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Abstract. Coastal areas can be tremendously biodiverse and
host a substantial part of the world’s population and critical
infrastructure. However, there are often fragile environments
that face various hazards such as flooding, coastal erosion,
land salinization or pollution, earthquake-induced land mo-
tion, or anthropogenic processes. In this article, we investi-
gate the stability of the Nice Côte d’Azur Airport, which has
been built on reclaimed land in the Var River delta (French
Riviera, France). This infrastructure, as well as the ongoing
subsidence of the airport runways, has been a permanent con-
cern since the partial collapse of the platform in 1979. Here,
we used the full archive of ESA SAR (synthetic-aperture
radar) images from 1992 to 2020 to comprehensively mon-
itor the dynamics of the airport subsidence. We found that
the maximum downward motion rate has been slowing down
from 16 mm yr−1 in the 1990s to 8 mm yr−1 today. However,
sediment compaction is still active, and an acceleration phase
of the continuous creep leading to a potential failure of a part
of the platform cannot be excluded. Our study demonstrates
the importance of remotely monitoring of the platform to bet-
ter understand the motion of coastal land, which will ulti-
mately help evaluate and reduce associated hazards.

1 Introduction

Global warming due to greenhouse gas emitted into the at-
mosphere is triggering a climate crisis, the impacts of which
can already be felt in current times with more frequent ex-
treme weather events such as flooding, heatwaves, or wild-
fires. Another consequence of global warming is the rise in
the sea level, as well as the impact on the stability of coastal
urban areas, where a substantial part of the world’s popula-
tion lives. Actually, as Earth’s atmosphere gets warmer, solid
water (glaciers and ice sheets) melts and increases the quan-
tity of seawater, which also occupies more volume because
of thermal expansion (Wigley and Raper, 1987; Frederikse
et al., 2020). Those two combined processes are inducing
sea level rise (SLR), the amplitude of which will depend on
which Representative Concentration Pathway (RCP) emis-
sion scenario is followed. SLR is thus estimated for the year
2100 at between 0.29 and 0.59 m for a low-emission scenario
(RCP2.6) or at between 0.6 and 1.1 m for a high-emission
scenario (RCP8.5) (Oppenheimer et al., 2019). Even if the
mean Earth temperature increase is kept below 2 ◦C (com-
pared to the pre-industrial period) within the next decades,
sea level will continue to rise for several centuries or more
due to the system inertia (Schaeffer et al., 2012). This estima-
tion is worrying as the UN (United Nations) reports that 40 %
of the world’s population lives within 100 km of the coast
(more than 600 million people live in coastal areas that are
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less than 10 m a.s.l. (above sea level) and 8 of the 10 world’s
largest cities are near a coast).

However, sea rise is just one factor of the relative sea level
changes, and vertical ground motion can significantly am-
plify or reduce the effect of the global SLR. Indeed, sink-
ing ground along the shoreline greatly magnifies the effects
of sea level rise because both processes work together to
worsen the situation (Milliman and Haq, 1996; Wöppelmann
and Marcos, 2016; Wu et al., 2022). Indeed, uplift and sub-
sidence along the coast are generated either by natural phe-
nomena (sediment compaction, Cahoon et al., 1995; global
isostatic adjustment, Farrell and Clark, 1976; Kendall et al.,
2005; Peltier, 2004; tectonics, Atwater, 1987) or by human
activities (groundwater, Galloway and Burbey, 2011; hydro-
carbon extraction, Métois et al., 2020; land reclamation, Cav-
alié et al., 2015). This last one becomes more and more fre-
quent due to population growth in coastal areas. Subsidence
due to human activities is often very localized and difficult
to model. It is thus often not very well known, and the un-
derlying processes remain unclear. One of the most effective
methods to reveal it is to measure Earth surface displace-
ments with InSAR (interferometric synthetic-aperture radar)
(Bürgmann et al., 2000; Cavalié and Trouvé, 2022). Actually,
the spatial sampling of the radar allows for finely mapping
the location and the amplitude of these surface deformations.
And the more InSAR studies there are, the more coastal sub-
sidence is revealed (Wu et al., 2022).

In the last few years, several studies on deformation mea-
surements by InSAR over reclaimed land have been pub-
lished, showing the raising attention of the community for
this subject. For example, Xiong et al. (2022) and Li et al.
(2022) used Sentinel-1 data, covering 5 years, to observe sub-
sidence over several reclaimed areas in China. Other stud-
ies processed several datasets from different sensors in or-
der to cover a longer observation period. However, due to
the lifespan of the different SAR sensors, these datasets
do not overlap in time and have temporal gaps. For ex-
ample, the subsidence of the city of Urayasu (Japan) has
been measured thanks to the ERS-1 and ERS-2 (1993–2006;
European Remote Sensing), ALOS (2006–2010; Advanced
Land Observing Satellite), and ALOS-2 (2014–2017) In-
SAR time series (Aimaiti et al., 2018), leading to a gap
between 2010 and 2014. In this case, the temporal profile
of the deformation was too irregular to enable any mod-
elling that could connect the measurements across the tem-
poral gap. However, in two other studies, the temporal pro-
file of deformation was regular enough to be modelled and
thus to recover a deformation spanning the whole observa-
tion time lapse: on the one hand, Park and Hong (2021)
used a hyperbolic model to connect two InSAR time se-
ries measured by ALOS (2007–2012) and Sentinel-1 (2014–
2019) on Busan reclaimed lands (South Korea); on the other
hand, a settlement model (Plant et al., 1998) established
during the preparation of Hong Kong International Airport
was used to connect time series acquired over this site by

ERS-2 (1998–2000), Envisat ASAR (2003–2010; Advanced
Synthetic Aperture Radar), COSMO-SkyMed (2013–2017;
COnstellation of small Satellites for the Mediterranean basin
Observation), and Sentinel-1 (2015–2018) (Wu et al., 2020).
Several models for subsidence measurements are compared
in Xiong et al. (2022), namely hyperbolic, Poisson, and expo-
nential models. However, in all the previously cited studies,
the deformation modelling is limited to a mathematical func-
tion fit without a theoretical mechanical framework and real
physical parameters for soils and rocks.

In this study, we process 28 years of SAR data to obtain
high-quality surface deformation time series covering the
Nice Côte d’Azur Airport (NCA), located in the French Riv-
iera (southeastern France) (Fig. 1a). This critical economical
infrastructure (it hosted 14.485 million passengers in 2019
before the pandemic) was built in the late 1970s on reclaimed
land over a narrow coastal shelf (1–2 km wide). Tragically,
in October 1979, during the building phase, part of the air-
port extension collapsed in the sea, triggering a local tsunami
that caused the death of 11 people (Fig. 1b). Then, part of
the project was cancelled (mainly the construction of a com-
mercial port attached to the airport), but the airport platform,
which had already been completed, was used to build the two
main runways that are currently in use (Fig. 1e).

Cavalié et al. (2015) published an initial study showing
that between 2003 and 2011 (the acquisition period of En-
visat) the Var River delta, as well as the airport that is located
at its mouth, is subsiding. The spatial extent of this subsi-
dence is strictly limited to the Quaternary alluvium deposits
of the delta and bed of the Var River (Fig. 4 in Cavalié et al.,
2015). Actually, on both sides of the riverbed, the subsidence
rate quickly drops to 0 where the transition from alluvium
to conglomerate occurs. Moreover, the downward displace-
ment rate increases toward the sea as the sediment layers get
thicker and more recent (Fig. 6 in Cavalié et al., 2015). In-
deed, it ranges from less than 1 mm yr−1 in the Var valley to a
maximum rate of 10 mm yr−1 on the airport platform, where
sediments were brought in the 1970s to build the runways.

During the 2003–2011 period, InSAR data show essen-
tially a steady subsidence. Here, we extended the time se-
ries in order to observe the behaviour of the airport plat-
form over a longer period (1992–2020). This long observa-
tion period provides an opportunity to investigate new mech-
anisms driving vertical land motion in coastal areas. Actu-
ally, no physical process could explain a constant subsidence
rate over several years. We thus processed the data from
the ERS satellites between 1992 and 2001 and the data ac-
quired by Sentinel-1 for the period 2014–2020. Then we dis-
cussed and modelled the information brought by these new
datasets. In particular, we investigated whether a model of
creep compaction of the airport platform can explain the
data. Unlike previous studies, this model is not a simple
mathematical function fit but rather uses a geomechanical
framework for slow creep to estimate the physical parame-
ters of the slope materials. Through our investigations, we

Nat. Hazards Earth Syst. Sci., 23, 3235–3246, 2023 https://doi.org/10.5194/nhess-23-3235-2023



O. Cavalié et al.: Three decades of coastal subsidence in the slow-moving Nice Côte d’Azur Airport area 3237

Figure 1. (a) Topographic map of the French Riviera showing the large gradient between the southern Alps and the offshore margin of the
Ligurian Sea (elevation drop of more than 4000 m over 40 km). The black square indicates the close-up footprint shown in (b). (b) Zoom on
the Nice Côte d’Azur Airport with a 3D perspective. The red circle shows the airport extension area which collapsed in 1979. The paths of
the landslide are indicated with red arrows. (c–e) Three aerial photographs showing the evolution of the Nice Côte d’Azur Airport with the
first tar runway in 1945, the maximum extension of the platform including the dyke that collapsed in October 1979, and the final shape of the
airport in 2004 (it has not changed since then). On each photograph, the red and yellow dashed lines represent the coastline as it was in 1945
and 2004, respectively. Photo credit: aerial photographs are archived by IGN (Institut national de l’information géographique et forestière)
and can be found at https://remonterletemps.ign.fr (last access: 23 September 2023).

measured a deceleration of the maximum subsidence rates of
the platform from 16 mm yr−1 (1992–2001) to 9.5 mm yr−1

(2003–2011) to 8 mm yr−1 (2014–2020) over the study area.
The uncertainty in subsidence rates has been carefully esti-
mated by two different methods, both leading to estimates
of about 0.3 mm yr−1 for the three periods, more than an or-
der of magnitude below the measured rates. We find that the
non-linear surface displacement can be explained by a tran-

sient creep mechanism that fits the whole temporal evolution
of observations. These results are useful for future physics-
based forecasting models of the coastal slope evolution.

In the following sections, we shortly recount the history
of NCA. Then, we present the InSAR measurement of the
airport platform deformation, including a noise analysis of
the generated dataset. This latest point is rarely discussed in
the subsidence studies, although it is crucial to accurately as-
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sess the hazard due to the subsiding area. Finally, we model
the InSAR observation to better understand the underlying
physical process of the platform subsidence and discuss the
potential consequences of such vertical displacements.

2 History of the airport construction

For the first half of the 20th century, Nice only hosted an
aerodrome made of a single dirt track. The history of the
Nice Côte d’Azur Airport really started in 1944 when the
Allies set up a logistics base in Nice and thus built the first
tar runway (Fig. 1c). In the following years, a few limited
inland extensions (several hectares) of the airport platform
have been done to welcome bigger planes. However, the air-
port is stuck between the sea and city of Nice, which prevents
any development inland. As air traffic increased, it was de-
cided to extend the airport southward, on reclaimed land over
sea, in order to build a second runway. More than 100 studies
have been done as it is a real challenge to build there, notably
because the continental shelf is very narrow (less than 2 km
wide) and is bounded by very steep and deep slopes. The
structural work of the platform was performed between 1975
and 1978 when 30 000 000 t of material were brought from
a neighbouring hill (Ollié, 1982). The sediments were then
dynamically compacted (with a 130 kg of mass falling from
23 m high). Meanwhile a 3 km long seawall has been built to
protect the platform from the sea storms. In July 1978, the
structural work of the airport platform was finished, while
construction work was continued to build a dyke where a
commercial port would take place. Unfortunately, on 16 Oc-
tober 1979, an undersea landslide triggered the collapse of
this dyke (Fig. 1b, d, and e). As a result, the port project
was dropped, and the next 3 years were dedicated to consol-
idate the airport platform. In 1982, the last stage of the work
including the construction of the pavement was achieved.
The Nice Côte d’Azur Airport was then inaugurated in 1983
(de la Tullaye, 1989). Since then, only minor changes were
added, and Fig. 1e shows the shape of the airport platform as
it is today.

3 InSAR measurement of NCA subsidence

3.1 Data and method

In order to extend the temporal observation window of Cav-
alié et al. (2015) (that spans the period 2003–2011), we pro-
cessed data acquired previously by the ERS satellites and re-
cent data acquired by the ongoing Sentinel-1 mission. The
2015 study gives important information about the deforma-
tion detected on the airport platform. In particular, it shows
that the displacement is almost purely vertical (i.e. no hori-
zontal motion stands out of the noise). So, as it is 1D motion,
one can process only one track and then project the line-of-
sight (LOS) InSAR displacement into the vertical direction

(Dvert =DLOS/cosα, where Dvert is the vertical displace-
ment, DLOS the line of sight displacement, and α the inci-
dence angle at each pixel location). For the ERS mission, the
European Space Agency (ESA) clearly favoured acquisitions
on descending orbits for this area. We, thus, selected track 22,
where 65 images were acquired between November 1992
and September 2001 (while only 26 images are available for
the ascending track over the same period). Envisat data have
been already processed in Cavalié et al. (2015). For Sentinel-
1 data, we processed the descending track 139. We took ad-
vantage that Sentinel-1 SAR images are made of multiple
bursts in order to select only those that cover the airport. As
the airport is a kilometric object, only two bursts of the first
subswath need to be processed.

We mostly followed the same methodology as in Cavalié
et al. (2015). Ground displacement time series are generated
from interferograms using the NSBAS (new small baseline
subset) processing chain (Doin et al., 2012). As with all small
baseline processing chains, the main idea consists in limit-
ing both the temporal and spatial baseline between the im-
ages that will be combined to compute the interferograms
in order to optimize the interferometric phase coherence and
thus keep the highest possible number of pixels for the de-
formation analysis. Figure 2 shows the network of interfero-
grams based on the image acquisition configuration for ERS,
Envisat, and Sentinel-1 data. However, for ERS data, this
strategy was not sufficient to reduce phase noise, and we
used MuLSAR (Multi-Link SAR) software (Pinel-Puysségur
et al., 2012) in order to further improve the phase stability.
The principle of this software is to combine different redun-
dant paths between acquisition dates in order to reduce the
phase noise level on the wrapped interferograms. In the case
of ERS data, as many interferograms are very noisy, it is nec-
essary to filter the wrapped interferograms with a dedicated
filter. Indeed, the unwrapping process is a very tricky step,
and large parts of interferograms may be lost if they are not
properly filtered before unwrapping. Thus, the MuLSAR fil-
ter which proved efficient for the filtering of very noisy inter-
ferograms (Grandin et al., 2012) has been applied.

ERS and Envisat interferograms are corrected for orbital
and topographic components using Doris (Doppler Orbitog-
raphy by Radio-positioning Integrated by Satellite) and the
ALOS DEM, respectively. The ALOS DEM is also used to
correct Sentinel-1 interferograms. To help with the phase un-
wrapping, interferograms are filtered and slightly downsam-
pled by pixel multilooking with 2 looks in range and 2× 5
looks in azimuth for ERS and Envisat interferograms and
2 looks in azimuth and 2× 4 looks in range for Sentinel-1
data. The resulting pixel spacing is ∼ 40 m× 40 m. Interfer-
ograms are properly referenced using areas around the air-
port that has been proven to be stable (Cavalié et al., 2015).
Finally, we used a constrained least-squares inversion (Doin
et al., 2012) in order to derive the surface displacement rates
from the interferograms. A temporal smoothing operator is
applied to limit phase variations due to turbulent atmospheric
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Figure 2. Relative position of orbits plotted as a function of image acquisition date for (a) descending ERS track 22, (b) descending Envisat
track 22, and (c) descending Sentinel-1 track 139. Grey lines show image pairs processed into interferograms that are included in the time
series analysis.

Figure 3. Projected vertical ground velocity (mm yr−1) measured from (a) ERS (1992–2001), (b) Envisat (2003–2011), and (c) Sentinel-1
(2015–2020) data. Note that the colour scale changes and is adapted to show the persistent patterns of deformation over time. Black dot
in (a) shows the location of pixel P1. (d) Time series of P1 vertical displacement. Red dots correspond to the three time series computed
independently. Black circles represent the reconstructed time series by constraining the displacement as a logarithmic function.
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delays (although atmospheric delays are limited as InSAR is
a relative measurement and we work at small scale). Surface
velocity maps shown in Fig. 3 are derived from the linear
component of the time series for each pixel.

3.2 Surface displacements observed from 1992 to 2020

Figure 3a–c shows the averaged vertical ground velocity for
the ERS (1992–2001), Envisat (2003–2011), and Sentinel-1
(2014–2020) periods. Note that the colour scale changes to
match the maximum velocity value. This representation al-
lows for seeing that the spatial displacement pattern is steady
through the whole observation window, although the ampli-
tude decreases in time. This is a major update compared to
the 2015 study (Cavalié et al., 2015), where the time win-
dow was too short to reliably measure any slowdown of the
surface displacement. Thus, with this new dataset, we have
the opportunity to measure subsidence rate variations over a
28-year-long period of time.

To better observe the temporal variations in the airport
platform subsidence, Fig. 3d shows the displacement evo-
lution of pixel P1 that is located in the maximum subsi-
dence area (Fig. 3a). As the changes in the carrier fre-
quency between each generation of satellites prohibit cross-
interferogram (Envisat–Sentinel-1 for instance), the time se-
ries is discontinued. Thus, Fig. 3d shows the three trends for
each satellite period (red dots). A simple linear regression
reveals that, for P1, subsidence rates were on average 16,
9.5, and 8 mm yr−1 for the periods 1992–2001, 2003–2011,
and 2014–2020, respectively. We thus observe a deceleration
of 50 % of the subsidence rates over 28 years. To better vi-
sualize the evolution of the pixel displacement through the
full period, one can make the assumption that no sharp mo-
tion took place between the three measured periods and that
the shape of the motion follows a logarithmic function (with
Heaviside step functions to take into account the discontinu-
ities):

f (t)= a log
(

1+
t

b

)
+ cH1+ dH2+ e, (1)

where t is the time; H1 and H2 are two Heaviside step func-
tions; and a, b, c, d, and e are some constants. By inversion,
one can determine them and thus reconstruct the time series
(Fig. 3d).

3.3 Noise analysis and discussion

Our InSAR processing strategy turns out to be very effec-
tive and shows very nice results both in time (Fig. 3d) and
in space (Fig. 3a–c). Actually, on maps, land subsidence is
clearly localized in the riverbed (we are able to detect ve-
locity slower than 1 mm yr−1) and then over the airport plat-
form where the downward velocity increases. Qualitatively,
we observe little noise in the data, and unlike many studies
about subsidence, we do not see any areas with artificial up-
lift due to atmospheric delays. Indeed, velocity drops sharply

Figure 4. Displacement residues for P1 (InSAR time series mi-
nus the fit function estimated with Eq. 1). Residue dispersion is
∼ 4.2 mm.

to 0 over the consolidated conglomerate located on each side
of the riverbed. However, it is important to quantify the error
bars on the data as these are often an important parameter for
modelling the deformation.

Estimating the noise level is both very important and tricky
in InSAR, and thus it is often ignored in the published In-
SAR studies, or the theoretical values are given. Moreover, in
several studies, the noise level is estimated only on displace-
ment measurements by computing the root mean square error
between measured and modelled displacements. Even if the
measurement of interest is actually velocity, uncertainty in
this physical quantity is not derived (Li et al., 2022; Park and
Hong, 2021; Xiong et al., 2022). In this study, uncertainties
in deformation velocity are computed by two different meth-
ods and give similar estimates.

Several methods have been developed to estimate the noise
correlation, notably to compute the InSAR data covariance
matrix that is used in the inversion to retrieve parameters of
the underlying geophysical phenomena (Sudhaus and Sig-
urjón, 2009). In the previous study (Cavalié et al., 2015),
authors evaluated the uncertainties in the velocity maps by
looking at the dispersion of surface velocity measurements in
a nearby location where no surface displacement is expected.
As a result, all velocity variations observed in the InSAR data
are due to noise. Assuming that the noise level is similar in
the nearby deformed area, a 1σ error can be computed. With
this method, Cavalié et al. (2015) estimated a 1σ error of
0.25 mm yr−1 for the mean subsidence rate that occurred be-
tween 2003 and 2011. Similarly, using the time series, one
can estimate the temporal dispersion of a pixel located in a
stable area. Moreover, if the temporal evolution of the surface
displacement is simple enough (as it is the case for NCA),
one can remove a deformation model and then observe the
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residue dispersion. The advantage is that the 1σ error is com-
puted directly in the subsiding area (and not for a pixel lo-
cated nearby that can be affected by other local sources of
noise). Figure 4 displays the InSAR signal residue (after re-
moving the logarithmic function estimated from Eq. 1) for
pixel P1 (shown in Fig. 3a). Overall the standard deviation in
displacement σd is ∼ 4.2 mm. Interestingly, we see that data
dispersion is very similar for the ERS, Envisat, and Sentinel-
1 time series (that have been processed independently). As
in Fattahi and Amelung (2015), if we assume that the residue
is a Gaussian white noise, the uncertainty in the deformation
velocity σv can be estimated for each time series as

σv =
σd√

N∑
i=1

(
ti − t

)2 , (2)

where ti is the acquisition dates, t is the mean acquisition
date, and N is the number of acquisitions. σv is estimated to
be 0.27 mm yr−1 for the ERS dataset, 0.28 mm yr−1 for the
Envisat dataset, and 0.32 mm yr−1 for the Sentinel-1 dataset.
Interestingly, the estimate for the Envisat dataset is very close
to the abovementioned 1σ error of 0.25 mm yr−1 estimated
by a different method. Deformation velocity derived by In-
SAR using SBAS (small baseline subset) type techniques
(Berardino et al., 2002) may be biased due to phase mis-
closure (De Zan et al., 2015). Recent studies suggest that
this phenomenon is due to the temporal change in scatter-
ing mechanism (Ansari et al., 2021): it occurs either on veg-
etated areas where the scatterers vary in time due to growth
or decay of the vegetation or on bare soils where the mois-
ture level changes according to precipitation events. How-
ever, our study is focused on an urbanized area that should
not be prone to this bias.

4 Creep modelling

4.1 Geological, hydrogeological, and geomechanical
context

The time series of surface displacement data estimated from
InSAR analysis shows a non-linear transient evolution over
28 years (1992 to 2020) (Fig. 3d). This reflects a progressive
and long-term deformation of the subsurface layers. Actu-
ally, soils and rocks can exhibit creep behaviour, which is the
development of time-dependent strains at a state of constant
effective stress (Bland, 1960; Findley et al., 1976; Jaeger
and Cook, 2007). Creep behaviour influences the long-term
stability of grounds and movement of slopes. This time-
dependent material behaviour exhibits viscoelastic or vis-
coplastic characteristics that can be reproduced with differ-
ent creep models of increasing complexity depending on the
type of material and loading conditions (Jaeger and Cook,
2007).

Previous studies of the submarine slope stability in the area
of the Nice Côte d’Azur Airport indicated that the geological
formations below the airport deform with a slow-creep pro-
cess (Dan et al., 2007; Stegmann et al., 2011). Since the 1979
major landslide, an increasing collection of geological, ge-
omechanical, and geophysical data have been acquired in this
area, showing it is prone to failure (Kopf et al., 2016; Sultan
et al., 2020). Rohmer et al. (2020) showed that the sediment
thickness is more than 100 m under the airport area. Based on
a combination of field geological observations, borehole data
collected down to 100 m depth, and geophysical imaging, a
number of studies have characterized the sedimentary sys-
tem with (1) a basal Jurassic karstic limestones overcome by
(2) Pliocene deltaic conglomerates and (3) Early Pleistocene
marls and then covered on top by (4) a series of Holocene al-
luvium composed of silty and clayey lenses, sand, and grav-
els (Stegmann et al., 2011; Sultan et al., 2020; Courboulex
et al., 2020). This succession of sedimentary layers consti-
tutes three overlapping aquifers with different permeabili-
ties and fluid pathways (Du et al., 2019; Sultan et al., 2020).
In this hydrogeological system, pore pressure fluctuations (a
few tens of kilopascals) are sensitive to long smooth seasonal
variations (Sultan et al., 2020). Importantly, a clay layer is
suspected to be the creeping section of the continental slope
below the sea level and a potential contributor to the origin
of submarine landslide (Leynaud and Sultan, 2010; Sultan
et al., 2020). This weak clay layer, situated between 30 and
45 m b.s.l. (below sea level), was detected from in situ piezo-
cone measurements (i.e. CPTU, cone penetration testing) and
sediment cores (Dan et al., 2007). The softening of this sen-
sitive layer may affect the global strength of the sedimentary
system below the airport area. Consequently, it is important
to investigate the creep process to explain the slope defor-
mation and failure. In addition, the time series of surface dis-
placement measured from 1992 to 2020 indicates that the dis-
placement is mainly vertical and the horizontal component is
negligible. This behaviour suggests that a creep compaction
is probably at play.

4.2 Modelling of long-term slow-creep processes

Several models have been developed to describe creep and
failure in rocks (Jaeger and Cook, 2007). Creep represents
strain increase with time. A typical creep curve indicates
three different regions: primary, secondary, and tertiary creep
(Fig. 5a). Once the material experiences an instantaneous
strain, as a result of sudden loading, the region of primary
creep begins and has a decreasing strain rate with time. This
behaviour continues until the secondary stage starts with a
constant strain rate. The strain rate in the secondary stage is
the minimum strain rate of creep deformation. The last stage
of creep deformation is the regime of tertiary creep charac-
terized by a very high strain rate and eventually failure.
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Figure 5. (a) Strain–time plot for a conventional creep experiment. On this typical creep curve, the three creep phases (primary, secondary,
and tertiary) are labelled. (b) Time series of the measured displacement and the best-fit numerical solution using the extended viscoelas-
tic Burgers model. The model adjusts the data with χ2

= 0.18957. Note that to better compare the airport platform deformation to the
conventional creep curve, we took the absolute values of the ground displacements.

The shape of the observed displacement at the surface of
the airport is similar to the shape of the stages of primary and
secondary creep of the theoretical creep curve. A viscoelas-
tic Burgers model can effectively reflect the stages of primary
and secondary creep of rock creep process; however, it can-
not describe the acceleration phase of tertiary creep. Here,
we use an extended Burgers creep model made up of a se-
ries of Maxwell and Kelvin bodies (Jiang and Wang, 2022)
to reproduce the InSAR observations. Such a viscoelastic
model was previously employed to model soil deformation
(Yao et al., 2021), fault relaxation after earthquakes (Sun
and Wang, 2015), and landslide creep (Zou et al., 2013; Liao
et al., 2022) and is often used in geology to illustrate the ef-
fects of both strain and stress relaxation. The transient creep
(δ) with time (t) is analytically calculated as follows:

δ(t)= σ0

[
1
EM
+

t

ηM
+

1
EK1

(
1− exp

(
−
EK1 t

ηK1

))
+

1
EK2

(
1− exp

(
−
EK2 t

ηK2

))]
, (3)

where EM, EK1 , and EK2 are the elastic moduli of the
Maxwell body, first Kelvin body, and second Kelvin body, re-
spectively; ηM, ηK1 , and ηK2 are the viscosity of the Maxwell
body, first Kelvin body, and second Kelvin body, respec-
tively; and σ0 is a constant uniaxial load. The transient Kelvin
component of the rheology is considered to be dominant
at short timescales, while the Maxwell component domi-
nates at long timescales (Jaeger and Cook, 2007). With this
1D model, seven parameters need to be adjusted. We used an
adaptive grid search method to invert the parameters. We set
up the search range of each parameter to explore a large num-
ber of possible solutions, which is about 2.3 million solu-
tions. For the goodness of fit of the best-fit solution, the mis-
fit between the observed (obsi) and model-predicted (predi)
displacement is estimated with the reduced χ2, defined as

χ2
=

1
N −m

∑
i=1,N

(
obsi − predi

σi

)2

, (4)

where N is the number of observations, m is the number of
model parameters, and σi is the uncertainties (4.2 mm here).

Figure 5b shows the best-fit numerical solution to the mea-
sured displacement over time. The model provides a satisfy-
ing fit of observations and adjusts the data with a reduced χ2

of 0.18957 and leads to σ0 = 0.099 MPa, EM = 32.1 MPa,
EK1 = 0.86 MPa, EK2 = 0.47 MPa, ηM = 42.63 MPa yr−1,
ηK1 = 16.21 MPa yr−1, and ηK2 = 9.61 MPa yr−1. These val-
ues are consistent with the range of values obtained in labora-
tory experiments conducted on clays under the triaxial com-
pression condition (Xue et al., 2020). The difference between
the observed and modelled displacements mostly reflects the
data dispersion as we find a very similar standard deviation,
4.1 mm, for the residues (data minus model). Thus, this result
suggests that a transient creep mechanism properly models
our observations of the vertical displacement associated with
a long-term compaction of materials. Based on this assump-
tion, the airport deformation is still in the primary stage of
the creep process.

Although the data are well reproduced with an extended
Burgers creep model, which allows for investigating a tran-
sient rheology for viscous compaction, an extension to a
creep damage model in a 3D stress state would be adapted
to explore the full non-linear viscoelastoplastic behaviour
with potential damage accumulation and accelerated creep
(stage of tertiary creep in Fig. 3d) toward dramatic failure.
However, the 1D viscoelastic creep model used here is well
adapted to explain the data with a satisfying fit over the
28 years of observation.
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5 Discussion and conclusion

Land use is particularly disputed in coastal areas as they are
often highly populated. The intense human activities lead to
an increase in various hazards including vertical land motion
due to superficial soil compaction. These latest phenomena
can be caused by either natural or anthropogenic phenom-
ena and can lead to further coastal erosion, flooding, or land
salinization in the case of groundwater pumping. Actually,
most of the subsidence affecting the coastline near big cities
is related to groundwater pumping (especially in Southeast
Asia, like in Jakarta for example), but subsidence is a natu-
ral common feature of large river deltas (Nile, Mississippi,
or Po rivers, for instance) and is due to compaction of the
Holocene sediment strata. In the Var River delta (French Riv-
iera, France), we observe the interaction between the natural
compaction of the unconsolidated Holocene sediments in the
Var River delta with the construction of artificial infrastruc-
ture (NCA) that brought an additional superficial load on top
of the sediment. This extra load leads to a drastic amplifi-
cation of the subsidence rate as observed in Cavalié et al.
(2015). In the case of the Var River delta, hazard is also am-
plified by the fact that the overload of sediment has been used
to reclaim land over sea in a place where the continental
shelf is narrow and the undersea topography quickly drops
to −2500 m (Fig. 1). Understanding the mechanism and thus
the evolution of sediment compaction is essential to evaluate
the danger caused by the coastal subsidence.

Therefore, we use SAR interferometry to measure and
analyse the temporal evolution of the ground displacement
on the Nice Côte d’Azur Airport platform over a long pe-
riod of 28 years. Extending the observation window to study
the long-term subsidence leads to substantial improvements
in the understanding of the ongoing mechanisms along this
coastal area. Indeed, the previous study (Cavalié et al., 2015)
measured the airport platform subsidence using only the En-
visat data that span the 2003–2011 period. This relatively
short period of observation impeded the accurate detection
of non-linearity in the surface displacement and its change
rate. By adding the ERS and Sentinel-1 data, the observa-
tion window more than tripled (1992–2020), and time se-
ries of the surface displacement clearly reveal a transient
non-linear deformation with a decelerating subsidence rate
over time, which is expected for ground layer compaction.
Then, we used a simple analytical Burgers creep model to
constrain the mechanisms and rheology at play. The data are
properly explained by the phases of primary and secondary
creep, highlighting a slow viscoelastic deformation at mul-
tiyear timescales. The best-fit solution allows for retrieving
reasonable mechanical values of the airport sediments that
have been brought to build the platform extension. Our study
thus proves that the long-term InSAR data can improve our
understanding of the surface processes and the subsurface
material properties.

Although the subsidence rate decelerates, at least for
28 years, our results show that the compaction of the sedi-
ment is still active and its future evolution is uncertain and
still at stake. Indeed, if compaction bands are developing un-
der the airport platform, creep processes could potentially
lead accumulated material damage to failure. Thus, through
our investigations, the data indicate that the stability of the
airport platform should be monitored continuously with addi-
tional high-quality space and land observations together with
submarine instrumentation on the continental slope right be-
low the airport. Indeed, the anticipation of potential future
slope failures is a challenging question, especially with the
current available data and without understanding the sensi-
tivity of creeping rates in the sediments. The clay sediments
can creep at varying rates due to different stress factors, such
as airport platform loading and potential fluid pressure in-
creases from precipitation. Earthquake shaking in this seis-
mic area could also accelerate creep rates. When subjected
to high deviatoric load, significant creep may occur, leading
to a decrease in sediment resistance and potential slope fail-
ure. Moreover, an increase in fluid pressure can reduce effec-
tive stress and expedite sediment creeping to slope failure.
Presently, it is clear that the airport platform is slowly creep-
ing, and multiple triggering processes are possible. To gain
a comprehensive understanding of the creep characteristics
of clay sediments, conducting controlled laboratory experi-
ments under varying disturbance amplitudes and frequencies
would be highly beneficial. These experiments would allow
us to examine the specific influence of different factors on the
creep deformation at each stage of the process. Finally, even
if the airport platform were absent, the slope would likely
still experience creep due to the clay layer, although at a
much slower rate and different evolutionary stage. To gain
a clearer understanding of the slope’s stability under slow,
long-term, and fast dynamic loading, it would be beneficial
to gather high-resolution geotechnical, hydrogeological, and
seismic data across the Var River delta platform and slope.
Combined with geomechanical modelling, such data could
help to validate the assumptions regarding the slope’s stabil-
ity and provide valuable insights into potential future slope
failure scenarios.

In an era in which climate change and sea level rise pose
unprecedented threats to coastal ecosystems and urbaniza-
tion (Shirzaei and Bürgmann, 2018; Shirzaei et al., 2021),
the long-term observations of ground motion from space are
essential to monitor the stability of coastal environments and
will inform managers and policymakers in identifying zones
with exposure to hazards.

Data availability. Raw data used in this study are freely
available online. Sentinel-1 SAR images are from the PEPS
(Plateforme d’Exploitation des Produits Sentinels) platform
(https://peps.cnes.fr/rocket/#/search, CNES, 2023). ERS and
Envisat SAR data were obtained free of charge through
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an ESA Category-1 project (https://earth.esa.int/eogateway/
catalog/ers-1-2-sar-im-l0-sar_im__0p-, ESA, 2023a and https:
//earth.esa.int/eogateway/catalog/envisat-asar-im-l0-asa_im__0p-
ESA, 2023b, respectively). The digital elevation model is
freely available from JAXA (Japan Aerospace Exploration
Agency) (https://www.eorc.jaxa.jp/ALOS/en/index_e.htm,
JAXA, 2023). ERA5 global reanalyses of atmospheric data
are distributed by the ECMWF (https://www.ecmwf.int/
en/forecasts/dataset/ecmwf-reanalysis-v5, ECMWF, 2023).
Velocity maps shown in Fig. 3 are archived on Zenodo
(https://doi.org/10.5281/zenodo.7038263, Cavalié, 2022).
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