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1. Introduction

During the 15t phase (2011-2013) of the CCI sea level project, new, optimized algorithms have been
selected for the production of a first set of sea level gridded time series (Ablain et al., 2017, Quartly
etal., 2017). During phase Il (2014 -2016), the sea level time series produced during phase | have been
extended and some algorithms have been improved. Therefore, a full reprocessing of monthly sea
level gridded time series was carried out over 1993 -2015 and this dataset is now freely availa ble for
the users (Legeais et al., 2018). This new product benefits from the development of improved radar
altimeter standards, leading to better sea level data and reduced altimetry errors.
The CCI sea level project has benefited from a 1 -year extension (from March 2018 to March 2019),
with two main objectives:
- Characterization of altimetry errors on the CCl sea level products at global and regional scales
- Production of new sea level datasets dedicated to coastal applications in a few selected
coastal areas

In the context of these additional activities (called
investigate the rate of sea level change in selected coastal zones, combining the recent technical
advances allowed by different efforts done in the

Fig. 1:
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coastal altimetry community. Retracked altimetry
data from LRM missions provided by TUM (Passaro et al., 2018), obtained using the ALES retracker
and geophysical corrections dedicated to coastal areas were combined using the X -TRACK processing
algorithm de veloped at LEGOS/CTOH (Birol et al., 2017). In this 1-year project, focus was made in 3
pilot regions: western Africa, Mediterranean Sea an d northeastern Europe (Fig.1). Two LRM missions
have been considered: Jason1 and Jason2, over the period from July 2002 to June 2016 (eg 14 full
years). Only along-track sea level products have been produced.
In this technical document, the coastal sea level production system is presented in section 2. The
ALES retracking and processing component and the XTrack processing component are successively
described and then, the coastal sea level products derived from the combined use of these processing
components are presented. In section 3, preliminary results on the coastal sea level changes obtained
with these new data are presented. A separated document (Part Il) presents the validation results
obtained with different approaches.
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2.1. The ALES retracking and processing component

2.1.1 The ALES retracking system

The main issue in using the coastal altimetry data, from a signal processing point of view, is the
deviation of the waveform shape from the model adopted in the open ocean. For conventional
altimetry, new subwaveform partitioning and fitting have been designed to tackle inhomogeneities in

the satellite footprint typical of coastal waters, due to presence of land or patches of calm water.
Among those, the Adaptive Leading Edge Subwaveform (ALES) has been the one of the few examples
of a retracking approach that led not only to validation studies, but also to oceanographic applications
and to the development of a global retracked open ocean and coasta | dataset based on a single
retracking strategy. Indeed the strength of this algorithm relies its reliability in both open ocean and
coastal conditions, without the need to change strategy depending on the waveform shape. In ALES,
the width of the subwavef orm is adapted depending on the sea state, in order to produce estimations
that have noise performances similar to the ones of the Sensor Geophysical Data Records (SGDR)
products in the open ocean.

An extensive work in checking the comparability of ALES s ea level measurements with tide gauges
(TG) and the improvements compared to the standards has been conducted in Passaro et al. (2014)
and Passaro et al. (2015). The ALES altimetry product has consistently increased the quality and the
quantity of altimetr y measurements in the coastal ocean. It has been validated with respect to in -
situ data in several regions, showing constant improvements in terms of accuracy when compared to
the standards. For example, comparing sea level measurements along a track from Jason1 altimeter
with the Trieste TG at the closest location (~7.5 km from the coast), the ALES time series had a
correlation coefficient of 0.93 as opposed to 0.60 of the SGDR product. Recently, Piccioni et al. (2018)
have demonstrated that the use of AL ES data instead of the original SGDR in a tidal model constantly
improves the estimations.

In this project, no changes in the retracking algorithm were planned. The algorithm has been already
described in details in Passaro et al. (2014), Passaro et al. (2015) and in the document CLS-SLCGI17-
0003 of the previous phase of SL_cci. Data format and output were set among the project partners
and the ALES output for the selected regions, augmented with the Sea State Bias correction developed
in this project an d described in the next section, was provided for all the requested missions to the
project partners.

2.1.2 The Sea State Bias correction

The Sea State Bias (SSB) is among the timevariable corrections that are applied to sea surface height
estimates from satellite altimetry. With a mean of 5 cm and atime -variable standard deviation of 2
to 5 cm in the open ocean (Andersen and Scharroo, 2011), it is currently one of the largest sources of
uncertainty linked with the altimetric signal (Pires et al., 20  16). SSB is linked with both the signal
processing of the radar echo and the physics of the measurement; its correct interpretation and the
understanding of its coastal variability are essential to produce more accurate and more precise sea
level estimatio ns.

If SSB is still uncertain in the open ocean, this is even truer in the coastal environment, where since
more than ten years the altimetry community is trying to  improve the sea level estimates that were
previously discarded due to interferences in the signal and scarce reliability of the corrections,
including SSB. The physical effects related to the interaction of the radar echo with the crests and
throughs of the waves and the numerical effects due to the way the altimeter tracks the echoes (both
components of the SSB corrections) need to be reviewed for an altimetry product in the coastal ocean.
Unlike in the open ocean, the shape of the waves is influenced by shoaling, refraction and bottom
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friction in the shelf seas and by depth -induced wave breaking and triad wave -wave interaction in
waters shallower than 20-30 m. Moreover, the traditional open -ocean retrackers are not able to
estimate correctly in the coastal zone the significant wave height (  SWH) and wind speed, on which
the parametric relation that is used to compute SSB is not anymore valid. Finally, since the SSB models
are empirically computed from altimetry observations, other components of the residual altimetric
error might have a dependence on sea state that varies depending on the region s, such as tidal
correction, which are also computed by means of altimetric data and are much less known in shelf
seas than in open ocean. Therefore, correcting for the SSB using a model computed on a global scale
might not be enough representative, in par ticular for shelf seas.

For these reasons, we aim in this work at computing a high -frequency (HF) and retracker -dependent
SSB correction in order to improve the performances of HF altimetry data. Although initially not
planned in the project, we have chos en to expand the study by attempting the computation of a
specific regional SSB correction, as an initial test to test its usefulness for the next phases of SL_cci.
The region of study concerning the evaluation of the results is the Mediterranean Sea (Med) , i.e. one
of the SL_cci selected region of study.

Three different SSB corrections are applied to derive the sea level anomalies (SLA) in this study:

1) 1-Hz SSB is the SSB correction available at low frequency (LF) in the SGDR product. The correction
is derived using the methodology described in Gaspar et al. (2002) and Labroue et al. (2004) and
updated in Tran et al. (2010). This methodology adopts a non -parametric estimation: a statistical
technique (kernel smoothing) is used to solve a large system of linear equations based on the
observations and on a set of weights. The result is a 2D map of the SSB against wind speed and SWH.

2) 20-Hz SSB is the SSB correction derived by using the same 2D map from Tran et al. (2010) and
obtained by courtesy of Ngan Tran from Collecte Localisation Satellites, but computed for each HF
point using the HF wind speed and SWH estimations from SGDR and ALES. The computation of the
current SSB model is based on an empirical relationship between three retracked parameters. While
part of it is due to the physics of the waves and will manifest itself at LF, the model contains also a
relation that is due to the correlated errors in the estimation, which is performed at HF. Applying the

SSB model at LF therefore means assumingthat the error component of the sea level estimation
related to the sea state exists only at long wavelengths, reducing its impact on the short -wavelength
components.

3) Reg SSB is the SSB correction derived using the regional parametric modelscomputed using the Fu-
Glazman (FG) model proposed in Fu and Glazman (1991), and then applied to each HF point using the
HF wind speed and SWH estimations from SGDR and ALES.

Two noise statistics are employed to evaluate the precision of the dataset. First ly, the high -rate noise
is computed by considering the differences between consecutive HF SLA values, since SLA is not
supposed to change significantly in 300 to 350 m, which is the distance between one measurement
and the next. This reference of noise was first used in Passaro et al. (2014). Secondly, the difference
in SLA variance between different datasets, i.e. SLA dataset corrected with the described SSB models,
is computed on a 1-degree grid. This metric has also been widely used in evaluation of SSB corrections
(Tran et al., 2010); for our purpose we use the latest formulation proposed by Pires et al. (2016): the
scaled SLA variance differences, which illustrate the impact of different SLAs relative to the regional
variability.

Firstly we consider th e noise quantified as difference of consecutive HF SLA measurements. We
estimate for each cycle the average noise binned in 25 -cm intervals of SWH. Then, results are
averaged over all the cycles and displayed in Figure 2 with respect to the SWH. The more i rregular
lines seen at higher SWH are due to the decrease in available measurements. The application of the
20-Hz SSB decreases both the noise at low sea states and the slope of the noise curve. This corresponds
to the effect observed by Garcia et al. (201 4) when applying a 2-pass retracker to decouple SWH and
range estimation and is again proof that SSB should be applied at HF, because it includes retracking
errors that are strongly sea -state dependent. On top of that, further improvement of the same kind

is brought when the Reg SSB model is applied. This means that our regional high-frequency empirical
parametrical SSB correction is superior to the global non -parametric SSB model, even if the latter is
applied at HF. It must be stressed that the metrics us ed in this study, which follow what is done in
previous works on the corrections to the range estimated by radar altimetry, are focused on
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improvements of the precision, i.e. the repeatability of a HF sea level estimate, which can be
quantified by a reduct ion in the HF variance. An evaluation of the improvement in accuracy shall rely
on external data, such as tide gauges, and can be the subject of a future validation study involving
other regions as well.

To better quantify this improvement, we compute the  scaled SLA variance difference in the two
regions of study on a 1-degree grid in Figure 3. The comparison is performed by choosing a reference
and a challenger dataset: in this way, the upper panel show the performances of the 20 -Hz SSB taking
the 1-Hz SB as a reference; the middle panel show the performances of the Reg SSB taking the 20 -
Hz SSB as a reference; finally the lower panel shows the performances of the Reg SSB taking the 1-Hz
SSB as a reference and therefore summarize the overall improvement. T he decrease in variance is
ubiquitous also within the domain.

To summarise using the averaged statistics the simple application of an SSB correction based on HF
data improves the precision of HF sea level data by 14%. We notice how the improvement shown b y
the 20-Hz SSB for SGDR is similar to the one reported by Zaron et al. (2016) in their North Pacific test

region, which indicates that this application is an alternative method to reduce the retracker -related
noise. Subsequently, the re -computation of a p arametric regional SSB model improves it overall by
29%.

In conclusion, in the context of this project it has been demonstrated that as a first step the SSB
correction should be computed and applied using the high -rate measurements of SWH and backscatter
coefficient. This is because a high -rate application of the SSB correction reduces the correlated errors
between range and wave height estimations. Encouraging preliminary results are also found using a
recomputed regional model for the specific retracker (ALES on JasofR). The future challenges will
be therefore the development of different ALES SSB regional solutions for LRM altimetry, including
the interpretation of possible differences according to the selected regions, and the development of

a SSB corection for the DD retracking.

This study constitutes the bulk of the recent publication Passaro et al. (2018), partially funded by

this project, which contains further details and analysis. The 20 -Hz SSB based on ALES was applied
to the full dataset pr ovided to the Consortium in this project. The additional Reg SSB was only
applied to the specific test area (Mediterranean Sea).

2.1.3 Overall Performance Analysis

An overall performance analysis was performed globally on Jason-1 and Jason2 by comparing
crossover differences using the SGDR strategy (standard retracking + standard sea state bias
correction) with the strategy followed in this project (ALES retracking + high rate sea state bias
correction).

To obtain the 1 -Hz sea surface heights we first subtract the estimated range from the orbital altitude
and then we correct for pole tide, ocean tide, solid earth tide, geophysical effects (ionospheric
delays, wet and dry tropospheric delays), dynamic atmosphere and sea state bias (using the original
or the recomputed correction depending on the experiment). Finally, the median value of the
screened 20-hz points within the 1 -hz block is taken.

The 1-Hz points are used to perform a crossover analysis. This is a standard practice in altimetry and
has been used is several publications as a key indicator of the data quality for altimetric missions
(Ablain et al., 2010) . In order to reduce the impact of oceanic variability, crossovers are taken into
consideration if the time lag between the two passes is short er than 10 days. Crossovers are here
defined as all the available 1 -Hz points of two crossing tracks that are closer than 5 km.

Figure 4 shows, for each cycle of J1 and J2 reprocessed in this project, the median of the STD of the
crossover differences. For J1 in the global ocean, this value is 9.27 cm for SGDR and 7.99 cm for ALES;
for J2 we have 9.86 cm for SGDR and 8.17 for ALES. This corresponds to a 30% improvement in
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variance, which is mostly due to the application of the Sea State Bias using the hig h-rate SWH and

Wind estimations from ALES. Mor eover, if we define
differences exceed 50 cm or are not computable because the measurement is missing, we find out

that in the coastal area within 20 km from the coast ALES has 6% less outliers than SGDR in Jasdn

and 10% less in JasofR (see Figure 5).
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Figure 2: Noise of the sea level anomalies computed as difference between consecutive high -rate
estimations using different SSB corrections analyzed in this study in Med. Continuous lines refer to
SGDR data, while dashed lines refer to ALES data. The sea level anomalies were corrected with the
original 1 -Hz SSB correction (blue), with the 20 -Hz SSB correction (red) and with the regional SSB
correction (gr een)
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Figure 3: Percentage of scaled sea level anomalies (SLA) variance differences between a challenger
and a reference model. Upper panel: SLAs computed with 20 -Hz SSB correction (challenger) against
the ones computed with the original 1 -Hz correcti on (reference). Middle Panel: SLAs computed

with 20 -Hz SSB correction (challenger) against the ones computed with the regional SSB correction
(reference). Lower Panel: SLAs computed with regional SSB correction (challenger) against the ones
computed with t he original 1 -Hz correction (reference). Red squares represent regions with a lower
SLA variance for the challenger, i.e. an improvement in the noise statistics with respect to the
reference. The dataset used is the SGDR.
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Figure 4: Global average by cycle of the Standard Deviation of the crossover differences for the
SGDR dataset and the ALES dataset corrected for the high-rate Sea State Bias correction.
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Figure 5: Difference between the number of outliers at crossover points in SGDR and ALES dataset
corrected for the high -rate Sea State Bias correction.

2.2 The X-TRACK processing component

During the last decade, the LEGOS/CTOH developed thed XT RACK&é processing
optimize the computation of L3 altimetry products for regional and coastal applications . Today, X-
TRACK already provides homogeneous 4Hz sea level data, computed from standard L2 GDRs data and
improved geophysical corrections, covering the global coastal ocean and most of the LRM missions, as
well as associated fully documented algorithms . The corresponding X-TRACK R&D coastal altimetry
product is freely distributed by the operational AVISO+ service and has already b een used by many
scientific users for different types of applications (more than 60 refereed publications). In the context

of this project , a new version of the X-TRACK processing chain has been developed in order to enhance
the capabilities of satellite a Itimetry along coastlines, by using 1) high-rate (i.e. 20 -Hz) altimeter
measurements instead of the 1-Hz ranges and 2) the ALES retracked data instead of the standard GDR
products.

The X-TRACK processing system is described in details in Vignudelli et al. (2005), Roblou et al. (2011)
and Birol et al. (2017). Here we will only provide a brief description. = The X-TRACK processing system
works on a regional basis (the regional domain can be easily defined before the processing in a
parameter file). It first re ads parameters from the L2 products for each altimetry mission plus
additional state -of-the-art geophysical corrections and auxiliary informations used during the
processing phase (as the distance to the coast). Since altimetry observations degrade in accu racy near
the coast, the processing first selects valid ocean data. Then, a precise land mask and a dedicated
editing strategy are used. The latter includes two steps. The first step is to impose editing criteria,
both on the altimeter measurements and cor rections, designed to be more restrictive than the
standard ones (AVISO, 1996). These threshold criteria have been chosen after series of tests for each
parameter, in order to ensure that all outliers are totally removed. The behavior of all corrections is
analyzed along the track, taking into account their individual characteristics. Each correction is edited

in a different way (Birol el al., 2017). Abrupt changes are assumed to be associated with erroneous
data. Outliers are removed. Since the editing pro cess lead to the rejection of all altimeter
measurements for which at least one correction is considered as wrong, this method rejects much
more data than the classical ones, even if the altimeter measurement is meaningful. Thus, in a second
step, all corr ections are recomputed using interpolation/extrapolation methods, based on valid data
for each correction. This strategy is very efficient in recovering a lot of good altimeter measurements
flagged in the standard product because of a deficient correction.  Once the corrected sea surface
heights (SSHs) are computed, they are projected onto fixed points along the nominal ground track of
the altimeter satellite and converted into SLAs by subtracting a precise mean sea surface height. The
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latter is computed at the fixed nominal points, by inversion of all the available SSH measurements
along the repeated ground tracks of the considered altimetry mission. A quadratic function is fitted
to the corrected SSHs values around the nominal points to correct the cross -track and along-track
variations between the observation and the nominal points and the corresponding values computed
at the nominal points are defined as the MSSH. This procedure is important, since in coastal areas
where topographic gradients can be large, use of a standard mean sea surface leads to significant
errors in SLAs because of poor spatial resolution (Vignudelli et al., 2005). On request, the along-track
SLA can be further spatially filtered to remove the background noise . (in option, correspondin g to the
filtered version of the X -TRACK SLA product). Therefore, a low -pass Loess filter is used in the
alongtrack direction; by default a 40 km cutoff frequency is used but the latter can be adapted to
optimize the signal -over noise ratio corresponding t o the data set processed (e.g. the altimetry
mission and the region). This optimal cutoff frequency can be quantified by spectral analysis. Note
that we do not plan to use this filtering option in the context of this project unless it is explicitly
requested by ESA or by the validation team . Figure 6 summarizes the different processing steps of the
X-TRACK system.

Processing parameters

(mission, region) Extraction from GDRs + additional corrections
I s/ and parameters (CTOH global database)
4

T e Editing of ionospheric correction |

| Editing of sea state bias correction | | Editing of wet tropospheric correction |

v
[ Resional DAC coretion favallable | | Regionaltde corecon ifavaiable |

—_—

Users

Figure 6: Processing steps of the X-TRACK system.

2.3 The ALES/X-TRACK product obtained from the merging of both processing = components

2.3.1 Description

The X-TRACK processing system has been designed to provide alongrack SLA time series at 1-Hz
along the track for different LRM missions (T/P, GFO, Envisat, Jason -1,2,3 and SARAL/AIltiKa). In the
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context of the SL cci 0 Bri dging phased6 project, al | al gorithms
order to compute high -frequency (i.e. 20 -Hz) altimeter measureme nts, and to take advantage of the

ALES retracker. The editing step has been redefined, as well as the set of geophys ical corrections

(listed in Table 1), and the computation of the Mean sea Surface Height (MSSH) is now at 20-Hz. A

first version of this new system has been produced for the 3 pilot regions. Both Jason 1 and Jason2

data have been reprocessed, from cycle 1 to 258 and from cycle 1 to cycle 293, respectively. In a

second time, for each of the three test regions considered in the project, both altimeter missions

have been combined in a single homogeneous sea level time series by using a regional bias between

Jason2 and Jasonl computed with the following methodology:

1. calculation of the mean sea level over the region considered for both Jason2 cycles 1 to 19
and Jasonl cycles 240 to 258, excluding all the data located at a distance < 50 km from land
and altime try points where we have less than 80% of the SL data considered as valid in the
time series.
2. calculation of the difference between the resulting J2 and J1 mean sea levels.
The regional bias (Jason 2 versus Jason 1) obtained are: -6.1244 cm for the Mediterranean
Sea, -5.9164 cm for the North East Atlantic and -5.533 cm for the Western Africa. Jason2 SL
data were then connected to Jason -1 on Jason2 cycle 21 by subtracting the regional bias to
Jason-2.
Note that a new release of the product, based ont he GPD+ and FES2014 for the wet tropospheric and
tidal corrections, respectively, is under processing and will be available at the end of the project.

Corrections Jasonl Jason2
lonosphere From dualfrequency altimeter range measurements
Dry troposphere From ECMWF model

Wet troposphere From radiometer

Sea state bias SSB ALES (see section 2.1.2)

Solid tides From tide potential model

(Schureman 1958)

Pole tides From Wabhr, 1985
Loading effect From FES1999 (Lefevre et al., 2002)
Atmospheric Correction From TUGOmM 2D global models for periods smaller than 20 day

(Carrere and Lyard 2003)

+

Inverted barometer for periods greater than 20 days, derived fro
ECMWEF pressure.

Ocean Tide From FES 2012 (Carrére et al., 2012)

Table 1: List of corrections used in the computation of ALES/X -TRACK SLA.

2.3.2 Performance

A first performance analysis of the new ALES/X -TRACK product was performed for both Jason-1 and
Jason2 and for the three test regions by comparing the regionally averaged distance to the coast of
the first SL point available in the resulting L3 product, where more than 50%/80%/95% of data are
considered as physically consistent in the time series. The distance to coast is computed from the last
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version of the GSHHG product (version 2.3.7 Released June 15, 2017
http://www.soest.hawaii.edu/wessel/gshhg/). In order to analyse the respective gain associated to
the use of high-frequency (i.e. 20 -Hz) altimeter measureme nts, and to the use of the ALES retracker,
we have produced and analysed 3 datasets (for each region and for both Jasonl and jason2):
- the standard 1-Hz XTRACK product computed from the 1-Hz measurements provided from
GDRs products (called XT 1Hz hereinafter),
- a 20-Hz XTRACK product version computed from the 20-Hz measurements provided from
GDRs products (called XT 20Hz hereinafter),
- the combined 20-Hz ALES/XTRACK product computed from the 20-Hz measurements
retracked with ALES (called XT/AL 20Hz hereinafter),
In terms of geophysical corrections, they are the same for the three datasets, except for
XT/AL 20Hz, where the ALES SSB is used.
All the results are shown in figure 7. For the case where more than 80% of the data are considered as
physically consistent in the time series, they are also provided in Table 2.
In summary, in terms of coastal data availability, we observe a very significant gain in performance
in the new combined ALES/X-TRACK product for both Jason-1 and Jason-2. In Jason-2, in average, we
have now more than 80% of SL observations in the time series up to 2 km / 4 km from land with Jason -
2 / Jason-1, instead of 6 km / 7 km in the X -TRACK product which is distributed today. Results are
lower in the Western Africa region for a reason which is still unknown but under analysis. It could be
partly due to the GSHHG product used in the computation of the diagnostic, since it appears to be
less accurate in that area than along European shelves. The performance of the new ALES/X -TRACK
product and the gain in geophysical information associated will be further analysed in the next
sections.

)
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Figure 7: Mean distance to the coast (in km) of the first SL point available in the L3 product,

where more than 50%/80%/95% of data are considered as physicdly consistent in the time series for
the Mediterranean sea (top), the North East Atlantic (middle) and the Western African coast

(bottom) and for three different data sets: the standard 1  -Hz XTRACK product (XT 1Hz), the 20 Hz
version of X-TRACK (XT 20Hgand the combined ALES/X-TRACK product (XT/AL 20Hz). Results are

provided in the form of whisker plots.
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Region Mission XT 1Hz XT 20Hz XT/AL 20Hz
MEDSEA J1 6,9 4,2 34
J2 5,2 1,4 1,2
NEA J1 6,2 4,1 3,9
J2 5,8 1,9 1,9
WAF J1 9,3 6,1 4,8
J2 7,6 4,5 3.4
ALL J1 7,47 4.8 4,03
J2 6,2 2,6 2,17

Table 2: Mean distance to the coast (in km) of the first SL point available in the L3 product, where
more 80% of data are considered as physically consistent in the time series as a function of the
mission and the region considered.

3. Coastal sea level trends in the pilot regions: Results

In the context of the additional activities (Bridging Phase) of the ESA CCI Sea Level Project, it was
proposed to investigate the rate of sea level change in se lected coastal zones, combining retracked
altimetry data from LRM missions (using the ALES retracked products provided by TUM, Passaro et al.,
2018a,b,c) and geophysical corrections dedicated to coastal areas (using the X -TRACK products
developed at LEGOS/ICTOH, Birol et al., 2017). In this 1 -year project, focus was made in 3 regions:
western Africa, northeastern Europe and Mediterranean Sea (see Fig.1 above). Here we present
coastal sea level results obtained by the project in the 3 pilot regions, using Ja son-1 and Jason2
satellite tracks from July 2002 to June 2016 (14 full years).

3.1 Data

For both Jason-1 and Jason2 missions, we considered 20 Hz alongtrack sea surface height data based

on the merging of XTRACK products with the ALES retracker (resolution ~350 m). For each Jason1/2

track, data of individual cycles were projected onto
level anomalies &SLA (with respect to the mean profile , see section 2.2 for details concerning the

mean profile compu tation ) were estimated for each cycle . In the following, we use these SLA data.

We also considered the C3S (Copernicus Climate Change Service) multi mission gridded product to
estimate the regional sea level trends for the period 2002 -2016. The corresponding trend maps are
shown in Fig.8, Fig.9 and Fig.10 over the western tropical Atl antic, Northern Europe and
Mediterranean Sea, respectively. On each map, the Jason tracks coverage are superimposed.

Proprietary information: no part of this document may be reproduced, divulged or used in any form
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Fig.8: Regional sea level trends (mm/yr) over July 2002 to June 2016 in the western tropical Atlantic
from the C3S gridded product. The Jason-1/2 track coverage is superimposed. Numbers identify the
track numbers.
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Fig.9: Regional sea level trends (mm/yr) over July 2002 to June 2016 over Northern Europe from
the C3S gridded product. The Jason-1/2 track coverage i s superimposed. Numbers identify the
track numbers.

Sea level trends (July 2002 - June 2016) - C3S product
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Fig.10: Regional sea level trends (mm/yr) over July 2002 to June 2016 over the Mediterranean Sea
from the C3S gridded product. The Jason -1/2 track coverage is superimposed. Numbers identify the
track numbers.

3.2 Open ocean and coastal sea level trends along the Jason -1/2 tracks: Method

We computed sea level trends over the 14 -year period along all Jason tracks crossing the coast, as
shown in Fig.8-10. For each track, sea level trends were computed over successive segments of varying
lengths along different portions of the profile from the open ocean to the coast. Constant length
segments were considered along the tracks, starting from the closest 20 -Hz point to the coast. The
construction of the segments along each track is illustrated on Fig.11.

We successively considered three spatial scales to estimate the along track evolution of the sea level
trends:

(a) The entire track over the selected region; trends computed along 50 km -long segments

(b) The first 50 km from the coast; trends computed along 2 km -long segments

Each segment is characterized by a center which corresponds to the location of the nearest point to
the middle of the segment.

An additional case (c) was considered:

(c) The first 15 km from the coast; trends computed at individual 20 Hz point location

For all cases (a), (b) and (c), SLA time -series were monthly averaged, all orbital cycles from July 2002
to June 2016 were considered and SLA mean was removed on the period.

For cases (a) and (b), the SLA data were spatially averaged along the segment len gth for each orbital
cycle.

Trends were then computed after removing the annual and semi -annual signals.

Proprietary information: no part of this document may be reproduced, divulged or used in any form
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Fig.11: Sketch illustrating the along -track segment construction

3.3. Open ocean and coastal sea level trends along the Jason -1/2 tracks: Results for the  western
African coasts

In the following, we discuss for each Jason -1/2 track a series of figures that are presented in annex.
They are organized as follows:

1 Annex A: First series of figures, called Fig.12 (1 page per satellite track ; the tracks are ranked
from west to east for the ascending profile, and from east to west for the descending profiles).
The content of the figures is the following:

(a) Upper panel: Sea level trends (colored circles) computed over the 14 -year time span at each 20

Hz point for the closest track portion to the coast (a few km). White triangles identify points with

non-significant trend estimates (SLA data too scattered or not enough numerous for a robust trend

estimation). The background map shows the geogr aphical setting based on a recent version of Google

Earth.

(b) Lower panel: Associated sea level trend uncertainties (+/ - 1 standard error) (note the change in

color scale)

An example is shown below:

J1+J2 SLA trends N ‘ mm/yr m
6 -4-20 2.4'6 8 10121416

Track 237
July 2002 - June 2016

A
N

i . [62 EBCO & 10 km i
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J1+J2 SLA trend
errors

Track 237

July 2002 - June 2016

A

A
N

10 km

1 AnnexB: Second series of figures, called Fig.13 (1 page per satellite track ; the tracks are ranked
from west to east for the ascending profile, and from east to west for the descending profiles).
The content of the figure is as follows:

(a) Upper left panel: Sea level trends (colored circles) computed over the 14 -year time span at each
20 Hz point for the closest track portion to the coast (a few km). White triangles identify points with
non-significant trend estimates (SLA data too scattered or not enough numero us for a robust trend
estimation). The background map shows the geographical setting based on a recent version of Google
Earth.

(b) Upper right panel: Associated sea level trend uncertainties (+/ - 1 standard error) (note the change
in color scale)

(c) SLA time series (blue dots) since June 2002 for the closest 20 Hz point to the coast (distance
indicated in the heading). Red dots are outliers identified by simple statistical test based on the
time series RMS (SLA values larger than 2 RMS are excluded) In green is shown the regression line
computed over the 14 -year time span (excluding the outliers). The corresponding trend value  and
associated error (+/ -1 standard deviation) is indicated in the legend of the figure.

(d) Same as (c) for the second closest point to the coast

(e) Same as (c) for the third closest point to the coast

(f) Sea level trend values (green dots) and associated formal error (+/ -1 standard deviation; shaded
area) as a function of distance to the coast (last 15 km) estimated at each 20 -Hz point.

An example is given below for panels c to f;
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1 ANNEX C Third series of figures, called Fig.14 (3 tracks per page):
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(a) Sea level trends computed over successive 50 km-long segments along the entire track length

(green curve); Regional trends interpolated from the C3S gridded data (red curve).

(b) Same as (a) but for the last 50 km portion of the track towards the coast, with trends computed

by averaging SLA data over successive 2km long segments.

An example is given below:
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Sea level trends over July 2002 - June 2016

Track 035
6 50 km-long segments (a) 15 2 km-long segments (b)
———— X-TRACK/ALES 20Hz
5 e C3S
_ _10
54 8
= B
£ £
£3 £ 5 \/\_
- - P o e e Y
2 E _—T
L2 o
= ~
0
1
0 -5
0 500 1000 1500 2000 2500 0 10 20 30 40 50
Distance coastline to segment's middle (km) Distance coastline to segment's middle (km)
Track 111
6 50 km-long segments (a) 15 2 km-long segments (b)
———— X-TRACK/ALES 20Hz
5 ———C35
_ _10
= =
€ €
E3 £ 5
° T
< <
g2 1<
= =
0
1
0 L L L L 5 L L L L
0 500 1000 1500 2000 2500 0 10 20 30 40 50
Distance coastline to segment's middle (km) Distance coastline to segment's middle (km)
Track 187
6 50 km-long segments (a) 15 2 km-long segments (b)
——— X-TRACK/ALES 20Hz
5 e C35
_ _ 10
=~ =
€ €
E3 £ 5
= =l
< <
) @ \\/»\/_Nd\/\_
= =
0
1
0 -5
0 500 1000 1500 2000 2500 0 10 20 30 40 50
Distance coastline to segment's middle (km) Distance coastline to segment's middle (km)

Finally Figure 15. shows the distribution of the cl osest distances to coast reached by the
XTRACK/ALES 2Bz data (i.e., distance to coast of the first valid point) for all Jason tracks considered
in the study region (left panel) and associated trend estimates over 2002 -2016 (right panel).
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Fig.15: distribution of the closest distances to coast reached by the XTRACK/ALES 20 -Hz data (i.e.,
distance to coast of the first valid point) for all Jason tracks considered in the study region (left
panel) and associated trend estimates over 2002 -2016 (right panel).

3.4: Open ocean and coastal sea level trends along the Jason -1/2 tracks: A few results for
Northern Europe

Results were obtained for the northwestern Europe region following the same method than for
western Africa and Mediterranean Sea region. In the following, we discuss for each Jason -1/2 track a
series of figures that are presented in annex. Note that contrary to the western Africa case, all
individual 20 -Hz points, including outliers, have been kept to compute the trend . They are organized
as follows:

1 Annex D: First series of figures, called Fig.16 (1 page per satellite track ; the tracks are ranked
from west to east for the ascending profile, and from east to west for the descending profiles).
The content of the figures is the following:

(a) Upper panel: Sea level trends (colored circles) computed over the 14 -year time span at each 20
Hz point for the closest track portion to the coast (a few km). Non-significant trends are not
identified as they  were from the western Africa case. = The background map shows the geographical
setting based on a recent version of Google Earth.

(b) Lower panel: Associated sea level trend uncertainties (+/ - 1 standard error) (note the change in
color scale compared to p anel - color scales for trend uncertainties are identical for western Africa
and northern Europe cases)

An example is shown below:

J1+J2 SLA trends 4

Track 213
July 2002 - June 2016
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J1+J2 SLA trend
errors

Track 213
July 2002 - June 2016

Annex E: Second series of figures, called Fig.17 (1 page per satellite track ; the tracks are ranked
from west to east for the ascending profile, and from east to west for the descending profiles). The
content of the figure is as follows:

(a) Upper left panel: Sea level trends (colored circles) computed over the 14  -year time span at each
20 Hz point for the c¢ losest track portion to the coast (a few km) The background map shows the
geographical setting based on a recent version of Google Earth.

(b) Upper right panel: Associated sea level trend uncertainties (+/ - 1 standard error) (note the change
in color scale)

(c) SLA time series (blue dots) since June 2002 for the closest 20 Hz point to the coast (distance
indicated in the heading). Red dots are outliers identified by  a simple statistical test based on the
time series RMS (SLA values larger than 2 RMS are &cluded). In green is shown the regression line
computed over the 14 -year time span (excluding the outliers). The corresponding trend value and
associated error (+/ -1 standard deviation) is indicated in the legend of the figure.

(d) Same as (c) for the second closest point to the coast

(e) Same as (c) for the third closest point to the coast

(f) Sea level trend values (green dots) and associated formal error (+/ -1 standard deviation; shaded
area) as a function of distance to the coast (last 15 km) estima ted at each 20 -Hz point.

An example is given below for panels c to f:
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3.5: Open ocean and coastal sea level trends along the Jason -1/2 tracks: Results for the
Mediterranean Sea

Results were obtained for the Mediterranean Sea region following the same method than for western
Africa and northern Europe region.
In the follow ing, we discuss for each Jason-1/2 track a series of figures that are presented in annex.

The geography of the region implies that tracks approach coasts at different locations. To

distinguish the various coasts, tracks are cut into portions located bet ween two strips of land.

Portions are defined starting from the north of the track. For each portion, the satellite passes by

land twice, at the north and the south of the portion.

Finally, each intersection between track and land  (larger than about 20 km ) was given a hame in

the following format: otrack_number #portion_number n
one portion is identified, the name becomes oO0track_nt

Note that contrary to the western African case, all individual 20 -Hz points are kept (including outliers)
to compute the trend . They are organized as follows:

1 Annex F: Series of figures, called Fig.18 (8 tracks per page; the tracks are ranked from west to
east for the ascending profile, and from east to west for the descending profiles - for each track,
all portions are treated), showing sea level trend values and associated formal error (+/ -1
standard deviation; vertical black line) as a function of dist ance to the coast (last 15 km)
estimated at each 20 -Hz point (similar to Annex B (f) and Annex E (f)). An example is given below:
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Sea level trends over July 2002 - June 2016
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Figure 19 presents the distribution of the distances to coast reached by the closest X -TRACK/ALES
20-Hz data to shore (left panel). Only the track portions for which data are available under 2 km from
coast are shown in the histogram: there are 34 of them. 64 track portions present data under 4 km
from coast.

Closest point to coastline - from X-TRACK/ALES 20 Hz data over July 2002 - June 2016
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Fig.19: distribution of the distances to coast reached by the XTRACK/ALES 20 -Hz data (i.e., distance

to coast of the first valid point) for the selected track portions (available data under 2 km from
coast) in the study region (left panel) and associated trend estimates over July 2002 - June 2016
(right panel).

Figure 20 shows which track portions present data under 2 km from coast, i.e. the track portions
introduced above in Fig. 19. This study region is characterized by a high number of tide gauges. Almost
all are located in the northern shore. Green triangles represent the tide gauges which data are
available over 2002-2015 (most of Italian tide gauges do not have data over the year 2016).

X-TRACK/ALES 20-Hz data - closest points to coast
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Fig.20: Location of the track portions that presents X -TRACK/ALES 2{Hz data available under 2 km
from coast over the Mediterranean Sea region. Circles correspond to ascending tracks and squares to
descending ones. Numbers identify the track portions. Portions where data are available under 1 km
from coast are drawn in red (and orange under 2 km from coast). The Jason -1/2 track coverage is
superimposed. Green triangles locate tide gauges which sea level time -series are available on
January 2002 d December 2015 (ttps://www.psmsl.org ).

Annex G: Series of figures, called Fig.21 (1 portion per page; the tracks are ranked from west to
east). The content of the figure is as follows:

(a) Sealevel trend values (green dots) and associated formal error (+/ -1 standard deviation; vertical
black line) as a function of distance to the coast (last 15 km) estimated at each 20 -Hz point.

(b) SLA time series (blue dots) from July 2002 to June 2016 for th e closest 20-Hz point to the coast
(distance indicated in the heading). Red dots are outliers identified by simple statistical test based
on the time series RMS (SLA values larger than 2 RMS are excluded) In green is shown the regression
line computed ove r the 14 -year time span (excluding the outliers). The corresponding trend value
and associated error (+/ -1 standard deviation) is indicated in the legend of the figure.

(c) Sea level trends (colored circles) computed over the 14 -year time span at each 20 Hz point for
the closest track portion to the coast (a few km) The background map shows the geographical setting
based on a recent version of Google Earth.
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An example is given below:

Sea level trends along the track 111 (111 N )
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An independent analysis of the SLA data has been carried out at University Bonn for the Mediterranean
and North seas. The data used are J1 and J2 data over the time interval from July 2002 to June 2016.

The following two aspects have been investigated:
(1) sea level trend and its error and

(2) the distance to coast of valid points of the time -series. To evaluate the validity of the point we
compute its cor relation with a near tide gauge. For this second aspect we have compared the actual
XTRACKI/ALES release (SLCCI Bridging Phase version October 2018) to similar J2 products, namely the
PODAAC/ALES (downloaded December 2018) and the Bonn/STAR (Roscher et al2017) products. The
geophysical corrections in PODAAC/ALE®L) and Bonn/STAR(3) are aligned together but are not fully
aligned with XTRACK/ALES2). However, these differences are negligible and do not influence the
results. Instead, the main difference comes from the r etrackers and these should be investigated
further.

The linear trend and its standard error have been estimated at each 20 Hz point. No further selection
criteria have been applied. In the Mediterranean Sea trends are mainly positive in the Adriatic and in
the eastern basin and negative in the western and central basin. The trend is in the range of -/+ 4
mm/yr at most of the locations but reaches higher unrealistic values (up to 25 mm/yr) near coasts.
Corresponding results are presented in Annex |.

4. Synthesis; Concluding remarks and fut ure work

In this 1-year project, we have produced results of contemporary coastal sea level changes along the
coasts of western Africa, Mediterranean Sea and Northern Europe, obtained from a dedicated
reprocessing of satellite altimetry data. High sampling rate (20-Hz) sea level data from the Jason-1
and Jason2 missions over a 14year-long time span (July 2002 to June 2016) were considered. The
data were first retracked using the ALES adaptative leading edge subwaveform retracker. The X -
TRACK procassing system developed to optimize the completeness and accuracy of the corrected sea
level time series in coastal ocean areas was then applied. From the 14 -year long sea level time series
finally obtained, we estimated sea level trends along the Jason -1 & 2 tracks covering the 3 study
regions. We analyzed regional variations in sea level trends, with a focus on the changes observed
between the open ocean to the coastal zone. Compared to the conventional 1 -Hz sea level products
dedicated to open ocean appli cations, the retracked 20 -Hz measurements used in this study allowed
us to retrieve valid sea level information much closer to the coast (less than 3 -4 km to the coast,
depending on the satellite track location). In the study regions, results show that ove r the 14-year
period, sea level trends close to the coast are generally significantly different than offshore.

An article has been submitted to 6Advance in Space Re
of Western Africa. It is given in Annex J . Another one is in preparation for the Mediterranean Sea and
Northern Europe.

The present work wild.l be extended in the context of t
following issues:

- Development a database of coastal sea level products in a number of world coastal zones
selected for their vulnerability to global warming and sea level rise, using retracked data from
LRM altimetry missions and SAR altimetry from the Sentinel 3A and 3B missions, as well as
dedicated coastal geophysical corr ections. The study period will be 2002 -present. LRM data
from Jason-1/2/3 missions, Envisat and Saral/Altika will be processed (in addition to the SAR
data on Sentinel-3A/B)
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- Combination of the coastal altimetry products with up -to-date gridded sea level products
(i.e., the SL_cci augmented by the C3S sea level data) in a 'seamless' global grid with varying
spatial resolution (higher resolution near the coast)

- Interpretation of sea level trends in the coastal zones using additional data sets and model

results (e.g., for waves, for the effect of river runoff in estuaries, and density changes due
to small scale coastal currents, etc.).
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Annex A

Figure 12

WESTERN AFRICA

ASCENDING TRACKS
Ranked from west to east
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