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Abstract

is limited in the coastal area because the altimeter waveforms are seriously contaminated by topography and environmental pollution. So

Data qguality is a key factor for the application of satellite altimetry to geodesy and oceanography. Accuracy of altimetry

waveform retracking is needed to compute the range correction of geophysical data records (GDRs) for better accuracy. In this paper, a
new waveform retracker named the improved threshold retracker (ITR) is put forward. The retracker first builds sub-waveforms based on
leading edges detected in a waveform, then determines the middle point of each leading edge to compute the retracking range correction,
finally caleulates the referenced sea surface heights according to the geoid undulation from a local geopotential model and tide heights from
an ocean tide model, and compares it with all retracking ranges to determine the best one. As a test, altimeter waveforms of Geosat/GM
are retracked around the Taiwan coastal area. The result shows that accuracy of ITR method is two times better than that of the 8-5-pa-
rameter function-fitting method and threshold method, and three trmes better than that of GDRs. ITR can efficiently improve the altime-
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try accuracy of the coastal sea area.

Keywords: satellite altimetry, waveform retracking, improved threshold retracker, sub-waveform.

Determination of earth shape is one of the most
important tasks of geodesy and geophysics. Earth
gravity models express the geophysical shape of the
earth, and geoids figure the geometric shape. The
resolution of global gravity data obtained from the
low-orbit satellite tracking is not high, only several
hundred kilometers in half-wavelength. High resolu-
tion gravity data can be obtained by absolute and rela-
tive gravimetry in land areas, and by airborne and
ship-borne gravimetry in mountain and coastal sea ar-
eas. For a wide open ocean, satellite altimetry is the
best method to obtain gravity data of high accuracy
and high resolution. Since the 1970s, satellite altime-
try has provided abundant ocean data, which are
widely applied to the study of the earth gravity mod-
el, mean sea surface, ocean tide model, seabed topog-

(2] Now, more

raphy, and ocean wind and current
accurate altimetry data over seas, especially coastal
seas are needed in the research. However, the re-
turned pulse near lands is different from that of open
oceans, because of the effect of coastal land topogra-

phy, island and ocean tide which contaminate the al-

timetry waveform!®’ Therefore, the waveform re-
tracking is implemented in waveform data reprocess-
ing to improve the range estimation of geophysical da-
ta records (GDRs). The main target of waveform re-
tracking is to decrease the short-wavelength random
noise, long-wavelength errors from sea significant
wave height bias, range errors, instrumental errors,
and errors from non-Gaussian sea surface. In coastal
sea areas, altimetry accuracy becomes low because of
the limited real-time data processing capability of the
onboard tracker. Range errors from satellite orbits
can be reduced by the dynamic, kinematic and com-
bined methods!?!, and for the same reason those from
the onboard tracker are also needed to be reduced.
Since the retuned waveform includes information from
the sea surface, waveform retracking may improve
the accuracy of altimetry ranging.

1 Waveform of satellite altimeter

The shape of returned pulse is the observation of
satellite altimeter, which is a function with respect to
two-way transmitting time and has a close correlation
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with the scattering characteristics of returned surface.
Considering the vertical distribution of surface height
and the effect of radar receiver, the mean returned
pulse power P(¢), as a function of time delay, is a
convolution of the probability density function of spe-
cial point height on sphere and the point target re-
sponse of radar systemm, that is
P(r—1t,) =P, (¢t —ty) *xq(t — t)

* Py(t — ty), (1)
where * is a convolution operator; ¢ is the time
starting from pulse transmission; ¢, is the time of half
power point; P (7 —t,) is the mean pulse response
on the flat surface; P,(¢ —t,) is the point target re-
sponse; q{¢ — t,) is the power density function of
surface height within altimetry footprint. For the
open ocean, the ocean surface approximately has the
Gaussian distribution. Since the beamwidth of anten-
na is limited, Eq. (1) can be expressed as

P = AL +erd(p]QU), (2)
where
t—t,
1
1, t =ty
Qr) = {exp[— (t —t)/kl, t> tﬂ;

erf(g) = %J?exp(~ )drs
7TV

o 1s the rising time for pulse; A is the pulse ampli-
tude maintained by automatic gain control { AGC); «
is the attenuation factor for the trailing edge of wave-
form. The target of waveform retracking is to deter-
mine the middle point of leading edge. Fig. 1 shows
waveforms of Geosat/GM. Fig. 1(a) is an open o-
cean waveform, whose middle point of leading edge is
consistent with the tracking gate. Figs. 1(b)—1(h)
show some special waveforms when Geosat approach-
es land from open ocean or to ocean from land. Wave-
forms (b) and (c) present a spike or two spikes, {d)
has several leading edges, (e) shows whose leading
edge lags the tracking gate, (f) has the leading edge
which is ahead of the tracking gate, and (g) and (h)
are very irregular which make it very difficult to re-
track.

Satellite altimeter calculates the range between
the antenna and the sea surface with o — 8 tracker!® .
AGC adjusts the waveform window to make the lead-
ing edge of returned pulse in the middle position of
waveform samples at equivalent time interval. a — 8
tracker is
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Fig. 1.  Alumeter waveform shapes over coastal water. The up-

right line is the position of tracking gate, the transverse axis is the
samphling gate, and the vertical axis is the sampling power.

b
Tu+l

=P+ alr, |+ Atr,, (3)

. . Arn—l
Ty = Tuna + ‘8 At (4)

where r,, | is the predicted range for the n + I-th
tracking; r, is the updated range for the n-th track-
ing; Ar, _, is the range error for the n — 1-th track-

ing of onboard tracker; 7, and 7, _, are the range

rates for the n-th and » — 1-th tracking, respective-
ly; At is the time interval; @ and # are tracking pa-
rameters. The observing ranges between satellite and
sea surface in GDRs, which correspond to the track-
ing gate, are computed with a — 8 tracker. The
tracking gate is fixed. For Seasat and Geosat, they
are 30.5, and for ERS-1/2, TOPEX{(Ku), GFO and
Jason-1(Ku), they are 32.5, and for Poseidon and
TOPEX(C), they are 29.5 and 35. 5, respective-
ly[s]
middle point of practical leading edge is inconsistent
with the tracking gate, as shown in Figs. 1(b)—1

. Because of the waveform contamination, the

(h). In general, a waveform has only one leading
edge. In practice, since the waveform is corrupted, a
waveform may have many leading edges resulting
from different reflecting surfaces, and the range dif-
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ference from different leading edges may be up to me-
ters.

The middle point of leading edge should be de-
termined to calculate the range correction of wave-
form retracking, and so the range correction is ap-
plied to GDRs to compute more accurate range obser-
vation. Altimetry waveforms from ice-sheet can com-
monly be retracked with S-parameter function fitting
method™™!, the offset center of gravity (QCOG)

arithmetic!®), the threshold method” and the sur-

face-volume scattering retracker (SVSR)™!, respec-
tively. Supposing the returned pulse is Gaussian, -
parameter function fitting method uses 5- or 9-param-
eter function to fit the waveform with least squares
method. The model has determinate physical mean-
ing, but the surface of coastal water is not Gaussian.
Therefore, the model is inapplicable to retrack the
corrupted waveform. QCOG is a simple waveform re-
tracker based on the statistics of waveform. It is very
easy for QCQG retracker to retrack waveform, but its
accuracy is low because the model is independent of
the physical meaning of reflecting surfaces. There-
fore, OCOG is often used to calculate the initial val-
ves for f-parameter function fitting method. In
threshold method, the threshold value should be first-
lv computed according to the power amplitude and the
maximum sampling, then the retracked gate can be
determined through the linear interpolation between
the large slope part of waveform and the threshold
value. The threshold method improves OCOG to get
a more accurate retracking gate. However, the
threshold method has no physical meaning, and it is
important and difficult to choose the best threshold
value. For the open ocean, the percentage of thresh-
old value is 50%, and for ice sheet, it is 20%7).
When the ice is covered by snow, radar pulse will
permeate snow and then be reflected by ice, and so
the returned pulse is summation of returned wave
from snow and ice. SVSR is designed to retrack these
kinds of waveform from ice sheet covered by snow.
All the above retracking methods are designed to re-
track waveforms from the ice sheet and open oceans.
The surface of coastal water is different from that of

(3] <o it is necessary to de-

ice sheet and open oceans
sign a new waveform retracker to retrack the wave-
form from coastal water to calculate the more accurate

altimetry range.

2 Basic retracking algorithms of linear B-5-
parameter, OCOG and threshold

Based on Eq. (1), a 5-parameter function is

used to fit single-ramp return waves. The retracking
algorithm was used to process altimeter returned
waveforms over continental ice sheets and to retrack
all SEASAT waveforms to obtain corrected surface el-

[5

evation estimates'*1. The general linear §-5-parame-

ter function is

V(1) = B+ By(1 + ,BSQ)PL d ;BS), (5)
4
where,
Q”{ 0 t < By +0.58,
Sl - 8,-0.58, t=8,+0.58/
P(x) = Jn /lz_exp(~0.5q2)dq,
oo by

g(i =1,2,---,5)
are unknown parameters, among which f; is the mid-
point on the leading edge of waveform. Fitting wave-
form data, the unknown parameters can be estimated
with the least squares method or maximum likelihood
estimator.

Based on the definition of a rectangle about the
effective center of gravity of waveform, the amplitude
and width, the OCOG retracking method uses full
waveform samples to locate the half-power point as

5 2

2P [P
LEG = ‘5 — = — = (6)

P2 3P

i !

where P; is the sampled power.

The QOCOG retracking method is simple to im-
plement, though it is purely statistical and is not
based on any phycial model of the reflecting surfaces.
It is sensitive to the waveform shape affected by sur-
face undulations and off-nadir pointing, because it us-
es the full samples in waveform bins. To improve the
OCOG estimation, the threshold method was used to
process altimeter data from ERS satellite missions! .
The threshold method is based on the dimensions of
OCOG rectangle. The threshold value is then refer-
enced to the amplitude or the maximum waveform
sample estimate of the rectangle at 25%, 50% and
75% of the waveform amplitude. The retracking gate
estimate is determined by linearly interpolating be-
tween adjacent samples of a threshold crossing at a
steep part of the leading edge slope of waveform. The
selection of an optimum threshold level is very impor-
tant when applying the threshold method to wave-
form, but it is very difficult.
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3 New waveform retracker: improved

threshold retracker

A new retracker called improved threshold re-
tracker (ITR) is put forward in this work. Based on
the altimetry principle, the middle point of leading
edge, which is the criterion for ranging timer, is cor-
responding to the half power of returned pulse.
Therefore, a leading edge should be firstly searched,
and a sub-waveform can be formed, then the middle
point of sub-waveform can be determined and the re-
tracked range correction can be calculated (see the
following formulae (5)—(13)). There are probably
many reflected surfaces, so a waveform may have
many leading edges, but only one of which is corre-
sponding to the nadir surface. Therefore, an exterior
referenced height is needed to determine the best re-
tracked range correction. For ocean waveform, the
referenced height is the sum of the geoid anomaly cal-
culated from earth geopotential model, dynamical sea
surface topography (SST), and the tide height re-
sulting from ocean tide model. For waveform re-
turned from land and ice sheet, the referenced height
results from the digital terrain model or the digital el-
evation model. Retracked sea surface height (SSH)
will approach the referenced height datum, and retain
some smooth and continuation with the former and

latter SSHs.

When the fore of radar pulse arrives at sea sur-
face, there is a light point on the reflected surface and
the returned power starts to increase. When the rear
of pulse touches the sea surface, there appears a
largest solid light circle on the returned surface which
indicates that the returned power is also largest.
Then, there exists a light donut on the returned sur-
face, and the returned power gradually makes attenu-
ation. The leading edge of waveform locates between
the light point and the largest solid light circle. The
middle point of leading edge locates at the half point
of the largest returned power. Therefore, the first
job is to search all leading edges of the waveform.

Suppose that P, is the returned power for the i-
th gate. The mean difference between returned pow-
ers of spacing one is defined as

i 1
dZZ?(PHZ_Pz)‘ (7)

The standard deviation for all differences of waveform
powers of spacing one is

(N -2 @ - [ SNay)’

S = (N -2 (N _-3) (8

where N is the maximum gate in the waveform.

If d,>0.1S, go on to resolve db"'. If dytt >
0.1S, continue to calculate d5'>. When 44"/ %>
0.18, d?rlé(). 1S and j =3, a leading edge is
found with a doubt. Then the power difference be-
tween neighboring gates is defined as

dﬁ =P - P
(k=d,i+1,,1+;5—-1). (9)
The standard deviation of all single power difference
for the waveform is

N-1 . N-1 2
(N -1 2@ - Zd]
=1 =1
(N -1)(N-2)
I d5>0.1S, for k=4i,i+1,i+j—1, we think a

real leading edge is found. If only one d}i <0.1S, ap-

S, = . (10)

pears, we also think it a leading edge. Let ﬁkH =
%(PHZ— P,) take the place of original P,, . If

there are two single-differences dissatisfying the above
condition, that is, d7<C0.1S, and d""'<C0. 1S,,
we think no leading edge is found.

Based on the above method, the waveform
should be searched for all leading edges. For each
leading edge, for example, P,(k =i, -, i+j—1),
select n samples forward and backward from the i-th
gate and ¢ + j — 1-th gate, respectively, to form a
new sub-waveform, thatis, P,(k=7i—n,i -n+1,
sitj =1, i+, i+j-1+n).
As a matter of experience!®’, #<{5. For each sub-
waveform, the retracked range correction can be cal-

[ 1'_1’1"

culated with the following equations as

A= &5 (11)
2P

5
P, = %ZP,, (12)

=1
T, = %(A + Py, (13)
Go = G, —1+ " P 14
R — I P}: _ Pk—l, ( )
AR = RU(G() - GR)a (15)

where A is the power amplitude of sub-waveform;
Py is the thermal noise; T, is called the threshold
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level; G, is the gate whose power is first greater than
T, for sub-waveform; Gy, is the middle point of lead-
ing edge for sub-waveform; G, is the tracking gate;
R, is the one-way range corresponding to the sam-

pling interval; and AR is the retracked range correction.

Several leading edges may be found in one wave-
form and the corresponding retracked range correc-
tions can be calculated through the above procedures.
However, only one right retracked range correction
exists in one waveform. Compared with a reference
height, the best retracked range correction can be de-
termined. For ocean, the referenced height is the
sum of geoid anomaly, SST and tide height. The
geoid anomaly can be calculated from the earth gravi-
ty model. The geopotential is expressed as spherical

harmonic coefficients'®’

V(r,4,9) :Gr_Mz > R—,,((_?,,mcosm/\
r

n=0m=0

+ S, sinmi )f’nm(sinsb), (16)

where 7, A and ¢ are spherical coordinates (radial,
longitude, and latitude); GM is the product of uni-
versal gravitation and the earth’s mass; C,, and S,
are normalized geopotential coefficients; n and m are
degree and order, respectively; P, is the fully nor-
malized Legendre polynomial; R is the earth radius.
According to Bruns’ equation, the geoid anomaly is
expressed as

N =G S B, commh + 5, sinmb)P,, (sind),
r

Yro o Som=o
(17)
where 7 is the normal gravity.

Since it is very difficult to distinguish the geoid
anomaly from SST by the existing methods and data,
the accuracy of the existing SST models is limited.
The spatial resolution of SST is about tens of kilome-
ters'2). For the retracked range correction, SST can
be thought as a constant within tens of kilometers.
SST is generally at the decimeter level, so the effect
of SST can be neglected.

QOcean tide happens because of the gravitation ef-
fect of celestial bodies, such as sun and moon. The
tide height from ocean tide model can be expressed as
the spherical harmonic coefficientst'?!

hia,d,0)
= > 3P, (sin$)[C},sin(6, + €, + y, + mh)

s omem

+C, sl +e, +y —mi)l, (18)

s sum

where 7 is time in MJD; s is the tide wave; n, m are

degree and order, respectively; C N

sum

is amplitude; 6,

. . + .,
is argument of ocean tide; ¢_  is the phase of ocean

snm

tide; y, is the ocean tide constant relative to amplitude.

4  Waveform retracking of GEOSAT/GM
over coastal seas around Taiwan Island

Coastal waters around Taiwan Island are chosen
as the test area in this work, as shown in Fig. 2.
East of Taiwan, the collision of the Eurasia Plate and
the Philippine Sea Plate create islands and complex
shorelines. Here, the depth of the Pacific Qcean
plunges to 4 km just about 10 km to 20 km off the
east coast of Taiwan. West of Taiwan lies the Taiwan
Strait, where the deepest part is only 50 m and the
water is scattered with islands and barrier islands.
The East China Sea, not deeper than 200 m and also
scattered with islands, lies north of Taiwan. The
South China Sea is to the south of Taiwan and there
exists a small island called Liuchou, which might in-
terfere with altimeter waveforms. Many other islands
locate around Taiwan, such as Penghu, Lanyu, Lu-
Therefore, the coastal water
around Taiwan becomes an ideal test area for altime-

dao, and Guishan.

try waveform retracking.
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(Geosat is an American altimetry satellite, whose
geodetic mission {GM) executed between Mar. 31,
1985 and Sep. 30, 1986, totally 549 days. National
QOceanic and Atmospheric Administration ( NOAA)
provides GDRs and waveform data records (WDRs).
GDRs provide 1 Hz altimetry data and environmental
correction. WDRs include 10 Hz waveform datal''?.
Fig. 2 shows the distribution of Geosat/Gm track in

the coastal water around Taiwan.

Waveforms of Geosat/GM in the coastal water
around Taiwan are retracked with the B-5-parameter
function fitting method, the threshold method and
ITR, respectively, to verify the validity of ITR. The
referenced geopotential model is GGMO02C (2 to 200
degrees and orders)!'?) and EGM96 (201 to 360 de-
grees and orders)!'*). The ocean tide is CSR4. 0]

The following two criterions are used to judge
the success rate of retracking, and the difference be-
tween the retracked SSH and a modeled geoid height
of the waveform retrackers.

The retracker with high retracking success rate
is thought applicable in the test area. Applying the
retracked range correction and all environmental cor-
rections to GDRs, the retracked SSH can be ob-
tained. Compared with the modeled local geoid
height, smooth and consistent retracked SSH with
the local geoid indicates good retracker. Table 1
shows the statistics of retracked results. The retrack-
ing success rate is the ratio of successfully retrakced
points and all altimetric points. As shown in Table 1,
the success rate of linear §8-5-parameter function fit-
ting method is the lowest among the three retrackers,
being only about 75%. The success rate of the
threshold method is approximately the same as that of
ITR. Compared with Taiwan’s geoid**!, the ITR
retracked SSH has the highest accuracy, whose stan-
dard deviation is 0.235 m. The improved accuracy of
ITR doubles those of B-5-parameter function-fitting
method and threshold method, and is 3 times higher
than the results of GDRs. Fig. 2 shows the difference
between ITR retracked SSHs and raw GDR SSHs.
There are some blanks without WDRs, especially in
the west of Taiwan. Almost all of the differences are
less than 0.2 meters. Bigger differences centralize
mainly on the coastal water around Taiwan and other
little islands. This indicates that the waveform in
coastal water is seriously corrupted.

Table 1. Statistics of waveform retracking for GEOSAT/GM
with different retrackers
Retrackers Retracking S-tafldard
success rate (% ) | deviation (m)

GDRs — 0.744
B3-5-paramter 74.7 0.437
Threshold method 100.0 0.459
ITR 99.6 0.235

5 Conclusions

The waveform of satellite altimeter over coastal
sea is corrupted by the topography and environment,
which seriously decrease the accuracy of altimetry da-
ta. A new waveform retracking method ITR is put
forward in this paper. WDRs and GDRs of Geosat/
GM around Taiwan are processed with several re-
tracking methods. The results indicate that ITR is
obviously better than the 8-5-parameter function fit-
ting method and the threshold method. Therefore,
ITR is more suitable for waveform retracking over
coastal seas. ITR is useful for the study on geodesy,
oceanography, geophysics and so on. The retracked
altimetry data can be used to improve the tide model,
the local gravity field model, the ocean current, and
the wind field in the coastal region.

The authors would like to thank J.
Lillibridge for providing the Geosat/ GM waveform data.
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