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ABSTRACT

This paper assessed the precision of 20-Hz sea level anomaly (SLA) estimates with different sea state bias (SSB)
corrections from reprocessed Jason-1/2/3 and Sentinel-3A data over the period of 2002-2019 within 100 km
from the entire Australian coast. The altimeter waveforms were retracked by the modified Brown-peaky (MBP)
retracker for Jason missions and by the SAMOSA + retracker for Sentinel-3A. We recalculated the 20-Hz and
composite SSB corrections using a regional parametric model from 20-Hz retracked estimates of the SLA, sig-
nificant wave height (SWH) and wind speed. The composite SSB correction, which was recomputed after re-
moving the retracker-dependant correlated error in 20-Hz SLA, is found to achieve better performance than
other SSB corrections in the study area. Applying the 20-Hz and composite SSB corrections has reduced ~10%
and ~13% of noise, respectively, in the MBP-retracked 20-Hz Jason SLA estimates, while only ~2% of noise
reduction is shown by applying the 1-Hz standard SSB correction. It is also found that the improvement of
retracked Sentinel-3A SLA estimates by SSB corrections is very low (~3%), indicating a dedicated SSB correction
model should be developed for the SAR mode altimeter.

As a result, the precision of composite SSB-corrected SLA estimates for all Jason missions can be retained at
the level of 5.1 + 1.1 cm until 3 km from the Australian coast, which is slightly lower than that of Sentinel-3A
(4.2 £+ 0.9 cm). The degradation within 3 km from the coast mainly corresponds to the along-track direction for
MBP-retracked Jason SLA estimates, and the across-track direction for SAMOSA + retracked Sentinel-3A SLA

estimates, respectively.

1. Introduction

The high-rate (e.g., 20-Hz) altimeter sea level anomaly (SLA) esti-
mates from multi-altimetry missions are of great interest for studying
small-scale ocean dynamics and bathymetry (Birol and Delebecque,
2014; Bouffard et al., 2011; Sandwell et al., 2006). In coastal areas the
high-rate SLA can get closer to the coast without land contamination
(Gommenginger et al., 2011). These data are now available in the last
10 km to the coast thanks to the efforts made in the last two decades
including advanced coastal waveform retracking techniques, improved
orbit solutions, range and geophysical corrections (e.g., Passaro et al.,
2014; Peng and Deng, 2018a; Cipollini et al., 2017a). However, the
precision of high-rate altimeter SLA estimates still needs to be quanti-
fied in order to guarantee the reliability of this dataset.

In this study, we focus on quantifying the improved precision of
high-rate SLA estimations in Australian coastal zones via a study of the

retracker-dependent sea state bias (SSB) and intra-1-Hz corrections.
Such information is required in order to correctly understand the recent
and future sea-level change, interpret coastal erosion and model
shallow water tides (e.g., Deng et al., 2011; Seifi et al., 2019; Karimi
et al., 2019).

The SSB correction compensates the bias between altimeter-ob-
served sea surface height (SSH) and mean sea level within the altimeter
footprint. It includes three components: electromagnetic (EM) bias,
skewness bias, and retracker bias (Gaspar et al., 1994). Of them, the
retracker bias is affected not only by the sea states but also by the
waveform retracking algorithm. The SSB correction varies from a few
centimetres to a few decimetres depending on different sea states, and
thus playing an important role in reducing SLA noise (Labroue et al.,
2006). Because of the limited understanding of the mechanism that
generates the SSB, the theoretical modelling of SSB correction is still
challenging. As a result, the SSB correction is usually empirically
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modelled (Gaspar and Florens, 1998).

The SSB correction was firstly modelled as a function of significant
wave height (SWH) due to strong dependency of SSB with SWH (Born
et al., 1982). Later on, the altimeter-derived wind speed was introduced
as the second variable in the empirical model to better describe the SSB
correction (Chelton, 1994; Gaspar et al., 1994). Since then, non-para-
metric methods based on SWH and wind speed information have been
proposed and proved to have better performance than the parametric
algorithms (Gaspar and Florens, 1998; Labroue et al., 2006; Labroue
et al., 2008; Tran et al., 2010a, 2010b; Tran et al., 2012; Vandemark
et al., 2002). More recently, the studies showed that the use of mean
wave period as the third variable can further improve the SSB correc-
tion (Pires et al., 2016; Tran et al., 2006).

The intra-1-Hz correction is to correct the correlated error between
SWH and SLA estimates induced by the waveform retracking, which
dominates the SLA noise at short wavelengths (Zaron and DeCarvalho,
2016). This error was firstly addressed by a two-pass retracking algo-
rithm (Sandwell and Smith, 2005; Garcia et al., 2014). In the second-
pass retracking, the smoothed along-track SWH was treated as a priori
parameter to solve the range estimate, and thus reducing the correlated
error. Zaron and DeCarvalho (2016) further investigated this small-
scale error using collinear differences of SSH and SWH between Jason-1
and Jason-2, and developed an empirical correction based on the high-
pass filtering of SWH. A recent study by Quartly et al. (2019) demon-
strated that the error due to the correlation between high-rate SWH and
SLA estimates can be reduced using the empirical correction based on a
linear relationship between SWH and SLA estimates. The magnitude of
the correction is, however, dependen upon the waveform retracker
implemented.

Passaro et al. (2018) developed an SSB correction algorithm via a
regional parametric model using 20-Hz altimeter SLA, SWH and wind
speed estimates. Applying this regional SSB correction at 20-Hz resulted
in a significant improvement on the SLA precision and a reduction in
the correlation error between SLA and SWH estimates in the Medi-
terranean Sea and North Sea. However, the high-frequency noise
caused by the SLA and SWH correlation may affect the modelling of SSB
corrections, as the non-linearities of the ocean waves should not vary at
scales smaller than 10 km (Quartly et al., 2019). Therefore, this moti-
vates us to remove the correlated error before building the SSB cor-
rection and verify whether this would lead to the unification of SSB
model for different altimeters used in this study.

Although these two corrections have successfully reduced the SLA
noise for different conventional altimeters, their impacts on the latest
synthetic aperture radar (SAR) mode altimeter (e.g., Sentinel-3A) could
be different because of two reasons. First, the 20-Hz consecutive foot-
print of the SAR mode altimeter does not overlap with each other,
which may result in a weak correlation between SWH and SLA esti-
mates (Dinardo et al., 2018; Donlon et al., 2012; Labroue et al., 2012).
Second, the footprint size in the along-track dimension is small
(~300 m), therefore the long ocean waves (~600-700 m) cannot be
fully imaged by the altimeter, leading to the degradation of SWH re-
trievals and then the SSB correction (Moreau et al., 2018). Therefore, it
is important to evaluate the performance of these two corrections on
the SAR mode altimeter.

We have recently generated the 20-Hz SLA datasets through re-
tracking Jason altimeter waveforms in the period of 2002-2019 around
Australia using the modified Brown-peaky (MBP) retracker developed
by Peng and Deng (2020). Using these retracked Jason datasets together
with Sentinel-3A data, the aim of this paper is to systematically in-
vestigate the SSB correction and quantify the intra-1-Hz correction for
SLA estimates from different retrackers including the MBP retracker.
The novelty of this paper compared to previous studies lies in that 1) it
presents a strategy to separately solve the intra-1-Hz and SSB correc-
tions; and 2) it brings together for the first time analysis of the precision
of retracked high-rate SLA estimates from Jason and Sentinel-3A mis-
sions in Australian coastal zones, which will be valuable for both
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scientific and engineering applications.

The paper is organised as follows. The data and study region are
presented in Section 2. The methods used for calculating the intra-1-Hz
correction and SSB correction, as well as the methods to assess the
precision of altimeter SLA estimates are shown in Section 3. Results are
displayed and discussed in Section 4. The conclusions and important
findings of this study are summarised in Section 5.

2. Data and study area
2.1. Altimeter dataset

The 20-Hz altimeter measurements from 16-year Jason missions and
3-year Sentinel-3A are used in this study. These include Jason-1 (cycles
1 to 259, January 2002 - January 2009), Jason-2 (cycles 1 to 303, July
2008 - September 2019), Jason-3 (cycles 1 to 84, February 2016 — May
2018) and Sentinel-3A (cycles 5 to 49, June 2016 — September 2019).
The altimeter data of Jason missions are contained in the Sensor
Geophysical Data Record (SGDR) product and are distributed through
the website ftp.access.aviso.altimetry.fr, while the Sentinel-3A syn-
thetic aperture radar (SAR) mode data are available in the SARvatore
(SAR Versatile Altimetric Toolkit for Ocean Research and Exploitation)
data repository https://wiki.services.eoportal.org/

Here, Jason and Sentinel-3A waveforms were respectively re-
processed by two dedicated coastal retrackers to retrieve range, SWH
and sigma0 estimates in coastal areas. The first is the MBP retracker,
which is developed to retrack the pulse-limited altimeter waveforms. Its
superior performance to the official SGDR 4-parameter maximum
likelihood estimator (MLE4) retracker has been demonstrated in the
Australian coastal zone (Peng and Deng, 2020). The second is the SAR
Altimetry Mode Studies and Applications+ (SAMOSA +) retracker de-
veloped for SAR waveforms, which works better than the SAMOSA
retracker in the German Bight and West Baltic Sea (Dinardo et al., 2018;
Fenoglio et al., 2019). For detailed description of MBP and SAMOSA +
retrackers, please refer to Peng and Deng (2020) and Dinardo et al.
(2018). The estimated sigma0 was then translated into wind speed es-
timate using the Abdalla (2012) model.

In order to select proper correction models in the study area for the
dry tropospheric correction (DTC), wet tropospheric correction (WTC),
geocentric ocean tide correction and mean sea surface (MSS), we con-
sidered the SLA corrected by different models. The difference of SLA
variances between test and reference correction models was computed
as a function of distance to the coast (Fig. 1) using 84 cycles of Jason-3
data over the period of 2016-2018. In Fig. 1, the negative value of the
test vs reference models indicates that the test correction model
achieves smaller SLA variance than the reference model and should be
selected.

The DTC handles the path delay due to dry natural gases in the
atmosphere, which is usually derived from the numerical weather
models such as the ECMWF (European Centre for Medium-range
Weather Forecasts) operational model or the ERA (ECMWEF reanalysis)
model. This correction is the largest range correction with an accuracy
better than 1 cm globally, but it degrades significantly in steep coastal
areas where the elevation of land ranges from 500 m to 1000 m
(Cipollini et al., 2017a). Here we compared the DTC from these two
models. As shown in Fig. 1a, the DTC from the ERA model is compar-
able to that from the ECMWF operational model until 5 km to the coast,
where the ERA-derived DTC has lower SLA variance.

The on-satellite microwave radiometer (MWR) derived WTC de-
grades in coastal areas due to land contamination. Therefore, the value
from the ECMWF operational model or the ERA model is used instead.
However, the 6-h temporal resolution of numerical weather models is
not short enough to accurately capture the variability of WTC in coastal
areas (Andersen and Scharroo, 2011). To overcome this problem,
dedicated approaches were proposed to recompute the WTC (Desportes
et al., 2009; Fernandes and Léazaro, 2016; Mercier et al., 2012; Obligis


ftp://ftp.access.aviso.altimetry.fr
https://wiki.services.eoportal.org/

F. Peng and X. Deng

Dry tropospheric correction

(@)

0.5¢

vwwﬂmwwﬂ

Difference of SLA
variance (cm?)
o

[—A— ERAvs ECMWF |

10 20 30 40
Geocentric tide correction
ot (o)

N

Difference of SLA
variance (cm?)
&

[—7— restavscoTao |

10 20 30 40

Offshore distance (km)

Remote Sensing of Environment 251 (2020) 112081

Wet tropospheric correction

I -
o~
e =
c L
88
i
0 m
q) | —
= g
—A— ERAvs ECMWF
—F}— GPD+vs ECMWF
i 5 10 15 20 25 30 35 40
Mean sea surface
ol (@
5 ~~
nE -2t
S
cL
0 o
O O 4t
5 5
QJ —
e g
=) 6
|+ CLS15 vs DTU15

10 20 30 40

Offshore distance (km)

Fig. 1. Difference of SLA variances between different models (i.e. test minus reference) as a function of distance to the coast using Jason-3 data over the period of
2016-2018, with negative values indicating that the test model provides proper corrections for the study area. The results are shown for (a) DTC, (b) WTC, (c)

geocentric tide correction and (d) MSS.

Table 1

Corrections and MSS used for calculating SLA estimates for Jason and Sentinel-3A altimeters.

Satellite Jason-1 Jason-2 Jason-3 Sentinel-3A

Correction

Dry tropospheric correction ERA ERA ERA ERA

Wet tropospheric correction GPD + GPD + GPD + ECMWF

Ionospheric correction GIM GIM GIM GIM

Dynamic atmospheric MOG2D MOG2D MOG2D MOG2D
correction

Sea state bias CLS 2012 CLS 2012 CLS 2012 CLS 2012

Geocentric tide correction FES2014 FES2014 FES2014 FES2014

Solid earth tide

Pole tide
Mean sea surface

Cartwright and Taylor (1971);
Cartwright and Edden (1973)
Wabhr (1985)

CLS15

Cartwright and Taylor (1971);
Cartwright and Edden (1973)
Wahr (1985)

CLS15

Cartwright and Taylor (1971);
Cartwright and Edden (1973)
Wahr (1985)

CLS15

Cartwright and Taylor (1971);
Cartwright and Edden (1973)
Wahr (1985)

CLS15

et al., 2011). Among them, the Global Navigation Satellite System
(GNSS) derived Path Delay Plus (GPD+) algorithm combines valid
measurements from MWR, GNSS coastal and inland stations, and
scanning imaging MWR to improve both precision and availability of
WTC (Fernandes and Lazaro, 2016), which has been used in Sea Level
Climate Change Initiative project conducted by European Space Agency
(Ablain et al., 2015). Fig. 1b shows the comparison of WTC from the
ECMWF operational model, the ERA model and the GPD + method. The
result illustrates that the WTC derived from the GPD + method archives
the best performance over the entire 0-40 km coastal strip.

The geocentric ocean tide correction accounts for the largest ocean
variability, whose performance in coastal areas is improved thanks to

the continuous progress of global ocean tide models (Stammer et al.,
2014). However, there still exist significant differences between dif-
ferent global ocean tide models in certain coastal areas, which en-
courages the development of regional tide models. Fig. 1c shows the
result of two global ocean tide models - the Finite Element Solution
2014 (FES2014) and Goddard Ocean Tide 4.10 (GOT4.10) models. As
illustrated in Fig. 1c, the FES2014 model shows better performance
than the GOT4.10 model especially in the last 15 km to the coast.
The MSS is the temporal-averaged sea surface height, whose accu-
racy is affected by the length of averaging period, smoothing error and
interpolation error (Andersen and Rio, 2011). Therefore, the MSS de-
rived from current grid MSS models shows significant discrepancy in
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coastal areas especially on uncharted ground tracks (e.g., Sentinel-3A)
or over rugged bathymetry (Pujol et al., 2018). The Collecte Localisa-
tion Satellites 2015 (CLS15) and Danmarks Tekniske Universitet 2015
(DTU15) MSS models are assessed in this study. Fig. 1d illustrates that
the CLS15 MSS model achieves significant improvement in the 0-15 km
distance band with a variance reduction of 4-8 cm?.

To summarize, the corrections and MSS used for calculating the SLA
estimates for both Jason and Sentinel-3A altimeters are listed in
Table 1. The DTC derived from ERA model, SSB correction obtained
from CLS2012 non-parametric model and geocentric ocean tide cor-
rection computed from FES2014 global tide model are provided by the
Radar Altimeter Database System (RADS) (Scharroo et al., 2013). The
WTC derived from the GPD+ algorithm can be downloaded from
https://www.fc.up.pt/Satellite_Altimetry/Wet_Tropo/GPD + /v1.0/.
The dynamic atmospheric correction was calculated from the MOG2D
(Modele aux Ondes de Gravité — two dimensions) model with 1/4° X 1/
4° spatial resolution and 6-h temporal resolution, which is available
from ftp-access.aviso.altimetry.fr. Other corrections are contained in
the Jason and Sentinel-3A official products. The GPD+ WTC is cur-
rently not available for the Sentinel-3A altimeter, so the value from the
ECMWEF operational model is used instead. The MSS was derived from
the state-of-the-art CLS15 MSS model (Schaeffer et al., 2016).

The 20-Hz altimeter SLA estimates without SSB correction were
derived following the method described in Peng and Deng (2020). The
SLA estimates outside the range of [ —0.5 m, + 0.5 m] are considered as
outliers and are removed in this study.

2.2. Study region

The Australian coastal region (10-45°S, 110-115°E) is selected in
this study (Fig. 2) because of its complex coastal environment. It has a
34,000 km length of coastline and encompasses tropical, sub- and extra-
tropical climates (McInnes et al., 2016), which is of high interest for
oceanographic and climate studies (Deng et al., 2011). For example, the
existence of coral reefs (e.g., Great Barrie Reef in Northeast and Nin-
galoo Reef in Northwest) results in errors in altimeter sea-level mea-
surements as well as large variation in the coastal bathymetry, and thus
making it difficult to accurately model the tidal signals (Seifi et al.,
2019). In this regard, the retracked high-rate SLA datasets with a cm
level precision will provide valuable inputs for oceanic applications in
coastal and nearshore oceans.

10.0°S /ﬂ
200" S \Xtm
b
300°S / \
400°S %\
1100 E 1200 E 1300 E 1400 E 1500 E

Fig. 2. Study region and the distribution of altimeter ground tracks of Jason (in
blue) and Sentinel-3A (in green). Only ground track points within 100 km from
the coast are used in this study. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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3. Methodology
3.1. Estimation of intra-1-Hz correction

The intra-1-Hz correction was developed to remove the high-fre-
quency noise caused by the correlated error between 20-Hz SLA and
SWH estimates. It is applied to the SLA, which is computed following
the method described by Quartly et al. (2019) as,

corrected SLA = SLA — BSWH (@D)]

where f3 is a constant multiplied with SWH to derive the intra-1-Hz
correction (i.e. the 2nd term in the right-hand side of Eq. (1)), which is
calculated through linear regression as,

SLA = BSWH + ¢ )

where f3 and c are the regression slope and intercept of the fitted line
between 20-Hz SLA and SWH estimates within a 1-Hz block (i.e. a
vector that contains 20-Hz estimates). Because the regression slope f8
varies with different 1-Hz blocks, the median value of regression slopes
is used to simplify the calculation (Quartly et al., 2019). To evaluate the
performance of the linear model, the correlation coefficient R and
coefficient of determination r? are also calculated as follows,

Y, G =0 = y)

- \/Z?:l (xi _f)z\/zlfl:1(yi _.)7)2 (3)
P2=1— 2?:10}1’ _5);)2
Z?:1(yi _)_’i)z 4

where x; represents the SLA, y; represents the SWH, n is the number of
estimates in a single 1-Hz block, the over bar represents the mean value,
and the hat represents the estimated value from the linear model. The r*
is used to evaluate the goodness of fit of a linear model.

3.2. Estimation of SSB corrections

To compare the performance of SSB models, we used three sets of
SSB corrections in this study. The first is the 1-Hz SSB correction de-
rived from the CLS2012 non-parametric model (Tran et al., 2012),
which is provided by the RADS product.

The second is the 20-Hz SSB correction derived from a regional
parametric model using 20-Hz SLA, SWH and wind speed estimates
(Passaro et al., 2018). Applying this SSB model at the 20-Hz data is
capable of reducing not only the impact of local sea states, but also the
correlated error between SLA and SWH estimates at the short wave-
length (< 50 km). Passaro et al. (2018) recomputed the 20-Hz SSB
correction based on the regional parametric model (i.e. the Fu and
Glazman (1991) model). When compared to the 1-Hz SSB correction,
their regional SSB model improves the precision of high-rate SLA data
by ~30% in the Mediterranean Sea and North Sea (Passaro et al.,
2018). The approach taken in this paper is similar to that taken by
Passaro et al. (2018), except for that we used the BM4 model (Gaspar
et al., 1994) described in Eq. (5) as the regional parametric model for
Australian coastal zones.

The third is the composite SSB correction proposed in this study,
which is derived in three steps. Firstly, the intra-1-Hz correction was
computed using the method described in Section 3.1 and applied to the
20-Hz SLA estimates accordingly to reduce the high-frequency SLA
noise. Secondly, the regional BM4 model (i.e. Eq. (5)) was built to
generate 1-Hz SSB correction using 1-Hz SLA, SWH and wind speed
estimates derived from corresponding 20-Hz estimates. Finally, in order
to correct 20-Hz SLA estimates, the 1-Hz SSB correction was inter-
polated to 20-Hz SSB correction using the nearest neighbourhood ap-
proach. Here, applying the intra-1-Hz correction to the 20-Hz retracked
SLA removes the high-frequency error caused by correlation between
SLA and SWH. The recomputed 1-Hz SSB correction is thus only related
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Fig. 3. Mean value of 20-Hz SWH (left), wind speed (middle) and composite SSB correction (right) estimates computed on 1-degree grids for MBP-retracked Jason-3

over the period of 2016-2018.

to the regional sea state effects. In this way, we estimate the regional
SSB correction using the SLA free from the correlated error.
The BM4 model described in Gaspar et al. (1994) is as follows,

)

where U is the altimeter wind speed computed from the sigma0 esti-
mated by retrackers (e.g., MBP and SAMOSA +) using Abdalla's model
(Abdalla, 2012), aj, a,, az and a4 are four parameters of the model.
These four parameters can be estimated through,

ASLA; = ASSB; + ¢

SSB = SWH [a1 + astH + (13U + ay Uz]

(6)

where ASLA; is the SLA difference between ascending and descending
tracks at the i crossover point, ASSB; is the SSB difference between
ascending and descending tracks at the i crossover point, ¢; is the re-
sidual that cannot be explained by the SSB correction. The ordinary
least squares estimator is used to solve Eq. (6), obtaining the value and
uncertainty of the four unknown coefficients. Since the quality of alti-
meter data degrades near the coast, only crossover points beyond 20 km
from the coast are used to guarantee the robustness of the empirical
model. To make a trade-off between reducing the impact of oceanic
variability and retrieving enough crossover points, we only consider
crossover points with temporal differences shorter than 10 days.

The BM4 parametric model rather than non-parametric model is
used in this study for two reasons. First, the parametric model is easy to
conduct and computationally efficient. Second, the performance of re-
gional parametric model on reducing the SLA noise has been proved
(Passaro et al., 2018). Note that the 1-Hz SSB correction from the
CLS2012 non-parametric model for Jason altimeters (Table 1) is de-
pendent to the SGDR MLE4 retracker but not the MBP retracker used in
this study. Therefore, the SLA without SSB correction is taken as the
reference to evaluate the performance of above three sets of SSB cor-
rections.

3.3. Methods for precision analysis

In order to analyze the data precision, we used two statistical
parameters to first assess the extent of noise reduction by adding SSB
corrections introduced in Section 3.2, and then to quantify the noise
level of 20-Hz SLA estimates. Theses parameters are the percentage of
noise reduction (PNR) and high-rate SLA noise.

The PNR is used to assess the improvement of SLA precision, which
is based on the variance of SLA estimates on a 1° X 1° grid. This metric
is commonly used to examine the performance of corrections on SLA
estimates (e.g., Carrere and Lyard, 2003; Fernandes et al., 2015;
Pascual et al., 2008; Passaro et al., 2018; Tran et al., 2010a). The PNR
on each 1-degree grid is calculated as,

Var(SLA1) — Var(SLA2)
Var (SLA1)

PNR = X 100

(7)
where SLA1 and SLA2 represent the SLA without and with the selected

correction, respectively. Var(SLA) is the variance of all SLA estimates
falling into a 1-degree grid over the period of a single mission. In this
study, the 1-Hz, 20-Hz and composite SSB corrections are to be tested.
According to Eq. (7), the positive PNR indicates that the precision of
SLA is improved after applying the selected correction. The overall
improvement in the study area is represented as the median value of
PNR parameters on all 1-degree grids.

The high-rate SLA noise was evaluated as the absolute differences
between two consecutive along-track SLA estimates. This method was
proposed by assuming that SLA estimates are not significantly changed
at the spatial scales (i.e. 300-350 m along-track) of 20-Hz altimeter
measurements (Cipollini et al., 2017b; Passaro et al., 2014; Passaro
et al., 2018). To clearly illustrate the relation between SLA noise and
offshore distance, the high-rate SLA noise is computed on a1 x 1 km
grid according to the offshore distance in the along-track and across-
track directions. The median value of each grid was computed, because
it is a good indicator to evaluate the noise level (Cipollini et al., 2017b).

4. Results and discussion

The composite SSB correction differs from the 20-Hz SSB correction,
because it separately treats the correlated error between SLA and SWH
estimates, and SSB related to the sea states. Therefore, we first illustrate
the intra-1-Hz correction, followed by the 20-Hz and composite SSB
corrections.

4.1. Intra-1-Hz correction

Since the intra-1-Hz correction was developed to depict the corre-
lated error between SWH and SLA estimates, it can be simply modelled
using a linear relationship determined by the regression slope (Quartly
etal., 2019). Fig. 3 shows the distribution of estimated regression slopes
of B (cf. Eq. (2)) obtained from all 1-Hz blocks for MBP-retracked da-
tasets of Jason-1/2/3 and SAMOSA + retracked dataset of Sentinel-3A.
Each median value of 8 was used to calculate the intra-1-Hz correction
to the retracked 20-Hz measurements from the corresponding altimeter.
The two measures of the regression model, R and 72, are also shown in
Table 2.

As illustrated in Table 2, the 20-Hz SLA estimates are negatively
correlated with SWH estimates. The median values are almost the same
around —0.087 though the lengths of data are about seven, eleven and
two years for Jason-1, Jason-2 and Jason3, respectively. This result
demonstrates that the regression slope is significantly dependent on the
combination of the altimeter and retrackers. Because the Jason missions
have the same work principles, the regression slope f is therefore pri-
marily determined by the MBP retracker. The value of our 8 estimates
(around —0.087) from SLA data for Jason missions is similar to that
(—0.102) for B estimated from an analysis by Quartly et al. (2019)
using 10 cycles of Jason-3 MLE4 retracked raw SSHs.

Table 2 also reveals that Sentinel-3A's regression slope shows a
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Table 2

The median value of regression slope f used to calculate the intra-1-Hz cor-
rection for four altimeters (i.e. Jason-1/2/3 and Sentinel-3A). The retrackers
used are the MBP for Jason 20-Hz data and SAMOSA + for Sentinel-3A 20-Hz
data. The R is the correlation coefficient, while r? is the coefficient of de-
termination.

Altimeters Number of 1-Hz block Median Median R Median r*
Jason-1 362,196 —-0.085 —0.52 0.32
Jason-2 442,348 —0.087 —-0.53 0.33
Jason-3 241,435 —0.087 —-0.51 0.31
Sentinel-3A 182,717 —0.046 —0.28 0.13

different pattern from Jason missions. This is expected because Sen-
tinel-3A adopts the Delay-Doppler technique, and thus the trailing edge
of the SAR waveform decays much faster than the pulse-limited wa-
veform (Dinardo et al., 2018; Ray et al., 2014). The low correlation
coefficient (—0.28) for Sentinel-3A SAMOSA + retracker indicates that
the 20-Hz SLA estimates have a weak linear relationship with SWH
estimates in the SAR mode.

The coefficients of determination r? are small for all altimeters, in-
dicating that the linear model (Eq. (2)) can only explain a small portion
of variance in SLA estimates. However, the correlation coefficient R
around —0.52 for Jason missions suggests that there is a moderate
negative correlation between SLA and SWH estimates. In addition, the
regression slope f§ shows good performance by reducing the correlated
error (Quartly et al., 2019).

From the above analysis, there exists a negative correlation between
the SLA and SWH for Jason missions in the study area, leading to the
non-zero regression slope f. Therefore, applying the intra-1-Hz cor-
rection (Eq. (1)) is necessary to reduce the correlated error between
SWH and SLA estimates.

4.2. SSB correction

Tables 3 and 4 show the coefficients of BM4 model for each alti-
meter used to generate 20-Hz and composite SSB corrections, respec-
tively. According to the results presented in both tables, each altimeter
has a different set of coefficients. After removing the high-frequency
noise caused by the correlated error between SLA and SWH estimates,
the coefficients become more consistent for Jason altimeters (Table 4).
This suggests that the removal of retracker-induced correlated error
contribute to the unification of SSB models, because the EM bias and
skewness bias are theoretically the same for all conventional Ku-band
altimeters (Gaspar et al., 1994; Passaro et al., 2018; Quartly et al.,
2019).

Fig. 3 shows the mean value of 20-Hz SWH, wind speed estimates
and composite SSB correction computed on 1-degree grids for MBP-
retracked Jason-3. As shown in Fig. 3, the sea states in the northern part
of Australia show different patterns from other parts of Australia, with
SWH and wind speed estimates being smaller than ~1.5 m and ~6 m/s,
respectively. To the south of Australia, the means of SWH and wind
speed estimates gradually increase up to 4 m and 9 m/s, respectively.
This is because the sea states in the northern part of Australia are af-
fected by the monsoon and trade winds, while increased wave heights
in the South Australia are due to the westerly winds and Southern

Table 3
Coefficients of BM4 model (Eq. (5)) built with 20-Hz altimeter SLA, SWH and
wind speed estimates before adding the intra-1-Hz correction.

Altimeters al a2 (m™ 1Y) a3 (m/s) ™! a4 (m/s™H~!
Jason-1 —0.0200 —0.0106 0.0027 —9.4858e-5
Jason-2 —0.0625 —0.0032 0.0020 —2.9360e-5
Jason-3 —0.0966 0.0029 0.0035 —1.0341e-4
Sentinel-3A —0.0381 —5.7852e-4 —7.7977e-4 2.7405e—5
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Table 4
Coefficients of BM4 model (Eq. (5)) built with 1-Hz altimeter SLAs, SWHs and
wind speeds after adding the intra—1-Hz correction.

Altimeters al a2 (m™ 1) a3 (m/s) ! a4 (m/s) "2
Jason-1 0.0317 0.0038 —5.1437e-4 —1.7994e-5
Jason-2 0.0398 0.0023 —0.0014 —5.9748e-5
Jason-3 0.0347 0.0034 —7.2210e-4 2.6271e-5
Sentinel-3A 0.0068 0.0039 —0.0027 9.3622e-5

Ocean Swell (Hemer et al., 2007). As a result, the composite SSB cor-
rection has larger magnitude in the South Australia than that in the
northern part of Australia, with the value ranging between —0.2 m and
0.0 m.

4.3. Precision analysis

In this section, we analysed the precision of retracked SLA estimates
adjusted by three sets of SSB corrections in the Australian coastal zone.
First, we checked the data availability for different altimeters after re-
moving the SLA outliers. Second, the percentage of noise reduction due
to applying 1-Hz, 20-Hz and composite SSB corrections were analysed
and presented. Finally, the precision of SLA estimates in the last 40 km
to the coast was investigated.

4.3.1. Data availability

Fig. 4 shows the data availability computed on a 1 x 1 km grid
depending on the along-track and across-track distances of 0-40 km
from the coast. To guarantee the robustness of the result, the grids
where the number of measurements is smaller than 30 are displayed as
white pixels. As shown in Fig. 4, the SAMOSA + retracked Sentinel-3A
achieves the highest data availability, followed by the MBP-retracked
Jason-3 and Jason-2. The MBP-retracked Jason-1 shows the lowest data
availability, with the percentage decreasing to only 60%-70% in the
last 10 km off the coast. The degradation of Sentinel-3A is mainly ob-
served within 5 km to the coast in the across-track direction, where the
percentage varies between 50% and 70%. Compared to Sentinel-3A, the
data availability of Jason missions is affected by contamination from
both along-track and across-track directions, with lower data avail-
ability (40% ~ 60%) observed in the along-track direction within 5 km
to the coast.

This result is expected considering the different shapes of footprint
between these two types of altimeters. The Jason missions have pulse-
limited altimeters, with the footprint being a circle, therefore, the
contamination from different directions would equally affect the data
quality. The Sentinel-3A, however, is operated in SAR mode, whose
footprint is a rectangle with the across-track dimension much longer
than the along-track dimension. As a result, it can better avoid the
contamination from the along-track direction.

4.3.2. Improvement by SSB corrections

In order to quantify the improvement brought by different sets of
SSB corrections, the metric PNR introduced in Section 3.3 is used. Fig. 5
shows the PNR values computed on 1-degree grids around the Aus-
tralian coastal zone for Jason-3 and Sentinel-3A. From top to bottom,
the graph shows the PNR with the 1-Hz, 20-Hz and composite SSB
corrections with respect to the SLA dataset without SSB correction.
Since the 1-Hz SSB correction dedicated to the MBP retracker is cur-
rently not available, we use the SGDR MLE4 SLA estimates to evaluate
the performance of 1-Hz SSB correction for Jason altimeters. The results
for Jason-1 and Jason-2 are not shown but listed in Table 4 due to their
similarity to that of Jason-3.

According to the results shown in Fig. 5, the positive PNR values
indicates that applying the 1-Hz, 20-Hz and composite SSB corrections
can reduce the SLA noise in these areas, while the negative PNR values
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Fig. 4. Data availability for different altimeters computed on 1 km X 1 km grids depending on the offshore distance in the along-track (y-axis) and across-track (x-

axis) directions. White pixels indicate there are no data available.

distributed along the Australia coast zone implies that the SSB correc-
tions are incorrectly modelled in these regions.

For Jason-3, it can be seen that the best performance belongs to the
composite SSB correction, followed by 20-Hz and 1-Hz SSB corrections.
This is especially true in the Spencer Gulf (34°17’S, 136°58’E) along the
south coast of Australia, where negative PNR values appear for the 1-Hz
and 20-Hz SSB corrections. However, the positive PNR values for the
composite SSB correction at the same place reduce the SLA variances by
about 10%. Both 20-Hz and composite SSB corrections have superior
performance to 1-Hz SSB correction, indicating that the 1-Hz SSB cor-
rection cannot remove high-frequency noise induced by the correlated
error between SLA and SWH estimates.

It is interesting to find in this study that the performance of selected
SSB corrections (i.e. 1-Hz, 20-Hz and composite SSB corrections) de-
grades significantly for Sentinel-3A as we can see many negative PNR
values along the coast in Fig. 5. This may be explained by two reasons.
First, the correlation between SWH and SLA is low (—0.28) as shown in
Table 2, and thus the precision of SAR model SLA estimates is less af-
fected by the intra-1-Hz covariant error. Second, the along-track foot-
print size (~300 m against a few km in conventional altimetry of Jason
missions) is smaller than some of long ocean waves, and thus only
covers a portion of the long ocean waves (Moreau et al., 2018). As a
result, both the non-parametric and empirical parametric SSB models
developed for conventional altimeters and used in this study are not
adaptive to the SAR mode altimeter. Therefore, it is vital to develop a
dedicated model or parametrization of the SSB for the SAR mode alti-
meter in the future.

To summarize the results, the median value of all PNR values was

calculated and displayed in Table 5. For Jason missions when compared
to high-rate SLAs without SSB corrections, the improvement brought by
the 20-Hz SSB correction varies between 8% and 11%, while the PNR
by the composite SSB correction achieves a higher level from 12% to
14%. Both 20-Hz and composite SSB corrections have an insignificant
impact on Sentinel-3A, with the percentage being 4% and 3%, respec-
tively.

4.3.3. Precision of SLA estimates

As described in Section 3.3, the absolute differences between con-
secutive SLA estimates are calculated on a 1 X 1 km grid according to
the offshore distance in the along-track and across-track directions. The
median value of all absolute differences in each grid is used to indicate
the noise level of 20-Hz SLA estimates. Fig. 6 shows the noise level of
20-Hz SLA estimates from MBP-retracked Jason-3 and SAMOSA + re-
tracked Sentinel-3A. From top to bottom in Fig. 6, the noise levels of 20-
Hz SLA estimates without SSB correction, with 20-Hz SSB correction
and with composite SSB correction are shown, respectively. The white
pixels indicate there are no data available.

The results show that the application of both 20-Hz and composite
SSB corrections can significantly improve the precision of 20-Hz SLA
estimates for Jason-3. Beyond 10 km from the coast, the noise level
decreases from ~7 cm to ~5 cm, with the colour changing from light
blue to dark blue. However, the improvement for Sentinel-3A in the
same distance band is negligible (right panels in Fig. 6), which is con-
sistent with the results in Fig. 5. Within 10 km from the coast, the noise
reduction for Jason missions is even more significant, with the noise
level declining by a factor of 33% from ~9 cm to ~6 cm. As a result, the
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Fig. 5. Percentage of noise reduction brought by different SSB corrections for Jason-3 (left panel) and Sentinel-3A (right panel) using data within 100 km from the
Australian coast. From top to bottom, the graph shows the results for 1-Hz, 20-Hz and composite SSB corrections with respect to the SLA dataset without SSB
correction. Since the 1-Hz SSB correction dedicated to the MBP retracker is currently not available, we use the SGDR MLE4 retracked SLA estimates to evaluate the

performance of 1-Hz SSB correction for Jason altimeters.

Table 5
Percentage of noise reduction brought by different SSB corrections for different
altimeters in Australian coastal zones.

Altimeters 1-Hz" vs no SSB 20-Hz vs no SSB Composite vs no SSB (%)
(%) (%)

Jason-1 2.04 8.17 13.70

Jason-2 2.39 10.76 13.18

Jason-3 1.74 10.21 12.04

Sentinel-3A  1.08 3.66 3.06

@ Jason missions use the SGDR MLE4-retracked SLA dataset and corre-
sponding 1-Hz SSB correction, as the 1-Hz SSB correction dedicated to the MBP
retracker is currently not available.

precision of SSB-corrected SLA estimates remains at the level of 4-6 cm
until 5 km to the coast.
After applying the SSB correction, the degradation of Jason missions

mainly comes from the along-track direction. It is observed that the
noise level increases by a factor of two from ~6 cm to ~12 cm when the
along-track offshore distance decreases to less than 3 km (not shown
due to limited colour range). The degradation is much smaller when the
across-track offshore distance decreases to less than 3 km, because the
MBP retracker can successfully reduce the contamination in the wave-
form trailing edge (Peng and Deng, 2018a, 2020). When looking at
Sentinel-3A, the degradation from the along-track direction is insig-
nificant, where the noise level is similar to that offshore. However, the
deterioration in the last 4 km from the across-track direction is con-
siderable, with the magnitude of SLA noise being at the level of
~12 cm. The high noise level of Sentinel-3A SLA estimates may be
caused again by land returns covered within its large footprint size in
the across-track direction. This suggests that further effort should be
made for developing new retrackers for Sentinel-3A to deal with the
contamination in the across-track direction.

To summarize the results, the mean and standard deviation of all
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Fig. 6. Noise level of Jason-3 MBP-retracked (left panel) and SAMOSA + retracked Sentinel-3A (right panel) 20-Hz SLA estimates. Three cases are illustrated from top
to bottom of the graph: 1) 20-Hz SLA estimates without SSB correction; 2) 20-Hz SLA estimates with 20-Hz SSB correction and 3) 20-Hz SLA estimates with composite
SSB correction. The noise level is computed on 1 x 1 km grids depending on the offshore distance in the along-track (y-axis) and across-track (x-axis) directions. The
median value of each grid is represented as an indication of the noise level. White pixels indicates there are no data available.

Table 6

Noise level of SLA estimates without SSB, with 20-Hz SSB correction and
composite SSB correction in the 0-40 km coastal strip for all altimeters in the
study region.

Altimeter No SSB (cm) 20-Hz SSB (cm) Composite SSB (cm)
Jason-1 6.7 = 1.1 56 = 1.0 51 = 1.0
Jason-2 6.7 + 1.4 53 = 1.3 51 = 1.3
Jason-3 6.7 + 1.2 52 = 1.0 51 = 1.0
Sentinel-3A 45 += 1.0 42 = 0.9 42 = 0.9

absolute differences in each 1 x 1 km grid were calculated and pre-
sented in Table 6 for all altimeters. After applying the 20-Hz or com-
posite SSB correction, the noise level (~5.2 cm) of 20-Hz SLA estimates
for Jason missions is very close to that (~4.2 cm) of Sentinel-3A, with
only ~1 cm difference. For Sentinel-3A, however, the noise level is
currently estimated based on the SLA data corrected by the

inappropriate SSB model. The development of a more appropriate SSB
model for Sentinel-3A and SAR-mode datasets is again necessary in the
future research.

4.4. Geographical characteristics of SLA variance

In this section, we study the data quality depending on the geo-
graphical location. The data quality is represented as the median value
of SLA variances after applying the composite SSB correction computed
on 1-degree grids. Fig. 7 shows the results for all four altimeters around
the Australian coastal zone.

As illustrated in the graph, the SLA variance in most places along
the coast varies between 0.02 m? and 0.04 m>2 The deterioration is
observed in certain places such as the Gulf of Carpentaria and the Great
Barrier Reef (Fig. 7), where the variances increase up to 0.06-0.1 m?2 In
order to better illustrate the geographical features and reasons leading
to the degradation of data quality, the along-track SLA estimates in
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Fig. 7. SLA variances computed on 1-degree grids for all four altimeters around Australian coastal zone. The composite SSB correction has been applied to SLA

estimates.

these areas are given in Fig. 8.

The first factor leading to the data degradation is the complex
coastal morphology. Fig. 8a shows the SLA variation as the altimeter
moves from the open ocean to the Victoria River. Because the sea
surface roughness is relatively small around estuaries, the waveform
becomes Quasi-specular. The MBP retracker cannot properly handle
this type of waveform so far, leading to the degradation in this area.
Besides, when the altimeter gets closer to the strait, multiple small is-
lands and large island (Fig. 8b—d), the significant increase in the along-
track SSH values was observed. The waveforms measured in these areas
are mostly Brown-peaky waveforms with high peak amplitude, in-
dicating that the waveforms are seriously contaminated by the land
returns. As a result, the noise level of SLA within 3 km off the coast is
very high as illustrated in Fig. 6.

The second reason is the degradation of geophysical corrections,
especially the geocentric ocean tide correction. In the area of Great
Barrier Reef (Fig. 8e) between 20°S and 24°S, the ocean tide correction
from FES2014 is not accurate because the bathymetry here fluctuates
significantly (Seifi et al., 2019). Seifi et al. (2019) developed a regional
ocean tide model that achieves better performance than global ocean
tide models in this region. We did not use this regional model because it
now only covers a small portion of the Australian coastal zone. This
would be greatly beneficial for improving the precision of SLA estimates
once the regional tidal correction is ready for use.

Finally, the parallel orientation of the ground track with respect to
the coastline would cause significant data degradation for Sentinel-3A
(Fig. 8f). As shown in the graph, the flight direction is nearly parallel to
the coastline, where the waveform is more likely to be contaminated
due to the larger across-track dimension (~16 km) and the across-track
noise level can be as high as ~0.1 m within ~3 km from the coast
(Fig. 6). The Jason missions should not be affected by this orientation

10

issue because of their circular footprint, which has the same dimension
in both along-track and across-track directions. However, the footprint
size of Jason missions can be as large as 20 km depending on the wave
conditions (Peng and Deng, 2018b), which may cause a long distance
waveform contamination in the along-track direction. The evaluation
results from Fig. 6 show that the along-track contamination is more
serious than the across-track contamination, indicating that the or-
ientation of ground track also affects the performance of Jason mis-
sions.

Since the noise level of SLA estimates within 3 km to the coast is
extremely high (Fig. 7), we also investigated the waveform shapes in
this coastal strip to explore the potential of recovering reliable sea level
data. A waveform classification was conducted for a single cycle of
Jason-3 and Sentinel-3A waveform data, respectively. The waveforms
were classified into different groups according to their shapes (not
shown). The results demonstrate that there are still about 53% of Jason-
3 and 49% of Sentinel-3A waveforms that cannot be accurately re-
covered in the 0-3 km coastal strip by using current retrackers in
Australian coastal zones. These waveforms are seriously contaminated
due to strong inhomogeneous reflections within the altimeter footprint,
and therefore causing the degradation of SLA precision (and conse-
quently incorrect SSB corrections). As such, retracked SLA data in the
0-3 km coastal strip should be used with caution.

5. Conclusions

In this study, the precision of 20-Hz SLA estimates with three sets of
SSB corrections (i.e. 1-Hz, 20-Hz and composite SSB models) within
100 km to the Australian coastline was analysed using 16 years of MBP-
retracked Jason-1/2/3 data and 3 years of SAMOSA+ retracked
Sentinel-3A data. We focused on removing the noise from 20-Hz SLA
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estimates via applying the intra-1-Hz and recalculated SSB corrections.
The performance of SSB corrections on reducing the SLA noise was
assessed. The SLA's precision was evaluated in the 1 X 1 km grids and
presented in different coastal zones.

The composite SSB correction that combines the intra-1-Hz correc-
tion and 1-Hz SSB correction is found to achieve better performance
than 20-Hz SSB correction in the study region. After applying the 20-Hz
and composite SSB corrections, the noise level of MBP-retracked SLA
estimates is reduced on average by a factor of 10% and 13%, respec-
tively, over the entire study area. Although a difference of 3% of noise
reduction between two models may not be significant, the composite
SSB correction provides at least a different method that is as effective as
the 20 Hz SSB correction for high-rate SLA estimates.

Both the non-parametric and parametric SSB corrections have little
impact on reducing Sentinel-3A SLA noise, with the noise reduction at
the level of ~3%. Therefore, it is necessary to develop a more appro-
priate SSB model for the SAR mode altimeter.

The precision of SSB-corrected SLA estimates (i.e. absolute differ-
ences between two consecutive SLA estimates) keeps at the levels of
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~5 cm and ~ 4 cm from the open ocean until 3 km to the coast for
Jason altimeters and Sentinel-3A, respectively. The degradation of
Jason missions is mainly observed in the along-track direction, while
the deterioration of Sentinel-3A primarily comes from the across-track
direction. Therefore, it is still important to investigate how to reduce
the contamination from the across-track direction, in particular within
10 km from the coast, in order to further improve the performance of
Sentinel-3A near the shore.

The reliability of retracked SLA estimates is still challenging in
certain areas such as estuaries and straits, where the noise level is about
3-4 times higher than that that in other coastal areas. Since these areas
are important for studying coastal sea level changes and other ocea-
nographic processes (Durand et al., 2019; Gomez-Enri et al., 2019), it is
essential to make further efforts and improve the precision of retracked
data in these areas.
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