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After two years of verification and validation activities of the Jason-1 altimeter data, it
appears that all the mission specifications are completely fulfilled. Performances of all
instruments embarked onboard the platform meet all the requirements of the mission.
However, the star tracker system has shown some occasional abnormal behavior leading
to mispointing angles out of the range of Jason-1 system specification which states
that the altimeter antenna shall be pointed to the nadir direction with an accuracy
below 0.2 degree (3 sigma). This article discusses the platform attitude angle and its
consequences on the altimetric estimates. We propose improvements of the Jason-1
retracking process to better account for attitude effects.

The first star tracker anomalies for the Jason-1 mission were detected in April
2002. The Poseidon-2 algorithms were specified assuming an antenna off-nadir angle
smaller than 0.3 degree. For higher values, the current method to estimate the ocean
parameters is known to be inaccurate. Thus, the algorithm has to be reviewed, and more
specifically, the present altimeter echo model has to be modified to meet the desired
instrument performance.

Therefore, we derive a second order analytical model of the altimeter echo to
take into account attitude angles up to 0.8 degree, and consequently, we adapt the
retracking algorithm. This new model is tested on theoretical simulated data using
a maximum likelihood estimation. Biases and noise performance characteristics are
computed for the different estimated parameters. They are compared to the ones obtained
with the current algorithm. This new method provides highly improved estimations for
high attitude angles. It is statistically validated on real data by applying it on several
cycles of Poseidon-2 raw measurements. The results are found to be consistent with
those obtained from simulations. They also fully agree with the TOPEX estimates when
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flying along the same ground track. Finally, the estimates are also in agreement with the
ones available in the current I/GDR (Intermediate Geophysical Data Record) products
when mispointing lies in the mission specifications.

Keywords Jason-1, Poseidon-2, retracking, echo model, mispointing

The Jason-1 satellite was successfully launched on 7 December 2001 to insure the continuity
of the oceanographic observations provided by the TOPEX/Poseidon mission which began
in 1992 (Menard et al. 2003). The payload of Jason-1 is described extensively in Perbos
et al. (2003). A brief overview is provided here:

• A dual-frequency radar altimeter (Ku and C bands): Poseidon-2;
• A three-channel radiometer: JMR (Jason Microwave Radiometer);
• Two dual-frequency tracking systems: DORIS (Détermination d’Orbite et Radioposi-

tionnement Intégré par Satellite) and GPS (Global Positioning System) receivers;
• A laser retro reflector array.

During the first two years of the Jason-1 mission, some occasional abnormal behavior
of the star trackers system were observed, leading to platform off-nadir angle values out of
the Jason-1 system specification which states that the altimeter shall be pointed to the nadir
direction with an accuracy below 0.2 degree (3 sigma). All Poseidon-2 algorithms were
specified assuming an antenna mispointing angle smaller than 0.3◦. On 4 April 2002, high
values of the mispointing angle were observed (see Figure 1). Figure 2 gives the percentage
of mispointing values greater than 0.2 degree, from October 2002 to January 2004. Two
periods displaying high mispointing angles are observed: December 2002 (cycles 35 and 36
which are studied here) and February 2003 (cycle 41). For these two periods, less than 5%
of the data is affected. A peak is observed in the second half of November 2003. However, it
is not meaningful, as it corresponds to a period when the Jason-1 satellite was in a safehold
mode. To process data acquired in such circumstances, modifications of the retracking
algorithm had to be considered to take into account higher values of the mispointing angle.

FIGURE 1 Attitude angle (ξ ) of Jason-1 platform during the first star tracker incident
04/04/2002.
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FIGURE 2 Percentage of time when the off nadir angle is greater than 0.2 degree.

For this purpose, a new analytical expression of the radar echo model is proposed and
validated.

It is worth adding that a potential further degradation of the star tracker could lead
to modifications of the present strategy consisting of maintaining the attitude within the
specifications. Indeed, the attitude orbit control system (AOCS) could be used in such a
way that mispointing should be free to vary up to 0.5 degree. In such a case, the algorithm
improvements discussed in herein are required. Note that in this article, we are dealing only
with the Ku band.

The next section is a brief review of the current Poseidon-2 ground retracking algorithm.
In particular, a short description of Poseidon-2 altimeter characteristics is given along
with a review of the first order echo model and the estimation method used to derive the
ocean parameters. In the following section, a new analytical expression of the waveform
which includes the addition of higher order terms is derived. Next, this new formulation
is evaluated and biases and noises on the estimated parameters are computed theoretically
using simulated data. The next section presents the results when the improved model is
applied to real raw Poseidon-2 data. The last section provides the conclusions of this work
and some perspectives to further improve the Jason-1 retracking procedure.

Jason-1 Ground Retracking Algorithm in GDRs

This section gives a general description of the Jason-1 ground retracking algorithm as opera-
tionally used to derive Jason-1 I/GDR products. The Poseidon-2 altimeter characteristics are
summarized. Then, the ground retracking algorithm used to estimate the ocean parameters
is presented along with the method used to estimate the attitude angle.

Poseidon-2 Altimeter General Description

The Poseidon-2 altimeter characteristics have been described extensively by Carayon et al.
(2003). A brief review is provided here. The Poseidon-2 altimeter transmits 105.6 µs
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duration pulses at a frequency of 13.575 GHz for the Ku band (5.3 GHz for the C band).
These pulses are frequency linear modulated and then transmitted towards the ocean surface
at a pulse repetition frequency (PRF) equal to 2060 Hz ± 10% (1800 Hz for the Ku band
and 260 Hz for the C band). After reflection from the surface, the pulses are received back
on board and mixed with an emitted pulse (Chelton et al. 1989). The resulting individual
echo consists of 128 samples separated by 3.125 ns (or equivalently, 46.8 cm or 9469 Hz).
In order to reduce the statistical fluctuations (speckle) which affect the individual echoes
and to perform real time tracking, these echoes are averaged on-board over a period (in-
strument cycle) of about 50 ms. The resulting signal is processed by the on-board tracking
to derive the range and the power which will be used as a priori parameters during the next
instrument cycle. The tracking function consists of keeping the waveforms well centered in
range and power in the analysis window. This is performed thanks to first and second order
filter tracker closed loops (Zanifé et al. 2003). An onboard Maximum Likelihood Estimator
(MLE) algorithm is then applied to these waveforms to derive the ocean parameters. These
estimates are used to derive the real time OSDR (Operational Sensor Data Record) products
(Desai and Vincent 2003). A ground retracking is also applied. Its main purpose is to refine
these estimates in order to get the most accurate ocean parameters.

The First Order Echo Model

Moore and Williams (1957), Barrick (1972) and Barrick and Lipa (1985) demonstrated that
for a rough scattering surface, the average return power as a function of delay (t) could be
expressed as a convolution of three terms:

W (t) = FSSR(t) ∗ PTR(t) ∗ PDF(t), (1)

where:

FSSR is the flat sea surface response,
PTR is the radar point target response, and
PDF is the surface elevation probability density function of specular points.

This study makes the usual assumption that the specular points density function is identical to
the geometric surface heights density function. Any difference between these two functions
enters in the Electromagnetic Bias theory (Yaplee et al. 1971) and does not concern our
study. In the development below, we also assume that the PDF function is a Gaussian one.

The theoretical radar point target response is expressed as:

PTR(t) =
∣∣∣∣sin(π Bt)

π Bt

∣∣∣∣
2

, (2)

where B is the reception bandwidth of the altimeter.
To perform the convolution of the three terms, the PTR function is approximated by a

Gaussian function:

PTR(t) ≈ exp

(−t2

2σ 2
p

)
; (3)

σp is the standard deviation of the Gaussian function that models the PTR. Barrick (1972)
and Brown (1977) used σp = 1

2
√

2 ln 2
rt ≈ 0.425.rt , with rt being the time resolution.
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MacArthur (1978) suggested that σp = 0.513 rt is a good enough approximation of σp.
Amarouche et al. (2001a and 2001b), studied the effects of the PTR Gaussian approxima-
tion on the estimated ocean parameters and found that, due to the symmetrical shape of
the Poseidon-2 true (measured) PTR (Carayon et al. 2003), the only parameter affected
by this approximation was the significant wave height (SWH). In the current Poseidon-2
ground retracking algorithm, the value of σp is then kept constant (0.513 rt ), and the biased
estimates of SWH are corrected using look-up tables. These look-up tables are built using
a Poseidon-2 altimeter simulator which inputs the true (measured) PTR to simulate the
altimeter waveforms. The ground retracking estimator is then applied to these simulated
echoes to derive the resulting biases on the estimated parameters.

Here, we are particularly interested in the FSSR function due to its dependency on the
antenna mispointing angle. This function was derived by Brown (1977) and is expressed
as:

FSSR(t) = A exp(−δt)U (t)
∞∑

k=0

(−1)k	(k + 1/2)√
π	(k + 1)

[
γβt1/2

8 cos2 ξ

]k

Ik(βt1/2), (4)

where the Ik are the modified Bessel functions of the second kind, and

δ = 4

γ

c

h
cos(2ξ ), and (5)

β = 4

γ

[
c

h

]1/2

sin(2ξ ). (6)

U (t) is a unit step function, c is the speed of light, ξ is the off-nadir pointing angle and h
is the modified satellite altitude given by:

h = H

(
1 + H

Rt

)
, (7)

where H is the satellite altitude and Rt is the radius of the Earth.
γ is an antenna beamwidth parameter given by γ = 1/2 ln 2 sin2θ−3dB, θ−3dB being

the half-power antenna beamwidth. The amplitude term A is related to γ and ξ by:

A = A0 exp

[
− 4

γ
sin2 ξ

]
, (8)

A0 containing several constants related to the instrument characteristics and to the propa-
gation losses.

Brown (1977) demonstrated that the zero order term of the infinite series of Equation
(4) is enough to provide a very good approximation of the FSSR. Indeed, the higher order
terms are negligible (for ξ < 1◦) because:

γβt1/2

8 cos2 ξ

 1. (9)

Equation (4) can then be read:

FSSR(t) = A exp(−δt)I0(βt1/2)U (t). (10)
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Following Abramowitz and Stegun (1964), the zero order term of the Bessel function
expansion I0 is given by:

I0(z) =
∑
n=0

(
z2

4

)n( 1

n!

)2

, with z = βt1/2. (11)

Considering that ξ is smaller than 0.3◦, Rodriguez (1988) used only the first two terms (n =
0, 1) to develop I0. I0 could then be written using the exponential function as:

I0(βt2) ≈ e
β2 t

4 . (12)

After substituting (12) in (10), FSSR can then read:

FSSR(t) = 2A exp

[
−

(
δ − β2

4

)
t

]
U (t). (13)

Using Equation (13) and computing the convolution as in Equation (1), the resulting average
return power is then given by:

W (t) = A exp(−v)[1 + er f (u)], (14)

with

u = t − ασ 2
c√

2σc

, v = α

(
t − α

2
σ 2

c

)
, and α = δ − β2/4; (15)

σc is a parameter related to the standard deviation of the ocean heights σs and to σp (see
Equation (3)) according to:

σ 2
c = σ 2

p + σ 2
s . (16)

The analytical ocean return model was refined by Hayne (1980) who considered higher
order moments of the PDF function in Equation (1). In particular, a third order moment of
the ocean heights (skewness) was included.

However, this analytical form is still valid only for pointing angles smaller than 0.3◦.
As the purpose here is to consider higher mispointing angles, a higher order term of the
Bessel function expansion will have to be used.

Description of the Ground Retracking Procedure

The theoretical shape of a radar echo over an ocean surface is represented in Figure 3. The
different ocean parameters derived from this echo are as follows.

• The epoch τ , defined as the position of the signal in the analysis window with respect
to the tracking reference point. The precise range estimate will be derived from both the
tracking range and the epoch τ estimates.

• The amplitude Pu of the waveform which is used to derive the backscatter coefficient σ0.
This latter is related to ocean surface wind speed.
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FIGURE 3 Theoretical shape of the altimeter echo and the corresponding ocean
parameters.

• The slope of the leading edge, which is a function of the standard deviation of the sea
surface heights σs and related to the significant wave height (SWH = 4σs when assuming
a Gaussian distribution of ocean heights).

• The thermal noise level Tn .
• The off-nadir angle ξ that is linked to the trailing edge slope.

The retracking process consists of the estimation of τ , Pu , and σc (and then SWH).
These estimates are performed making the measured waveform coincide with a return
power model according to unweighted Least Square Estimators derived from Maximum
Likelihood Estimators (Dumont 1985; Rodriguez 1988). An unweighted estimator is used
instead of a weighted estimator to ensure the robustness of the estimates.

Assuming that the waveform samples are completely decorrelated for different samples
and for different pulses, an iterative solution is obtained by developing the total cost function
in a Taylor series at the first order from an initial set of estimates. Note that the pulse-to-pulse
decorrelation assumption is true (Walsh 1982; Rodriguez et al. 1994; Amarouche 2001a) for
the Poseidon-2 PRF, except for very low sea state conditions (SWH smaller than 1 meter)
which are unusual. The estimated parameters are expressed as (Dumont 1985; Zanifé et al.
2003):

θm,n = θm,n−1 − g(BBT )−1
θm,n

(BD)θm,n−1 (17)

where θm,n is the estimated parameter at iteration n, m is the index of the estimated parameter
and g the loop gain (between 0 and 1). The matrix of unweighted partial derivatives, B, and
the vector of unweighted differences, D, are given by:

Bm,k = 1

Pu

∂Vk

∂θm
and Dk,1 = Vk − Vk

Pu
(18)

with k the sample index, V k the model waveform sample k, Vk the measured waveform
sample k and Pu the estimated power.
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The convergence criterion is based on the merit function χ2 or MQE (Mean Quadratic
Error) defined by:

χ2 =
∑

i

(
Vi V mi

Pu

)2

. (19)

The iterative procedure is considered to be stable if the differences of the values obtained
are under a threshold during three consecutive iterative steps.

In the next sections, this algorithm will be called MLEN, N being the number of the
retrieved parameters.

Present Method to Estimate the Attitude Angle

The use of a MLE3 algorithm to solve for range, σc and σ0 as outputs assumes that the
mispointing angle is zero. When this is not the case, the mispointing angle should be
estimated first and then taken into account (after smoothing over 30 seconds) in the echo
model used in the MLE3.

When mispointing exists, the slope of the trailing edge of the echo is modified. That is
why this slope is presently used for this estimation. In this region, the analytical expression
of the waveform given by the Equation (14) can be simplified (using the fact that erf (x) is
equal to 1 in the trailing edge region). It comes:

W (t) ≈ 2A exp (−v). (20)

If we note X = ξ 2 and considering that |X | 
 1, the slope of the trailing edge of the
logarithm of the waveform can be expressed as:

Slope = −αT

[
1 −

(
2 + 4

γ

)
X

]
. (21)

If �s is the estimated value of this slope, using a linear regression on the trailing edge, the
estimated value of X is

X̂ = γ

2(γ + 2)

[
1 + ŝ

αT

]
. (22)

Second Order Model of the Altimeter Waveform

In this section, the purpose is to derive a new analytical model of the altimeter waveform
taking into account mispointing values higher than 0.3◦. The Bessel function (Equation
(11)) in the FSSR function was developed for mispointing angles up to 0.3◦. To consider
angle values up to 1◦, a higher order has to be used. In all the equations below, notations
are the same as in the section on the first order echo model.

The I0 Bessel function developed to order 2 can be written as:

I0(z) =
∑
n=0

(
z2

4

)n( 1

n!

)2

≈ 1 + z2

4
+ z4

64
. (23)
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It can also be expressed as

I0(z) ≈ 2

[
1 + z2

8
+ z4

128

]
− 1 = 2

[
1 + z2

8
+ 1

2

(
z2

8

)2]
− 1. (24)

Using the Taylor series of the exponential function at the second order, I0 becomes

I0(βt1/2) ≈ 2e
β2 t

8 − 1. (25)

Substituting Equation (25) in Equation (10) yields

FSSR(t) = 2A exp

[
−

(
δ − β2

8

)
t

]
U (t) − A exp[−δt]U (t) (26)

This function is the sum of two terms, each being analogous to the right hand side of
Equation (13). After performing convolution and considering the fact that the convolution
is linear, the altimeter received power can then be expressed as

W (t) = A exp(−v1)[1 + er f (u1)] − A

2
exp(−v2)[1 + er f (u2)], (27)

with

u1 = t − α1σ
2
c√

2σc

, v1 = α1

(
t − α1

2
σ 2

c

)
, α1 = δ − β2/8, (28)

u2 = t − α2σ
2
c√

2σc

, v2 = α2

(
t − α2

2
σ 2

c

)
, and α2 = δ. (29)

The right hand side of Equation (27) is the sum of two terms, each being analogous to the
main term of the first order echo model (Equation (14)). In the same way, a second order
echo model using a skewness coefficient of ocean wave heights can easily be derived (not
shown in this study).

Figure 4 displays the shape of the echo obtained using: (a) the first order model
(Equation (14)), (b) the new second order model (Equation (27)) and, (c) the three-term
convolution of Equation (1) using a complete Bessel function in the FSSR expression
(Equation (10)) considered as the reference. We used a high mispointing angle value (0.7◦):
The second order model better fits the complete model.

We generated echoes with mispointing angles from 0 to 1 degree using the three-term
convolution with the FSSR function based on the complete Bessel function and a complete
sinc function for the altimeter PTR. Two different estimation methods were then applied to
these echoes to retrieve the mispointing angle. The first method is the one presently used in
the ground processing and as described above. The second method is based on a Maximum
Likelihood Estimator using the second order model of Equation (27) and solving for two
parameters: the echo power and the square of the mispointing angle. In that case, the MLE
algorithm is applied on the trailing edge part of the echo only. The results are presented
in Figure 5. For small mispointing angle values, the two models are fully equivalent. For
high angle values, the second order model is much more efficient because of the large
biases associated with the current method. Note that the second order model is valid up to
approximately 0.8◦.
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FIGURE 4 Comparison of three echo models for a mispointing angle of 0.7◦: convolution
with the complete Bessel function ( ), the first order model (-.-) and the second order
model (+).

Theoretical Performance

The purpose of this section is to propose an algorithm able to derive geophysical parameters
with the best possible accuracy, fully taking into account all the effects of mispointing in
the solution process. Several methods using the previously described echo model (Equation
(27)) were tested and compared. It is not the goal here to discuss all methods: Numerous

FIGURE 5 Comparison of mispointing angle estimates using the first order model (+)
and the second order model (o).
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tests led us to choose an MLE4 estimator with the range, SWH, σ0 and ξ 2 as unknowns. ξ 2

is used instead of ξ because ξ 2 is the quantity which appears in the model (also, the use of
the square root of ξ 2 results in a singular behavior of the derivatives around ξ = 0). In the
following, the performance of this algorithm will be compared to the current MLE3 method
used in the Poseidon-2 altimeter ground processing.

To simulate the estimation process, altimeter waveforms were generated using the
three-term convolution with a complete Bessel function in the FSSR function (Equation
(4)) and a sinc function for the radar PTR (Equation (2)). Each waveform represents the
Poseidon-2 raw telemetry Ku-band waveform. It consists of the average of 90 pulses with
a PRF of 1800 Hz (equivalent to about 50 ms duration). To simulate the speckle noise,
a Gaussian noise was added to each waveform. The variance of this Gaussian noise was
set equal to the mean waveform value divided by the number of independent pulses. For
the Poseidon-2 PRF, the number of independent pulses is equal to the number of averaged
pulses (Walsh 1982; Rodriguez et al. 1994; Amarouche 2001a). These two numbers differ
only for very low sea state conditions (SWH smaller than 1 m) and only in the leading edge
region.

Simulations were computed for a variety of SWH and attitude values respectively
ranging between 1 and 8 meters and, 0 and 0.8 degree. After some tests, the 1000 s duration
was found to be statistically significant to derive the results that are presented hereafter.
Tests were based on twin experiments using MLE4 with the second order model on one
hand and the current method of the ground processing (MLE3 with the first order model)
on the other hand. The noisy estimated parameters were averaged over 1 s to compute
the 1 Hz noise. The bias on these parameters is computed as the difference between the
mean of the estimated values and the initial values used to simulate the echoes. In the
following, we present the results on the mispointing angle, the range and SWH estimates.
For the backscatter coefficient σ0, simulations showed that the difference between the
MLE3 and the MLE4 estimates were not significant (of the order of magnitude of 10−2 dB).
Comparisons of the σ0 estimates using real Poseidon-2 and TOPEX data will be presented
below.

Mispointing Estimation

Figure 6 illustrates the bias on the estimation of the square of the mispointing angle for a 2 m
SWH with respect to the simulated mispointing values. The bias corresponding to the first
order model increases with the attitude angle value while the MLE4 bias is approximately
constant. The latter is of course, the best situation to be expected. The MLE4 bias is of the
order of 5 · 10−3 squared degrees. Figure 7 shows the corresponding 1 Hz noise. The noise
obtained with the MLE4 is of the order of 7 · 10−3 squared degrees which is roughly one
half of the noise observed with the current method. For both algorithms, the resulting biases
and noises on the estimated mispointing angle are not dependent on the SWH values.

Range Estimation

Figure 8 (resp. a and b) presents the bias on the range estimates as a function of the simulated
mispointing angle ξ , respectively for SWH = 2 m and SWH = 4 m. As expected, this bias
is found to be increasing with the SWH value for both algorithms. The bias associated with
the first order echo model is increasing with the mispointing value and reaches high values
for high mispointing angles (the range bias is of the order of 6 cm for ξ = 0.8◦ and SWH =
2 m). The one associated with the second order model is slightly constant and is very close
to zero (it is of the order of magnitude of one millimeter).
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FIGURE 6 Bias on the mispointing estimates using the first order model (+) and using
the MLE4 with the second order model (o).

Figure 9 (resp. a and b) displays the corresponding 1 Hz noise on the range estimation
for SWH = 2 m and SWH = 4 m. As for the bias, the noise is also depending on the SWH
value for both algorithms and is increasing with it. The noise corresponding to the first order
model is a bit smaller than the one obtained with the second order model. However, the
maximum difference between the two noise estimates is smaller than 2 millimeters. Such
a very small increase of the noise level for the range is thus fully acceptable in order to be
able to get accurate estimates even when the off-nadir angle is higher than 0.3 degrees.

FIGURE 7 1 Hz noise on the mispointing estimates for SWH = 2 using the first order
model (+) and using the second order model (o).
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FIGURE 8 Bias on the range estimates using the first order model (+) and using the second
order model (o): (a) SWH = 2 m and (b) SWH = 4 m.

SWH Estimation

The same types of results are displayed in Figure 10 (resp. a and b) for the significant
wave height. The bias on this estimation is found to be proportional to SWH. As for
the range estimates, this bias is increasing with SWH. The bias related to the first order
echo model is increasing with the mispointing value while the one given by the second
order model is approximately constant (with respect to mispointing) and is of the order of
13 cm. This bias is due to the approximation of the radar point target response (PTR) by
a Gaussian shape. This PTR effect is corrected for in the ground processing using look up
tables.
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FIGURE 9 1 Hz noise on the range estimates using the first order model (+) and using
the second order model (o): (a) SWH = 2 m and (b) SWH = 4 m.

Figure 11 (resp. a and b) gives the corresponding 1 Hz noises on these parameters.
These noises are dependent on SWH for both algorithms. They have the same order of
magnitude for mispointing angles smaller than 0.4◦. For higher values, the second order
model results in smaller values of noise on the SWH estimate.

Results Using Real Poseidon-2 Data

The validation of the second order model and the MLE4 retracking algorithm is performed
with Poseidon-2 data.
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FIGURE 10 Bias on the significant wave height estimates using the first order model (+)
and using the second order model (o): (a) SWH = 2 m and (b) SWH = 4 m.

• In a first step, we will use a small set of real measurements with high mispointing angle
values. We will then compare the results to those obtained using the MLE3 algorithm
and to TOPEX estimates while flying along the same track.

• In a second step, we will use a whole cycle of data. Retracked data using the second order
model will be compared to the MLE3 retracked data found in the current GDR products.

Processing of Data Acquired During the First Star Tracker Incident

High off-nadir angle values have been observed during the first star tracker incident (Jason-1
STR1) that occurred on 04/04/2002 from 10:36:22 a.m. to 10:40:00 a.m. (latitude varying
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FIGURE 11 Noise on the significant wave height estimates using the first order model (+)
and using the second order model (o): (a) SWH = 2 m and (b) SWH = 4 m.

from +7 deg to −8 deg). The variation of the attitude angle is plotted with respect to
latitude in Figure 12 (as the incident occurred during a descending pass (cycle 8, pass 252).
Figure 12 has to be read from right to left following decreasing latitudes).

Figures 13 to 15 show the comparison of the significant wave height (SWH), sea surface
height residual (SSH Res) and backscatter coefficient (Sigma0) obtained with the current
MLE3 algorithm (bullets) and the MLE4 algorithm using a second order model (crosses).
The corresponding TOPEX measurements (cycle 351, pass 252) are also plotted (triangles).
It is important to recall that, during this cycle, TOPEX and Jason-1 were flying on the same
ground track with a 73-second time lag separating the two. We can then consider that they
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FIGURE 12 Attitude angle of Jason-1 platform during the first star tracker incident (04/04/
2002—Cycle 008 (Jason-1)—pass 252).

observe the same scene. As far as the sigma0 coefficients are concerned (Figures 15a and
15b), both Jason-1 measurements obtained using MLE3 and MLE4 have been shifted by
2.4 dB to be consistent with TOPEX results. In the same way, SSH residuals (Figures
14a and 14b), from MLE3 and MLE4 are shifted by 11 cm to take care of the systematic
bias between TOPEX and Poseidon-2 measurements. In agreement with the theoretical

FIGURE 13a Significant wave height: MLE3 (bullets), MLE4 (crosses) and Topex (trian-
gles) (first star tracker incident: 04/04/2002—Cycle 008 (Jason-1)—pass 252).

D
ow

nl
oa

de
d 

by
 [

R
ye

rs
on

 U
ni

ve
rs

ity
 L

ib
ra

ry
] 

at
 0

7:
10

 2
5 

Se
pt

em
be

r 
20

17
 



June 16, 2004 14:37 MGD TJ1136-03

188 L. Amarouche et al.

FIGURE 13b Significant wave height (zoom on the previous plot): MLE3 (bullets), MLE4
(crosses) and Topex (triangles) (first star tracker incident: 04/04/2002—Cycle 008 (Jason-
1)—pass 252).

FIGURE 14a Sea Surface Height Residuals: MLE3 (bullets), MLE4 (crosses) and Topex
(triangles) (first star tracker incident: 04/04/2002—Cycle 008 (Jason-1)—pass 252).
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FIGURE 14b Sea Surface Height Residuals (zoom on the previous plot): MLE3 (bullets),
MLE4 (crosses) and Topex (triangles) (first star tracker incident: 04/04/2002—Cycle 008
(Jason-1)—pass 252).

FIGURE 15a Sigma 0 coefficient: MLE3 (bullets), MLE4 (crosses) and Topex (triangles)
(first star tracker incident: 04/04/2002—Cycle 008 (Jason-1)—pass 252).
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FIGURE 15b Sigma 0 coefficient (zoom on the previous plot): MLE3 (bullets), MLE4
(crosses) and Topex (triangles) (first star tracker incident: 04/04/2002—Cycle 008 (Jason-
1)—pass 252).

performance section, the range parameter is overestimated for MLE3. This is in agreement
with the MLE3 SSH residuals (Orbit-Range Ku – Mean Sea Surface) being underestimated
when the attitude angle increases. The backscatter coefficient is underestimated. On the other
hand, MLE3 significant wave heights are overestimated.

The MLE3 estimates (i.e., GDR products) are not available for mispointing angles
greater than 0.3 degree. For such angles (>0.3 degree) the MLE3 retracking algorithm does
not converge. Looking at Figure 16, this appears to be a nonfrequent situation even for
cycles 35 and 36 that are affected by the anomalous behavior of the star tracker. Indeed,
from the beginning of the mission, the mean value of the square of the off-nadir angle has
been equal to −4.17 × 10−3 squared degrees, whereas its standard deviation is equal to
1.65 × 10−3 squared degrees.

On the other hand, for all attitude angles from 0 to 0.8 degree, the MLE4 algorithm
fully converges. The geophysical results are consistent with TOPEX results which are not
corrupted by irregular mispointing angle of the TOPEX/Poseidon platform. The agreement
(for all parameters) between MLE4 outputs and TOPEX measurements is near perfect.

The next section shows a complete validation of these results based on a larger amount
of data (several cycles of data).

Evaluation Based on Several Cycles of Data

Figure 17 shows the mean of the attitude angle per pass for cycles 35 and 36 (resp. a and
b) (as issued from the GDR products). In these plots, we can see that the off-nadir angle
is higher than its usual value during the second half of cycle 35 and the first half of cycle
36: This is due to star tracker problems. This period (from pass 121, Cycle 35 to pass
120, cycle 36) gives us a good opportunity to validate the new algorithm and to perform
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FIGURE 16 Histogram of (a) Off-nadir angle (MLE4), (b) SWH and (c) Backscatter
Coefficient for the MLE4 algorithm—Cycle 35–36.

a statistical analysis of the impact of the new algorithm, based on a significant amount of
data.

General Statistical Results
Table 1 displays the mean and standard deviation of each parameter for both algo-

rithms. Results for both algorithms are really close. The addition of a fourth parame-
ter in the retracking algorithm leads to a very small increase of the noise level on the
range. This is in line with the theoretical performances observed in the previous section.
Figure 18 (resp. 16) shows the histograms of the main parameters for the MLE3 (resp.
MLE4) solution. Histograms are very similar except for the mispointing angle. The mean

TABLE 1 Comparison of Mean and Standard Deviation Levels on Cycles 35–36 and 61

Cycle 35–36 Cycle 35–36 Cycle 61 Cycle 61
MLE3 MLE4 MLE3 MLE4

Range rms (cm) 7.3900 7.9800 7.3400 7.9400
SWH Mean (m) 2.5700 2.5460 2.5300 2.4900

rms (m) 0.5330 0.5370 0.5470 0.5480
Sigma0 Mean (dB) 13.7250 13.7300 13.8100 13.8500

rms(dB)
Square of Mean (deg2) 0.0036 0.0112 −0.0060 0.0030

mispoint. angle rms(deg2) 0.0273 0.0244 0.0014 0.0015
Nb of valid pts/sec Mean (/) 19.5000 19.4800 19.5800 19.5200
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FIGURE 17 Mean of the square of the attitude angle by pass—Cycles 35 and 36.

cycle value of this parameter is positive in the MLE4 case while it is slightly negative
for the MLE3 case. We can then conclude that the linear regression on the trailing edge
used to deliver the attitude angle available in the GDR products, gives slightly biased
estimates. Fitting the whole waveform to the model provides improved unbiased results.
The variance of the mispointing angle parameter is also reduced when using the MLE4
algorithm.

Let’s now try identifying possible dependencies of the sea surface height on mispointing
angle, significant waveheight, or backscatter coefficient.

In Figure 19, the first row displays the number of measurements taken into account per
SWH and ξ 2 box (box width for SWH: 10 cm and for ξ 2: 0.005 degrees2 ). The second row
shows the sea surface height residual plotted versus SWH and the square of the off-nadir
angle.
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FIGURE 18 Histogram of (a) Off-nadir angle (linear regression), (b) SWH and (c)
Backscatter Coefficient for the MLE3 algorithm—Cycle 35–36.

Figure 20 plots the same parameter as a function of SWH and backscatter coefficient
(box width for SWH: 10 cm and for Sigma0: 0.1 dB). MLE3 and MLE4 plots are really
close. This shows that the new algorithm has negligible impact on the dependencies of the
residual measurements. Moreover, the sea state bias, the pseudo time tag bias issued from
crossover analysis and the sea surface height crossover residuals are reduced (see Table 2).

Comparisons with Cycle 61 Results
In the previous section, results have been displayed and analyzed for a specific 10-day

period having a large amount of attitude data out of the specification. Let’s now ana-
lyze the results obtained for a typical cycle (cycle 61). Figure 21 displays the mean pass
per pass value, of the square of the off-nadir angle. It appears again that, whereas the
mean value is negative in the MLE3 panel, it is positive in the MLE4 one (2.7 × 10−3

TABLE 2 Statistical Validation on Cycle 35–36

Cycle 35–36—MLE3 Cycle 35–36—MLE4

SSH crossover residuals (cm) 6.253 6.123
Time tag bias (ms) 0.061 0.037
Electromagnetic bias (%SWH) 4.155 4.04

The SSH crossover residuals are computed with the following editing criteria: bathymetry
lower than −1000m, latitudes varying from −50◦ to +50◦, oceanic variability lower than
20 cm.

The time tag bias has been computed at the crossover points.
The electromagnetic bias is obtained with the BM1 solution.
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FIGURE 19 Dependencies of the sea surface height residual with SWH and square of the
off-nadir angle for cycle 35–36.

FIGURE 20 Dependencies of the sea surface height residual with SWH and backscatter
coefficient for cycle 35–36.
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FIGURE 21 Mean of the square of the attitude angle by pass—Cycle 61 obtained by MLE3
and MLE4 retracking algorithm.

deg2, leading to a 0.05 deg for ξ , corresponding to the performance derived from AOCS
measurements).

As shown for cycles 35–36, the sea state bias, the pseudo time tag bias issued from
crossover analysis and the sea surface height crossover residuals are detailed in Table 3.

TABLE 3 Statistical Validation on Cycle 61

Cycle 61—MLE3 Cycle 61—MLE4

SSH crossover residuals (cm) 6.168 5.74
Time tag bias (ms) 0.263 0.256
Electromagnetic bias (%SWH) 3.557 3.578

The SSH crossover residuals are computed with the following editing criteria:
bathymetry lower than −1000m, latitudes varying from −50◦ to +50◦, oceanic
variability lower than 20 cm.

The time tag bias has been computed at the crossover points.
The electromagnetic bias is obtained with the BM1 solution.
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Conclusions and Perspectives

To mitigate the consequences of a possible further degradation of the Jason-1 star trackers
performances on the estimated ocean parameters, we have presented a new method to
estimate the ocean parameters in the case of high values of the mispointing angle. This
new method is based on a second order model of the altimeter waveform and a 4-parameter
maximum likelihood estimator.

After a brief review of the Poseidon-2 altimeter characteristics and a brief description
of the MLE3 algorithm operationally used in the ground processing to estimate the param-
eters, a second order model of the waveform has been introduced. This model clearly helps
handling higher values of the mispointing angle (up to 0.8◦). It is used jointly with the Max-
imum Likelihood Estimator to estimate all the geophysical parameters. The performances
of this method have been evaluated theoretically using simulated waveforms and have been
compared to the MLE3 method used in the operational ground processing.

As expected, both estimators are comparable for small mispointing angles (<0.3◦).
Beyond this limit and up to 0.8 degree, the highest quality of the proposed method has
been demonstrated. The conclusion is still valid when processing real data acquired by
the Jason-1 satellite during the period when TOPEX and Jason-1 were flying on the same
ground track.

The results provided in here concern the Ku-band data only. An adaptation of this
method is under testing on the C-band data, taking benefit from the findings of this study.
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