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J. Gómez-Enri, R. Jiménez-Garay, P. Villares, M. Arias, J.J. Alonso &
M. Catalán Pérez-Urquiola
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ABSTRACT: The retrieval of geophysical information from the shape of radar altimeter
ocean averaged waveforms is commonly known as ‘‘retracking’’. From this signal
processing is possible to retrieve information regarding the ocean surface conditions.
Thus, the significant wave height, the wind speed at the sea surface, the mean sea level and
sea level anomaly are obtained. The retracking of radar signals from Envisat RA-2 is
developed on-ground where the computational efforts are less limited than on-board.
Basically, the signal is fitted to a theoretical one, which is also a function of the parameters
to be estimated. To do this, the retracking algorithms are based on several assumptions.
One of these assumptions establishes a Gaussian statistic for the ocean waves (lineal
hypothesis). In this work, we propose a new retracking algorithm based on Maximum
Likelihood Estimation (MLE) developed at the National Oceanography Centre,
Southampton (NOCS). This retracking algorithm assumes a non-linear statistic for the
ocean waves by introducing a new parameter to be estimated: wave-skewness. We show
the estimates of wave-skewness in the Austral Ocean and the possible effect of the
estimation of this parameter in the estimates of significant wave height. We present the
results obtained retracking four 35-days cycles of 18-Hz averaged ocean waveforms from
Envisat RA-2.

1 INTRODUCTION

The high precision retrieval of geophysical information over the ocean is possible thanks
to the well-developed theoretical understanding of altimeter echoes from the ocean
surface. The way in which the echo return interacts with the illuminated ocean surface is
described in Brown (1977). The retrieval of geophysical information from the shape of
the echo return is commonly known as retracking. The ocean waveform tracking systems
have as a main task the determination of time origin (related to the distance between the
satellite’s centre of mass and the observed surface), the backscatter coefficient (related to
the wind speed at the sea surface) and the significant wave height. This, can be done on-
board the satellite or on-ground. The retracking on-board has some limitations as far as
the computational power is concerned but is useful for near-real time purposes. The
retracking on-ground is computationally much better and is used for off-line products.

The tracker system in the dual frequency Envisat Radar Altimeter (RA-2 hereinafter)
has been optimised to ensure that geophysical parameters (via retracking processing)
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can be obtained over all types of surfaces (ocean, land, ice, etc.) by generating linear
error signals over a wide range of radar signal characteristics. To do that, four retrackers
are applied in parallel to the waveforms obtained over all surfaces. The ocean retracking
processing is the result of a comparative study of various ocean-retracking algorithms
(Dumont et al., 2001) and is based on a modification of the Hayne model (Hayne, 1980).
This model is an extension of the Brown model (Brown, 1977).

This work shows the results obtained when retracking RA-2 Envisat 18-Hz averaged
waveforms with the retracker developed at the National Oceanography Centre (NOC)
based on Maximum Likelihood Estimation (MLE hereinafter). The MLE retracker is
able to operate in both linear and non-linear modes to retrieve significant wave height
(SWH) and time origin (also called epoch) as well as ocean wave skewness when run in
non-linear mode. This paper is focused on the retrieval of such information in the
Southern Ocean, giving an estimation of SWH and wave skewness using RA-2 altimeter
data. Additionally, the results obtained with the same MLE retracker run in linear and
non-linear mode are used to determine the impact of retrieving additional information
on skewness on the estimation of SWH and time origin.

The layout of this paper is as follows: Section 2 gives a short summary about the
principles in an altimeter echo return with some indications regarding the retracking
algorithm used. The next section shows the main aspects of the technique in which the
retrieval of the geophysical parameters is based (Maximum Likelihood Estimator). In
section 4 the datasets used are presented, following in section 5 with the results
obtained. The last section gives the conclusions and final remarks.

2 ECHO RETURN

Figure 1 shows the sea surface response to a short radar altimeter ocean pulse
(waveform) as a ramp starting at zero and rising sharply with time to a plateau, after
which it falls off slowly. Wind speed information can be extracted from the backscatter
signal intensity at the plateau, the amplitude of the signal. The slope of the leading edge
is related to the significant wave height, and the tracking point at the mid-point of the
leading edge gives the sea surface position (range). The slope of the trailing edge can
provide further information on the instrument mis-pointing away from nadir. A detailed
description of the interaction of the averaged echo with the sea surface, in which the
NOC retracker is based, can be found in Challenor & Srokosz (1989) and more recently
in Gómez-Enri et al. (2006).

The National Oceanography Centre retracking scheme used here is a modification of
the initial algorithm developed at the Institute of Oceanographic Sciences (IOS)
(Challenor & Srokosz, 1989). In its linear form, the retracker provides estimates of the
significant wave height, the backscatter power (related to the wind speed), the time
origin and the thermal noise. In its non-linear mode, extra information can be retrieved
about the wave-skewness, which characterizes the weakly non-linear nature of ocean
waves (i.e. peakier crests/flatter troughs). The retracking scheme used routinely in the
Envisat RA-2 processing set the wave-skewness to zero, so the retracking is done under
linear conditions for the wave heights. Figure 2 shows the probability density
distribution of the elevations of specular points over the sea surface in case of Gaussian
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Figure 1. Main parts in an altimeter echo return (noisy signal) and the best fit from the

retracking processing (smoothed signal). Power units are normalized.

Figure 2. Gaussian and skewed (a ¼ 0:2) ocean height probability density distributions.



statistics (linear conditions), and non-Gaussian statistics (non-linear conditions).
Srokosz (1986), proposed a modified version of the Brown’s model to account for the
weakly nonlinear nature of ocean waves.

3 MAXIMUM LIKELIHOOD ESTIMATOR

The retracker system derives geophysical parameters by fitting a theoretical model
(smoothed line in the figure 1) to measured waveforms (noisy line) using Maximum
Likelihood Estimation (Challenor & Srokosz, 1989). The MLE method estimates the
parameters by determining which values maximize the probability of obtaining the
recorded waveform shape in the presence of noise of a given statistical distribution.
MLE gives unbiased estimates with minimum variance and produces a variance-
covariance matrix of the estimates, providing a measure of the error in the estimates
(Challenor & Srokosz, 1989) (Gómez-Enri et al. 2006).

4 DATASETS USED

The Envisat RA-2 18-Hz averaged ocean waveforms selected are from four complete
35-day cycles corresponding to different seasons: cycle 21 (20th October to 24th
November 2003), cycle 24 (2nd February to 8th March 2004), cycle 26 (12th April to
17th May 2004) and cycle 29 (26th July to 30th August 2004). The product used was the
Level 2 Sensor Geophysical Data Record (SGDR), containing 20 18-Hz averaged ocean
waveforms each separated by a time interval of 1.114 seconds. For the purpose of this
study, ocean waveforms were retracked at 1-Hz by averaging 20 18-Hz signals.

5 RESULTS

The MLE retracker was applied to the 1-Hz averaged waveforms to retrieve SWH and
time origin in both linear and non-linear modes. Figure 3 shows the geographical
distribution of SWH (in m) for cycle 21 (Figure 3.a), cycle 24 (Figure 3.b), cycle 26
(Figure 3.c) and cycle 29 (Figure 3.d) as obtained with the MLE retracking algorithm
used in linear mode. We found the highest values (higher than 5 m) in the Southern
Ocean (Antarctic Circumpolar Current) in all seasons, especially in autumn and winter
seasons. The geographical distribution of time origin (not shown in this paper) obtained
with the linear and non-linear model shows a clear correspondence with the distribution
of SWH, as previously shown by Gómez-Enri et al. (2006) for the whole ocean.

Figure 4 presents the geographical distribution of wave-skewness as obtained with
MLE non-linear. The values are positive and ranging between 0 and 0.035, which is
physically meaningful over the whole range of wave heights. There is a clear
correspondence between the spatial pattern of SWH (Figure 3) and wave-skewness
(Figure 4). These results are in agreement with those showed by Callahan and Rodriguez
(2005). They used instead Jason-1 waveform data. We find high (low) values in areas of
high (low) wave heights. The higher the SWH is, the more skewed the waves are.
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Figure 3. Geographical distribution of SWH retrieved with MLE linear for (a) cycle 21 (20th

October to 24th November 2003), (b) cycle 24 (2nd February to 8th March 2004), (c) cycle 26

(12th April to 17th May 2004) and (d) cycle 29 (26th July to 30th August 2004). Units are in m.
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Figure 4. Geographical distribution of wave-skewness retrieved with MLE non-linear for (a)

cycle 21 (b) cycle 24, (c) cycle 26 and (d) cycle 29.
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6 CONCLUSIONS AND FINAL REMARKS

In this work, we applied an MLE-based ocean retracker scheme implemented at the
National Oceanography Centre to Envisat RA-2 ocean averaged waveforms. Ocean
geophysical parameters: significant wave height, time origin (not shown here) and wave-
skewness were retrieved in the Southern Ocean under linear and non-linear ocean wave
statistics assumptions. We used 18-Hz averaged ocean waveforms averaged to 1-Hz for
four complete RA-2 Envisat cycles corresponding to four different seasons. We focused
on the results obtained in the Southern Ocean.

Strong wave heights are found (higher than 5 m) in the Southern Ocean, mainly
during the austral autumn (cycle 26) and winter (cycle 29) seasons. The MLE-NOC
retracker is able to estimate extra information (wave-skewness) related to the non-
Gaussian statistic for the ocean waves. The geographical distribution of this parameter is
related to the distribution of the other two retrieved: significant wave height and time
origin (not show here). The assumption of linearity in the retracking of the ocean
waveform may introduce regional and time dependent errors in the sea surface height
(related to time origin) and significant wave height. We made a first attempt to quantify
the magnitude of this bias in the Envisat RA-2. Although the assumption of linearity
introduces only a small range error of less than 1 cm globally (Gómez-Enri et al. 2006),
our error estimates in the Southern Ocean show clear indication of non-negligible range
errors of the order of 2-3 cm with similar geographical and seasonal distribution as high
significant wave height conditions. A better understanding of these errors is important
not only for scientific goals, but also for the definition studies for future altimetric
missions (e.g. Sentinel-3).
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