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W N e

Abstract: As an important remote sensing technology, satellite altimetry provides a large amount of
observations of sea surface height over the global ocean. In coastal areas, the accuracy of satellite
altimetry data decreases greatly due to issues arise in the vicinity of land, related to poorer geophysical
corrections and artifacts in the altimeter reflected signals linked to the presence of land within the
instrument footprint. To improve the application of HY-2B altimetry data in coastal areas, this study
proposes a coastal waveform retracking strategy for HY-2B altimetry mission, which depends on the
effective trailing edge and the leading edge, which are less affected by coastal ‘contamination’, to
retrieve accurate waveform information. The HY-2B pass 323 and pass 196 data are reprocessed, and
the accuracy of the reprocessing results in the range of 040 km offshore is validated against the tide
gauge data and compared with the HY-2B standard SGDR data. According to the analysis conclusion,
the accuracy of the reprocessed data is higher than that of the SGDR data and has good performance
within 15 km offshore. For the pass 323, the mean value of correlation coefficient and RMS of the
reprocessed data against the corresponding tide gauge data are 0.893 and 45.1 cm, respectively, in the
range within 0-15 km offshore, and are 0.86 and 33.6 cm, respectively, in the range beyond 15 km
offshore. For the pass 196, the mean value of correlation coefficient and RMS of the reprocessed data
against the corresponding tide gauge data in the range within 0-12 km offshore are 0.84 and 33.0 cm,
respectively, and in the range within 0-5 km offshore to the island are 0.90 and 29.3 cm, respectively,
and in the range beyond 5 km offshore to the island are 0.92 and 36.2 cm, respectively, which are all
better than the corresponding values of the SGDR data, especially in the range closed to the land. The
results indicate that the proposed coastal waveform retracking strategy for HY-2B altimetry greatly
improves the quality of HY-2B altimetry data in coastal areas.
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1. Introduction

Satellite altimetry is designed to observe and record the variability of sea surface height
and has developed into a mature remote sensing technology. Compared with traditional
measurements, it rapidly and globally measures on a large spatial scale with high precision
and can serve marine science and global climate change research. The basic principle
of satellite altimetry is to send a pulse signal vertically toward the sea surface and then
record the double-traveling time of the pulse signal reflected from the sea surface, which
forms an echo whose shape is known as the ‘'waveform’. Meanwhile, the on-board tracker
(as an a priori device that determines the analysis window of the altimeter to prevent
the altimeter losing the surface track) measures the standard range containing the bias of
several centimeters between the altimeter and the satellite nadir point, which is mainly
caused by the Raleigh noise in the pulse signals.
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To correct the deviation of standard range measurement provided by the on-board re-
tracker, a necessary process called ‘waveform retracking’ is applied to provide the tracking
range correction, significant wave height, and backscatter coefficient correction. The princi-
ple of waveform retracking is inversing the sea surface information from the waveform
data based on the waveform model. Depended on microwave scattering theory, scholars
have described the waveform using the Brown theoretical ocean model (referred to as the
Brown model), which was proposed by Brown and refined by Hayne [1,2]. The Brown
model expounds the ideal relationship between the pulse signal traveling time and the
pulse energy reflected from the sea surface: an increasing leading edge and a decreasing
trailing edge with a certain amount of thermal noise, as shown in Figure 1. In Figure 1,
the midpoint of the leading edge, which is known as the ‘mid-power point’, is used to
estimate the distance between the satellite altimeter and the sea surface. The increasing
time of leading edge is mainly dependent on the significant wave height (SWH) at the nadir,
with a longer increasing time associated with a larger SWH. The amplitude of the echo
can be converted into a measurement of the backscatter coefficient ¢” on the basis of the
instrument calibration. The slope of the trailing edge depends on the antenna mispointing
angle, which is approximately 0.3°. The precision of waveform retracking largely depends
on the quality of altimetry waveform data, usually, the waveform data observed on the
open ocean is the best, which is reflected by the pure-water surface and contains stable
noise information.

waveform
subwaveform

Leading edge rising time >> SWH

<>
Trailing edge Slope >> mispointing angle

Leading edge mid-point
Amplitude >> Wind Speed

Normalized Power

normal Leading edge mid-point

Gate

Figure 1. The diagrammatic sketch of an ideal waveform based on Brown model.

According to different areas, waveform retracking can be divided into waveform
retracking for polar, open ocean, and coastal areas. The earliest waveform retracking
was applied to altimetry data in polar regions and the main problem is that the pulse
signal reflected from the ice surface is totally different to the ocean pulse signal. Since,
many algorithms are based on statistical properties of the waveform at that time, such as
the B-parameter algorithm, OCOG, the threshold algorithm and the improved threshold
algorithm [3-6]. While, waveform retracking for the open ocean always considers the noise
of waveform data and adopts maximum likelihood parameter estimation (MLE) with the
Brown model, which is the standard processing for altimetry mission and usually improved
by reducing the correlative bias between the fitted parameters of the waveform model [7,8].

The coastal areas, as the main activity area for humans, are under pressure because of
climate change, population growth, expanding economic development, and meeting the
risks from storm surge events and sea level rise. Altimetry data provides an irreplaceable
contribution to pollutant dispersal, coastal erosion, flood risk assessment, extreme weather
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forecasting, etc. In recent years, researchers have paid much attention to coastal areas
and have accumulated more accurate satellite altimetry data in the range within 0—40 km
offshore using new waveform retracking strategies.

The main problem of coastal waveform retracking is not only the noise of data but
also the “pollution” of the waveform data, which means the standard waveform retracking
process of altimetry products may lead an extra range bias and have to handle the distorted
part of the waveform before fitting. For the coastal waveform, the leading edge of the
waveform is usually totally fitted without any modification, and the trailing edge of
the waveform is always partially fitted to avoid misinformation. In addition, under the
condition of a certain performance of the waveform retracking algorithm, various types of
coastal waveforms can be processed reasonably based on waveform classification.

Waveform retracking based on subwaveform is an important method for coastal wave-
form retracking that adopts a complete leading edge and a small trailing edge to effectively
fit the distorted waveform. The representative subwaveform retracking strategies are adap-
tive leading edge subwaveform retracking (ALES) and spatial-temporal altimeter retracking
(STAR). ALES takes the adaptive subwaveform as the ‘optimal’ choice to yield suboptimal
estimates when the coastal waveform is polluted. The adaptive subwaveform window is
determined through the linear relationship between the tracking point and the SWH [9].
The coastal altimetry data of the Jason-1, Jason-2, and Envisat missions were reprocessed
successfully using the ALES algorithm in the X-TRACK/ALES satellite data operational
framework, and new coastal satellite altimetry data products and thematic datasets have
been distributed [10-12]. However, the ALES algorithm fails when the “pollution’” is close
to the leading edge of the waveform [13]. According to the spatial-temporal information of
continuous waveforms integrated using random conditions, STAR separates subwaveforms
from a single waveform by sparse representation. Then, the Dijkstra algorithm is used to
obtain a reliable estimation from the polluted waveform [14]. The STAR algorithm shows
superiority in dealing with extremely noisy waveforms, but the reliability of the derived
sea surface height (SSH) data is reduced due to data smoothing and the reduction in SSH
variability information in coastal areas [15]. Additionally, the subwaveform is adaptively
determined by the size of the homogeneous surface, such as sea surface slick [16].

Compared with subwaveform retracking, total-waveform fitting is steadier and needs
to carefully address the distortion of the waveform trailing edge. For the coastal ‘contami-
nation’, strong reflections on the coastal sea surface leave a hyperbolic trajectory through
waveform space, and there is a geometric relationship between the reflections and sample
gates of the waveform [17,18], which gives the physical possibility to position the distorted
part of coastal waveform. Simply comparing along-track echograms from different satel-
lite data of the same spatial-temporal area, some objects called ‘bright targets’ on the sea
surface can be estimated using geometric analysis [19]. Furthermore, according to the
relative location of coastal “pollution’ in relation to the satellite nadir, the corresponding
waveform noise is removed from the along-track echograms, and along-track waveforms
with clean trailing edges are obtained [20]. When the distortions of the waveform are
irregular and fragmentary, the waveform distortion parts can be detected directly by the
shape characteristic. Multiple Brown-peak (MBP) waveform retracking uses adaptive peak
detection (APD) to recognize the peak noise of the Brown-peak waveform and processes
the distorted trailing edge of a single waveform efficiently [21,22].

Furthermore, the shape classification of coastal waveform can improve the efficiency
of waveform retracking algorithms, which is the initial step for coastal waveform retrack-
ing process systems [23-25]. The advantage of waveform classification is that it solves
the problem of a single waveform retracking strategy being unable to process all coastal
waveforms with the same precision. Based on the a priori knowledge of different wave-
form retracking algorithms, coastal waveforms are divided appropriately into several
types and can be processed to maximally improve the quality of the data. However, it is
necessary to comprehensively consider the fitting-deviation between different waveform
retracking strategies [21,26].
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In short, the quality of coastal altimetry data has been greatly improved. Accurate
observation extends to a range of approximately 5 km offshore thanks to the development
of coastal waveform retracking. For most coastal waveform retracking strategies, the
judgment of a coastal waveform is a credible leading edge and a terrible trailing edge.
The influence of coastal ‘pollution” on the leading edge of the waveform is ignored, and
the effective trailing edge information is not considered adequately, which contributes to
recovering accurate coastal altimetry observations.

The HY-2A satellite equipped with a radar altimeter, as the first Chinese marine
dynamic environmental satellite, was launched in 2011. Subsequently, HY-2B, HY-2C and
HY-2D were successfully launched in 2018, 2020, and 2021, respectively, forming a marine
dynamic environment-monitoring satellite constellation. Currently, HY-2B, HY-2C, and
HY-2D are in orbit, providing high-quality observation data for ocean scientific research
and monitoring. The accuracy of HY-2B satellite coastal altimetry data is always lower
than that in the open ocean due to the inapplicability of the MLE4 retracker in coastal areas,
limiting the application of the HY-2B data product in the coastal area. In this study, a coastal
waveform retracking strategy for HY-2B satellite altimetry is proposed. By intercepting the
leading edge of the waveform with less noise and confirming the effective part of the trailing
edge, accurate estimations of coastal waveforms can be recovered. In addition, the coastal
waveform retracking strategy proposed in this study prevents waveform classification and
the boundary dividing for open ocean and coastal areas and has good performance both
in open and coastal sea areas. The data accuracy and reliability of HY-2B altimeter data
within the range of approximately 0-15 km offshore are greatly improved. The study areas
and the HY-2B altimetry data used are introduced in Section 2. Section 3 introduces the
waveform models and the coastal waveform retracking strategy proposed in this study. The
waveform retracking results of the coastal HY-2B altimetry data are presented in Section 4.
The validation and discussion are showed in Section 5. The main conclusions are given
in Section 6.

2. Study Areas and Data

The HY-2B satellite is equipped with a traditional dual-frequency (Ku-band and
C-band) altimeter. The repetition cycle of the HY-2B altimeter is 14 days, and 386 passes
cover the global ocean. The 20Hz Ku-band echo waveform data included in the standard
Sensor Geophysical Data Records (SGDR) provided by the National Satellite Ocean Ap-
plication Service (NSOAS) are used in this study for waveform retracking. In addition,
the SGDR data also contain the original result of the waveform retracking by the MLE4
retracker and the range corrections from different sources [27]. The tide gauge data to
validate the accuracy of the retracking results of the HY-2B altimetry waveform are the
Permanent Service for Mean Seal Level (PSMSL) data from the University of Hawaii Sea
Level Center and include the raw tide information.

According to the available of tide gauge measurement data and the HY-2B altimeter
orbit data, two areas are selected as study areas: the 0—40 km offshore area in the southwest
of the Indian Peninsula (area A) and the 0-40 km offshore area in the southwest of the
Philippine Islands (area B), as shown in Figure 2.

Area A is shown in the upper left corner of Figure 2. The pass 323 data of the HY-2B
altimeter are selected in this study. Pass 323 is an ascending orbit, and its ground trajectory
is parallel to the shoreline, so it has the largest proportion of data affected by coastal land
in theory. The corresponding tide gauge station at Cochin (PSMSL Station ID 174, 9.967°N,
76.267°E) is located in this area. According to the time match of the tide gauge data and the
HY-2B altimetry data, 15 cycles of altimetry data from 16 February 2019, to 9 November
2019, are used in this study (partial cycles are excluded due to the absence of satellite
altimetry data or the lack of tide observations).
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Figure 2. The study areas and the ground track of HY-2B altimeter (red lines respectively indicate
the trajectory of pass 323 (A) and the trajectory of pass 196 (B), the yellow blocks are the tide gauge
stations and the shadow represents coastal land).

Area B is shown in the upper right corner of Figure 2. To verify the influence when the
observation mode of HY-2B altimeter transforms from ocean to land and from land to ocean,
the pass 196 data of the HY-2B altimeter are selected in this study. Pass 196 is a descending
orbit, and the geographical conditions on both sides of the orbit are more complicated. In
the range of 13.75°N to 14°N, the satellite flies over coastal islands, completing observation
mode transition. The corresponding tide gauge station at Subic Bay (PSMSL Station ID 382,
14.765°N, 120.252°E) is located in this area. According to the time match of the tide gauge
data and the satellite altimetry data, 38 cycles of altimeter data from 28 January 2019, to 10
August 2020, are used in this study.

3. Method
3.1. The Retracking Functional Form

To accurately fit the waveform, two variants of the Brown model are selected as the
basis for waveform retracking: the Brown model with the second-order Bessel function [28]
and the Brown model based on the roughness of the sea surface [29].

The Brown model with the second-order Bessel function fits the ocean-like waveforms
in this study. Compared with the first-order Bessel function Brown model, this model can
more accurately fit the waveforms with a larger mispointing angle. The specific description
of this model is as follows:

Py

W(t) = agPul1 + erf ()] - exp(—01) — S

[1+erf(up)]-exp(—v2) + T, (1)
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Considering the existence of specular waveforms and waveforms with a small trailing
edge slope (the sharpening waveform shown in Figure 3), which are caused by a calm
sea surface, the Brown model based on sea surface roughness is applied. The specific
description of this model is as follows:

agP
W(t) = = [1+erf ()] - exp(—0) @)
where ) ,
u= % v:a<t—r—%)
4y
&= % = 4.7’257;1_7_57

the parameters of the two models are same, where a; is calculated using the mispointing
angle &. The value of vy depends on the antenna beam width 6y. Py is the amplitude
of the waveform. t is the echo traveling time. 7 is the midpoint of the leading edge. ¢
is the speed of light. h is the corrected height calculated from the satellite orbit height
H and the Earth curvature Re. o¢ is the composite backscattering coefficient. o} is the
corresponding width of the radar point target, and the HY-2B altimeter uses 0.513tr, where
tr is the continuous power gate interval time equal to 3.125 ns. I is a parameter defined by
v and the mean square slope (mss) of the reflected surface and is used to determine the
slope of the waveform trailing edge. When the mss value is close to infinity, the Brown
model based on sea surface roughness is transformed into the first-order Bessel function
Brown model. For the Brown model with a second-order Bessel function, the main fitting
parameters are T, SWH, Py, and & (referred to as the WLS4), while the fitted parameters of
the Brown model based on sea surface roughness are T, SWH, Py, and I'(referred to as the
MB4). The iterative method of the model adopts weight least squares fitting based on the
Nelder-Mead algorithm [30].

4 5
<10’ <10
3 8

‘ ——raw sharpening waveform ——raw specular waveform

256

o

Pulse power
- o
Pulse power

o
@

I
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
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Figure 3. The examples of real waveform with small mispointing angle (The left is the sharpening
waveform and the right is the specular waveform).
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3.2. Waveform Retracking Method

To improve the data accuracy and enhance the data application of HY-2B satellite
altimeter in coastal areas, this study designs a coastal waveform retracking strategy to
process the HY-2B altimetry coastal waveform data. The strategy picks the effective part
of the leading edge and trailing edge of coastal waveforms out then retrieves the accurate
parameters of the observed sea surface based on the classic waveform models. The details
are shown in Figure 4. The main processing of this method includes thermal noise removal
and power normalization, specular echo processing and non-specular echo processing.
The specular echo waveform is fitted by the MB4. The crucial steps of non-specular echo
processing are as follows: first, confirming the rough leading edge part of the waveform
and then obtaining the accurate leading edge according to the reference gates; second,
identifying the steady trailing edge part of the waveform by searching the effective trailing
edge; finally, weighting and fitting the processed leading edge and trailing edge of the
waveform by the WLS4 to derive the parameters of the sea surface and according to the
mispointing angle to recognize and refit the sharpening waveform by the MB4.

3.2.1. Thermal Noise Removal and Normalization

A simple average-value filter in the 1-25th gates is applied firstly to eliminate the
extremely abnormal noise. Based on the statistic of HY-2B altimeter coastal waveforms,
the gates from 5 to 10 are chosen to calculate the thermal noise and remove it from the
echo signal. The maximum of the eight-point moving average at each gate is taken as the
normalization factor, which is subsequently adjusted according to the accurate leading edge
power to ensure that the maximum of the leading edge is approximately 0.9 normalized
power. The power mentioned subsequently refers to the normalized power in this study.

3.2.2. Specular Echo Processing

When the measurement footprint of altimeter covers a calm sea surface, the waveform
is similar to a ‘single peak’ (as shown in the left of Figure 3), which is called specular
echo and needs to be handled separately. In the HY-2B satellite altimetry data processing
framework, the OCOG algorithm is used to address specular echoes. In this study, because
the number of specular echoes is small in the study area, we screen them out if the pulse
peakness (PP) is larger than 5 and the average power of the waveform tail is smaller than
0.25. Then, we take the major peak as the main part of specular echo to fit by the MB4. The
PP index is calculated as follows [31]:

~ 31.5 X pmax

PP n
L pi
i=5

®)

where, the Pj is the power of ith gate.

3.2.3. Non-Specular Echo Processing

Non-specular waveforms are the main processing objects in this study, the leading
edge and the trailing edge of the non-specular waveforms are disposed of in different ways.
For the leading edge, a rough leading edge is identified by the 'normal ending gate” and
the "possible ending gate’ of the leading edge. Then, the reference ending power of the
leading edge is provided from the reference gates to obtain an accurate leading edge that
contains less noise. For the trailing edge of the waveform, a steady attenuation part of the
trailing edge is searched for as the effective trailing edge, and the tail of the trailing edge is
taken as the supplement. The results are obtained by fitting the processed leading edge
and effective trailing edge with the WLS4 and then picking the sharpening waveforms out
by the mispointing angle to refit by the MB4.
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Figure 4. Flow diagram of coastal waveform retracking procedure of HY-2B altimetry.

e Confirming the main part of waveform

Coastal waveforms sometimes have several continuous noise gates around the begin-
ning of the leading edge, which is avoided by confirming the main part of the waveform
in this study. All gates with power exceeding a threshold are screened out, and then the
widest part is taken as the main part of the waveform and searched backward to find the
starting gate. The first gate with increasing power serves as the starting gate of the main
part of the waveform. The threshold is an empirical value taken as 0.35 in this study:.

It is necessary to determine the main part of the waveform. When the satellite nadir
approaches the coast, the general leading edge forward search method has a false detection
of the leading edge or contains noise information in the leading edge. If the beginning and
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the end of the leading edge are both affected by coastal "pollution’, SWH retrieval will be
extremely inaccurate.

e Leading edge processing

Generally, the ideal leading edge has the following characteristics: the power of the
leading edge increases from fast to slow, and the growth rate is largest at the midpoint of
the leading edge; the power growth rate is zero at the end of the leading edge, and then
the power of the echo starts decreasing. Therefore, the top-power gate of the waveform is
often thought to be the ending gate of the leading edge. The detection of the leading edge
in this study includes rough leading edge detection and accurate leading edge detection.
For rough leading edge detection, the first power-decreasing gate after the beginning of the
waveform main part is taken as the ‘normal ending gate of the leading edge (NEG) if the
power of the NEG is higher than the next gate by more than 0.12; otherwise, the search for
the NEG continues forward.

In addition, two special types of gates before the NEG are taken as the ‘possible ending
gate of the leading edge (PEG)’ for the rough leading edge. The first type of PEG is a gate
with high power, but the increasing power suddenly slows down, as shown in Figure 5.
The second type of PEG is a gate with a power slightly larger than that of the next gate, as
shown in Figure 6. Both kinds of PEG indicate the coastal influence on the leading edge
and are meaningful to the detection of the leading edge. The absolute power difference
between the PEG and the next gate is less than 0.08, and there is only one NEG and no
more than one PEG for a single waveform.

12 T T T 14

raw waveform
leading edge with NEG
PEG

raw waveform
leading edge with NEG 12
PEG

1

08

06

Normalized power
Normalized power

0.2 * . . 0.2 * *
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

Gate Gate

Figure 5. Examples of the first kind of “possible ending gate of leading edge”, the x-axis is the number
of gate and the y-axis is the normalized power of echo. The blue line is whole waveform, the red line
is the leading edge depending on the “normal ending gate of leading edge”, the marked yellow gate
is the first kind of “possible ending gate of leading edge” with increasing power.

14 1.2

raw waveform
leading edge with NEG
PEG

raw waveform
leading edge with NEG 1r
PEG

e
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o

0.2 n n n 02 n n n
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

Gate Gate
Figure 6. Examples of the second kind of “possible ending gate of leading edge”, the x-axis is the
number of gate and the y-axis is the normalized power of echo. The blue line is whole waveform, the
red line is the leading edge depending on the “normal ending gate of leading edge”, the yellow gate
marked is the second kind of “possible ending gate of leading edge” with decreasing power.
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The ending gate of the rough leading edge is selected between the NEG and the PEG.
If there is no PEG, the NEG is chosen. Otherwise, the PEG is chosen under the reliability
judgment. The judgment criteria are that the power of the PEG is higher than that of most
gates on the trailing edge and that the decay rate of the trailing edge varies significantly.
Both PEGs marked in Figure 7 do not meet the criteria and cannot be taken as the ending
gate of the rough leading edge.

raw waveform
leading edge with NEG 12

PEG
N
08 A \)\N
06

041

raw waveform
leading edge with NEG
PEG

Normalized power
°
>
Normalized power

02 021

02 s s s 02 s s
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

Gate Gate

Figure 7. Examples of the invalid “possible ending gate of leading edge”.

Due to coastal influence, the rough leading edge includes extra noise gates. In this
study, two reference gates provide the reference ending power of the leading edge to remove
noisy gates from the rough leading edge. The selection of two reference gates is introduced
as follows, and a rough leading edge with fewer than three gates is not processed.

The first reference gate is the first gate with increasing power after the ending of the
rough leading edge. The second reference gate is decided based on the first reference
gate. Both reference gates need to check whether there is a gate whose power is lower
than the reference gate over 0.1 in its next five gates. Otherwise, the reference gate is
replaced to avoid the reference gate being located at a wide distortion of the waveform.
The second reference gate is the first gate after the first reference gate whose power meets
the following relationship:

Psecond < Pfirst —(i— fiTSt) x 0.0065 4)

where, the i is the ith gate after the first reference gate (i = first + 1 first + 2.80). 0.0065 is
an empirical value, which is related with the theoretical waveform trailing edge with 0.3°
mispointing angle.

Before deriving the reference ending power of the accurate leading edge, the reliability
of reference gates is analyzed by the parameter C, which is defined as follows:

C = Pfiyst — Psec — (sec — first) x 0.008 (5)

where 0.008 is the decay rate of theoretical waveform trailing edge with 0.3° mispointing angle.

The range from —0.1 to 0.1 is selected as the confident interval for C. C = 0 means that
the second reference gate is not found within a certain search range. C > 0.1 means that the
first reference gate is affected and unreliable. C < —0.1 indicates that the second reference
gate is affected and unreliable. The value of C only reflects the relative reliability of two
reference gates.

According to the more reliable reference gate and the power decay rate of approxi-
mately 0.008, the reference ending power of the leading edge is calculated using the power
of the reference gate plus the power equal to the gate distance between the reference gate
and the rough leading edge ending gate multiplied by 0.008. Based on the reference end-
ing power of the leading edge, an accurate leading edge is obtained after removing the
noise gates.

The removed gates correspond to the edge of the circular measurement footprint,
which is affected by coastal ‘contamination’ [32]. Furthermore, the following types of rough
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leading edges are not processed by this step: (1) there are no PEGs, and C falls in the
confident interval; (2) there are no gates with power close to the reference power of the
leading edge ending; and (3) the trend of the trailing edge is increasing or the trend of
attenuation is not obvious.

e  The processing of trailing edge

Usually, coastal ‘contamination” initially appears in the annulus measurement foot-
print, and the circular measurement footprint survives. However, when the satellite nadir
is close to the shoreline, the annulus measurement footprint covers more pure sea surface,
while the circular measurement footprint entirely covers the coastal ‘pollution’, which
means that the distortion of the waveform is located around the leading edge. More steady
and effective information on the trailing edge is retained within a certain range offshore.
Therefore, an effective trailing edge search method is proposed. The effective part of the
trailing edge is identified by the power slope between each gate and the fixed gate to reduce
the influence of waveform distortion on waveform retracking. For determining the width
of distorted waveform, Peng [21] gives some suggestions to avoid influencing the precision
of fitting, however, to retrieve the coastal data as possible, this article takes a more radical
way and the choice of effective trailing edge reaching parameters are empirical values
based on the statistics of real HY-2B altimeter waveform. The details of the effective trailing
edge are shown in Figure 8.

First, we confirm the power-changing trend of the entire trailing edge through linear fitting.

If the power-changing trend of the entire trailing edge is essentially rising and the
parameter C is zero, or the second reference gate is close to the lowest power gate of the
trailing edge, the trailing edge is processed as follows: if the trend of the trailing edge is
rising, the total trailing edge is not processed and weighted as the accurate leading edge; if
the second reference gate is close to the lowest power gate of the trailing edge, the range of
the effective trailing edge is from the first reference gate to the second reference gate.

Except as previously discussed, the trailing edge is processed as follows:

Depending on the linear-fitting power, the distortions of more than 15 gates with a
power higher than the value of the linear-fitting power are removed from the range of the
effective trailing edge. The distorted trailing edge will deviate from the fitting line to form
a ‘convex’ or ‘concave’, as shown in Figure 9. According to the number of distortions, there
are ‘convex’ (Figure 9a) or ‘concaves’ (Figure 9b).

Based on the above processing, the lowest power gate of the trailing edge is used as
the fixed gate to calculate the power slope at each gate of the trailing edge. According to the
gate distance threshold, the trailing edge containing the nine gates with the largest power
slope is divided into several parts. The widest part is the effective trailing edge. When the
power difference between the lowest power gate and some trailing edge gates is smaller
than 0.0025, the headmost is selected as the fixed gate to ensure that the searching range of
effective trailing edge is the absolutely decreasing trend. The gate distance threshold is 12.

Then, the effective trailing edge is linearly fit and the power of linear power adding a
0.5 times trailing edge oscillation is taken to modify the noise gates. The noise gates are
those with a power beyond linear power adding a 1.5 times trailing edge oscillation, and
the trailing edge oscillation is the average of the absolute power difference between the
top and the bottom of each peak that the effective trailing edge consists of. The modified
effective trailing edge is shown in Figure 10.
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normalized power of echo, the blue line is real waveform and red line is the effective trailing edge.

Once the range of the effective trailing edge does not include the range of the 100th—
128th gates, the availability of the trailing edge tail is checked. If the ten-gate average values
of the 100th—128th gates are decreasing in order and the least, the 100th-128th gates are
taken as the supplement for the effective trailing edge.

e  Weighting and fitting

Weighting the gates depends on the process of the leading edge and trailing edge.
Since an accurate a priori value of the mispointing angle is unavailable for the distorted
coastal waveform, four-parameter fitting is adopted based on the WLS (WLS4). The initial
values of the normalized echo amplitude and mispointing angle are 1 and 0.3°, respectively,
and the initial SWH is provided from SGDR data.

The sharpening waveform is detected by the mispointing angle of the WLS4-fitting
and refitted by the MB4 to derive more accurate estimations. The sharpening waveform
has a mispointing angle smaller than 0.1° according to the fitting result of the WLS4.

4. Waveform Retracking Results

Depending on the waveform retracking strategy described in Section 3, 20hz waveform
data of the HY-2B pass 323 and pass 196 have been reprocessed. In this section, we show
the along-track raw sea level (RSL) of the reprocessed data and the HY-2B SGDR data.
Additionally, some waveform retracking results are illustrated in Figure 11.
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Figure 11. The fitting results of real waveforms.

The RSL, sea surface height without any range corrections except the instrumental
correction, is used to qualitatively analyze the reprocessing results of waveform retracking
by comparing with the HY-2B standard SGDR data, and its calculation formula is as follows:

raw sea level = altitude — retracked range (6)
where
retracked rangeetracking = t'mcking range + retr’acking range correction %
+instrumental corrections
retracked rangesgpr = retracking range (8)

In the formula, the tracking range corresponds to the variable named tracker_20hz_ku
in SGDR data, the retracking range correction is provided by the reprocessing of waveform
retracking mentioned in Section 3, and the instrumental corrections mainly include the three
variables named net_instr_corr_range_ku, cog_corr and modeled_instr_corr_range_ku in the
SGDR data. The retracking range corresponds to the range_20hz_ku in SGDR data. The
comparing results are shown in Figures 12 and 13.
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Figure 12. The RSL comparisons between the reprocessing results and SGDR data of pass 323 (x-axis
is the along-track latitude, the left y-axis is the RSL and the right y-axis is the distance from the
nominal points of the track to the shoreline illustrated by the black line, the blue line is the SGDR
data and red line is the reprocessing results. The light shadow area represents the land; the direction
of flight is from 76.5° to 75.9°).
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Figure 13. The RSL comparisons between the reprocessing results and SGDR data of pass 196 (x-axis
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nominal points of the track to the shoreline illustrated by the black line, the blue line is the SGDR
data and red line is the reprocessing results. The light shadow area represents the land and deep
shadow area represents the coastal island, the direction of flight is from 120.35° to 120°).
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Figure 12 shows the RSL comparisons of the reprocessing results and the SGDR data
in the pass 323. From Figure 12, it can be seen that the RSL of the reprocessing results
and the SGDR data have the same trend of sea level change, but the sea surface height
of reprocessing results is slightly higher than the SGDR data, which is mainly generated
by the waveform noise caused by the circumstances that the trajectory of the pass 323 is
parallel to the shoreline. The retracking strategy proposed in this study takes the noise into
consideration and addresses this problem by determining the effective trailing edge. Hence,
the reprocessing results are affected less. At 76.05°E, the distorting waveform caused by
the high-energy reflection from coastal ‘contamination’ leads to a large RSL bias derived
from the MLE4 tracker. The reprocessing results are not affected by this distortion of the
waveform and still provide steady RSL data until approximately 10 km offshore.

Figure 13 shows the RSL comparisons of the reprocessing results and the SGDR data in
the pass 196. Since the trajectory of the pass 196 is almost perpendicular to the shoreline, the
satellite altimetry is slightly affected by the coastal land in theory. Hence, the RSL values
of the reprocessing results and SGDR data are almost the same beyond 10 km offshore.
Within 10 km offshore, a small amount of the RSL of the SGDR data deviates and has been
corrected in the reprocessing results, especially in the range from 5 km to the island.

In summary, the waveform retracking proposed in this paper can process the near-
shore waveform more accurately than the standard process applied in the SGDR data. In
the range within 15 km offshore, the altimetry data are improved qualitatively and have
retrieved more valid observations that are always thought to be outliers to the SGDR data.

5. Discussion
To quantitatively analyze the reliability and accuracy of the reprocessed high frequency
data, the absolute sea surface height (ASSH) data of the reprocessed data and the SGDR data

in pass 323 and pass 196 are compared with the tide gauge data. The ASSH is calculated
as follows:

absolute sea level height jsimerer = altitude — retracked range—
(dry tropospheric corrction ©)
+wet tropospheric correction
+ionospheric correction)
absolute sea level heightTg = sea level (10)

The ASSH represents the sea surface height relative to the reference ellipsoid, which
combines the effect of ocean tides and atmospheric forcing. The tide gauge data contain
complete tidal information, so it is not necessary to remove the tide signal from the altimetry
data. The tide gauge data do not correct the forcing of the dynamic atmosphere on the sea
surface, so altimetry data do not correct the effect of atmospheric forcing. Since altimeters
and tide gauges have different references, the mean difference between altimetry data
and tide gauge data is removed when compared with each other. In addition, there is
no sea state bias (SSB) correction in the ASSH because the SSB correction (low frequency)
provided by the SGDR cannot support the high frequency data completely [33-35], and the
SSB correction calculated by the inaccurate waveform retracking product in SGDR data is
relatively inaccurate. By the way, once the wet tropospheric correction or the ionospheric
correction provided by the instrument is lacking, the corrections provided models are
adopted, which may lead an extra bias.

Before the quantitative analysis, we directly compare the height of altimetry data
with the tide gauge data. According to the Section 4, the data within the range where the
reprocessed data and SGDR data are obviously different are selected to calculate a range
average of per cycle of two passes, the result is showed in Figure 14. The systemic height
difference between HY-2B altimetry ASSH data and tide gauge data is removed.
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Figure 14. Height comparison of the ASSH between HY-2B pass 323 and pass 196 with tide gauge
data. (x-axis is the number of cycle. The y-axis is the unified value of sea surface height. The left is
the comparison within the range 10 km offshore for pass 323, the right is the comparison within the
range from 10 km to the island for pass 196).

From Figure 14, we can see that the changing of tide gauge observation and altimetry
data are roughly same, and that the local trend is different due to the tide gauge does not
completely fall into the trajectory of satellite. As stated in Section 4, the sea surface height
of reprocessed data is higher than the SGDR data, and reprocessed data possesses more
similar changes with the tide gauge data. In the comparison result of pass 323, the changing
trend of cycle 13-17 of reprocessed data has better consistency with the tide gauge data
than the SGDR data. Additionally, in the comparison result of pass 196, the SGDR data has
more outliers, such as the value of cycle 15 and cycle 20, and the changing trend of cycle
40-50 of reprocessed data is more stable and coherent against tide gauge data.

Then, based on the comparison method mentioned by Fenoglio [36], the different
periods of the pass 323 and pass 196 data are linearly interpolated into the reference
track, which consists of the normal points (NPs). Depending on the ASSH time series, the
correlation coefficient and the root mean square (RMS) of reprocessing results and SGDR
data against tide gauge data are calculated at each NP. The calculation results are shown in
Figures 15 and 16.

Figure 15 shows the correlation coefficient and RMS of the ASSH data against the tide
gauge data in HY-2B pass 323. The correlation coefficient and RMS of the reprocessing
results are basically better than those of the SGDR data. The correlation coefficient of
reprocessing results beyond 20 km offshore is slightly higher than the SGDR data, and the
RMS is maintained at approximately 30 cm. At distances between 13 km and 20 km from
the shoreline, the correlation coefficient and RMS of the reprocessing results are the same
as those of the SGDR data. The mean values of the correlation coefficient and RMS of the
reprocessing results are 0.86 and 33.6 cm, and 0.86 and 34.0 cm for the SGDR data. The
SGDR data are no longer reliable in the area within 12 km offshore, and the correlation
coefficient and RMS worsen dissimilarly. Although the reprocessing results are influenced
by the waveform noise caused by coastal land, the reprocessing results still show good
performance, and the mean values of the correlation coefficient and RMS are 0.89 and
45.1 cm, respectively.
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Figure 16 shows the correlation coefficient and RMS of the ASSH data against the
tide gauge data in HY-2B pass 196. As shown in Figure 16, the quality of the reprocessing
result is significantly improved compared to the SGDR data. The correlation coefficient of
the reprocessing result has a steady and overall enhancement, and the mean values of the
correlation coefficient and RMS are 0.90 and 29.3 cm in the range from 120.2°E to 120.125°E.
In contrast, the mean values of the correlation coefficient and RMS of the SGDR data are
0.89 and 30.0 cm, respectively. This is attributed to the effective trailing edge processing
of waveform retracking, which can not only address the distortion of the waveform but
also weaken the influence of trailing edge noise. In the range of 12 km offshore, although
the correlation coefficient and RMS of the reprocessing results are better than those of the
SGDR data, they fluctuate due to the observation mode conversion of the altimeter, and
the mean values of the correlation coefficient and RMS for the reprocessing data are 0.84
and 33.0 cm, respectively. Within the range 5 km offshore (120.125°E to 120.09°E), the data
quality of the SGDR products worsens as the shoreline approaches, and the reprocessing
results show high quality, with mean values of the correlation coefficient and RMS of 0.92
and 36.2 cm, respectively, which is similar to the open sea observations. This also illustrates
that the waveform retracking provided in this study is good at dealing with the waveform
influenced by some small coastal ‘pollution’, such as coastal islands.

According to the above analysis, the reliability and accuracy of the HY-2B altimetry
data processed by waveform retracking proposed in this study are better than those of the
standard SGDR data in coastal areas. In the range beyond 20 km from the shoreline, the
correlation coefficient and RMS of the reprocessing results are slightly better than those
of the SGDR data, which indicates that the waveform retracking proposed in this study is
also suited to open sea observations. Within 15 km offshore, the precision of SGDR data
decreases seriously, while the reprocessing results are still fine advancing the application
potential of HY-2B satellite altimetry data in coastal areas.

6. Conclusions

To solve the problem that the accuracy of HY-2B satellite altimetry data decreases and
the available data reduces in costal area, a coastal waveform retracking strategy for HY-2B
altimetry is proposed. The coastal waveform of the HY-2B satellite altimeter is retracked
by determining the effective trailing edge and the leading edge, which is less affected by
coastal ‘pollution’. The coastal waveform data of pass 323 and pass 196 are reprocessed
to validate the performance of the proposed waveform retracking strategy by comparing
the reprocessing results to the SGDR data and tide gauge observations, and the results are
verified qualitatively and quantitatively in the study areas.

The altimeter waveform is distorted by coastal “pollution” in coastal areas, such as
land or bright targets over the sea. Based on a certain criterion, the waveform retracker
proposed in this study detects the leading edge of the waveform, which contains less noise,
looks for the effective part of the trailing edge, and then corrects the waveform fitting bias
due to the coastal distorted waveform. The proposed waveform retracker avoids careful
waveform classification and the boundary demarcation between open sea and coastal areas.
The potential application of HY-2B satellite altimeter data in coastal areas is improved
under the condition that the accuracy of open sea observations is retained.

According to the analysis of the reprocessing results against TG data and SGDR data,
the data quality of the reprocessing results is basically better than that of the SGDR data,
especially in the range within 15 km offshore. For the reprocessing result of the pass
323 data, the mean correlation coefficient and RMS are 0.89 and 45.1 cm within 12 km
offshore, respectively, while the SGDR data are mostly invalid, with a correlation coefficient
lower than 0.5 and an RMS greater than 60 cm. The reprocessing result of pass 196 data
also maintains high quality, with a mean correlation coefficient and RMS of 0.92 and
36.2 cm, respectively, in the range within 5 km offshore, which is almost consistent with the
quality of open sea observations. All of the above results show that the waveform retracker
proposed in this study has good performance in coastal areas.
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Waveform retracking is the first step for the coastal altimetry data reprocessing, extra
processes are needed, such as the recalculation of high frequency SSB, the recalculation
of coastal wet tropospheric correction, the filtering of ionospheric correction, and the
improvement of tide model, etc. After that, the high quality coastal altimetry data is
obtained and applied into practice.
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