 
(data number) 

u ≤ 5 m·s−1 

(727) 
5 < u ≤ 10 m·s−1 

(2683) 
u > 10 m·s−1 

(786) 
Overall 
(4196) 

푇  vs. 푇  

CC 0.83 0.89 0.94 0.84 
bias (푇 − 푇 ) 3.1 s 2.5 s 2.3 s 2.5 s 

slope 0.42 0.46 0.55 0.48 
RMSD 0.7 s 0.6 s 0.2 s 0.5 s 

푇  vs. 푇  

CC 0.82 0.91 0.93 0.85 
bias (푇 − 푇 ) 2.1 s 1.5 s 1.4 s 1.6 s 

slope 0.62 0.74 0.79 0.74 
RMSD 0.7 s 0.5 s 0.2 s 0.5 s 

Next, the geometric mean wave periods of the buoys 푇  were directly 
calculated from wave spectra and were compared with 푇 , as shown in Figure 
2-3. Compared with Figure 2-2, the estimated wave periods 푇  and 푇  
(defined similarly) result in better agreement than wave periods 푇  and 푇  
(defined differently). In particular, the slope of the regression lines becomes 
closer to unity. Nevertheless, a mean bias of 1.6 s (푇 − 푇 ) and an RMSD of 
0.5 s around the regression line remain (Table 2-1). 
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(a) 

 
Figure 2-3. Buoy 푇  and altimeter 푇  when the wind speed is lower (a) or higher 
(b) than 5 m·s−1. In the right-hand panel, the blue (red) plots indicate data for which 
the wind speed is higher (lower) than 10 m·s−1. The regression lines estimated by the 
ODR method are plotted by the dashed (0–5 m·s−1), broken (5–10 m·s−1), and solid (>10 
m·s−1) green lines. 

In order to examine the reason for the remaining discrepancy between 푇  
and 푇 , 퐻  and MSS are examined because they are directly related to 푚  
and 푚 , respectively, which are used in the derivation of 푇 . Altimeters are 
known for their ability to estimate significant wave height, and this was 
confirmed by the comparison of the present study, even in low-wind conditions. 
As shown in Figure 2-4, the data of altimeter 퐻푠  almost perfectly agrees with 
that of buoy 퐻푠 , as determined by Equation (2-2), where the CC is 0.98 and 
the RMSD is 0.2 m. 
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(a) 

 
(b) 

Figure 2-4. Buoy 퐻  and altimeter 퐻  when the wind speed is lower (a) or higher 
(b) than 5 m·s−1. In the right-hand panel, the blue (red) plots indicate data for the case 
in which the wind speed is higher (lower) than 10 m·s−1. 

On the other hand, the altimeter 푀푆푆 , which is inversely proportional to 
휎 , is significantly larger than 푀푆푆  calculated from the fourth moment of the 
wave spectra, as shown in Figure 2-5. When the wind speed is higher than 5 
m·s−1, 푀푆푆  and 푀푆푆  exhibit a rough linear relationship with the CC 
exceeding 0.80. In low-wind conditions, the variation range of 푀푆푆  is more 
limited than that of 푀푆푆 . In other words, 푀푆푆  appears to miss some 
variations that are observed by the altimeters. 

As described in Section 2.3, the buoy cannot measure waves having 
wavelengths shorter than the characteristic dimension of the buoy. Such a wave 
would have a larger slope even though its wave height is small, because its 
horizontal scale is smaller. Therefore, the high-frequency sea waves not 
captured by the buoy would contribute significantly to the MSS, as shown in 
Figure 2-5, but would contribute less to significant wave height, as shown in 
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Figure 2-4. In order to confirm this, in the following section, we use a 
wavenumber spectral model to estimate the MSS of the high-frequency sea 
waves missed by buoys, and the geometric mean wave period is estimated 
using the compensated buoy MSS. 

 

(a) 

 

(b) 

Figure 2-5. Buoy 푀푆푆  and altimeter 푀푆푆  when the wind speed is lower (a) or 
higher (b) than 5 m·s−1. In the right-hand panel, the blue (red) plots indicate data for 
the case in which the wind speed is higher (lower) than 10 m·s−1. 

2.5 Compensation of the Mean Square Slope Obtained Using the 
Buoy Data 
As discussed in Section 2.4, the MSS is theoretically defined by the direction-
independent wavenumber spectrum 휑(푘) in Equation (2-7). Previous studies 
have shown that the universal form of the equilibrium range spectrum 휑(푘) ∝
푘  is no longer rational and should be of the form 휑(푘) ∝ 푘 .  (Phillips, 
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1985). Although this form is supported by observations in the rear face region 
of the spectrum, it cannot be extended to very high wavenumbers. During the 
last two decades, numerous frequency domain observations have suggested 
that, in addition to the well-established 푘 .  behavior in the rear face region, 
a fairly abrupt change in spectral slope occurs at approximately 푘 = 9푘 , as 
compared to the slope that follows the 푘  law (Hwang et al., 2000), where 푘  
is the peak wavenumber of wind waves, as defined by 푘 = 푔 푢⁄ , and u  
is the neutral wind speed at an elevation of 10 m. 

Although the proper spectral form remains controversial, the MSS of the 
high-frequency sea waves, 푀푆푆 , is estimated as follows (Hwang and Wang, 
2001): 

푀푆푆 = ∫ 휑(푘)푘 푑푘 = ∫ 푏푢∗푔 . 푘 . 푑푘 + ∫ 퐵푘 푑푘, (2-12) 

The first term on the right-hand side of Equation (2-12) represents the 
equilibrium range spectrum, and the second term indicates the saturation 
range spectrum, where b = 5.2 × 10−2, 푢∗ is the wind friction velocity, g is the 
gravitational acceleration, and B = 4.6 × 10−2. The wavenumbers 푘  and 푘  
reflect the integration limits of the low and high wavenumbers, respectively. 
Here, 푘 = 0.95 rad ∙ m  and 푘 = 100 rad ∙ m  are adopted to estimate the 
MSS missing from the buoy measurements, corresponding to wavelengths 
approximately from 6 cm (or 3λ  of Ku-band radar) to 6.6 m (or the 
characteristic dimension of the buoy). The wavenumber 푘  divides the 
wavenumber spectrum into the equilibrium range and the saturation range and 
is defined as (Hwang and Wang, 2001): 

푘 = 푘 , (2-13) 

where 퐶  is the drag coefficient for which we adopt the form proposed by Wu 
(1988). 

Figure 2-6 shows the wind speed dependency of 푀푆푆 . As 푘  (namely 
푘 ) decreases with the increasing wind speed 푢 , the first term on the right-
hand side of Equation (2-12) decreases to zero when 푘  becomes smaller than 
푘 , or when 푢  exceeds approximately 10 m·s−1. 
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Figure 2-6. Compensated high-frequency portion of MSS for buoys. The red, blue, 
and black lines represent the equilibrium range, the saturation range, and the total 
range, respectively. 

After compensating for high-frequency sea waves, the compensated buoy 
mean square slope, 푀푆푆 = 푀푆푆 + 푀푆푆 , shows no obvious bias with 
altimeter 푀푆푆  (Figure 2-7) compared with the uncompensated buoy mean 
square slope, 푀푆푆 , even in low-wind conditions. The CC becomes 0.68 and 
0.83 for wind speeds lower and higher than 5 ms−1, respectively. 
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(a) 

 
(b) 

Figure 2-7. Buoy 푀푆푆  and altimeter 푀푆푆  when the wind speed is lower (a) or 
higher (b) than 5 m·s−1. In the right-hand panel, the blue (red) plots indicate data for 
the case in which the wind speed is higher (lower) than 10 m·s−1. 

The geometric mean wave period for the compensated buoy data, 푇 , was 
calculated and compared with altimeter-derived 푇 . As shown in Figure 2-8, 
푇  is in better agreement with 푇  than 푇  (Figure 2-3). The CC, mean bias 
(푇 − 푇 ), and RMSD are 0.97, less than 0.01 s, and 0.2 s, respectively, as listed 
in Table 2-2. 

Recall that the significant wave height 퐻  is not affected by the loss of 
high-frequency sea waves, as shown in Figure 2-4. Since the higher-order 
moment forces more weight on high-frequency spectra in the integration, the 
contribution of high-frequency sea waves would become significant for 푚  
but negligible for 푚 . This suggests that the 푚 -based 푇  would also be 
affected by the loss of high-frequency sea waves, but in a different manner from 
the 푚 -based 푇 . Therefore, in the following section, we examine the impact 
of missing high-frequency sea waves on 푇 , 푇 , and 푇 . 
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(a) 

 
(b) 

Figure 2-8. Buoy 푇  and altimeter 푇  data when the wind speed is lower (a) or 
higher (b) than 5 m·s−1. In the right-hand panel, the blue (red) plots indicate data for 
which the wind speed is higher (lower) than 10 m·s−1. The regression lines estimated 
by the ODR method are plotted by the dashed (0–5 m·s−1), broken (5–10 m·s−1), and 
solid (>10 m·s−1) green lines. 

Table 2-2. Correlation coefficient (CC), bias, slope of the regression line, and root 
mean square difference (RMSD) around the regression line for 푇  and 푇  for 
various ranges of wind speed. All CC are significant at the 99.9% confidence level. 

 Wind Speed 
(Data Number) 

u ≤ 5 m·s−1 

(727) 
5 < u ≤ 10 m·s−1 

(2683) 
u > 10 m·s−1 

(786) 
Overall 
(4196) 

푇  vs 푇  

CC 0.94 0.98 0.96 0.97 
bias (푇 − 푇 ) −0.1 s 0.0 s 0.1 s 0.0 s 

slope 0.95 0.95 0.89 0.93 
RMSD 0.2 s 0.1s 0.2 s 0.2 s 
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2.6 Discussion 

In order to increase the amount of data for comparison, all data from 30 NDBC 
buoys are used in this section to calculate 푇 , 푇 , and 푇 , independently 
from the altimeter data. The data are divided into 16 subsets according to wind 
speed in intervals of 1 m·s−1 (0–1 m·s−1, 1–2 m·s−1, …, 14–15 m·s−1, and higher than 
15 m·s−1). As shown in Figure 2-9, the data number of each subset exceeds 15,000 
with a maximum of approximately 140,000 samples at 6 to 7 m·s−1. 

 
Figure 2-9. Amount of data for the 16 data subsets. 

Figure 2-10 shows scatter plots of 푇  with 푇  or 푇  for two wind 
conditions, together with the regression lines estimated by the ODR method. 
The slopes of the regression lines of 푇  are closer to unity for both wind 
conditions. In other words, the discrepancy between 푇  and 푇  is much 
larger. Moreover, the RMSD around the regression line is much larger for 푇  
in the lower wind condition (Figure 2-10a), whereas, for 푇 , there is no 
significant difference between the two wind cases, which suggests that 푇  is 
more sensitive to wind speed variation. 
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(a) 

 
(b) 

Figure 2-10. Scatter plot of 푇  with 푇  (blue) or 푇  (red), together with regression 
lines (solid and broken lines, respectively). For subsets (a) wind speed: 4–5 m·s−1 and 
(b) wind speed: 10–11 m·s−1. 

In order to examine the dependence of the relationship between 푇  and 
푇  or 푇  on wind speed, the slope and RMSD of the regression lines were 
calculated for each of the 16 data subsets, and the results are plotted in Figure 
2-11. 
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(a) 

 
(b) 

Figure 2-11. (a) Slope of the regression lines of 푇  (blue) and 푇  (red) for 16 data 
subsets. (b) RMSD around the regression lines of 푇  (blue) and 푇  (red) for 16 data 
subsets. 

For 푇 , the slope of the regression line varies only slightly with wind speed, 
and the RMSD remains small. In contrast, for 푇  (also for 푇 ), the slope of 
the regression line varies with wind speed, especially in low-wind conditions. 
The presence of wind waves on background swells shortens 푇 , resulting in 
the smaller slope of the regression lines. Since wind waves are more sensitive 
to wind speeds than swells, the growth of short wind waves decreases the slope 
values in Figure 2-11a as the wind speed increases until the wind wave 
spectrum becomes saturated at winds stronger than 5 m·s−1. On the other hand, 
neither 푇  nor 푇  includes short wind waves, and so they are independent 
of the growth of short wind waves. Therefore, the slope of 푇  remains 
approximately constant, as shown in Figure 2-11a. 

In addition, because the growth of wind waves depends on not only wind 
speed but also wind duration, the mean wave periods would diverge even for 
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the same instantaneous wind speed, especially for 푇 , which is most sensitive 
to the growth of wind waves. This would result in a larger RMSD of 푇  at a 
lower wind speed and is consistent with Figure 2-11b. 

2.7 Conclusions 

In previous studies on altimeter wave period retrieval, great efforts were made 
to establish a relationship between the buoy-derived zero-crossing wave period 
푇  with altimeter-measured significant wave height 퐻  and the backscatter 
coefficient 휎 . However, all of the derived algorithms resulted in lower 
precision in low-wind conditions. Since radar altimeters only provide 퐻  and 
휎  information about the sea state, that is, the zeroth and fourth wave spectral 

moments, the geometric mean wave period, 푇 =
.

, is estimated from 

altimeter data and is different from the zero-crossing wave period, 푇 =
.

, 

which is commonly used by in situ buoys. In the present study, the geometric 
mean wave period 푇  derived from buoy wave spectra was directly 
compared with 푇 . 

Higher-order wave spectral moments are more sensitive to high-frequency 
sea waves. A buoy cannot measure waves shorter than the characteristic 
dimension of the buoy, so that information of high-frequency sea waves is not 
captured. Since neither 푇  nor 푇  captures the contribution of high-
frequency sea waves, they result in a near-linear relationship, independent of 
wind speed. On the other hand, 휎  (or the MSS) observed by altimeters has 
high sensitivity to high-frequency sea waves, so that 푇  is quite different from 
푇 , especially in low-wind conditions. 

When the MSS due to the missing high-frequency sea waves is 
compensated, the geometric mean wave period derived from buoy 
measurements, 푇 , agrees well with the altimeter-derived period, 푇 . This 
suggests that 푇  observed by altimeters is sufficiently accurate if proper in 
situ data are compared. 

High sensitivity of the MSS to high-frequency sea waves is not specific to 
the radar altimeter measurements, but rather is a common concern with respect 
to specular reflection. For example, global navigation satellite system 
reflectometry (GNSS-R) measurements also use the MSS at the sea surface, and 
the retrieved GNSS-R MSS was found to be larger than co-located buoy 
measurements due to the upper cut-off frequency of the buoy (Clarizia, 2012). 
Therefore, the loss of high-frequency waves by buoys should be carefully taken 
into consideration when buoy measurements are used to verify remote sensing 
measurements. 
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3. PART Ⅱ: Waveform Retracking over Tsushima islands 

in Japan  

3.1 Introduction 

As described in Section 1.3, the main factor caused waveform corruption over 
coastal area is the calm water within altimeter footprint (Idris and Deng, 2012). 
The reflections from calm water present as redundant peaks in waveform 
trailing edge. It is difficult to remove these peaky echoes from individual 
waveforms for the sequential point-by-point retracking method. On the other 
hand, the parabolic signature of calm water in the echogram can help us to 
detect and remove these peaky echoes from waveforms. Moreover, the power 
deficit of waveform trailing edge due to weak land reflection can be 
compensated in order to obtain more waveform samples for retracking. 

The methodology of waveform correction is consist of two steps. First is to 
remove the redundant peaks caused by calm waters through its parabolic 
signature in the echogram. Second is to compensate the power deficit of 
waveform trailing edge. This strategy is performed to Jason-2 altimeter data 
over Tsushima islands in Japan and results are compared with the results 
obtained from two other methods, the traditional ocean retracking method 
(MLE4 for Jason-2 altimeter) which retrack the full waveform and ALES 
method (Passaro et al., 2014) which retrack a sub-waveform around leading 
edge, respectively. Tide gauge measurements are used for the validation of 
data quality. 

This chapter is organized as follows: the dataset used in the present study 
is presented in Sections 3.2; the waveform modification method is introduced 
in Section 3.3; then the method is performed to Jason-2 altimeter data measured 
over Tsushima islands in Japan, the results are validated by tide gauge 
measurements and compared with the classical ocean retracker and ALES 
retracker as described in Section 3.4; finally, a brief summary is presented in 
Section 3.5.     

3.2 Dataset  

The ALES coastal altimetry product of Jason-2 around Tsushima islands in 
Japan (pass 36 as shown in Figure 3-1) is used in this study. It is an experimental 
product from the ALES processor included in SGDR-type files alongside the 
standard products and corrections. The specific description can be found at 
http://www.coastalt.eu/community. The dataset covers the duration from July 
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2008 to April 2015. In order to facilitate validation by in situ tide gauge 
measurements, only the waveforms measured at the south side of Tsushima 
are used in this thesis.  

The full resolution of global self-consistent, hierarchical, high-resolution 
geography database (GSHHS) (Wessel and Smith, 1996) is used to determine 
the coastline and estimate the land area located in altimeter footprint.  

Hourly tide gauge data obtained from Japan Oceanographic Data Center 
(JODC) are used to validate the quality of derived along SSH. A temporal 
interpolation was performed before validation to match up with altimeter 
measurements. The shortest distance between tide gauge and Jason-2 ground 
track is about 6km. Moreover, the local wind and rain information obtained 
from Japan Meteorological Agency (JMA) are used helping us to understand 
weather conditions.  

 

Figure 3-1. Ground track (blue line) and footprint (blue circles draw for every 1 second, radius 
is 10km) of Jason-2 altimeter over Tsushima islands in Japan. The shortest distance between 
tide gauge and altimeter ground track is about 6km. Only the waveforms measured at south 
side (red line) of Tsushima islands are used in order to facilitate validation by tide gauge 
measurements.  
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3.3 Waveform Modification Strategy 

3.3.1 Detection and Mask of the Redundant Peaks Caused by Calm Waters  

Generally, the backscatter coefficient 휎  of radar altimeters is inversely 
proportional to the sea surface roughness. In particular, 휎  will sharply 
increase when the cm-scale wavelets are absent on the sea surface. The 
occurrence of unrealistically high values of 휎  is usually referred to as “sigma-
0 blooms” over the open ocean. It shall occur during low wind and sea state 
conditions or caused by sea surface slicks etc (Tournadre, 2006). Previous 
studies have shown that the occurrence of unrealistically high values of 휎  
affect almost 5% of the open ocean measurements (Tournadre, 2006; Quartly, 
2008).  

Different from the open ocean, the calm sea condition is more common 
over the semi-closed seas. The parabolic signatures caused by semi-closed seas 
is found in almost all of the 252 cycles of Jason-2 echograms around Tsushima 
islands. The relative higher reflectivity of semi-closed sea w.r.t. surrounding 
waters is probably due to the sheltering effect of land. Since coastal waveforms 
are generally complicated, it is difficult to distinguish whether an echo is 
corrupted in an individual waveform. In this section, the echoes which are 
corrupted by calm waters are detected and masked utilizing its parabolic 
signature in the echogram.  

A point target of height 훿 above sea level located at distance 푑 from the 
satellite nadir will give an echo at the round-trip delay time 푡 defined by 
(Tournadre, 2007): 

= −훿 + 푑 ,                     (3-1) 

where 푐 is the speed of light, 퐻 is satellite height and 푅  is the earth’s radius.  

For the calm water case, the height 훿 equals zero. As shown in Figure 3-
2a, 푦  represents the location at nearest approach to a high reflector on sea 
surface, 푡  and 푑  represent the round-trip delay time and geographical 
distance, respectively. 푦  is a point located at distance ∆푦 from 푦 , 푡  and 푑  
represent the corresponding round-trip delay time and geographical distance, 
respectively. Considering the geometric relationship, ∆푦 = 푑 − 푑 , 
Equation (3-1) can be expressed as follows: 

        푐∆푡 = ∆푦 ,                        (3-2) 

where ∆t  represents the round-trip delay time difference, ∆t = 푡 − 푡  . 
Equation (3-2) have no relationship with the height of target and its distance 
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from satellites nadir. 

The parabolic shape determined by Equation (3-2) in an echogram is 
shown in Figure 3-2b. The later axis represents latitude of satellite nadir. The 
vertical axis represents round-trip delay time in gate, and the sampling 
resolution is 3.125ns for Jason-2. The vertex of parabola is related to the location 
of high reflector, and the shape of parabola only determined by the altimeter’s 
orbital and sampling parameters. 

 

(a) 

 

(b) 

Figure 3-2. (a) Schematic showing the geometrical relationship between altimeter and a high 
reflector (bright patch) on sea surface. (B) The parabolic shape in the echogram. ∆푦 is the 
geographical distance between a point 푦  with 푦 (nearest approach), and ∆t represents the 
round-trip time difference in gate, ∆푡 = 푡 − 푡  (1푔푎푡푒 = 3.125푛푠). 

An iterative method is used to detect the parabolic trajectories in the 
echogram in the present study. It consists of three steps as follows: 
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Step1: Mark all pixels of the echogram with largest 2% echoes, but reset 
these marks for pixels that do not exceed 10dB. The 2% threshold 
criterion is an empirical value related to the size of study area. The 
10dB 휎  is the lower limit of obvious noises and it is 
approximately related to 20ms-1 wind speed for Jason-2 altimeter. 

Step2: Shift the fixed parabolic shape in the echogram both in latitude 
and gate directions, and count the number 푁  of the marked 
pixels along the parabolic line. 

Step3: Find the parabolic shape that provides largest number 푁 . 
Mask all pixels (with and without the marks) along this parabolic 
shape, if 푁  is larger than 10. Repeat to Step1, until the largest 
number 푁  is smaller than 10. 

Figure 3-3a depicts the rescaled and realigned echogram echogram 
measured by Jason-2 altimeter over Tsushima islands (pass 36, cycle 22). It is 
obviously that four parabolic traces appeared at the trailing edge area of the 
echogram. Although the echoes located at the tail of parabolas are not 
significantly strong (weaker than 10dB) due to power decaying of the antenna 
gain, it is reasonable to remove all of the echoes along the same parabola that 
are contaminated by a strong point source. Figure 3-3b shows the marked 
pixels of the echogram with largest 2% by Step 1 in the first loop and the 
parabola shape used for detection. Four parabolas are detected and masked as 
shown in Figure 3-3c.  
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(a) 

 
(b) 

 
(c) 

Figure 3-3. (a) Rescaled and realigned along-track waveforms (echogram) measured by 
Jason-2 altimeter over Tsushima islands in Japan (pass 36) on 2009.09.22 (cycle 22). The shading 
area (black patch) represents the land. Each column of the echogram represents an individual 
waveform at a given latitude and the rescaled power is represented by color. (b) Marked 
pixels of the echogram with largest 2% by Step 1 in the first loop and the parabola 
shape used for detection. (c) Four parabolas are detected and masked.  
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The actural and masked waveform as well as their fitted Brown waveform 
measured at 34.2ºN (red point in Figure 3-3a) are shown in Figure 3-4. 
Compared to the raw waveform, the leading edge of masked waveform shows 
well agree with the fitted Brown waveform. However, it is obviously that the 
masked waveform slightly underestimated σ  due to power deficit of 
waveform trailing edge. In the next section, the power deficit caused by weak 
land reflection within altimeter footprint is compensated.  

 

(a) 

 

(b) 

Figure 3-4. (a) Dash lines represent the actual measured 34.2ºN (red point in Figure 

3-5a). Solid lines represent the fitted waveform using Brown model. (b) The same as 

(a) but for the masked waveform. 

In addition to calm water in semi-closed bays, the redundant peaks in 
waveform trialing edge can also appeare at locations where small-scale sigma0-
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bloom events occured. A threshold of σ  is always adopted as the bloom 
detection criterion, e.g. the 15dB and 18dB criterion for the Envisat RA2 data in 
[14]. The sigma0-bloom events are found in 18 of 252 cycles at the study area 
by the 18dB threshold criterion. Namely, about 7% of the Jason-2 measurements 
are corrupted by the sigma0-bloom events. This result is consistent with the 
study on Jason-1 data (6%) (Tournadre, 2006). The sigma0-bloom effect on 
waveform retracking is out of the scope of the present study and the 18 cycles 
data are directly removed from waveform retracking. 

3.3.2 Compensation of the Power Deficit of Waveform Trailing Edge  

The power of an echo in a waveform is proportional to the area of annular 
footprint (Figure 3-5a) and controlled by the antenna beam pattern. At the 
coastal area where land located in altimeter footprint, since the land reflection 
is very weak, the power is approximately proportional to the ocean area as 
follows:   

푃(푖, 푗) = 푃 (푖, 푗) + 푃 (푖, 푗) ≈ 푃 (푖, 푗)~ 퐴 (푖, 푗),          (3-3) 

where 푖 and 푗 are the waveform number and gate number along latitude and 
gate directions in the echogram, respectively. 퐴  represents the equivalent 
sea surface area located within the corresponding annular footprint. As shown 
in Figure 6a, the power of waveform trailing edge will fast decay with the 
decreasing sea surface area in annular footprints. Therefore, a power deficit 
area can be seen in the echogram as shown in Figure 1-3b and Figure 3-3a. 

 
Figure 3-5. The annular altimeter footprint (draw for every five gates) for the 
waveform measured at 34.2ºN (red point as shown in Figure 3-3a) over Tsushima 
islands in Japan (pass 36) on 2009.09.22 (cycle 22). 

The "illumination hole" in the annular footprint that forms behind the 
trailing edge of the pulse is a circle with radius and area that expand at the 
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same rates, and the area of each circle can be calculated followed as (Fu and 
Cazenave, 2001) by: 

퐴 (푖, 푗) = ∆
( ⁄ )

 ,                      (3-4) 

where 푐  is the speed of light, ℎ is the satellite altitude, 푅  is radius of the 
Earth, ∆t is the elapsed two-way travel time relative to midpoint of waveform 
leading edge. In this section, the leading edge detection follows the same as in 
(Hwang et al., 2006). The difference is that the detection is sequentially 
implemented from ocean side to coast. For the multi-peak waveforms, the 
midpoint that nearest to the previous one is selected. 

The sea surface area within two consecutive annular footprint, 퐴 (푖, 푗), 
is actually a polygon and can be estimated the same as the method proposed 
by Wessel and Smith (1996). The power of each gate, 푃(푖, 푗), can be roughly 
compensated by: 

퐶표푚푝_푃(푖, 푗) = ( , )
( , )

 ,                      (3-5) 

where 휌(푖, 푗) represents the 퐴 (푖, 푗) 퐴⁄  ratio. The area of each annular 
footprint, 퐴 , remain unchanged and can be expressed as: 

퐴 =
( ⁄ )

 ,                         (3-6) 

 

where τ is the width of pulse. 

The compensated waveform and the correspounding fitted Brown 
waveform are shown in Figure 3-6. Compared with Figure 3-4b, not only 
leading edge, the trailing edge of compensated waveform also shows well 
agree with the fitted Brown waveform. The difference of three main 
parameters, range, SWH and σ , derived from the masked waveform (Figure 
3-4b) and compensated waveform (masked - compensated) are calculated. 
Results show that the power deficit mainly influence the σ  and SWH 
estimation but slightly for range estimation. However, it is hard to validate the 
σ  estimation due to the lack of in situ measurement. Therefore, only the range 
estimation is compared and validated in the next section. 
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Figure 3-6. The same as Figure 3-4 but for the compensated waveform measured at 
34.2ºN as shown in Figure 3-5 (red point as shown in Figure 3-3a). 

After removing the calm waveter reflections and compensating waveform 
power deficit, the along-track SSH can be obtained through range estimation 
(details see the handbook of Jason-2 product). An unweighted least-square 
estimator whose convergence is sought through the Nelder-Mead algorithm is 
adopted in the present study. Figure 3-7 shows the variation of the derived 
along-track SSH for three different methods over Tsushima islands. Black line 
represents the result of that provide in SGDR product which derived from the 
conventional ocean retracker using the full waveform. It is obviously that the 
ocean retracker failed to estimate the corrupted waveforms near the coast. Blue 
line represents the result of that provide in ALES product. Only the sub-
waveform around waveform leading edge is used for ALES retracker. Red line 
represents the result of this study. Both the methods of ALES and this study 
successfully extend the capability of range estimation to the coast. However, a 
large variation appeared especially for ALES when altimeter closely proximity 
to the coast, in other word, when echoes around waveform leading edge are 
corrupted.   
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Figure 3-7. Along-track SSH derived from pass 36 cycle 22 of Jason-2 data over 
Tsushima islands for three different methods. Black is the result of SGDR product, 
blue is the result of ALES product and red is the result of this study. 

3.4 Results and Discussion  

In order to validate the quality of range estimation, the sea surface height 
anomaly (SSHA) along track are calculated as follows: 

SSHA =  SSH – SSH,                         (3-7) 

where SSH is the mean SSH from cycle 1 to cycle 252. In order to compare with 
tide gauge measurements, the tidal component unremoved from altimeter 
measurements.  

Two statistics, correlation coefficient (CC) and root mean square difference 
(RMSD) between the time series of SSHA derived from altimeter and tide 
gauge measurements, are used to validate the data quality as in Fenoglio et al 
(2010).  

Figure 3-8(a) is the CC variation along track over Tsushima islands for the 
three different methods. Figure 3-8(b) is the RMSD in centimeters. The same as 
in Figure 3-7, black lines represent the SGDR results, blue lines represent ALES 
results and red lines are the results of this study. Results show that the ocean 
retracker cannot provide the correct estimation within 10km from the coastline 
(from 34.11ºN to the coast), which approximately corresponding to the radius 
of altimeter footprint.  

As ALES retracker use only the sub-waveform around leading edge, the 
noise firstly appeared at waveform trailing edge when altimeter proximity to 
land almost have no influence on range estimation. Results show that ALES 
extend the range estimation to about 7km from the coastline. However, ALES 
estimation window is only dependent on the SWH, echoes within the 
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estimation window are used whether they are corrupted or not. As shown in 
Figure 9, once the echoes used for estimation are corrupted, it will seriously 
influence the accuracy of range estimation due to fewer echo number.  

In the present study, the range is estimated based on the modified 
waveforms, results show that CC remains larger than 0.9 (99.9% confidence 
level) even at locations only about 3km depart from coast. Overall, both the CC 
and RMSD comparison show that this method is more effective at coastal area 
very closed to land comparing with ocean retracker and ALES retracker. 

 
(a) 

 
(b) 

Figure 3-8. Correlation coefficient (CC) (a) and Root mean square difference (RMSD) 
(b) of sea surface height anomaly (SSHA) derived from tide gauge and altimeter 
measurements for three different methods. Black is the result of SGDR product, blue 
is the result of ALES product and red is the result of this study.   
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Figure 3-9. Comparison of SSHA time series derived from ALES retracker (blue) and 
this study (red) at 34.11ºN with tide gauge measurements (green).  

3.5 Conclusions 

Generally, geophysical parameters can be correctly obtained through 
waveform retracking using the theoretical Brown model over the open ocean. 
However, altimeter waveforms are always corrupted at coastal zone due to the 
heterogeneous surface roughness within altimeter footprint. In particular, 
reflections from calm waters whose power exceed the leading edge will 
influence the accuracy of waveform retracking.  

Different from the traditionally retrackers which used the individual 
waveforms, these noises caused by calm waters are explicitly detected and 
removed utilizing its parabolic signature in the present study. As shown in 
Figure 3-4b, the leading edge of modified waveform shows well agree with 
fitted Brown waveform. In other word, the redundant peak echoes are the main 
factor that influence the range estimation. However, results also show that the 
modified waveform underestimated the backscatter intensity due to power 
deficit of waveform trailing edge. In Section 3.3.2, the power deficit of 
waveform trailing edge due to weak land reflection within altimeter footprint 
are also compensated. Compared with Figure 3-4b, the trailing edge of 
compensated waveform also well agree with the fitted Brown waveform 
(Figure 3-6).  

Finally, The SSHA of Jason-2 altimeter over Tsushima in Japan obtained 
from three different method are compared with the in situ tide gauge 
measurements. Results showed that our method better agree with tide gauge 
data than conventional ocean retracker and ALES retracker. The CC remains 
larger than 0.9 even at about 3km sea area depart from the land. RMSD is about 
20cm. Compared with the previous retrackers, this method is useful for the 
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study of regional oceanography, because it is important to obtain more 
available data over coastal zone.    
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4. Conclusions 
The waveform data is fundamental to the altimeter geographical parameters 
retrieval. Over the open, three main parameters, range, SWH and backscatter 
coefficient 휎 , can be accurately derived from the processing of waveform 
retracking. Besides of them, recent study has proved that a wave period 
parameter can be derived from altimeter 휎  and SWH measurements. 
However, the altimeter-derived wave period is lower than buoy measurements 
especially in low-wind conditions.  

In fact, altimeter 휎  is inversely proportional to the wind speed. In 
particular, it will sharply increase when the small size sea waves is absent from 
sea surface. In other word, 휎  of Ku-band radar altimeter is sensitive to the 
high-frequency sea waves ride on swell in low wind conditions. On the other 
hand, buoy measurements cannot measure the high-frequency waves due to its 
relative large size. Therefore, the discrepancy between altimeter and buoy 
wave period will be significantly depend on local wind filed. Results of this 
thesis show that, altimeter-derived wave period agree well with buoy 
measurements when the high-frequency sea waves missed by buoy is 
compensated. This result is useful for the validation of radar altimeter 
backscatter measurements by in situ buoy measurements. Moreover, the 
altimeter-derived wave period may beneficial to the studies on air-sea 
interaction and wave models etc., where the small size sea waves will play an 
important role.  

Moreover, as the radar altimeter 휎  is sensitive to high-frequency sea 
waves, the small space scale variation will occur at locations where sigma0-
bloom events or rain cells take place over the open ocean, and in particular, the 
semi-closed sea along coastal area. The highly reflective sea surface over 
calmed semi-closed seas is also known as calm water. It is the main reason that 
caused waveforms deviate from the expected shape over the open ocean. In 
addition, the weak land reflection will lead the waveform trailing edge fast 
decrease. Both of them influence the correct retrieval of geophysical parameters 
over coastal zone.  

It is important to obtain as far as more available data over coastal zone for 
the study of reginal oceanography. Therefore, different from the sub-waveform 
retracker which were developed for global data processing, we proposed a 
more sophisticated waveform retracking method for specific sea areas of 
interest. Results over Tsushima islands in Japan for Jason-2 altimeter data show 
that, the method of this study is efficient to obtain more available data over 
coastal zone than MLE4 and ALES method. The CC between SSHA derived by 
our method is larger than 0.9 even at about 3km depart from coastline of 
Tsushima.  
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