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We validated Jason-2 satellite altimeter Sensor Geophysical Data Records (SGDR)
by retracking 20-Hz radar waveforms over the California coastal ocean using cycles
7-34, corresponding to September 2008—June 2009. The performance of the ocean, ice,
threshold, and modified threshold retrackers are examined using a reference geoid based
on Earth Gravitational Model 2008 (EGMOS8). Over the shallow ocean (depth < 200 m),
the modified threshold retracker, which is developed for noisy waveforms with preleading
edge bump, outperforms the other retrackers. It is also shown that retracking can improve
the precision of sea surface heights (SSHs) for areas beyond 2-5 km from the shore.
Although the ocean retracker generally performs well over the deep ocean (depth > 200
m), the ocean-retracked SSHs from some of the cycles are found to be less precise when
the waveforms do not conform to the Brown ocean model. We found that the retrackers
developed for nonocean surfaces can improve the noisy ocean-retracked SSHs. Among
the retrackers tested here, the ice retracker overall provides the most precise SSH
estimates over the deep ocean in average using cycles 7-34 in the study region.

Keywords Jason-2, waveform retracking, California coastal ocean, modified threshold
retracker

1. Introduction

Satellite radar altimetry is a mature technology to accurately measure the height and shape
of the sea surface globally from space. It has been used to observe global ocean surface
topography and its changes with unprecedented accuracy (about 2 cm root-mean-square
(RMYS) in sea surface heights (SSHs)) and resolutions (up to 50 km spatial scale and weekly
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temporal sampling) (Chelton et al. 2001; Shum et al. 2003). The observation principle
of pulse-limited satellite radar altimetry is conceptually straightforward. It transmits an
electromagnetic pulse to the sea surface and measures its two-way travel time when the
return reflected from the instantaneous sea surface is received. The altimeter measures
the range using an on-board tracker, which provides a time series of the received power
distribution of the reflected pulse called the altimeter waveform. The two-way travel time
represents the time for the midpoint of the pulse to return from the sea surface at nadir.
Therefore, the altimeter determines the two-way travel time by identifying the half-power
point on the leading edge of the waveform. The on-board tracker design is based on a
Brown (1977) model of the return waveform, to align the return spectral waveform so that
the half-power point of the leading edge is at a specified frequency. This tracking point
corresponds to the gate 32 for 104-sample waveform of Jason-2 altimeter.

The SSH measurements from satellite radar altimetry in coastal region can be corrupted
not only by less reliable geophysical and environmental corrections (Chelton et al. 2001)
but also by the noisier radar returns from the generally rougher coastal sea states and
simultaneous returns from reflective land and shallow water (Brooks et al. 1997; Deng
and Featherstone 2006). Brooks et al. (1997) found that the land return influences TOPEX
waveforms within distances of 4.1-34.8 km from coasts with the maximum near the East
China Sea. Deng et al. (2002) observed that the waveforms from ERS-2 and Poseidon can be
affected up to a maximum distance of 22 km off the Australian coast. Waveforms reflected
from these affected coastal oceans do not conform to those over open oceans so that the on-
board satellite tracking algorithm cannot accurately compute the range between the satellite
and nadir surface, thus producing poorly estimated SSHs. Therefore, the altimeter range
measurements over the coastal ocean must be corrected for the deviation of the midpoint
of the leading edge from the tracking gate of the on-board tracker.

In recent years, a waveform retracking technique, which has been originally developed
for altimeter measurements over ice sheets (Martin et al. 1983; Bamber 1994; Davis 1997),
has extended its role into coastal ocean to reprocess the altimeter waveform data and
improve the poorly estimated SSHs (e.g., Brooks et al. 1997; Anzenhofer et al. 1999; Deng
and Featherstone 2006; Hwang et al. 2006; Bao et al. 2009). A recent review of waveform
retracking methods can also be found in Lee et al. (2008a) and Gommenginger et al.
(2009). The goal of this study is to determine the optimal retrackers among “ocean” and
“ice” retrackers used in Jason-2 Sensor Geophysical Data Record (SGDR) and the original
(Davis 1997) and modified threshold retrackers (Lee et al. 2008b) over the California
shallow (depth < 200 m) and deep (depth > 200 m) oceans, respectively. While we
perform retracking using the original and modified threshold retrackers, we directly use
the ocean- and ice-retracked measurements available in the SGDR. The quality of ocean-
retracked SSHs in the SGDR is also examined over the deep ocean. It should be noted that
the purpose of this study is to focus on the above specific retrackers, not to evaluate all of
the retrackers available in the scientific community.

2. Study Area and Data

The main objectives of the Jason-2 altimeter include the continuation of TOPEX/
Poseidon and Jason-1 records to observe global ocean topographic heights for more than
a decade. Jason-2 satellite was launched in June 2008 and equipped with Poseidon-3 dual-
frequency radar altimeter at Ku-band (13.6 GHz) and C-band (5.3 GHz) following the same
reference tracks as its predecessors with a 10-day repeat period. In this study, we use the
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Jason-2 SGDR (product version “T”), which contains 20-Hz 104-sample waveform data,
from cycles 7-34 (September 2008—June 2009). The geophysical corrections (solid Earth
and pole tides, and inverted barometer) and dry troposphere correction have been applied.
The wet troposphere correction using the water vapor estimates from the onboard Jason-2
Advanced Microwave Radiometer (AMR) is degraded over the coastal ocean owing to land
contamination despite AMR’s enhanced spatial resolution (~26 km) compared to those of
TOPEX and Jason-1 (~50 km) (Brown 2008). The wet troposphere correction calculated
from the European Center for Medium Range Weather Forecasts (ECMWF) numerical
weather prediction model is thus used. The ionosphere correction derived from Global
Ionosphere Map (GIM) is used instead of the correction based on the dual-frequency range
measurements also because of land contaminations. The instrument corrections already
have been applied to the range measurements in the (S)GDR. No editing criteria related to
the Ku band range measurements recommended in the Jason-2 (S)GDR handbook (OSTM
2009) are used in this study because examining the quality of the ocean-retracked SSHs
and their potential improvement is one of the objectives of this study.

Figure 1 shows the study area with Jason-2 ground tracks over the California coastal
ocean. We investigate the Ku-band radar waveforms along four ascending passes (69, 145,
221, and 43) in this study. The background is the geoid computed using Earth Gravitational
Model 2008 (EGMO08) (Pavlis et al. 2008), which is used as a reference to assess the

Pass 43

232° 234° 236° 238" 240° 242°

e —————emb

-45 —-40 -35 -30 -25

Figure 1. Jason-2 passes over the study region. Ascending passes 69, 145, 221, and 43 (from ocean
to land) are examined in this study. Background is the geoids from EGMO0S, and the white line along
the coast indicates the contour of ocean depth 200 m.
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performance of the retrackers. The white line along the coast represents a contour of ocean
depth 200 m from ETOPO2 (Earth Topography).

3. Waveform Retracking

The radar altimeter waveforms provide the range between the satellite and the surface at
nadir via two-way travel time of the transmitted pulse, the Significant Wave Height (SWH)
via the slope of the waveform leading edge, and the backscattering coefficients which
represent the surface roughness and characteristics via the returned power. The shape
of the waveform from incoherent surface scattering can be described based on physical
optics theory, which treats the surface as a set of specular points with a given height and
slope probability density distribution. The time series of the mean returned power; that
is, the waveform, P(t), is represented by the convolution of the instrument point target
response (PTR) x(#), the impulse response from a smooth sphere (the mean Earth) S(z),
and the probability density function (PDF) of the specular points f,(t) (Brown 1977;
Hayne 1980; Barrick and Lipa 1985; Rodriguez 1988) such as:

P(t) =S1) ® x(1) ® fip(t) ey

The time ¢ is the time measured at the satellite such that + = 0 corresponds to the first
arrival time of an impulse from the mean ocean surface. To provide a simplified analytical
expression, Brown (1977) proceeded with the assumptions that are inherent in the convo-
lution model of near normal incidence rough surface backscatter. These assumptions are
generally satisfied over ocean surfaces.

Over ocean surfaces, altimeter retracking algorithms aim to retrieve more accurate
estimates of range and SWH, as well as additional parameters such as antenna off-nadir
angle and skewness of the surface elevation distribution. Ocean waveform retracking is
based upon the convolution representation of the waveform. Therefore, one can recover the
specular point PDF by performing a deconvolution of the return radar waveform (Barrick
and Lipa 1985; Rodriguez and Chapman 1989). In contrast to TOPEX/Poseidon, Jason-2
(and Jason-1) waveforms are retracked on the ground based on the analytical expression
(Brown 1977) denoted by Eq. (1), from which the ocean parameters are estimated with
higher accuracy using a Maximum Likelihood Estimator (MLE) (e.g., Rodriguez 1988).
The ocean-retracked range measurements provided in Jason-2 (S)GDR are estimated from
the 4-parameter MLE (MLE-4), which also retrieves the backscattered power, SWH, and
the off-nadir angle (OSTM 2009). The ocean-retracked parameters including the altimeter
range can be obtained from Jason-2 (S)GDR products. In addition, the (S)GDR also provides
the altimeter range from the ice retracking method, which is also used in this study. The
ice retracker is essentially 30% threshold retracker using the mean power of the waveform
calculated using Offset Center of Gravity (OCOG) (Bamber 1994) retracking algorithm
(P. Thibaut, personal communication, 2010).

In this study, we retrack Jason-2 waveforms using the threshold and modified threshold
methods. The description of the threshold method can be found in Davis (1997) and Deng
and Featherstone (2006). The modified threshold retracker (Lee et al. 2008b) was originally
developed for reprocessing land waveforms from TOPEX/Poseidon to estimate the vertical
crustal motion. Over topographic surfaces, it is common to observe a preleading edge bump
and a spike after the leading edge. These can lead to erroneous estimates of the retracked
range. This is especially the case when using the threshold retracker, which estimates
the retracked gate based on the thermal noise and maximum value of the waveform. The
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Figure 2. Comparison of retracked gates using ice (thin solid line), threshold 20% (dashed line), and
modified 20% threshold (thick solid line) retrackers from a waveform with pre-leading edge bump.
The minimum and maximum powers of the leading edge, estimated from the modified threshold
retracker, are also indicated.

modified threshold retracker estimates the minimum and maximum values of the apparent
leading edge, which are then used to determine the retracked gate with a given threshold
level.

Both threshold and modified threshold retrackers are examined over the study area
with 10%, 20%, and 50% threshold levels after several experiments. Figure 2 shows an
example of a waveform from cycle 31 pass 69 near the coast with its retracked gates using
threshold 20% (dashed line), modified threshold 20% (thick solid line), and ice (thin solid
line) retrackers. It is evident that the preleading edge bump and the spike after the leading
edge lead to different estimates of the retracking gate from these retrackers. This study
investigates how these retrackers, as well as the ocean and ice retrackers, could improve
the Jason-2 SSHs. It should be noted that, to avoid confusion, we used the ice retracking
algorithm to estimate the corresponding retracked gate shown in Figure 2. However, in
the following analysis, we directly use the ice retracked measurements available in the
(S)GDR.

4. Results

To assess the performance of the retrackers, standard deviations (SD) of the differences
between the geoid and the retracked SSHs are computed along with the improvement
percentage (IMP) (Hwang et al. 2006) (see Tables 1 and 2) to see the improvement over
the ocean-retracked SSHs such as:

Oetracked

IMP = 00— % 100(%) )
where 0,ceqn and Oeackea are the standard deviations of the differences between ocean-
retracked SSHs and geoids, and retracked SSHs using the other retrackers and geoids,
respectively. The precision of the retracked SSHs is estimated separately over the California
shallow (depth < 200 m) and deep (depth > 200 m) oceans using all of the Jason-2 cycles
from 7-34 for passes 69, 145, 221, and 43 as summarized in Table 2.

Figure 3 shows examples of the comparison of retracked SSHs using ice, original
threshold, modified threshold, and ocean retrackers with respect to the geoid (profiles from
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Table 1
Statistics of waveform retracking for Jason-2 data used in Figure 3. The highest IMPs are
indicated by bold numbers

Depth < 200 m

Retrackers SD (m) IMP (%)
Cycle 13 Pass 69 Ocean 0.255 —
Ice 0.180 29.4
Threshold 10% 0.214 16.1
Threshold 20% 0.186 27.1
Threshold 50% 0.261 —-24
Modified Threshold 10% 0.103 59.6
Modified Threshold 20% 0.094 63.1
Modified Threshold 50% 0.150 41.2
Cycle 18 Pass 145 Ocean 0.733 —
Ice 0.118 83.9
Threshold 10% 0.114 84.4
Threshold 20% 0.127 82.7
Threshold 50% 0.281 61.7
Modified Threshold 10% 0.093 87.3
Modified Threshold 20% 0.096 86.9
Modified Threshold 50% 0.134 81.7
Cycle 9 Pass 221 Ocean 0.450 —
Ice 0.091 79.8
Threshold 10% 0.105 76.7
Threshold 20% 0.103 77.1
Threshold 50% 0.200 55.6
Modified Threshold 10% 0.071 84.2
Modified Threshold 20% 0.063 86.0
Modified Threshold 50% 0.130 71.1
Cycle 32 Pass 43 Ocean 0.111 —
Ice 0.226 —103.6
Threshold 10% 0.221 —-99.1
Threshold 20% 0.228 —105.4
Threshold 50% 0.135 —-21.6
Modified Threshold 10% 0.121 -9.0
Modified Threshold 20% 0.064 423
Modified Threshold 50% 0.134 —-20.7

top to bottom in the figure) near the coast. It is clear that the ocean-retracked SSHs are
generally unreliable and suffer from data loss when getting close to the coast. This is
expected because the shape of the waveforms near the coast does not agree with the Brown
ocean model, as can be seen from Figure 2, which is represented with a single sharp leading
edge with slowly decaying trailing edge. These examples show that the modified threshold
retracker can provide improved results in terms of the IMPs as summarized in Table 1
over the shallow ocean. Figure 3 also indicates that the threshold- and ice-retracked SSHs
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Table 2
Statistics of waveform retracking from Jason-2 cycles 7-34. The highest IMPs are indicated
by bold numbers
Depth < 200 m Depth > 200 m

sp! 1mP! SD*> SD!' IMP! SD?

Retrackers (m) (%) (m) (m) (%) (m)
Pass 69  Ocean 1.378 — 1.491 0.821 — 0.814
Ice 0.777 43.6 0.501 0.731 11.0 0.736
Threshold 10% 1.012 26.6 0.491 0.778 5.2  0.793

Threshold 20% 0.779 43.5 0.512 0.744 9.3 0.751
Threshold 50% 1.034 249 1.090 0960 —17.0 0.939

Modified Threshold 10% 0.526 61.8 0.500 0.806 1.7 0.823
Modified Threshold 20% 0.517 62.5 0.510 0.774 5.6 0.785
Modified Threshold 50% 0.825 40.1 0.806 0.970 —-18.2  0.957

Pass 145 Ocean 1.510 — 1.600 0.768 — 0.758
Ice 0.491 67.5 0475 0.702 86 0.715
Threshold 10% 0.543 64.0 0.543 0.745 3.0  0.791
Threshold 20% 0.547 63.8 0.537 0.720 6.2 0.734
Threshold 50% 1.010 33.1 1518 0933 -21.5 0.923

Modified Threshold 10% 0.518 65.7 0.603 0.776 —0.10 0.839
Modified Threshold 20% 0.521 65.5 0.603 0.750 24 0.767
Modified Threshold 50% 0.762 49.5 0.828 0.948 —23.4  0.941

Pass 221  Ocean 3.458 —  4.548 0.817 — 0.828
Ice 0.505 854 0.537 0.777 48 0.794
Threshold 10% 0.542 84.3 0570 0.865 —59 0.892
Threshold 20% 0.557 83.9 0.577 0.796 26 0814
Threshold 50% 1.870 459 4.210 0.926 23 0929

Modified Threshold 10% 0.432 87.5 1.096 0.892 —-9.2 0923
Modified Threshold 20% 0.407 88.2 0478 0.822 —0.6 0.847
Modified Threshold 50% 0.716 793 0.822 0927 -—-13.4  0.934

Pass 43 Ocean 0.903 — 0.470 0.680 — 0.679
Ice 0.571 36.8 0.352 0.631 72  0.648
Threshold 10% 0.600 33.6 0328 0.681 —0.2  0.705
Threshold 20% 0.595 34.1 0.380 0.652 4.1 0.668
Threshold 50% 0.994 —10.1 0.709 0.850 -25.1 0.848

Modified Threshold 10% 0.481 46.7 0.355 0.709 —-43  0.735
Modified Threshold 20% 0.513 432 0403 0.682 —0.33 0.701
Modified Threshold 50% 0.840 6.9 0.696 0.866 —27.4  0.869

SD! and IMP': without SSB correction.
SD?% with SSB correction.

are more precise in coastal regions beyond 2-5 km from the shore in general, while the
ocean-retracked SSH is reliable only beyond 10 km. However, as will be shown later, the
ocean-retracked SSHs from some of the Jason-2 cycles are noisy even over the deep ocean.
As can be seen from Table 2, the modified threshold retrackers with 10% or 20% levels
outperform the other retrackers over the shallow ocean except for pass 145. When compared
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Figure 3. Comparison of retracked SSHs using ice, original threshold, modified threshold, and ocean
retrackers with respect to the geoid (profiles from top to bottom) near the coastline from (a) cycle 13
pass 69, (b) cycle 18 pass 145, (c) cycle 9 pass 221, and (d) cycle 32 pass 43. 10% threshold level
is used for (b), and 20% is used for the others. Vertical dashed lines indicate the location where the
ocean depth is 200 m. Arbitrary constants are added for visual clarity.

to the other retrackers, SSHs retracked by the 50% threshold retracker show less significant
improvement (averaged IMP = ~23%) in the shallow ocean and even no improvement
(averaged IMP = ~ —15%) over the deep ocean.

Figure 4 shows the retracked SSH profiles over the entire study area, including the
deep ocean from (a) cycle 34 pass 69, (b) cycle 33 pass 145, (c) cycle 13 pass 221, and
(d) cycle 20 pass 43 as examples of noisy ocean-retracked SSHs. It can be seen that the
ocean retracker is less robust compared to the other retrackers along these passes, even
several hundreds of kilometers away from the shore. These noisy ocean-retracked SSHs
are found from cycles 7, 8, 17, 20, 23, 24, 26, 30, and 34 for pass 69, cycles 7, 33, and
34 for pass 145, cycles 13, 15, and 33 for pass 221, and cycles 20, 32, 33, and 34 for
pass 43 over the deep ocean. It should be noted that these noisy ocean-retracked SSHs are
mostly to be flagged based on the editing criteria (“range_rms_ku” or “alt_echo_type”) as
suggested by the Jason-2 (S)GDR handbook. The black rectangles in Figure 4 indicate the
ocean-retracked SSHs that are to be edited out because their corresponding range_rms_ku
values are larger than 0.2 m. The ocean retracker was found to perform the best for all the
other cycles for each pass over the deep ocean.
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Figure 4. Comparison of retracked SSHs using ice, original threshold, modified threshold, and ocean
retrackers (profiles from top to bottom) from (a) cycle 34 pass 69, (b) cycle 33 pass 145, (¢) cycle
13 pass 221, and (d) cycle 20 pass 43. 20% threshold level is used for (a), and 10% is used for
the others. The thick solid line represents the geoids. Vertical dashed lines indicate the location where
the ocean depth is 200 m. Black rectangles indicate the ocean-retracked SSHs that are to be flagged
based on the editing criteria (range_rms_ku > 0.2 m). Arbitrary constants are added for visual clarity.

We further investigate the waveform shapes along these individual tracks. It is found
that the problem of noisy ocean-retracked SSHs comes from the waveforms, as can be seen,
as an example, in Figure 5 that illustrates the waveforms from cycle 34 pass 69. It can be
seen from Figure 5(a) that some of the waveforms do not show distinct leading edge around
the tracking gate 32. Examples of those waveforms in Figure 5(b) differ considerably
from the ocean waveforms. They have a noisy leading edge or increasing returned power
after the leading edge, which persists until around gates 70-80. Hence, these waveforms
do not conform to the Brown ocean model in Eq. (1), which is the physical basis for the
ocean retracking algorithm, thus causing the erroneous SSH estimates.

As can be seen from Table 2, over the deep ocean, ice-retracked SSHs show improve-
ment (averaged IMP = ~8%) over the ocean-retracked SSHs in average using cycles 7-34,
while the other retrackers do not generally improve the precision of SSHs. This suggests
that careful retracking of Jason-2 waveforms also has a potential, even over the deep ocean,
to improve noisy SSHs which are to be edited out.

The results above are generated without applying the sea state bias (SSB) correction
because only the SSB correction empirically determined from SWH and wind speeds
(Labroue et al. 2004), which are presumably based on ocean-retracked parameters, is
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Figure 5. (a) Waveforms from cycle 34 pass 69; (b) waveforms over the region indicated with a
black box in (a). The waveform sequence, numbered from 1 to 20, follows the satellite flight direction.

provided in Jason-2 (S)GDR. The SSB correction over the coastal ocean can thus introduce
additional error. Moreover, it is expected that the SSB correction based on ocean-retracked
parameters is not adequate for other retracked range measurements, which can be more
precise, as shown above, even over the deep ocean. In Table 2, additional SDs of the
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differences between the geoid and the retracked SSHs with the SSB correction are shown.
Over the shallow ocean, as expected, except for pass 43, the precision of ocean-retracked
measurements deteriorate after the SSB correction. It is observed that, over the deep ocean,
the precision of the ocean-retracked measurements improves after the SSB correction
except for pass 221. Furthermore, the SSB corrections to other retracked SSHs over the
deep ocean again generally deteriorate the precision as expected. These results suggest that
more adequate SSB corrections are needed over the shallow ocean and even over the deep
ocean when the ocean retracker is outperformed by the other retrackers.

5. Discussions, Conclusions and Future Studies

In this study, we evaluated Jason-2 SSHs retracked by the ocean, ice, original threshold, and
modified threshold retrackers over the California coastal ocean attempting to extract precise
SSHs from both land-contaminated and ocean-dynamics distorted coastal radar altimeter
waveforms. The performance of these retrackers is examined by comparing EGMOS geoids
with retracked SSHs assuming that the retracked SSHs should be as smooth as the geoid
profile. Over the shallow ocean, the modified threshold retracker outperforms the other
retrackers by providing more precise SSHs beyond 2-5 km from the coastline. This may
also indicate the capability of Jason-2 to retrieve more precise SSHs closest to the coastline
compared to TOPEX (Brooks et al. 1997) or ERS-2 (Deng and Featherstone 2006). Over
the deep ocean, the ocean retracker used in (S)GDR is less robust in estimating precise
SSHs for some cycles due to the waveforms not conforming to the Brown ocean model.
Those noisy ocean-retracked SSHs are recommended to be flagged according to the editing
criteria in the Jason-2 (S)GDR handbook (OSTM 2009). However, the retrackers developed
for nonocean surfaces are tested to check if they can improve the SSH precision over the
deep ocean. It is found that the ice retracker outperforms the ocean retracker when the
return waveforms do not conform to the Brown model.

Since the goal of retracking waveforms is to provide higher spatial resolution (~350 m),
the current geoid model may not be an adequate reference “truth” to judge the methods with
absolute accuracy. For a future study, we will investigate the possibility of independently
validating the retracked data using synthetic SSHs derived from satellite imagery, coastal
high-frequency (HF) radars, and tide gauges. The synthetic heights can be derived from
surface geostrophic currents computed by applying the Maximum Cross Correlation (MCC)
method to sequential thermal infrared (AVHRR) and ocean color (MODIS, SeaWiFS)
satellite imagery (Bowen et al. 2002; Crocker et al. 2007). In addition, we will use high-
resolution coastal HF radars to compute space/time coastal current fields that can be inverted
to generate synthetic SSH fields.

Finally, the SSB corrections appropriate for other retrackers are suggested to be de-
veloped either empirically or physically. Investigating hydrodynamic and electromagnetic
models to understand the physical behaviors of the SSB is of particular interest.
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