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Abstract. In the context of the ESA Climate Change Ini-
tiative project, we are engaged in a regional reprocessing
of high-resolution (20 Hz) altimetry data of the classical
missions in a number of the world’s coastal zones. It is
done using the ALES (Adaptive Leading Edge Subwave-
form) retracker combined with the X-TRACK system ded-
icated to improve geophysical corrections at the coast. Using
the Jason-1 and Jason-2 satellite data, high-resolution, along-
track sea level time series have been generated, and coastal
sea level trends have been computed over a 14-year time span
(from July 2002 to June 2016). In this paper, we focus on
a particular coastal site where the Jason track crosses land,
Senetosa, located south of Corsica in the Mediterranean Sea,
for two reasons: (1) the rate of sea level rise estimated in this
project increases significantly in the last 4–5 km to the coast
compared to what is observed further offshore, and (2) Sene-
tosa is the calibration site for the TOPEX/Poseidon and Jason
altimetry missions, which are equipped for that purpose with
in situ instrumentation, in particular tide gauges and a Global
Navigation Satellite System (GNSS) antenna. A careful ex-
amination of all the potential errors that could explain the in-
creased rate of sea level rise close to the coast (e.g., spurious
trends in the geophysical corrections, imperfect inter-mission
bias estimate, decrease of valid data close to the coast and er-
rors in waveform retracking) has been carried out, but none

of these effects appear able to explain the trend increase. We
further explored the possibility that it results from real phys-
ical processes. Change in wave conditions was investigated,
but wave setup was excluded as a potential contributor be-
cause the magnitude was too low and too localized in the im-
mediate vicinity of the shoreline. A preliminary model-based
investigation about the contribution of coastal currents indi-
cates that it could be a plausible explanation of the observed
change in sea level trend close to the coast.

1 Introduction

Since the early 1990s, satellite altimetry has provided in-
valuable observations of the global mean sea level and its
regional variability. In recent years, this data set has gener-
ated abundant literature on the processes causing sea level
change at global and regional scales, as well as on closure
of the sea level budget (e.g., Church et al., 2013; Stammer
et al., 2013; Dieng et al., 2017; Nerem et al., 2018; WCRP,
2018; SROCC, 2019). In addition to the global mean rise
and superimposed regional trends, changes in small-scale
processes, such as local atmospheric effects, baroclinic in-
stabilities, coastal trapped waves, shelf currents, waves and
fresh water input from rivers in estuaries, can substantially
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modify the rate of sea level change at the coast compared to
open sea regions (Woodworth et al., 2019; Melet et al., 2018;
Piecuch et al., 2018; Dodet et al., 2019; Durand et al., 2019).
In addition, ground subsidence may amplify the rate of sea
level change at the coast (Woppelmann and Marcos, 2016).
In terms of societal impacts, what really matters in the coastal
zone is indeed the sum of the global mean sea level rise plus
the regional trends and the local processes.

Until recently, due to land contamination of radar echoes
and less precise geophysical corrections, classical altimetry
did not provide reliable sea level data in a band of 10–15 km
along coastlines. However, different studies have shown that
using adapted reprocessing of altimetry measurements and
improving geophysical corrections allow the retrieval of a
large amount of valid sea level data close to the coast (e.g.,
Cipollini et al., 2018; Passaro et al., 2015; Marti et al., 2019).
In addition, despite having a much higher noise level than the
classical 1 Hz altimetry data, high-resolution 20 Hz measure-
ments allow us to recover more information on coastal sea
level variations (Birol and Delebecque, 2014; Leger et al.,
2019).

In the context of the Climate Change Initiative (CCI)
project of the European Space Agency (ESA), we have initi-
ated a reprocessing of high-resolution (20 Hz) altimetry data
of the Jason-1 and Jason-2 missions along coastal zones of
western Africa, northern Europe and the Mediterranean Sea.
The ALES (Adaptive Leading Edge Subwaveform) retracker
(Passaro et al., 2014) was applied to estimate the satellite–sea
surface distance (called range) which was further combined
with the X-TRACK processing chain dedicated to improving
geophysical corrections at the coast (Birol et al., 2017). This
allowed us to derive along-track sea level anomaly (SLA)
time series (Leger et al., 2019) from which coastal sea level
trends were estimated. Results show that in a number of sites,
coastal sea level rates computed over a 14-year time span
(2002–2016) significantly deviate from the open-ocean rate
within 5 km of the coast (Marti et al., 2019).

In the present study, we focus on a particular site, Sene-
tosa, located south of Corsica in the Mediterranean Sea
(41◦33′ N, 8◦48′ E), for two reasons: (1) in this region, the
computed rate of sea level rise increases significantly in the
last 3–5 km to the coast, and (2) there is a Jason satellite track
that crosses land at Senetosa, a calibration site for altimetry
missions chosen at the launch of the TOPEX/Poseidon mis-
sion in 1992 and equipped for that purpose with in situ instru-
mentation, in particular tide gauges and a Global Navigation
Satellite System (GNSS) antenna (Bonnefond et al., 2019).
This calibration site provides an independent reference to ex-
plore the near-shelf signal observed in altimetry data.

2 Data and method

As presented in detail in Marti et al. (2019) and Léger
et al. (2019), here we use the regional X-TRACK/ALES
along-track 20 Hz SLA data derived from the Jason-1 and
Jason-2 missions (DOI: https://doi.org/10.5270/esa-sl_cci-
xtrack_ales_sla-200201_201610-v1.0-201910). This prod-
uct is based on new ranges and new sea state bias (ssb) cor-
rections estimated using the ALES retracker (see details on
the retracking methodology in Passaro et al., 2014) and is
further combined with the X-TRACK software developed at
CTOH (Center of Topography of the Ocean and the Hydro-
sphere) at LEGOS (Laboratoire d’Études en Géophysique et
Océanographie Spatiales).

The new X-TRACK/ALES processing system first down-
loads from the altimetry database hosted by the French Na-
tional Observations Service for altimetry called CTOH (http:
//ctoh.legos.obs-mip.fr/, last access: 17 September 2020) all
parameters needed to compute the sea level anomaly (or-
bit solution, altimeter range, and instrumental, environmen-
tal, and geophysical corrections). These parameters come
from the Geophysical Data Records (GDRs) data sets dis-
tributed by the space agencies for the different altimetry
missions. ALES range and ssb products come from the
Technical University of Munich (TUM). Additional geo-
physical corrections are provided by the RADS altimeter
database (http://rads.tudelft.nl/rads/rads.shtml, last access:
17 September 2020) and the University of Porto (for the
GPD+ wet tropospheric correction; Fernandes et al., 2015).
Concerning the geophysical corrections, we used the stan-
dards defined in the ESA CCI sea level project (http://www.
esa-sealevel-cci.org/, last access: 17 September 2020). These
are summarized in Table 1.

A dedicated editing strategy was further applied to elim-
inate noisy data. For each orbit cycle, the temporal behav-
ior of each geophysical correction was analyzed along the
satellite track. Abrupt changes were considered spurious and
removed (Birol el al., 2017). This strategy has proved to
be very efficient in recovering a significant amount of valid
altimeter measurements that were otherwise flagged in the
standard GDR products (Jebri et al., 2016). In a second step,
all corrections were recomputed at the 20 Hz high rate using
only the valid data through interpolation/extrapolation meth-
ods. The sea level data of each cycle were further projected
onto fixed points along a nominal ground track and con-
verted into SLAs by subtracting a reference mean sea surface
height. At this stage of the processing, a regional data set of
SLA time series with a spatiotemporal resolution of 10 d and
20 Hz (∼ 0.3 km) was produced for each Jason mission. To
obtain a single multi-mission product, an inter-mission bias
was estimated and removed. This was done at regional level
by computing the mean sea level differences between the two
missions over their overlapping period (calibration phase).
The resulting SLAs were further averaged on a monthly basis
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Table 1. List of altimetry parameters and geophysical corrections used in the computation of the coastal sea level products.

Parameter Source Jason-1/Jason-2

Altitude GDR Altitude of satellite
Range ALES/TUM 20 Hz Ku-band, ALES-corrected altimeter range (Passaro et al., 2014)
Sigma0 ALES/TUM 20 Hz Ku-band, ALES altimeter sigma0 (Passaro et al., 2014)
Ionosphere GDR From dual-frequency altimeter range measurements
Dry troposphere GDR From ECMWF model
Wet troposphere University of Porto GPD+ correction (Fernandes et al., 2015)
Sea state bias ALES/TUM Sea state bias correction in Ku band, ALES retracking (Passaro et al., 2018)
Solid tides RADS From tide potential model (Cartwright and Taylor, 1971; Cartwright and Eden, 1973)
Pole tides GDR From Wahr (1985)
Loading effect RADS From FES 2014 (Carrere et al., 2012)
Atmospheric correction RADS From MOG2D-G (Carrere and Lyard, 2003) and inverse barometer
Ocean tide RADS From FES 2014 (Carrere et al., 2012)

at every 20 Hz point, and additional editing was performed to
remove outliers (details in Marti et al., 2019).

In this study, we focus on the section of Jason track 85
located off the southwestern coast of Corsica island (western
Mediterranean Sea) (see Fig. 1).

3 The Senetosa calibration site

Since 1998, a calibration site of the TOPEX/Poseidon and
Jason missions has operated near the Senetosa lighthouse
with support from CNES (Centre National d’Études Spa-
tiales, France), NASA (National Aeronautics and Space Ad-
ministration, USA) and the Observatoire de la Côte d’Azur
(France). It is equipped with different in situ instrumenta-
tion, including weather stations, several tide gauges and a
GNSS antenna. Since 1998, this calibration site has been
widely used to validate the altimetry-based sea surface height
data (Bonnefond et al., 2003a, b, 2010, 2011). Figure 2 is
a Google Earth image of the coast showing the geograph-
ical configuration of the Senetosa calibration site with the
location of the tide gauges, the GNSS antenna and the Ja-
son track. Three tide gauges were operating during our study
period (M3, M4 and M5). M4 and M5, a few tens of cen-
timeters apart, are located on the western part of the coastline
sheltered from northwesterly wind forcing. M3, 1.7 km east
of M4 and M5, is more exposed to open sea conditions from
the west.

Vertical land motion time series are available from the
GNSS reference receiver located close to the lighthouse (G0
reference marker in Fig. 2). The tide gauges have been reg-
ularly leveled relative to the G0 reference marker with no
relative motion detected so far at the millimeter level over 10
years. Trends in sea level and vertical land motions derived
from these instruments at Senetosa are discussed in Sect. 5.

4 Analysis of the coastal sea level trends off Senetosa

4.1 Coastal sea level trends derived from altimetry data

Following the data processing described above, we focus on
monthly SLA time series sampled at 20 Hz (∼ 350 m in the
along-track direction) from 15 km offshore to the coastline.
Examples of along-track SLA time series at coastal points,
located at 1, 1.6, 2.2, 5 and 15 km from the coast, are shown
in Fig. 3.

For each 20 Hz point, we have then computed the regres-
sion line of the resulting SLA time series and the associated
standard deviation (1σ ) based on the least squares fit to esti-
mate sea level trends over the study time span. Correspond-
ing along-track sea level trends against the distance to the
coast (from 15 km offshore) are shown in Fig. 4.

As shown in Fig. 4, beyond∼ 5km from the coast towards
the open sea, the trend over 2002–2016 is relatively stable
and on average on the order of 2–3 mmyr−1. High frequency
oscillations around this value are observed between adjacent
points, but these are likely due to noise, and we note they are
of the same order of magnitude or only slightly larger than
the standard deviation of trend estimates at each point (of
∼ 1.5 mmyr−1).

As also shown in Fig. 4, we note an almost continuous in-
crease in the trend in the last ∼ 4–5 km to the coast. The cor-
responding trend uncertainties (standard deviation) are not
significantly larger than offshore (< 2 mmyr−1).

4.2 Robustness of the computed coastal trends

In coastal areas, the precision of sea surface height from
altimetry is limited by inaccuracies in some of the applied
geophysical corrections (including sea state bias, wet tro-
pospheric correction, dynamical atmospheric correction and
ocean tides) and from the distorted shape of the radar wave-
forms as the satellite approaches land (Vignudelli et al.,
2011; Cipollini et al., 2018).
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Figure 1. Location of Jason track 85 crossing Corsica at the Senetosa site (straight black line). The background map shows sea level trends
over 2002–2016 based on gridded altimetry data from the Copernicus Climate Change Service (C3S; https://climate.copernicus.eu/sea-level,
last access: 17 September 2020).

Figure 2. © Google Earth image of the Senetosa calibration site. The two tide gauge sites (referred as M4/M5 and M3) are shown by the red
dots. The G0 reference marker (G0) is indicated by a white square and the Jason ground track by the straight white line.

The corresponding altimetry measurements are often dis-
carded by the processing chains or flagged in the data sets
as potentially erroneous, leading to low confidence sea level
trend estimates near the coastline. These estimates can also
be impacted by the lower percentage of valid data in the

coastal zone, as well as by the uncertainty in the bias estimate
between the two successive missions Jason-1 and Jason-2. In
order to check whether the sea level trend increase close to
the coast reported in Sect. 4.1 is associated with one of these
factors, each of them is independently examined.
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Figure 3. Examples of sea level anomaly time series for 20 Hz points located at different distances from the coast. The distance to the coast,
percentage of valid data and sea level trends are indicated on each plot. The green curve is the regression line adjusted to the data. The red
points on the time series correspond to outliers detected using a simple 2σ filter (sigma corresponding to the SLA standard deviation). These
are not considered to compute the regression line.

4.2.1 Coastal errors in the geophysical corrections

We first computed and plotted the geophysical correction
trends against the distance to the coast for the sea state bias,
wet atmospheric correction, atmospheric loading (called
DAC, dynamic atmospheric correction), and ocean and load-
ing tide correction (Fig. 5).

Trends in the geophysical corrections are rather small, and
their amplitude is in the range of ±1 mmyr−1 except for the
ssb that shows a larger trend within 4 km of the coast but al-
ways less than 2 mmyr−1. It is worth mentioning that the ssb

is a function of significant wave height (SWH) and backscat-
ter coefficient sigma0 (both related to wind speed). In the
ALES retracking, the ssb is recomputed for each 20 Hz point.
So a trend in ssb may be due either to a different behavior
of the SWH and wind speed at the coast or to changes in
backscatter properties.

The sum of these geophysical correction trends is plot-
ted in Fig. 4 (blue line). Even if the geophysical corrections,
and especially the ssb, are more uncertain close to the coast,
Fig. 4 suggests that the continuous increase in the sea level
trends observed in the last ∼ 4 km to the coast may not be

https://doi.org/10.5194/os-16-1165-2020 Ocean Sci., 16, 1165–1182, 2020



1170 Y. Gouzenes et al.: Coastal sea level rise at Senetosa (Corsica)

Figure 4. Altimetry-based sea level trends over July 2002–June 2016 around Senetosa against the distance to the coast. Shaded area corre-
sponds to the trend uncertainty range. The light blue curve is the sum of trends in individual corrections.

Figure 5. Trends in the geophysical corrections (ssb, wet tropospheric correction, dynamic atmospheric correction, DAC, and ocean tide plus
ocean loading tide) as a function of distance to the coast. Note that the vertical scale is different from Fig. 4.

due to trends in the geophysical corrections. It remains that
the empirical formulation used for the ssb correction may not
be valid close to the coast where waves could have a different
behavior compared to the open sea. This will be discussed in
Sect. 6.1.

4.2.2 Coastal changes in the percentage of valid data

We next examined the possible impact on the trend estima-
tion of the decrease in valid data in the last 3–4 km to the
coast. The original percentage of valid data at each 20 Hz
point decreases with distance from the coast, as shown in
Fig. 6. We resampled the along-track sea level records, keep-
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Figure 6. Percentage of missing points for the original data set.

ing only the 80 % of data common to all along-track positions
at a given time.

The along-track sea level trends were recomputed with
the new sampling (80 % of the original data kept) (Fig. 7).
For comparison, in Fig. 7 we superimpose the trends com-
puted with the original sampling. Trends compare well in
both cases. Even if the trend values are slightly lower in the
band of 0–5 km, keeping only 80 % of the valid data does not
significantly change the coastal trend behavior. We conclude
that the lower amount of valid near-shore altimetry data does
not explain the trend increase observed as the distance to the
coast decreases.

4.2.3 Effect of inter-mission bias estimation

As discussed in detail in Marti et al. (2019), in the X-
TRACK/ALES sea level product, the bias applied to com-
bine the Jason-1 and Jason-2 data in a single sea level time
series was estimated at a regional scale. In the case of our
study region, it was estimated over the whole Mediterranean
Sea. In order to investigate a possible impact of this approach
on the sea level trend estimates, we tested other bias calcu-
lation methods. We first recomputed the inter-mission bias
along Jason track 85 (using only measurements of this par-
ticular track). In another test, the bias was computed from
data included in a 1◦×1◦ box around the Senetosa site. The
sea level trends derived from the corresponding Jason-1 and
Jason-2 time series are shown in Fig. 8a for these two cases,
which are superimposed on the regional bias case shown in
Sect. 4.1. Here again we can see that there is almost no dif-
ference between the results of the three approaches, indicat-
ing that inadequate inter-mission bias estimate does not ex-
plain the coastal trend increase. To complete these tests, we
also recomputed SLA trends as a function of distance to the
coast using as reference a local geoid computed for altimetry
mission calibration purposes (P. Bonnefond, personal com-
munication, 2019). Figure 8b shows the geoid profile as a
function of latitude, together with the along-track mean sea

Figure 7. Sea level trends against the distance to the coast with the
original data set (green curve) and new sampling (80 % of original
data kept; red curve).

surface height computed with the altimetry data. Both ref-
erences compare well. Thus, as expected, exactly the same
trend increase behavior against the distance to the coast is
observed when the reference geoid is used (figure not shown
as it is similar to Fig. 4). We conclude that the reference has
no impact on the computed trends.

4.2.4 Coastal altimetry waveforms and range values
near Senetosa

In another series of tests, we examined the shape of the radar
waveforms at 20 Hz points as a function of distance to the
coast, considering a few Jason cycles taken at random. An
example is shown in Fig. 9 for a point located between the
coast and 2 km offshore. Figure 9 shows that at the Senetosa
site, the leading edge of the coastal radar echo is generally
well defined, suggesting that a robust determination of the
range is possible very close to the coast.

To investigate this further, we tried to assess the reliability
of successive 20 Hz ALES-based range data very close to the
coast. The waveform amplitude represents the radar power as
a function of time. For Jason-2, time is discretized into 104
successive “gates”. Knowledge of the orbit and radar foot-
print allows us by simple geometric analysis to associate a
point on the ground (pixel) to a given gate. A numerical sim-
ulation has been performed for that purpose (assuming flat
land) in order to produce range maps for Jason track 85 with
the goal of precisely locating the point on the ground cor-
responding to the measured waveform. This is illustrated in
Fig. 10a and b, which show the geographical configuration
and associated radar waveforms for two range measurements
located at 0.53 and 1.4 km distance from the coast. The range
measurement deduced from the waveform corresponds to the
center of the circle representing the radar footprint on the
range map.
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1172 Y. Gouzenes et al.: Coastal sea level rise at Senetosa (Corsica)

Figure 8. (a) Sea level trends against the distance to the coast for
three different inter-mission bias estimates. (b) Geoid and altimetry-
based along-track mean sea surface profiles against latitude. MSSH
CTOH stands for mean sea surface height determined by CTOH.

Although these simulations represent an ideal case of
smooth sea state and flat land, Fig. 10a and b show that even
at the closest point to the coast (0.5 km), the leading edge of
the return waveform still corresponds to a reflection of the
radar signal on water. This suggests that it is theoretically
possible to retrieve valid sea level information up to 0.5 km
from the coast. One may argue that because the land at Sene-
tosa has some elevation, the real radar echo is partly contam-
inated by land reflection at distances larger than the theoret-
ical footprint even if there is no wave. However, consider-
ing that the real waveform has a leading edge and that the
retracker is able to follow it, we conclude that the trends re-
ported on successive 20 Hz points are not spurious. Besides,
if the retracker was corrupted by inhomogeneous backscat-
ter properties within the satellite footprint, these should be
random (e.g., Passaro et al., 2014). Finally, 20 Hz waveforms
being independent samples, if the retracker is wrong and pro-

duces spurious trends, the latter also would be random. Thus,
we should not see a continuous trend increase over several
consecutive points.

4.2.5 Comparison between ALES and MLE4
retrackers

Finally, we performed the same analysis (computation of sea
level trends as a function of distance to the coast) using SLA
data computed with the classical MLE4 (maximum likeli-
hood estimator) retracker (used for the standard Geophysi-
cal Data Records production; https://www.aviso.altimetry.fr/
fileadmin/documents/data/tools/hdbk_tp_gdrm.pdf, last ac-
cess: 17 September 2020). MLE4-based trends over the 14-
year time span are shown in Fig. 11, in which the ALES-
based trends are superimposed for comparison. We note that
MLE4 gives noisier results than ALES, especially at dis-
tances less than∼ 5km to the coast, but the increase in trends
in the last ∼ 4–5 km to the coast is still clearly visible. This
clearly means that the trend increase is not an artifact due to
the use of the ALES retracker.

To summarize, from all the tests presented above, we can
conclude that the increase in altimetry sea level trend ob-
served in the last 4–5 km from the coast is not correlated
with errors in the geophysical corrections and is not ex-
plained by the loss of valid data nor the presence of spu-
rious waveforms or by the inter-mission bias. Furthermore,
the calculated trends are robust to changes in the retracker
since instead of using ALES, we also used the standard high-
frequency MLE4 retracker. The corresponding time series
still show the same trend behavior (although with noisier re-
sults).

5 Comparison with the sea level trend derived from
tide gauge records

It is very classical to validate altimetry-based sea level
data by comparing them with tide gauge records.
The availability of tide gauge records at the Senetosa
site is a good opportunity to do so. Tide gauge data
have been provided by the Observatoire de la Côte
d’Azur (Géoazur Laboratory) and can be downloaded
from http://www.aviso.altimetry.fr/en/data/calval/in-situ/
absolute-calibration/download-tide-gauge-data.html (last
access: 17 September 2020). The high-frequency tidal signal
and the atmospheric forcing effect have been removed (using
the same DAC correction as for the altimetry data). The time
series have been further smoothed on a monthly basis. The
corresponding tide gauge time series over 2002–2016, for
the M3, M4 and M5 tide gauges, are shown in Fig. 12a and b
with and without the seasonal cycles.

From these time series, we computed linear trends over
the same period as for the altimetry data. These are gath-
ered in Table 2 for the two cases (with and without the sea-
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Figure 9. Observed radar waveforms at points close to the coast for a series of Jason cycles (the number on each plot refers to cycle number).

Table 2. Relative sea level trends (mmyr−1) recorded by the M3,
M4 and M5 tide gauges (estimated with and without the seasonal
cycles), as well as the GNSS-based vertical land motion (mmyr−1)
at the Senetosa site.

Tide Tide gauge trend Tide gauge trend GNSS VLM
gauge (mmyr−1) (mmyr−1) (2003–present)

(with seasonal (without seasonal (mmyr−1)
cycles) cycles)

M3 4.7± 1.2 3.8± 0.6 0.28± 0.05
M4 1.4± 1.1 2.8± 0.5 0.28± 0.05
M5 3.2± 1.1 3.0± 0.5 0.28± 0.05

sonal cycle). In Bonnefond et al. (2019), it was shown that
when making differences between tide gauge sea level mea-
surements, there has been no systematic trend between the
tide gauge time series since 2001 (below 0.1 mmyr−1), well
within the trend uncertainties. The GNSS-based vertical land
motion (VLM) at Senetosa (estimated in Bonnefond et al.,
2019) is also shown. VLM is small at Senetosa at less than
0.3 mmyr−1.

The M4 time series displays several gaps over the study
period. In addition, the record (seasonal cycle not removed;
Fig. 12a) shows a large positive anomaly in 2015, which was
not seen by M3 or M5. M3 also has a large gap in 2009/2010,

as well as other gaps in 2012 and at the end of the record. A
suspect drop is also visible in 2005 in Fig. 12b (seasonal cy-
cle removed). Thus, the M5 record seems the most reliable
even if the trends from M3 and M4 are close to M5 (see Ta-
ble 2). The computed (relative) sea level trend (uncorrected
for the VLM) is on the order of 2.8–3.8 mmyr−1 over the
study period (seasonal cycle removed). If the GNSS VLM
trend is accounted for, this range becomes 3.1–4.1 mmyr−1.
This value is significantly less than the altimetry-based sea
level trends reported here in the last 4–5 km to the coast.
On the other hand, the tide gauge trend agree well with the
altimetry-based trends reported at distances greater than 4 km
from the coast. While the reported altimetry-based sea level
trend increase may disqualify our retracked sea level data in
the vicinity of the coast, in the next section we discuss the
possibility that some coastal processes affect sea level in a
band a few kilometers from the coast while being attenuated
very close to the shore where the tide gauges (in particular
M5) are located.

6 Small-scale coastal processes

Compared to deep-ocean sea level, sea level close to the
coast can be impacted by various small-scale processes re-
sulting from the morphology of the coastline, the depth of
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Figure 10. (a) Radar waveform against gate number (left) and configuration of the radar footprint on the ground (right) at 1.4 km from the
coast. (b) Same as (a) but at 0.5 km from the coast.

Figure 11. Sea level trends against the distance to the coast for MLE4-based (orange dots) and ALES-based (green dots) SLA data. Vertical
bars correspond to trend errors (1σ ). The light blue curve at the bottom of the panel represents the difference between ALES-based and
MLE4-based trends.
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Figure 12. Sea level time series based on in situ tide gauge measurements at the M3, M4 and M5 sites over 2002–2016 (a) with the seasonal
cycle and (b) without the seasonal cycle.

the continental shelf, the presence of a river estuary, etc.
(Woodworth et al., 2019). Thus, coastal sea level may sig-
nificantly differ from open-ocean sea level over a large range
of temporal scales. In terms of trends, the open-ocean sea
level essentially results from processes affecting the global
mean sea level (mean ocean thermal expansion, land ice melt
and land water storage changes) (e.g., WCRP, 2018) and
the superimposed regional variability (regional changes in
ocean thermal expansion, atmospheric loading and finger-
prints due to the solid Earth response to changing ice mass

loads; Stammer et al., 2013). At the coast, in addition to these
two contributions, local variations in other processes may
cause additional small-scale sea level changes at interannual
to decadal timescales, such as trapped Kelvin waves, up-
welling/downwelling effects, eddies, wind-generated waves
and swells, shelf currents, and water density changes related
to river runoff in estuaries (see Woodworth et al., 2019, for
a detailed discussion on forcing factors affecting sea level
changes at the coast). Note that we do not discuss vertical
land motion here since our objective is to understand the ob-
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Figure 13. Bathymetric profile (meters) along Jason track 85 from
45 km offshore to the coast.

served change in “geocentric” sea level as measured by satel-
lite altimetry.

In the case of Senetosa, river runoff and trapped Kelvin
waves are not supposed to affect coastal sea level. Could
other processes like trends in wind-generated waves and
coastal currents explain the slow increase in sea level trend
towards the coast? These are discussed below.

6.1 Effect of waves on SLA and ssb

We first discuss the effect of waves. The contribution of
wind-generated waves to coastal sea level changes has been
investigated in a number of recent studies (e.g., Melet et al.,
2018; Dodet et al., 2019). As thoroughly discussed in Do-
det et al. (2019), wind-generated waves have the capability
to significantly change sea level variations at the coast even
on the timescales of interest here. The shoaling and breaking
of waves on the shallow water shelves raise the mean water
level in the so-called near-shore and surf zones (last ∼ 1 km
to the coast), a process called wave setup. Wave setup is pro-
portional to offshore significant wave height, and if the latter
displays a temporal trend due to a trend in wind forcing, it
may cause a sea level trend in the coastal zone.

The relationship between offshore wave height and wave
setup is known empirically only (Dodet et al., 2019). To
the first order, wave setup is related to offshore SWH, wave
period and beach slope. The bathymetric profile along Ja-
son track 85 (from 45 km offshore to the coast) is shown in
Fig. 13. We note an abrupt increase of more than 500 m in
the last 5 km to the coast, corresponding to a slope of 0.1.

If the bathymetric slope near Senetosa is known, it is not
the case for other parameters involved in the relationship be-
tween SWH and wave setup. This is the case in particular for
beach soil characteristics, sediment size, etc. A large vari-
ety of formulations have been proposed for this relationship

Figure 14. Wave height trends (in mmyr−1) over 2002–2016 in the
western Mediterranean Sea (data from ERA5 reanalysis).

based on in situ observations collected at different coastal
sites (e.g., Dodet et al., 2019). However, these are not nec-
essarily applicable to our study case as some local beach pa-
rameters are not known. It is generally assumed that wave
setup does not exceed 20 % of SWH. Thus, as a preliminary
approach, we analyzed offshore SWH data only in order to
highlight their temporal variability over our study time span.

For that purpose, we considered wave field data from
the ERA5 reanalysis (https://www.ecmwf.int/en/forecasts/
datasets/reanalysis-datasets/era5, last access: 17 Septem-
ber 2020; https://apps.ecmwf.int/data-catalogues/era5/
?class=ea, last access: 17 September 2020). The ERA5
reanalysis provides gridded SWH time series at monthly
intervals from 1979 to the present, thus covering our study
period. The grid size resolution is 0.5◦. Using this data set,
we computed 2-D SWH trends over 2002–2016, as shown
in Fig. 14. We note high positive wave height trends west
of Corsica and Sardinia over this period. Along Jason track
85 in the vicinity of Senetosa, the trend is on the order
of 5 mmyr−1. Note that we also computed the wind trend
using the same ERA5 reanalysis gridded data over the same
period (2002–2016). The map (not shown) displays positive
trends in wind south of Corsica, although with a smaller
amplitude than along the western coast of Sardinia, like the
wave height map shown in Fig. 14.

From the above discussion, we deduce that wave setup
would not contribute by more that 1 mmyr−1 to the coastal
sea level trend. Noting in addition that wave setup would af-
fect sea level in close vicinity to the coast only (i.e., not over
4–5 km distance; X. Bertin, and J. Wolf, personal communi-
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Figure 15. Correlation between the wave height (SWH) time series
(from ERA5 grid mesh close to Senetosa) and altimetry-based sea
level difference time series between every 20 Hz point and a refer-
ence point. The blue curve corresponds to a reference time series for
a point located 15 km from the coast. In the case of the red curve,
the reference time series is the M5 tide gauge record.

cations, 2019), it is very unlikely that wave setup explains the
reported coastal sea level trend.

We further investigated the effect of waves on the ssb cor-
rection, hence on SLAs. For that purpose, we computed the
correlation between wave height time series and difference
in sea level between each 20 Hz altimetry point and a refer-
ence altimetry point located in the open ocean (chosen here
at 15 km from the coast). We consider differences in sea
level anomalies in order to remove the common ocean sig-
nal affecting sea level close to the coast and offshore, e.g.,
the global mean sea level rise and its superimposed regional
variability. By computing the sea level differences between
15 km offshore and the coast, the latter large-scale sea level
components are removed, leaving only small-scale signals
occurring very close to the coast. Data from the ERA5 grid
closest to Senetosa were used (the center of the considered
grid point is located 41.5◦ N, 8.5◦ E at 24 km from the first
valid point on the Jason track and 25 km from Senetosa). The
correlation values are shown in Fig. 15 against the distance
to the coast. From a distance of ∼ 3 km from the coast to-
wards the deep sea, the correlation between wave height and
sea level difference is insignificant, while it clearly increases
from ∼ 3 km to the coast. This suggests that there is a link
between the variations in waves and SLA variations in the
0–3 km domain close to land.

We performed the same analysis but now using the M5 tide
gauge record as reference (the M3 tide gauge record had too
many data gaps). This is also shown in Fig. 15. Surprisingly,
we find exactly the same behavior of the correlation coeffi-
cient, i.e., no correlation offshore (points located at a distance

of more than 3 km from the coast) and an increase in corre-
lation in the last 3 km to the coast. This suggests that waves
may affect SLA only in the domain 0–3 km from the coast
but that at the tide gauge site, waves have no influence. Ob-
viously, this could be via the ssb correction applied to SLA
data.

It has been demonstrated that applying the ssb correction
to altimetry data, in particular to high-frequency data as in
this study, reduces the correlation between SWH and range
(and, consequently, SLA) (Passaro et al., 2018). The ssb cor-
rection is mainly a function of SWH; it removes from the
range estimation an effect that is directly proportional to the
wave height. This means that if this ssb correction is not ap-
plied, it has to be expected that the SLA record will be corre-
lated with the SWH record. To illustrate this somewhat dif-
ferently, Fig. 16 shows wave height time series superimposed
to altimetry-based differences in SLA time series (reference
point at 15 km, as in Fig. 15) for a few points located in the
0–3 km domain close to the coast and an additional point lo-
cated farther from the coast. Here again, data from the ERA5
grid closest to Senetosa have been considered for the calcula-
tion. The correlation between SWH and difference SLA time
series is indicated on each plot. We clearly see that it is sig-
nificant only for points close to the coast. Distant offshore
points do not show such a correlation. Although the corre-
lation is dominated by the seasonal signal, Fig. 16 shows
that the two time series are also correlated at interannual
timescales.

We argue that when the range close to the coast is not being
properly corrected for the ssb, this results in a lesser correla-
tion between ssb and SWH. To verify this, we repeated this
correlation analysis but now using the ssb correction (from
both the ALES and MLE4 retrackings) instead of the SLA
differences. As expected, ssb is correlated with SWH away
from the coast (−0.75 and −0.56 at 6.5 km from the coast
for MLE4 and ALES, respectively), but the correlation de-
creases in the last few kilometers to the coast (amounting to
−0.35 and −0.48 at 0.7 km from the coast for MLE4 and
ALES, respectively). This suggests that the relationship used
to express the link between ssb and SWH is less adapted to
the coastal domain than to the open sea either because of a
change of wave properties (which makes the ssb model in-
valid) or because of an incorrect estimation of SWH very
close to the coast. This is also illustrated in Fig. 17 which
shows the correlation between ssb and SWH against the dis-
tance to the coast (for both ALES ssb and MLE4 ssb). Be-
tween 1 and 4 km, the correlation between SWH and ssb de-
creases. It is worth noting, however, that the correlation re-
mains higher for ALES ssb than for MLE4 ssb.

We conclude from these tests that the correlation between
SLA and wave height at 20 Hz points close to the coast is
very likely due to imperfect ssb correction. Thus, we can
now exclude any direct effect of waves (e.g., trend in wave
setup) as a candidate to explain the SLA trend increase close
to the coast. Whether the reported SLA trends in the last few
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Figure 16. Time series of ERA5-based wave height time series (blue curve) and of altimetry-based SLA differences (orange curve) between
20 Hz points at different distances from the coast (indicated on each plot) and a reference point (located at 15 km).

kilometers to the coast are due to the inadequate formulation
of the relationship between SWH and ssb as the satellite ap-
proaches the coast remains so far an open question. While we
cannot exclude that the ssb correction is imperfect close to
the coast, it seems unlikely that it would produce such large
trends as those observed in the SLAs.

6.2 Effect of coastal currents and comparison with an
ocean model

In this section we briefly address the effect of coastal cur-
rents on the SLAs. There are only few published studies on
the circulation in the Senetosa region (e.g., Bruschi et al.,
1981; Manzella et al., 1985; Cucco et al., 2012; Gerigny et

al., 2015; Sciascia et al., 2019). These indicate that the dom-
inant characteristics of the circulation in the Corsica chan-
nel (Straight of Bonifacio) are a flow predominantly directed
northward from the Tyrrhenian Sea to the Ligurian Sea and
that the water motion is mainly wind-driven. The study by
Gerigny et al. (2015), based on in situ measurements col-
lected during a cruise in 2012 and on the use of a high-
resolution regional hydrodynamic model (MARS3D), shows
that the circulation is mostly wind-driven, forced by westerly
winds half of the year and strong easterly winds in winter
generating strong local currents and mesoscale structures in
the western part of the channel. We have downloaded the cur-
rent data generated by the MARS3D model, a coastal hydro-
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Figure 17. Correlation between significant wave height (SWH) time
series and ssb time series between every 20 Hz point and a reference
point.

Figure 18. Barotropic current (zonal component U) for January
2014 based on the MARS3D hydrographic model. The blue color
means westward current. The Jason track (black line) crosses this
current at 4 km from the coast. The red bar crossing the Jason track
indicates the 15 km distance from the coast.

dynamical model developed by IFREMER (Institut Français
de Recherche pour l’Exploitation de la Mer; Lazure and
Dumas, 2008). There is a high-resolution (400 m) version
available for the Corsica region for the years 2014 to the
present (http://www.ifremer.fr/docmars/html/doc.basic.intro.
html, last access: 17 September 2020). The model does not
assimilate altimetry data nor any other type of data. Because
this data set has only 2.5 years of overlap with our study pe-
riod, we cannot compute trends. However, to gain some in-
sight on the circulation configuration, we examined the cur-
rent patterns over the year 2014. In agreement with the liter-

Figure 19. Barotropic current (zonal component U) for January
2014 based on the MARS3D hydrographic model interpolated
along the Jason track against the distance to the coast. Negative val-
ues mean westward current.

ature, we observed a strong zonal current during the winter
months close to Senetosa. An example of the zonal compo-
nent of the barotropic current south of Corsica is shown in
Fig. 18 for January 2014. We note a clear westward current
along the Senetosa coast starting at ∼ 4 km from the coast. It
is also worth noting that it does not extend to the shoreline
and thus may not influence tide gauge measurements.

We interpolated these current data (for January 2014)
along the Jason track. This is shown in Fig. 19 against the
distance to the coast. The current intensity is close to 0 at
distances greater than 5 km from the coast. In the last 5 km
to the coast, there is a steep intensity increase exactly over
the same distance range as the SLA trend increase. Since
the model resolution is ∼ 400 m, i.e., about the same resolu-
tion as the 20 Hz along-track SLAs, we find this result highly
promising.

Of course, we cannot extrapolate backward in time nor of-
fer any solid conclusion so far, but we cannot exclude that the
observed sea level trend increase is linked to an increase in
intensity of this winter current during our study period. This
obviously will need a much deeper investigation, at least over
the time span of the availability of the model data.

7 Conclusions

In this study, we have investigated the differences between
coastal and deep-ocean sea level changes at the Senetosa
site using new ALES-based retracked sea level data from the
Jason-1 and Jason-2 missions. We indeed observe a slow in-
crease in sea level trend at short (<∼ 4–5 km) distances from
the coast compared to offshore. A series of tests shows that
this behavior does not result from artifacts due to spurious
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Figure 20. Altimetry-based sea level trends at Senetosa over two
periods: (1) July 2002–June 2016, green curve, and (2) June 2002–
May 2018, blue curve. Black vertical bars correspond to trend un-
certainties.

trends in the geophysical corrections applied to the altime-
try data, decreasing percentage of valid data, errors in the
inter-mission bias, or errors in range estimates due to dis-
torted radar waveforms.

While the paper was in review, an update of the results
presented above has been recently performed extending the
SLA time series with Jason-3 data up to June 2018 (coastal
trends based on Jason-1, Jason-2 and Jason-3 over 2002–
2018 at several hundreds of coastal sites located in six differ-
ent regions worldwide are presented elsewhere; The Climate
Change Initiative Coastal Sea Level Team, 2020). Although
the coastal trends within 2–3 km of the coast are slightly
lower than those reported above, exactly the same behav-
ior is found, as shown in Fig. 20, which compares coastal
trends over 2002–2016 and 2002–2018. Thus, the trend in-
crease close to the coast observed at Senetosa is not due
to the limited length of the time series, although its am-
plitude decreases as the record length increases. Similarly,
the geophysical correction trends present the same behavior
over both time spans. It is worth mentioning that in the ex-
tended study (2002–2018), among the 429 coastal sites stud-
ied, coastal trends do not in general differ from open-ocean
trends (within ±1 mmyr−1) except at a few sites (The Cli-
mate Change Initiative Coastal Sea Level Team, 2020); Sene-
tosa is one of them. This is why we focused on this particular
site.

Among the physical mechanisms able to explain the
coastal trend increase in the study region, we have first ex-
plored waves, then currents. We investigated the wave effect
on sea level along the Jason track and found that wave setup
has a magnitude that is too low and is localized too close
to the shore to explain the observed continuous SLA trend
increase in the last 4–5 km to the coast. On the other hand,
the correlation reported between altimetry-based SLAs and
SWH very likely results from the imperfect ssb correction

applied to the data. Nevertheless, if less accurate in the coast
vicinity, the ssb trend seems unable to explain the reported
SLA trend increase. We next investigated the effect of coastal
currents. Using the MARS3D high resolution model devel-
oped by IFREMER for coastal studies, we noted the presence
of a winter current along the Senetosa coastline. The projec-
tion of this current along the Jason track (for January 2014)
shows a steep increase in intensity over exactly the same dis-
tance to the coast as the SLA trend increase. This may be an
indication of a current-related origin. More studies are defi-
nitely needed to confirm the results presented here. However,
if further investigations confirm the effect of currents, it will
be a demonstration that small-scale processes acting in the
vicinity of the coast may have the capability to make coastal
sea level changes drastically different from what we measure
offshore with classical altimetry.

Data availability. The coastal sea level data analyzed in this study
are available from the Nature Scientific Data article (The Climate
Change Initiative Coastal Sea Level Team, 2020; a database of
coastal sea level anomalies and associated trends from Jason satel-
lite altimetry from 2002 to 2018). The altimetry-based sea level data
can be downloaded from the SEANOE repository (https://doi.org/
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Team, 2020; a database of coastal sea level anomalies and associ-
ated trends from Jason satellite altimetry from 2002 to 2018, Nature
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The gridded sea level data from the Copernicus Climate Change
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The ERA wave field data from the ERA5 reanalysis are
available from the Copernicus Climate Change Service portal
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(last access: 17 September 2020) (see also https://apps.ecmwf.int/
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