DUACS DT2021 reprocessed altimetry improves sea level retrieval in-
the coastal band of the European Seas
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Abstract. More than 29 years of altimeter data have been recently reprocessed by the multi satellite Data ’ %Con formato ﬁ;b
Unification and Altimeter Combination System (DUACS) and made available under the name of DT2021 (clm formato )
processing through the Copernicus Marine Service (CMEMS) and the Copernicus Climate Change (C3S) = [14]
Service. New standards have been applied and various geophysical correction parameters have been, ; ,(c°" formato .. [151)
updated compared to the previous release in order to improve the product quality. ((Efiminado: . )
This paper describes the assessment of this new release through the comparison of both ail satellites.and < (Eiminado: )
wo satellites, products with external in situ tide gauge measurements in the coastal areas of the European Con formato [16])
Seas_for a time period spanning from 1 January 1993 to 31 May 2020, The aim is to quantify the = /. ( con formato L [171)
improvements on the previous DT2018 processing version on the retrieval of sea level in the coastal zone. - ( Con formato .[18])
The results confirmed that the CMEMS product in the new DT2021 processing version better solves the - (c.,,, formato [19])
signal in the coastal band. The all satellites dataset showed a reduction of 3% in errors when compared (c,,,, formato L [20]
with tide gauges and of 5% in the variance of the differences between the datasets compared to DT2018 (Con formato 1]
reprocessing. Moreover, the g/l satellites dataset provided more accurate sea level measurements when .- (c.m formato [22])
comparing with tide gauges respect to the climatic fwo satellites dataset due to the better performance of -~ ( con format )
the former for the assessment of higher than climatic frequency signals. On the contrary, the fwo satellite, o - [23]
dataset is the most suitable product for the assessment of long;term sea level SSH trends, in the coastal A <c°" formato [24])
zone due to its larger stability to the detriment of the all satellites, dataset. L EE""'i"adm opposite y
Con formato ... [25]
b\ (Eliminado: we found
1 Introduction ‘(c.,,, formato [26])
. (Con formato .. [271
On December 2021, more than 29 years of Level 3 (L3) and Level 4 (L4) altimetry products were ( Con format
reprocessed, released and made freely available for users as the “DT2021” version (CMEMS-SL-QUID, ?" _orma ° - [26]
2022; C3S-PUG, 2022; Faugere et al., 2022) of the multisatellite Data Unification and Altimeter (Etiminado:
Combination ~ System  (DUACS) products by the European Copernicus  Program (Con formato .1291)
(http://marine.copernicus.eu/) substituting the former “DT2018” product version (Taburet et al., 2019) (Etiminado: time serics
which is no longer available in the Copernicus Catalogue. Currently, two types of altimetric L4 gridded * Con formato [30])
products generated by the DUACS production system are available: the so called all satellites global and  (con formato ..31)
regional (European Seas) gridded products disseminated via the Copernicus Marine Service (CMEMS) {'con formato 321
project (CMEMS-SL-QUID, 2022); and the two satellites global gridded products distributed via the (‘Eliminado:
Copernicus Climate Change Service (C3S) project (C3S-PUG, 2022). Currently, the pwo _satellites, (c.,,, formato [33])
products are also distributed via the CMEMS project. The all satellites products are dedicated to the . (con formato . [34])
retrieval of mesoscale signals on a global or regional scale whereas the two satellites ones are dedicated - (Con formato 351)
to monitoring the long-term evolution of sea level, thus being suitable for using in climate applications ‘- (Eliminador
(Taburet et al., 2019). }
A (Con formato [36])
The Level 2 altimeter standards used to compute sea level anomaly (SLA) in the CMEMS and C3S . <c°" formato ... [37]
products are identical (CMEMS-SL-QUID, 2022), but the reference used to compute SLAs differs: : (C°" formato [38])
CMEMS products use a mean profile of sea surface heights along the theoretical track of the satellites (con formato ...[391)
with a repetitive orbit, whilst C3S products use a mean sea surface (MSS) for all missions. In the latest (‘Eliminado:
release, new up-fo-date standards have been applied and various geophysical correction parameters have (c.m formato [40])
. (Eliminado: )
(Eliminado: )




been updated compared to the previous DT2018 version (Table Al in Appendix A). This provides both

e (Eliminado:.

an improved accuracy of SLA and lower regional sea level biases.

Namely, (i) a new internal tide correction that allows the prediction of the two main tidal constituents
of both diurnal and semidiurnal tidal frequencies has been applied. The solution proposed by Zaron (2019)
is used (HRET 8.1 version). This correction reduces the coherent signal characteristic of internal tide and
provides a more precise reconstruction of mesoscale eddies. The use of the internal tide correction induces
a reduction of internal tide signature on along-track data improving the precision of the resulting L4
gridded product (CMEMS-SL-QUID, 2022).

(ii) a new MSS for non-repetitive missions and recent missions consisting in a hybrid gridded MSS field
made up of three different gridded MSS models is used. Namely, SIO MSS model (Sandwell et al., 2017)
is used in open ocean, CNES_CLS-2015 model (Pujol et al., 2018) is used in coastal areas (distance to
the coast lower than 20 km) and DTU15 model (Andersen et al. 2016) is used in the Arctic region (latitude
larger than 80 northern degrees). This hybrid solution contributes to reduce the SLA errors at short
wavelengths. A new mean profile (precise MSS along the altimeter tracks) is used for historical repetitive
missions (CMEMS products). New mean profiles were estimated along the historical repetitive tracks of
Topex/Poseidon/Jason, Topex/Poseidon/Jason-interleaved phase, ERS/Envisat/AltiKa, Sentinel-3A and
GFO in consistency with the different standards used in DT2021 version. This improves the SLA signal
at long wavelengths.

(iii) a new Mean Dynamic Topography for the Global (Mulet et al., 2021), and the Mediterranean and

e (Eliminado:;

Black Seas is applied (Jousset et al., 2020,2022).

= (Eliminado: are

NN

(iv) an improved Long Wavelength Error (LWE) correction, delivered in L3 product, has been
computed as the final step of multi-mission cross-calibration processing. Progress with respect to the
previous version has been done by first estimating the LWE correction with higher frequency along the
different tracks (100 Km instead of 500 km used previously), then by improving the interpolation
methodology (Optimal Interpolation instead of Spline used previously) to retrieve the correction on each
along-track position. It is expected to, remove local SLA residual biases between neighbouring altimeter

» (Eliminado: to

tracks.

(v) and finally, the DT2021 products version includes an upgraded mapping parameterisation that
contributes to improve the mesoscale signal visible on L4 products. Namely, the spatial and temporal
correlation scales are optimised improving the reconstruction of the mesoscale signal, a more precise
definition of the observation’s errors computed with regard to the new altimeter standards is provided,
and finally, a more precise estimation and correction of LWE in the mapping process is applied removing
local SLA residual biases. A complete description of the different evolutions implemented in the DUACS
DT2021 products version can be found in CMEMS-SL-QUID (2022).

The validation (quality check) of altimetry products is a key step in the data processing pipe to assess and
characterise the errors associated with the altimetry measurements. This issue is crucial in the coastal
zone, where traditional altimetry have been often unable to produce meaningful signals of sea level
change due to the typically shallower water, bathymetric gradients, and shoreline shapes, among others
(Vignudelli et al., 2019; Sanchez-Roman et al., 2020). Actually, global and regional products from
DT2021 and DT2018 reprocessings are not optimised for the coastal band promoting larger errors in the
retrieval of sea level with regard to the open ocean. ,

. (Eliminado: q

Nevertheless, the monitoring of sea level changes in coastal areas is an important societal issue (Pujol et
al., 2023). Thus, most of the efforts of the international community in the recent past have been focused
on the research and development of techniques for coastal altimetry, with substantial support from space
agencies such as the European Space Agency (ESA), the Centre National d’Etudes Spatiales (CNES), and
other research institutions (Cipollini et al., 2017). Efforts of the coastal altimetry community are aimed
at extending the capabilities of current altimeters closer to the coastal zone. This includes the application
of improved geophysical corrections, data recovery strategies near the coast using new editing criteria,
and high-frequency along-track sampling associated with updated quality control procedures (Vignudelli
etal.,2019). As a result, regional altimeter products such as PISTACH (Mercier et al., 2010), X-TRACK
(Roblou et al., 2011; Birol et sl., 2017); X-TRACK-ALES (Birol et al., 2021) and ESA EO4SIBS

2



(Grégoire, 2021) focused on the coastal zone have been developed over the last few years (Pujol et al.
2023). These products are disseminated to both the international scientific community and society through
regular specific coastal altimetry workshops.

Different metrics are used to assess the quality of altimetry data. They mainly consist in the analysis of
the SLA field at different steps of the processing; check consistency of the SLA along the tracks of

(Con formato: Color de fuente:
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different altimeters and between gridded and along-frack products; and comparisons with external in situ

measurements (CMEMS-SL-QUID, 2022). In situ and altimetric observations are complementary and are

often assumed to observe the same signals (Woppelmann and Marcos, 2016). In coastal areas, tide gauge
measurements are commonly used. In Taburet et al. (2019), DUACS DT2018 L4 global gridded products
were assessed in the coastal areas through a comparison with monthly tide gauge measurements from the
Permanent Service for Mean Sea Level (PSMSL) Network (PSMSL, 2016). These authors reported a
global reduction of 0.6% in variance with respect to the previous processing (DUACS DT2014 dataset).
Pascual et al. (2006, 2009) investigated the consistency between previous versions of the altimeter L4
gridded products and tide gauge data from the PSMSL repository in the coastal zone reporting mean
square differences between the two datasets ranging between 30% and 90% in the European coasts. More
recently, Sanchez-Roman et al. (2020) assessed the quality of DUACS L3 products in the coastal band
of the European Seas through comparison with independent tide gauge measurements. These authors
reported a mean root mean square (rms) difference between both datasets lower than 7 cm for the whole
region, with mean values ranging around less than 4 cm in the Mediterranean basin and around 10 cm for
the North West European Shelf (NWS) area (see Fig. 2 in Sanchez-Roman et al., 2020 for the location of
this region). The quality of the DUACS DT2021 product version has been also assessed through the
comparison with monthly tide gauge measurements from the Global Sea Level Observing System
(GLOSS)/Climate Variability and Predictability (CLIVAR) network. CMEMS-SL-QUID (2022) reports
improved results when using the latest reprocessing with a reduction in variance of the differences
between altimetry and tide gauges ranging between 0.2% and more than 5% of the tide gauge signal in
the European coasts; with respect to the previous product version.

This paper focuses on improvements of the latest reprocessing of DUACS Delayed Time (DT) reanalysis
(referred hereinafter as DT2021) in the retrieval of sea level in the coastal band of the European Seas with

respect to the previously available reprocessed products (referred hereafter as DT2018). To do that, an

intercomparison of L4 global altimetry gridded products and in situ tide gauges located along the
European coasts from the Copernicus Catalogue, is conducted. The performance of the DT2021

processing all satellites and two satellites versions on the sea level retrieval is also assessed. The paper is
organized as follows: the SLA data used, the tide gauge dataset, and the method for comparing altimeter
and in situ measurements are detailed in section 2. Section 3 describes the performance of the DT2021
processing product version in the retrieval of sea level in the coastal band. Also, the improvements over
the previous DT2018 processing product version is assessed. Finally, the discussion and main conclusions
are included in section 4.

2 Materials and methods
2.1 Sea level anomaly data

The DUACS reprocessed L4 global satellite SLA maps used in this study correspond to both the DT2021
(CMEMS-SL-QUID, 2022; C3S-PUG, 2022; Fauggre et al., 2022) and DT2018 product (Taburet et al.,

2019) versions. SLA gridded products cover the global ocean with a spatial and temporal resolution of 4 ;-
of a degree and 1 day, respectively, [Two different SLA datasets for each one of the DUACS product ;

versions are considered; the all satellites 1.4 global gridded product disseminated via the CMEMS and

the two satellites L4 global gridded product distributed via the C3S_and CMEMS, The first one is

computed with a satellite constellation including all the available altimeters at a given time (rangjng from
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2 to 7 over the period considered in this study, see e.g. Fig. 1 in Coastal Altimetry Team, 2021; Morrow

et al., 2023). As a consequence, the errors are not constant in time since they depend on the number of
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(Eliminado: H )
(Con formato [41])
sa_tellites usesi._ This product focuses on the mesoscale mapping capacit'y of the altimeter d;ata together ( Con formato 421
with the stability of the overall dataset. The two satellites SLA dataset is obtained by merging a steady (c
. . . . . . .. h on formato [43])
number of altimeters (two) in the satellite constellation. Two satellites is the minimum requirement to (clm formato )
retrieve mesoscale signals in delayed time conditions. (Pascual et al., 2006; Dibarboure et al., 2011). This — = [44]
. . . . o /(Ellmlnado: ;
fact also promotes nearly consistent errors during the whole time period (some variation of the error can | .
occur related to changes of the two satellites constellation). This product focuses on the stability of the / ( con formato .. 1461)
global mean sea level (MSL), even if this implies potential reduction of the spatial sampling of the ocean. : | (con formato ... 147)
The reader is referred to Fig. 1 in Sinchez-Roman et al. (2020) for more information about the DUACS ,c) (Eliminado: ;
procedure flowchart applied to the altimetry data and also to the processing of the tide gauge data used to /= | (con formato ...[45])
compare with altimetry (next section). The time period investigated common to both DT2021 and ‘/ (con formato ..[48])
DT2018 reprocessings spans from 1 January 1993 to 31 May 2020 due to the presently availability of = | (con formato ..[49])
DUACS DT2018 products. A complete description of the SLA datasets can be found in CMEMS-SL- | (E"minado:,
QUID (2022). ‘,“ (Con formato [50])
. . ,/‘ (Eliminado: A
2.2 Tide gauge observations /
| (Con formato [52])
The sea level records used to compare with satellite altimetry were extracted from the Copernicus |- (Etiminado: he
Catalogue (www.marineinsitu.cu), The tide gauge stations located in the European Seas’ domain were | : (C"" formato [53])
initially considered for this study. Following the methodology described in Sanchez-Roman et al. (2020), : (Con formato [54])
the quality flags of the tide gauge records were checked in order to remove observations with no quality (Eliminado: A
check,potentially and bad data,and changes in the vertical reference of the tide gauge. Also, observations |- ' (‘con formato L [51])
with values larger than three times the standard deviation of the time series were rejected as they could . (c.,,, formato [55])
not be representative of ocean sea level changes but local features (e.g.. river discharge, Laiz et al., 2013), /- (Eliminado:
The final dat'aset consists of 213 tide gauge stations~(Fig. 1)'With Fime series e?(hibiting between 90%and . (c.m formato [56])
100% of valid data. The stations and their information are listed in Table Bl in Appendix B, N
4 | _Con formato ... [57]
“ iminado:
Before they can be compared with altimeter data, tide gauge measurements have to be processed to © / (_Etminado: ¢
remove oceanographic signals whose temporal periods are not resolved by altimetry, thus avoiding // /<c°" formato ...[58])
important aliasing errors (Vignudelli et al., 2019). We applied the methodology described in Sanchez- ’/‘/ (Con formato .. [59]
Roman et al. (2020). In the following we summarise the corrections applied to the tide gauge records: C// ( Eliminado: e used t
. o ' ) ) ) o ////' ) (Con formato [60])
e Correction of oceanic tidal effects by filtering tidal components (mainly diurnal and semidiurnal // ( Eliminad
tidal constituents), The u-tide software (Codiga, 2011), is used, The annual and semiannual / ( Con formato - [61])

frequencies, mainly driven by steric effect, are kept in the tidal residuals since they are included
in the altimetry data.

o Removal of the atmospherically induced sea level caused by the action of atmospheric pressure
and wind (Dorandeu and Le Traon, 1999; Carrére and Lyard, 2003). The same Dynamic

Atmospheric Correction (DAC) as for altimetry is applied for the sake of consistency. The 6 =

hourly fields of this correction, available at the Archiving, Validation and Interpretation of

Satellite Oceanographic Data (AVISO) website, are used, For each tide gauge site, the nearest _

grid point was selected and used to remove the atmospherically induced sea level from
observations, previously converted into 6 hourly records (Marcos et al., 2015).

e Correction of vertical movements associated with glacial isostatic adjustment (GIA). GIA was, -
considered, as the only source of vertical land motions. Jfs effects were removed, from the SSH -

‘ (Con formato

[62])
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,(Con formato [63])
( Eliminado: We used t
) (Con formato [64])
) (Con formato ... [65]
(Con formato [66])
(Con formato [67])
~(_ Eliminado: we
7 (Con formato [68])
,, ( Eliminado: GIA
(Con formato [69])

records, previously averaged into daily data, by using the Peltier mantle viscosity model (VM2) " -

(Peltier, 1998, 2004).
2.3 Method for comparing altimeter and in situ tide gauge records

The comparison method of altimetry with tide gauges consisted of collocating both datasets in time and
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space. As a first step, a 15;day low;pass Loess filter was applied to altimetry and tide gauge time series

(Con formato [72])
(Con formato ... [73]
[74]]

to remove the high frequencies that cannot be resolved by the altimetric data (Pascual et al., 2009;

Ballarotta et al., 2019; Sanchez-Roman et al., 2020). Then, the correlations between each tide gauge
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record and SLA time series corresponding to grid points within a radius of 1 degree around the tide gauge
site, were computed, and, the most correlated altimetry point was chosen, Oply long-term monitoring

(Con formato: Color de fuente:
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stations with a lifetime of more than three years were used jn order to allow statistical significance. |
Statistical analyses were performed using all available data pairs (altimetry-tide gauge). The collocated
altimeter and tide gauge measurements were analysed in terms of the rms difference and variance of the
time series. In addition, the robustness of the results was investigated according to Sanchez-Roman et al.
(2017, 2020) using a bootstrap method (Efron and Tibshirani, 1986), which allows us to estimate
quantities related to a dataset by averaging estimates from multiple data samples. To do that, the dataset
is iteratively resampled with replacement. A total of 1.000 iterations were used to ensure that meaningful
statistics such as standard deviation could be calculated on the sample of estimated values, thus allowing
us to assign measures of accuracy to sample estimates (Sdnchez-Roman et al., 2020).,

3 Results
3.1 Performance of DUACS DT2021 products in the retrieval of sea level in the coastal band

This section presents the statistics of the comparisons performed between the DUACS DT2021 all
satellites and two satellites datasets,and the tide gauge observations from the Copernicus catalogue in the
coastal region of the European Seas in terms of errors (rms differences) and variance of the differences
between the datasets. According to Sanchez-Roman et al. (2020), the bootstrapping technique was applied
to gain an estimation of the standard errors of the differences between the datasets.

The mean value of the rms difference between the all satellites dataset and tide gauges is 4.11 cm, the
variance of the differences (altimetry—tide gauge) is 17 cm?_and the mean distance between the location
of the tide gauge and the corresponding altimeter data with the highest correlation is 82 km (Table 1).
These values raise to 4.35 cm, 19 cm?, and 87 km, respectively, when using the two satellites dataset. The
tide gauge stations (213 stations) common to both datasets were used. Thus, the all satellites dataset
reduces the rms differences with tide gauges in the European coasts by 5%, the variance differences
between the datasets by 10%,_and the mean distance between the most correlated altimetry point and tide -
gauges by 6%. Also, the number of valid data pairs used to conduct the intercomparison enhanced by
0.2% when using the all satellites dataset. This is due to the larger number of satellite missions used to
generate this dataset, that provides lower errors in the optimal interpolation procedure compared to the
two satellites dataset.

Table 1. Intercomparison of DUACS DT2021 satellite altimetry (ALT) and tide gauge (TG) data from the European coasts in terms
of the rms differences (cm) and variance (cm?) of the differences between the datasets. The number of tide gauge stations used in the
comparison, the mean distance between tide gauges and the most correlated gridded altimetry points, and the number of total data
pairs (altimetry-tide gauge) used in the computation are displayed. The common tide gauge stations for the all satellites and two
satellites datasets were used. Values in parenthesis show the uncertainties (error bars) computed for the rms differences and variance
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Fig. 1 shows the consistency between the DUACS DT2021 all satellites dataset and the tide gauge data<-. .

(Con formato: Color de fuente:
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computed from Eq. (1) in Sanchez-Roman et al. (2020). Consistency is expressed as the mean square
differences between both datasets, computed as the variance of the differences (altimetry—tide gauge), in

terms of percentage of the tide gauge variance. Overall mean square differences lower than 5 % are

observed in the central and eastern parts of the Baltic Sea, empha5151ng the precision of the corrections
applied to the altimeter data in the basin; whereas they reach values between 20% and 30% for stations
located in the connection region with the North Atlantic Ocean. The mean square differences are between

20% and 50% for most of the stations located along the Atlantic shore this including the Strait of Gibraltar -

area. Such large error could be related to imprecisions of the correction applied (i.e. ocean tide and DAC ) %

to the altimeter data (Pds(.ual ctal. 2008: Laiz et al. 2016: Sanchez-Roman et al, 20‘20)5 and also to both

the larger spatiotemporal variability observed in this region (figure not shown). and to a larger non tidal
variance with respect to that found in the Baltic Sea (Von Schuckmann et al., 2018). Finally, the
Mediterranean and Norwegian Seas show mean square differences ranging between 15% and 30%, except
for the Balearic Islands (western Mediterranean) and the southwestern part of Norway where values
between 5% and 15% are obtained. The consistency between the DUACS DT2021 two satellites dataset
and tide gauges (figure not shown) presents a quite similar spatial pattern and results. These outcomes
improve the ones reported in Sdnchez-Roman et al. (2020) from the intercomparison conducted between

Sentinel-3A L3 along track DUACS DT2018 dataset and tide gauge measurements in the region

computed over a period of two and a half years.
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JFigure 1. Location of the 213 tide gauges of the global product in the Copernicus catalogue along the European coasts and the<«

western Mediterranean Sea used to compare with altimetry data after applying the selection criteria described in the text. Colours
indicate the mean square differences between the tide gauge and altimetry sea level (DT2021 all satellites series). Units are the
percentage of the tide gauge variance.

3.2 Improvement of DT2021 over DT2018 reprocessing

3.2.1 all satellites SLA dataset

This section focuses on the statistics of the comparisons performed between the DUACS DT2021 and
DT2018 reprocessing all satellites datasets and the tide gauge observations. The mean value of the rms
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difference between the DT2018 processing dataset and tide gauges is 4.22 cm, the variance of the

differences (altimetry—tide gauge) is 18 cm?, and the mean distance between the location of the tide gauge N

and the corresponding altimeter data with the highest correlation is 88 km (Table 2).

Table 2. The same as Table 1 but for the intercomparison using the DUACS DT2018 repr: g. The impro ts (%) of the
DUACS DT2021 reprocessing all satellites and two satellites SLA datasets with respect to the previous DT2018 reprocessing are also
shown.

. ., all satellites two satellites
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) Con formato ... [82]
rms diff. (cm) 422 (0,01) 4,41 (0,01) 3% 1% “"(con formato 1831)
var TG (¢cm?) 89 (1) b (Con formato [84])
yar ALT (cm?) 80 (1) 78 (1) s (Con formato )
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Overall, these values are larger than those reported in the previous section for the comparison using the« * . (con formato ... [90]
DT2021 processing dataset (see Table 1). As a consequence, the DT2021 all satellites dataset reduces (i) “(c.,,, formato [91]]
the errors with tide gauges in the European coasts by 3%, (ii) the variance of the differences between the . (con formato . [92])
datasets by 5%, and (iii) the mean distance between the most correlated altimetry point and tide gauges ( Con formato [931)
by 7%. Also, the number of valid data pairs used to conduct the intercomparison js enhanced by 0.1% (clm formato
when using the DT2021 processing all satellites dataset. This highlights the impact of the new DUACS % (oo form [94])
DT2021 reprocessing on the coastal areas, that provides more valid measurements, located closer to the on Jormato - 193]
- ; 3 8 (Con formato [96])
tide gauge sites, compared to DT2018 reprocessing. .
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The new standards and updated geophysical corrections applied to the DUACS DT2021 reprocessing N (Con formato ... [98]
compared to the previous DT2018 version have a direct impact on the observation of coastal ocean sea (Con formato [99])
level in the gridded products. To characterise this impact, the difference between DT2021 and DT2018 (Etiminado: s
consistency is shown in Fig. 2. The spatial distribution of the differences in consistency shows an overall (c,,,, formato [100])
better performance of the DT2021 reprocessing (blue colours) at the connection region between the Baltic ) (Eliminado: :
Sea and the eastern North Atlantic Ocean,and in most of the Atlantic shore, where an improvement larger (Con formato )
; ! . : pro : ... [101]
than 15% is found for some tide gauge sites. A, degradation of the DT2021 reprocessing is observed, in (Con formato )
most of the stations located in the western Mediterranean Sea and the southern coasts of Spain, including - ‘(EI' PE—— - [102]
the Strait of Gibraltar area, and also in some stations located in the coasts of France, England and Ireland. * - —_—
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Figure 2. Spatial distribution of the differences (DT2021 minus DT2018) for the mean square differences between the tide gauge and< (Con formato )
altimetry sea level. Units are the percentage of the tidal variance. The SLA all satellites dataset has been used. Blue colours denote .. [115]
an improvement of the DUACS DT2021 reprocessing whilst red colours indicate its degradation with respect to the DT2018 (Con formato ... [116]
reprocessing.., (Con formato [117])
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We present here the statistics of the intercomparison between the climatic (two satellites) DT2021 and - ( Etiminado:
DT2018 processing and tide gauges. The mean value (Table 2) of the rms difference between the DT2018 (Con formato [120])
processing dataset and tide gauges is 4.41 cm, the variance of the differences (altimetry—tide gauge) is 19 . (Con formato .. [121]
cm?, and the mean distance between the location of the tide gauge and the corresponding altimeter data * _(Etiminado: ;
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comparison using the DT2021 processing dataset (Table 1), it can be observed, that the latter only

(Eliminado: we

improves the previous DT2018 reprocessing in terms of the errors with tide gauges, that are reduced by -

3%, and the mean distance between the most correlated altimetry point and tide gauges, reduced by 7%;
whereas the variance of the differences between the datasets and the number of valid data pairs used to
conduct the intercomparison are quite similar. Such improvements are around 60% lower than those
reported for the all satellites datasets. This fact is reflected in the spatial distribution of the differences
between DT2021 and DT2018 consistency with tide gauges (figure not shown). A better performance of
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the DT2021 reprocessing js obtained at the connection region between the Baltic Sea and the eastern

s

North Atlantic Ocean and in part of the Atlantic shore (coasts of United Kingdom and France). There is

a degradation of the DT2021 reprocessing in most of the stations located in the western Mediterranean . \

Sea and the southern coasts of Spain; and in some stations located in the coasts of France, England and
Ireland. Also, negligible discrepancies between the two reprocessings are found, in the Baltic Sea. This

spatial pattern is quite similar to that obtained for the all satellites dataset described above. However, a *

degradation of the DT2021 reprocessing is observed in most of the stations located in both the NWS
region (southern coasts of the North Sea) and the Norwegian Sea. This is a novelty with respect to the
previous computation emphasising the overall poorer improvements of the DUACS DT2021 two
satellites dataset over the previous reprocessing.

3.2 Performance of DT2021 reprocessing in monitoring the long term evolution of sea level
The computation described above has been conducted by using all available information from the tide

gauge dataset, thus including time series of different length spanning from few years to less than three
decades (Table Bl of Appendix B). To assess the performance of DUACS DT2021 processing version in
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monitoring the long-term evolution of sea level in the coastal zone of the European Seas the analyses

described above were repeated, for a specific time period spanning 20 years: from 1 January 2000 to 31 * N

December 2019. This time period has been chosen because of the largest number of available altimeter |
missions used to generate the all satellites SLA maps. Tide gauge time series with valid data within such |
time interval were considered; this allowing the intercomparison altimetry—tide gauges for long;term time

series with the same length. Moreover, only tide gauge time series with at least 99% of valid data were '
used in order to allow the analysis of linear trends. This reduced the original tide gauge dataset to a subset

of 27 stations (Tables B, B2 of Appendix B) mainly located in the northern half of the Baltic Sea (70%

of stations) with sparse stations distributed along the coasts of France and Spain (Fig. 3). This analysis
has jalso been conducted for the DUACS DT2018 reprocessing for comparison purposes.
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Figure 3. Spatial distribution of linear trends (mm year™) for altimetry (upper panel) and tide gauges (lower panel) puted from<-

monthly averaged data for the 20 year time period spanning from 1 January 2000 to 31 December 2019. The all satellites dataset
from the DUACS DT2021 reprocessing has been used.

Linear trends based on monthly observations at each tide gauge site (Fig. 3 and Table B2 of Appendix B) - -
computed from DUACS DT2021 all satellites dataset (upper panel) show a homogeneous spatial pattern

with overall values varying from 2.30 to 4.10 mm year™' in the Baltic and Mediterranean Seas and between
2.30 and 3.30 mm year! in the sparse stations located along the North Atlantic European shore, except
for the station of SaintMalo that presents a linear trend of 1.26 mm year!. Linear trends computed from
tide gauges (lower panel) exhibit a more heterogeneous spatial pattern with values ranging between less
than 1 mm year! for some stations located in the Baltic Sea, and 5.06 mm year! for the station of
Barcelona (western Mediterranean Sea). However, most of the tide gauge stations present trend values
ranging from 1.30 to 3 mm year!. These results provide further evidence, if needed, of the European Seas
coastal sea level rise, including the westernmost part of the Mediterranean Sea. The differences in trends

between the two datasets vary, in absolute values, between near 0 mm year' (Brest station, Atlantic ;
. : (Con formato: Color de fuente: Texto 1, Inglés (americano)
\ (Eliminado: this

French coast) to close to 2.60 mm year! found in the station of Spikarna (Baltic Sea).

Linear trends computed from DUACS DT2021 two satellites dataset (figure not shown) exhibit a quite
similar spatial pattern with values ranging from 2.60 to 3.80 mm year! in the Baltic and Mediterranean
Seas; and between 2.40 and 3.40 mm year! along the North Atlantic European coasts. However, some
discrepancies between the two datasets are observed. These differences, computed as all satellites minus
two satellites datasets, are displayed in Fig. 4. Oyerall larger linear trends (up to 1 mm year') were

obtained for the all satellites dataset in the northernmost and central Baltic Sea as well as in the stations
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located in the Mediterranean Sea whilst lower values of the same magnitude are mainly observed at the
entrance of the Baltic Sea and in most of the stations located along the North Atlantic European shore.
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Figure 4. Spatial distribution of the differences (all satellites minus two satellites datasets) for the linear trends (mm year) from<

altimetry computed from monthly averaged data for the 20 year time period spanning from 1 January 2000 to 31 December 2019. * .-

The DUACS DT2021 processing version has been used. Blue (red) colours denote lower (larger) trends for the all satellites dataset.

On the other hand, linear trends computed from the DT2018 reprocessing (figures not shown) exhibit a

quite similar spatial pattern than that reported for the DT2021 processing version with overall values

ranging from 2.20 (2.40) to 4.35 (3.60) mm year™! in the Baltic and Mediterranean Seas and between 2.40
(2.10) and 3.05 (2.85) mm year! along the North Atlantic European coasts for the all satellites (two

satellites) dataset. Thus, hardly,_any, differences in range are observed between the all satellites dataset

from the two reprocessing whereas these differences increase for the two satellites dataset with a lower

variability observed for the DT2018 reprocessing. This fact has an impact on the spatial distribution of
the differences between the two processing versions (Fig. 5).
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JFigure 5. Spatial distribution of the differences (DT2021 minus DT2018 reprocessing) for linear trends (mm year ) for altimetry< :
computed from the all satellites dataset (upper panel) and the rwo satellites dataset (lower panel). Monthly averaged data for the 20
Jear time period sp from 1 January 2000 to 31 De ber 2019 has been used. Blue (red) colours denote lower (larger) trends
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for the DT2021 reprocessing.

For the all satellites dataset (upper panel in Fig. 5), two differenf, spatial patterns were observed, with ;
lower trends for the DT2021 reprocessing in the Baltic Sea basin and most of the stations located along
the North Atlantic European coasts; whereas lager values are obtained for the tide gauge stations located
in the western Mediterranean Sea and some sparse stations at the entrance of the Baltic Sea. On the
contrary, the spatial distribution of the differences between the two reprocessing for the two satellites

dataset (lower panel in Fig. 5) depicts a homogeneous spatial pattern with overall larger trends for the Iy

DT2021 reprocessing except for the tide gauge station of Barseback located in the connection region

between the Baltic Sea and the eastern North Atlantic Ocean (Table B2 in the Appendix B). Fig. 5 also ;
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reveals the differences between the two reprocessing, and for the two datasets, when comparing with
linear trends from tide gauges: the two satellites dataset from the DT2021 processing version presents
larger differences with tide gauges with respect to the DT2018 reprocessing in the whole domain,, whilst |
this is only observed for sparse stations along the North Atlantic shore and the stations located in the
Mediterranean Sea for the all satellites dataset. Thus, closer results were obtained from the DT2021 a//
satellites, product with respect to the former DT2018 processing version in most of the Baltic Sea region
and the stations located along the North Atlantic European coast.
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4 Discussion and conclusions

More than 29 years of DUACS Level 3 and Level 4 altimeter data have been recently reprocessed and
delivered under the name of DT2021 processing version through the Copernicus Marine Service,and the
Copernicus Climate Change Service, The all satellites SLA products include all the available altimeter

missions (ranging from 2 to 7 over the period considered in this study), which makes, the errors not ;

constant in time since they depend on the number of satellites used. Maps from the all satellites products

(Eliminado: (all satellites dataset)

(Eliminado: (two satellites dataset)

/ (Eliminado: this

(Con formato

provide the most accurate sea level estimation with the best spatial and temporal sampling of the ocean

at all times. The two satellites SLA dataset is obtained by merging a steady number of altimeters (two) in
the satellite constellation. This promotes consistent errors during the whole time period. Maps that include
only two satellites are used to compute the most homogeneous and stable sea level record over time and
space. Thus, two satellites products are dedicated to monitoring long term sea level evolution for climate
applications and analysing ocean—climate indicators such as global and regional MSL evolution (Taburet
etal., 2019).

The new standards applied to the DT2021 version, and the update of various geophysical correction ; -~

parameters compared to the previous release improved the g/l satellites product quality having a direct ¢

impact on the observation of coastal ocean sea level in the gridded products. To achieve independent
comparisons, SLA from altimetry in the coastal zone of the European Seas were examined through

comparison with in situ tide gauge measurements. Compared to the previous DT2018 version, an :
improvement in the g/l satellites, dataset was obtained, with a reduction of 3% in errors when compared

with tide gauges and of 5% in the variance of the differences between the datasets, The mean distance
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between the most correlated altimetry point and tide gauges reduced by 7%. Also, the number of valid
data pairs used to conduct the intercomparison enhanced by 0.1% when using the DT2021 processing.
This highlights the impact of the new DUACS DT2021 version on the coastal areas, that provides more

valid measurements, and, located closer to the tide gauge sites, compared to DT2018 reprocessing. On the . -

other hand, almost ng improvement of the DT2021 two satellites dataset over the previous reprocessing

was found when using all available information from the tide gauge dataset (time series of different

length) in the computation; errors with tide gauges were reduced by 1%, and the mean distance between

the most correlated altimetry point and tide gauges was reduced by 3%. The variance of the differences
between the datasets and the number of valid data pairs used to conduct the intercomparison were quite
similar, among the DT2021 and DT2018 processing versions, These improvements were around 60%

lower than those reported for the all satellites datasets. This fact could be explained by differences in the

mapping parameters used for the two products: DT2021 mapping parameters (i.e., spatial and temporal

correlation scales.a priori errors on the measurements) are evolved in CMEMS products (CMEMS QUID,

2022) with the objective to better retrieve mesoscale signals, whilst no evolution of the mapping * "

parameter was implemented in C3S DT2021 product (C3S PUG, 2022).

The quality assessment of DUACS DT2021 reprocessing revealed a better performance of the all
satellites products in the retrieval of SSH in the coastal zone with respect to the two satellites products
for the time period investigated (27 years). Namely, a reduction of 5% in errors with tide gauges and 10%

in variance difference between altimetry and tide gauges was obtained when using the all satellites dataset *

with respect to the two satellites product. This is because despite the larger stability of the two satellites
dataset, this product is optimised for climatic signal when analysing low frequency signals (SSH trends), '
Thus, it is less performant for higher frequency signals. In this context (analysis of high frequency '
signals), the results reported here show that the all satellites dataset should be considered for the analysis

of long time series of SSH in the coastal zone of the European Seas_including all frequency signals. This

can be clearly seen in Fig. 6 showing the differences (computed as all satellites minus two satellites ",

datasets) for consistency between altimetry and tide gauges.
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Figure 6. Spatial distribution of the differences (all satellites minus two satellites datasets) for the mean square differences betweenfﬁ'r
the tide gauge and altimetry sea level. Units are the percentage of the tidal variance. The DUACS DT2021 processing version has

been used. Blue (red) colours denote an improvement (degradation) of the all satellites dataset. |

An overall better performance (blue colours) of the all satellites product with respect to the fwo satellites,

one was observed jn the whole domain except in the Baltic Sea and the westernmost part of the Norwegian
Sea, where similar results are obtained. The improvement is larger in most of the Atlantic shore,namely

at the connection region between the Baltic Sea and the eastern North Atlantic Ocean, the NWS region

and the northern Norwegian Sea, with a reduction in the variance difference between the two datasets .

larger than 15%. The Mediterranean Sea and the Strait of Gibraltar area show closer values between the

two products with an improvement lower than 5%. These jmprovements could be explained by the better

(Con formato: Color de fuente: Texto 1

(Con formato: Color de fuente: Texto 1

(Con formato: Color de fuente: Texto 1

(Con formato: Justificado

(Con formato: Color de fuente: Texto 1, Inglés (americano)

(Eliminado: q

(Con formato: Color de fuente: Texto 1, Inglés (americano)

(Eliminado: We observe a

(Con formato: Color de fuente: Texto 1

(Con formato: Color de fuente: Texto 1, Inglés (americano)

(Con formato: Color de fuente: Texto 1, Inglés (americano)

Con formato: Fuente: Cursiva, Color de fuente: Texto 1,
Inglés (americano)

(Con formato: Color de fuente: Texto 1, Inglés (americano)

; (Con formato: Color de fuente: Texto 1, Inglés (americano)

’(Eliminado: H

(Con formato: Color de fuente: Texto 1, Inglés (americano)

,(Con formato: Color de fuente: Texto 1, Inglés (americano)

p (Con formato: Color de fuente: Texto 1, Inglés (americano)

(Con formato: Color de fuente: Texto 1, Inglés (americano)

(Eliminado:

(Con formato: Color de fuente: Texto 1, Inglés (americano)
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stations showing a degradation of the all satellites product located in the coasts of United Kingdom and *
Spain. The observed degradation of the all satellites product with respect to the two satellites one at some
tide gauge sites could be due to high-frequency local features badly captured by the all satellites product
that translate in larger errors when comparing with tide gauges,

Linear trends based on monthly observations at each tide gauge site were computed to assess whether the
DUACS DT2021 release can be representative of the local sea level along the European coasts and
western Mediterranean Sea. To do that, sea level linear trends for the period 2000-2019 were computed
from both the all satellites and two satellites datasets. The analysis_was repeated for the DT2018
reprocessing to have a term of comparison. A homogeneous spatial pattern with overall values ranging
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These trends slightly differ from those computed from the tide gauge subset covering the 20 year time
period, that show, values ranging between less than 1 to 5.06 mm year™'; the mean trend for the whole
domain is 1.96 mm/year.

Thus, trends computed from DT2021 products are on average around 1.2 mm year™ larger than those
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the crustal land uplift due to postglacial rebound resulting from the last glacial age affecting the Baltic
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Basin, where most of the tide gauge stations are located. This translates in altimetry conventional
measurements being not accurate enough in the coastal zone, On the other hand, when using the former

DUACS DT2018 processing version,slightly larger discrepancies with tide gauges, were obtained, for the

all satellites dataset, with a mean trend of 3.18 mm year™'; whilst the two satellites product showed closer
values to tide gauges with a mean linear trend of 2.85 mm year™'.
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this satellite mission to retrieve fine-scale oceanographic features of around 20 km of diameter showing
differences between along-track absolute dynamic topography (ADT) from altimetry and glider derived
dynamic height (DH) data along the satellite track of 1.23 cm. In the same region, Aulicino et al. (2018)
compared along-track ADT data from the SARAL-AItiKa mission with glider derived DH along two
satellites tracks. They found a very similar spatial pattern with differences ranging between 1.10 and 2.90
cm. Pascual et al., (2015) also conducted an assessment of SARAIL/AltiKa data in the coastal band
through the comparison of along-track surface derived geostrophic velocities with surface velocities from
a coastal high-frequency (HF) radar system installed in the Ibiza Channel (Balearic Sea). These authors
found that the velocities derived from altimetry solved the general mesoscale features in the region with
rms differences with the in situ measurements of 13 cm 7.,
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The assessment of their impact on the large scale ocean circulation and climate system will be one of the
major challenges for the next decade,

New Roman), 12 pto, Color de fuente: Texto 1

’[Con formato: Fuente: (Predeterminada) +Cuerpo (Times

* (Con formato: Color de fuente: Texto 1

New Roman), 12 pto, Color de fuente: Texto 1

i ‘[Con formato: Fuente: (Predeterminada) +Cuerpo (Times

(Con formato: Color de fuente: Texto 1

Con formato: Fuente: (Predeterminada) +Cuerpo (Times
New Roman), Color de fuente: Texto 1, Inglés (americano)

b (Con formato: Color de fuente: Texto 1

: (Con formato: Color de fuente: Texto 1

i (Con formato: Color de fuente: Texto 1

Con formato: Fuente: (Predeterminada) +Cuerpo (Times
New Roman), 12 pto, Color de fuente: Texto 1, Inglés
(americano)

: .(Con formato: Color de fuente: Texto 1

Con formato: Fuente: (Predeterminada) +Cuerpo (Times
New Roman), 12 pto, Color de fuente: Texto 1, Inglés

‘| (americano)

1 (Con formato: Color de fuente: Texto 1

.| Con formato: Fuente: (Predeterminada) +Cuerpo (Times

New Roman), 12 pto, Color de fuente: Texto 1, Inglés

.| (americano)

L (Con formato: Color de fuente: Texto 1

Con formato: Fuente: (Predeterminada) +Cuerpo (Times

.| New Roman), 12 pto, Color de fuente: Texto 1, Inglés

(americano)

: (Con formato: Color de fuente: Texto 1

i ‘{Con formato: Fuente: (Predeterminada) +Cuerpo (Times

New Roman), Color de fuente: Texto 1, Inglés (americano)

(Con formato: Color de fuente: Texto 1

(Eliminado:

(Con formato: Color de fuente: Texto 1

(Con formato: Color de fuente: Texto 1, Inglés (americano)

(Con formato: Color de fuente: Texto 1

NI AN NI N A ) A 7 ) W ) N7 7 W7 N ) N 70 A N W ) ) A N N

. (Con formato: Color de fuente: Texto 1, Inglés (americano)

15



(Con formato: Color de fuente: Texto 1 )

16

x (Con formato: Color de fuente: Texto 1, Inglés (americano) ]

(Con formato: Color de fuente: Texto 1, Inglés (americano) )




lAppendix A

Table Al. Altimeter standard used in DT2021 release. Changes with the DT2018 reprocessing are highlighted in bold format.
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Table Bl. List of the 213 tide gauge records with their location and time period analysed. Bold indi the tide gauge sites “( Eliminado:
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- Con formato
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afen 05/2020 05/2020
- Con formato
2 Holback 1172 557 13/2211 7 Uefkermu 14.07 5375 01/%211 ( .. [289]
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05/2020 tTG 05/2020
Con formato 332]
11/2005 - LeHavreT 01/1993 - [
35 Koserow 14,00 54.06 11/2019 86 G 0.11 49.48 05/2020 (Cnn formato . [333])
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38 Kungsvik = 1113 59.00 011998 - oy NiceTG 729 43.70 0/1998 . (C"" formato .. [337])
05/2020 05/2020 . ( )
_ Con formato .. [338
29 Landsort 7 g 58.77 1012004 90 RoscoffTG  -3.97 48.72 01/1995 L [338]
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1d 05/2020 TG 05/2020 ( Con formato [435])
141 PalmadeM 264 39.56 09/2009 - 199 Oscarsbor 10.60 5068 01/2007 (Cnn formato 36 )
allorcaTG 05/2020 &TG 05/2020 .. [436]
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.. [5
23 (Cnn formato . [501D
(Cnn formato .. [499]
(Cnn formato . [5020
(Cnn formato . [503])
(Cnn formato . [504])
(Cnn formato . [505])
(Cnn formato .. [506]
(Cnn formato . [507])
(Cnn formato [508]>
(Cnn formato . [509])
(Cnn formato . [510])
(Cnn formato . [511])
(Cnn formato . [512D
i (Cnn formato .. [513]
(Cnn formato . [514])
, (Cnn formato . [515])




Visb 1828 57.64 3.13 2.80 335 270 0.73 (Con formato: Color de fuente: Texto 1
Brest -4.50 48.38 2.57 2.61 2.68 2.57 2.64 (clm formatos Justificado
aintMalo 0] -2, X . . K - . .
intMal North 2.03 48.64 1.26 2.59 1.60 2.54 237 )
. Atlantic 210 . (Con formato: Color de fuente: Texto 1
Bilbao o -3.05 43.36 2.63 2.36 2.40 - 2.94 .
European . A
Huelva Shore -6.83 37.13 330 339 3.05 2.85 227 ‘ ~(c°" formato: Justificado
Santander 2379 43.46 233 242 251 2.12 1.88 (Con formato: Color de fuente: Texto 1
Barcelona 2.16 41.34 3.33 3.25 3.07 2,77 5.06 (Con formato: Justificado
Malaga Med Sea -4.42 36.71 325 2.58 2.19 258 0.77 (Con formato: Color de fuente: Texto 1
Valencia -0.33 39.46 3.62 3.47 3.15 2.84 2.13 (clm formato: Justificado
Mean value 3.14 3.13 3.18 2.85 1.96 k

A

24

3 (Con formato: Color de fuente:

Texto 1

(Con formato: Justificado

(Con formato: Color de fuente:

Texto 1

(Con formato: Justificado

(Con formato: Color de fuente:

Texto 1

(Con formato: Justificado

(Con formato: Color de fuente:

Texto 1

(Con formato: Justificado

(Con formato: Color de fuente:

Texto 1

(Con formato: Justificado

(Con formato: Color de fuente:

Texto 1

(Con formato: Justificado

(Con formato: Color de fuente:

Texto 1

(Con formato: Justificado

AN N4 NEIA N4 N0 NI N N0 N N N0 N N N0 N7 N N7 N N N N N




Data availability

Altimetry  datasets are available from the Copernicus Marine Service web portal
(https://resources.marine.copernicus.eu/products/, last access: 15 July 2022). Tide gauge measurements

are available from the Copernicus Marine INS-TAC data repository web portal (www.marineinsitu.eu,

last access: 3 June 2022). Tide gauge data are provided by the following regional in situ data production

centres: Puertos del Estado (Spain) for the Iberia-Biscay-Ireland region; HCMR (Greece) for the
Mediterranean Sea; IMR (Norway) for the Arctic; SMHI (Sweden) for the Baltic Sea; BSH (Germany)
for the North West Shelves region; Coriolis (France) for the global ocean. The ancillary data used to
obtain the Dynamic Atmospheric Correction applied to the altimetry grid point closest to the tide gauge
locations are available at the AVISO webpage: https://www.aviso.altimetry.fr/en/ (last access: 16 May
2022).
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