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ABSTRACT

Measuring terrain deformation over several spatial and temporal scales is relevant for many applications in Earth
Sciences (i.e. active faults, volcanoes, landslides or glaciers understanding). The growing volume of freely
available data represents nowadays a challenge in terms of storage capacity and computing resources which,
together with the complexity of the processing (code parameterization, combination of the image sequences, co-
registration of the images) may prevent the exploitation of long time series. We propose here a new version of the
Multiple-Pairwise Image Correlation toolbox for processing OPTical images (MPIC-OPT). The toolbox proposes
an end-to-end solution to compute the horizontal sub-pixel ground deformation time series from large Sentinel-2
datasets. In addition to time series inversion, several corrections and filtering options are integrated to reduce the
noise and improve the accuracy and precision of the measurements. In particular, an automatic jitter correction
based on wavelet filtering is proposed. Moreover, the MPIC-OPT service is deployed on the Tier 1.5 High-
Performance Computing cluster (e.g. Datacentre/EOST-A2S) of the University of Strasbourg and is accessible
on-line through the ESA Geohazards Exploitation Platform (GEP) and the ForM@Ter Solid Earth computing
infrastructure with a user-friendly environment to query the satellite data catalogues, parameterize the pro-
cessing and visualize the outputs. We test the performances of MPIC-OPT on several use cases: the measurement
of the co-seismic ground deformation of the 2019 Ridgecrest earthquake sequence (USA), of the rapid motion of
the Slumgullion landslide (USA) and of the glaciers of the Mont-Blanc massif (France/Italy). We show that the
results of MPIC-OPT are in agreement with in-situ data. The jitter correction significantly improves the precision
(RMSEjitter=0.3m vs. RMSEnjiner=0.5m) and the accuracy (RMSEjiuer=0.3m vs. RMSEyjirrer=1.3m) of the mea-
surement of the co-seismic displacement of the Rigdecrest seismic deformation. We show that the precision and
accuracy of the terrain deformation estimation depend mainly on the correlation threshold and the temporal
matching range parameters and we quantify and discuss their impacts. This work opens new perspectives to
monitor automatically surface displacements/velocities of natural hazards over large scales and large periods of
time.
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1. Introduction

Terrain motion is a parameter used in various fields of Earth sciences
for understanding the physical mechanisms controlling volcano, fault,
landslide or ice glacier activity, but also for Disaster Risk Management
(DRM). Several techniques exist to measure the absolute or relative
motion of the ground. Some instruments can be installed in-situ (e.g.
GNSS, extensometers) or at proximity of the object of interest (e.g.
terrestrial laser scanning, total station) but the installation and main-
tenance of such instrumentation may be challenging in inaccessible and
remote areas. Conversely, space-borne sensing of the Earth surface
provides a global coverage and allows measurement over extended
areas. Numerous satellite constellations, in particular optical satellite
imagery of high spatial resolution are now publicly available such as the
Copernicus Sentinels (since 2015 - Gascon et al. (2017); Geudtner et al.
(2014)) and the NASA long archive of the Landsat missions (since 1970 -
(Wulder et al., 2016)). These archives represent an interesting source of
information for ground deformation monitoring because of their high
frequency of revisit, their spatial resolution and their open-access data
policy.

Terrain motion can be measured from space-borne observations
using Synthetic Aperture Radar (SAR) and optical imagery. The two
main techniques used in Earth Sciences are a) SAR Interferometry
(InSAR; (Gens and Van Genderen, 1996; Massonnet and Feigl, 1998))
and b) optical/SAR pixel tracking; (Michel et al., 1999; Leprince et al.,
2007; Amitrano et al., 2019; Dille et al., 2021)). SAR interferometry
(InSAR) can provide a measurement of the ground deformation at mil-
limetric accuracy in the Line-of-Sight of the satellite by computing the
phase difference between two acquisitions (Massonnet and Feigl, 1998).
However, InSAR presents some limitations, in particular for the moni-
toring of rapid terrain motion (e.g. velocity fields >1 m. yr!) due to a
loss of phase coherence.

Pixel offset tracking can measure surface motion by determining the
pixel offset between two acquisitions. It can be applied to both SAR and
optical images. For SAR and optical images with different look angles,
the technique is sensitive to vertical and horizontal displacements while
in the case of optical satellite with off-nadir look angles, the technique is
sensitive to displacement in the horizontal plane. Depending on the
ground sampling distance, the technique is sensitive to large displace-
ment magnitudes from tens of centimeters to meters. Conversely to
InSAR processing chains, most of the studies perform separately each
steps (e.g. image query, image matching, correction, filtering and time
series inversion) needed to extract the ground deformation. Few algo-
rithms propose an integrated way to perform successively some (Stumpf
et al., 2017; Nagy et al., 2019; Millan et al., 2019) or all (Van Wyk de
Vries and Wickert, 2020; Ali et al.,, 2020) of these different steps.
Moreover, the proposed algorithms are usually tested and developed for
one application (i.e. ice velocity, landslide motion, sand dune velocity,
etc.) and their performances and reliability are not tested on other
applications.

Two main approaches exist to calculate the offsets between two
images: a) the image matching approach that computes a similarity
function over a sliding window to determine the new position of an
object and b) the optical flow approach that consists in retrieving the
object motion by solving the brightness consistency equation for the
whole image (Brigot et al., 2016). Image matching consists in measuring
the similarity between the images based on the pixel intensity and the
use of similarity functions (e.g. Cross-Correlation (CC); Normalized
Cross-Correlation (NCC)) calculated in the spatial or in the frequency
(Fourier) domains (Heid and Kaab, 2012). It was first tested on satellite
data in the early 1990’s for the monitoring of ice glaciers (Bindschadler
and Scambos, 1991; Scambos et al., 1992). Since that early time,
numerous algorithms have been developed such as InCORR (Fahne-
stock et al., 1992), InGRAFT (Messerli and Grinsted, 2015), COSI-Corr
(Avouac et al., 2006), CIAS (Kaab and Vollmer, 2000), MicMac (Rosu
et al.,, 2015; Rupnik et al., 2017), and QPEC/Medicis (Cournet et al.,
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2016). The main difference of these algorithms are their pre- and post-
processing options. For example, InCORR proposes a high-pass and
low-pass filtering of the image as well as a Principal Component Analysis
(PCA) to reduce the satellite image noise (Fahnestock et al., 2016) while
MicMac proposes a regularization function to reduce outliers (Rosu
et al., 2015). The formulation of the optical flow problem allows for an
estimation of the motion field at the pixel level. Optical Flow has been
developed since the 1980’s (Horn and Schunck, 1981) and applied to
satellite observations for various applications like image co-registration
(Brigot et al., 2016) or ice flow motion (Vogel et al., 2012; Altena and
Kaab, 2017; Lenzano et al., 2018). However, this approach is currently
less used by the geoscience community compared to the image matching
approach (Stumpf et al., 2016) and few studies compared the perfor-
mance of the two approaches.

The volume of available satellite images is rapidly growing and,
nowadays, several limitations remain for an operational use of image
matching techniques. One of the main limitation comes from the
numerous errors (i.e. ortho-rectification error, orbital error or other
artifact effects) that propagate into the displacement fields which limits
the accuracy of the measurement (Scherler et al., 2008; Stumpf et al.,
2018). Then, the growing archive of optical images available also poses
various challenges in terms of storage and computing resources. The
recent development of online processing platforms is hence an oppor-
tunity to provide access to High Performance Computer or Cloud facil-
ities combined with a user-friendly environment to setup the processing
parameters and visualize the outputs. Several initiatives exist to provide
an open-access to global or regional processing such as the ITS_LIVE
MEASURE:s dataset (Gardner et al., 2019) for glacier monitoring. How-
ever, these datasets do not offer the highest spatial resolution and the
coverage to understand local processes.

The objective of this work is to present the new functions of the
MPIC-OPT workflow, to test its performances on various application and
to compare the choice of the image matching strategy. The workflow is
fully tailored for Sentinel-2 images and additional corrections and filters
have been implemented such as a jitter correction based on wavelet
filtering and the implementation of the inversion of the ground defor-
mation time series. The processing chain is optimized for High Perfor-
mance Computing and accessible through two online platforms. The
workflow has been extensively tested to provide robust results on
various application. Three MPIC-OPT services have been tailored ac-
cording to requirements of three Earth science communities to moni-
toring the deformation of tectonic faults, glaciers or landslides. The
performances of these three versions of the MPIC-OPT workflow are
tested for three use cases: i) the co-seismic ground deformation of the
2019 Ridgecrest earthquake sequence (USA), ii) the velocity monitoring
of ice glaciers in the Mont-Blanc massif, and iii) the ground deformation
monitoring of the Slumgullion landslide (USA). Each of the use cases
illustrates one of the new functions of the service. The accuracy and
precision of the results are assessed and compared to in-situ
measurements.

2. Description of the MPIC-OPT workflow

MPIC-OPT is organized in three modules: 1) the correlation module,
2) the correction and filtering module and 3) the spatio-temporal anal-
ysis module (Fig. 1). The user can select either an image correlation
algorithm (MicMac; (Rupnik et al., 2017)) or an optical flow approach
(GeFolKi; (Brigot et al., 2016)). Further module 3 allows extracting
persistent motion from the stack of ground deformation grids and the
inversion of the time series. The modules are described in the following
sections.

A pre-processing module (i.e. Download and Pre-processing in Fig. 1)
downloads the Sentinel-2 images, extracts the Copernicus DEM (30 m)
for the Area Of Interest (AOI) and apply several masks in order to reduce
the computation time. The Fmask algorithm (Qiu et al., 2019) is used to
classify the pixels of the scene into five categories (clear-view, water,
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Fig. 1. Diagram representing the different modules of the MPIC-OPT algorithm.

cloud, cloud shadow and snow pixels). Areas covered by clouds, water
and snow (optional) can then be removed. The GLIMS database to
delineate glacier area (Racoviteanu, 2007) is also available and can be
used to reduce the AOI in the case of glacier monitoring. Finally, cast-
shadows can be simulated with the DEM and removed to limit the sea-
sonal shifts.

2.1. Module 1: image matching for quantifying ground deformation

Module 1 (i.e. Correlation in Fig. 1) is the core module of the MPIC-
OPT as it computes the pixel offsets for each image pair. The main
function consists in pairing the images and then computing the ground
deformation. To create the pairing network, a minimal and maximal
matching value must be entered (in days or number of acquisitions) and
will define a temporal baseline (in day or number of acquisition). An
image pair is then created only if it respects the temporal baseline. There
is also an option to create the pairs in both the direction of time (“For-
ward”) and the reverse direction of time (“Backward”). This can be used
to improve the accuracy of the results by increasing the Signal-to-Noise
Ratio (SNR) (Stumpf et al., 2018). A split-date can be set by the user to
enable only the pairing of pre- and post-event images (e.g. excluding the
pairing of two pre- or post-event images). This option is designed
particularly for co-seismic ground deformation analysis to increase the
SNR by only computing the co-seismic pairs.

Once the pairing scheme is set by the user, two algorithms are
available to compute the pixel offset for each of the pairs: MicMac
(Rupnik et al., 2017) and GeFolki (Brigot et al., 2016). MicMac is an
open-source photogrammetric library developed by IGN (Institut Na-
tional de I'Information Géographique et Forestiere, France) that per-
forms image correlation in the spatial domain (Rosu et al., 2015; Le Bivic
etal., 2017). The function computes a correlation coefficient on a sliding
window and proposes a regularization to stabilize the results especially
for small windows sizes (Rosu et al., 2015). The main parameters
exposed to the users in the service are the size of the sliding window, the
spatial range, the regularization parameter and the correlation
threshold. The size of the sliding window controls the amount of details
of the computed ground deformation (e.g. a small window allows to
retrieve more details of the ground deformation field but may also be
more affected by noise). The spatial range corresponds to the expected
maximum ground deformation and controls the size of the search area to

be matched with the sliding window. The regularization parameter
controls the smoothness of the final results (e.g. a high regularization
parameter provides smooth ground deformation fields with a low
number of outliers). This parameter is highly sensitive and must be
chosen carefully. The correlation coefficient gives a measurement of the
quality of the similarity of the matched pixels. The correlation threshold
allows to remove the pixels with a low correlation (i.e. low similarity).
This parameter is used to select pixels for which the measurement is
more reliable and also allows to reduce the computation time of the
image correlation by removing the pixel with correlation below the
threshold. It is also used in the next steps of MPIC-OPT.

The second algorithm available: GeFolki is a non-parametric optical
flow toolbox developed by ONERA (French Aeronautics, Space and
Defense Research lab). The main parameters exposed to the users are the
radius, the number of levels, the number of iterations and the rank. The
radius defines the window size on which the matching between the two
images will be maximized. In practice, several radii are defined as a
power of two in order to increase the robustness of the estimation
(Brigot et al., 2016). The number of levels defines the number of layers
in the scale-pyramid which corresponds to different levels of down-
sampling of the images. The matching function is hence optimized
iteratively for each level from the coarser to the finer one taking into
account the pixel shift estimation of the precedent level. Because the
matching function in the case of optical flow is not linear, several iter-
ations can be needed to approximate the solution. Finally, several filters
are applied to the input images to ensure that the images are similar
enough to validate the brightness constancy model (Brigot et al., 2016).
Among these filters, a rank filter is applied and the rank parameter de-
fines the window size on which the values will be filtered.

The outputs of both algorithms consist in two offset grids in the
horizontal plane (North-South, East-West). For MicMac, a third grid is
calculated corresponding to a spatial distribution of the correlation
coefficient.

2.2. Module 2: correction and filtering of ground deformation
Module 2 is tailored to perform correction of several sources of errors

(i.e. orbital error, jitter undulation) and filtering of the displacement
fields to remove outliers or inconsistent values.
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2.2.1. Deramping and destriping in the along-track direction

Several sources of errors are typically recognizable in the raw ground
deformation fields. First, rotational and translational shifts are observed
between the input images and result from orbital and ortho-rectification
errors of the Sentinel-2 (L1C) data. These shifts could be corrected by
accurately reprocessing the raw images (Ding et al., 2016). However
neither the Sentinel-2 raw data (L1B) nor the orbital positions of the
satellites are available publicly. Post-processing corrections can hence
be considered to model and correct these shifts as a linear ramp (Ding
et al., 2016; Bontemps et al., 2018; Stumpf et al., 2018):

Axpi = ax+ bexi+ CxYri
Aymi = Ay +byXpi + ¢y

where xp,, ; and yp, ; are the modelled offset and x;, ;, y, ; are the spatial
coordinates of the if" pixel in the ground deformation fields. The coef-
ficient of these planes ay/y, bxsy, Cx/y are estimated by an iteratively
reweighted least square (IRLS) with a bi-square loss function minimizing
the residuals between the measured and modelled offsets (Stumpf et al.,
2018). The modelled offsets are then removed from the raw ground
deformation grids.

Secondly, shifts and overlaps are reported for all satellite with
embedded pushbroom sensors like Sentinel-2 (Stumpf et al., 2018;
Gascon et al., 2017), Landsat-8 (Ding et al., 2016) or Spot-4 (Ayoub
et al., 2008). In Sentinel-2 acquisitions, regular stripe artifacts are visible
along the track direction in most of the ground deformation fields. This
is due to the structure of the image which includes 12 pushbroom sen-
sors that scan the ground along different tracks. In order to correct these
effects, Leprince et al. (2008) proposes a pre-processing approach to
model and calibrate the charge-coupled device (CCD) shifts as a posi-
tionning error of each CCDs sensor. For Spot-4 images, the results show
that the CCD shifts can be reduced by one order of magnitude (Leprince
et al., 2008). However, this procedure includes a precise coregistration
and orthorectification which implies the availability of a reference
image with no geometric errors, an accurate DEM and the orbital in-
formation (Leprince et al., 2008). The former are not available for
Sentinel-2 preventing to accurately model this effect in a pre-processing
strategy. (Stumpf et al., 2018) proposes a post-processing methodology
to correct the CCD shifts from the ground deformation fields. The mean
shift is estimated within each CCD tracks (which footprints are provided
in the Sentinel-2 metadata) and subtracted. This strategy is the one
implemented in the MPIC-OPT services.

2.2.2. Destripping in the across-track direction to correct jitter vibrations
In some cases, regular across-track undulations are visible in the
ground deformation fields. These stripes are usually due to attitude jitter
undulation which refers to sensor vibrations due to on-board dynamics
of the pushbroom sensors or to external perturbations causing attitude
variations. The jitter undulations manifest in the across-track direction
at different magnitudes and frequencies depending on the satellites
(Ayoub et al., 2008; Teshima and Iwasaki, 2008; Kaab et al., 2016; Nagy
et al., 2019; Ye et al., 2019). Jitter variations are present within each
acquisition and image correlation creates constructive or destructive
combination of these undulations (Kaab et al., 2016). The magnitude of
the jitter undulation may be as large as 16 m for Sentinel-2 images (Nagy
et al., 2019) and hence, may be an important source of noise for ground
deformation analysis. Several approaches can be used to correct this
source of noise: COSI-Corr (Avouac et al., 2006) proposes to accurately
orthorectify the slave image taking into account the attitude information
of the sensor (Scherler et al., 2008). However, if the sampling frequency
of the attitude is too low with respect to the acquisition frequency, the
modelling of the orbital trajectory will not allow to correct for the jitter
undulation (Teshima and Iwasaki, 2008). Moreover, in the case of
Sentinel-2, the Level-0 images and orbital information are not available
which prevents to consider this approach (Wang and Biirgmann, 2020).
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Other strategies have been proposed and the most common one consists
in computing the average of the ground deformation in the across-track
direction (Scherler et al., 2008) and remove it along the across-track
direction. However, these corrections need a careful control and a pri-
ori knowledge of the stable areas to ensure it does not deteriorate the
underlying ground deformation (e.g. co-seismic ground deformation).

The problem of removing stripes within an image is addressed in
other scientific domains such as medical imagery for noise filtering
(Renier et al., 2016; Kirst et al., 2020). A solution is to use wavelet
filtering to remove undulations of a certain frequency and orientation.
The python library pystripe was initially developed to remove streaks on
selective/single plane microscopy images (Kirst et al., 2020). The
method consists in applying a discrete wavelet decomposition of the
image that returns a coarse approximation of the original image and
wavelet coefficients called detail coefficients. The details coefficients
correspond to the high-pass content of the image in the horizontal,
vertical and diagonal directions that has been removed from the coarse
approximation of the image. The decomposition is repeated recursively
on the approximation image. We adapted this library to filter the jitter
undulation visible in the ground deformation fields computed with
Sentinel-2 images. The choice of the wavelet is critical for the stripe
removal. Among the large range of wavelet families available, the
Daubechies wavelet family was chosen due to their good trade-off be-
tween optimal artifact suppression and high preservation of the original
image information reported for similar problems (Miinch et al., 2009;
Kirst et al., 2020). The first ten Daubechies wavelets have been tested
and we observed that the jitter undulations are present only in the
horizontal detail coefficient. We also determined that the Daubechie 5
(‘db5’) is the most suitable wavelet to remove the jitter undulations in
Sentinel-2 images without destroying near-fault ground deformation.
The corrected deformation field is obtained by reconstructed the diag-
onal and vertical detail coefficient with the function waverec2 of the
pywavelet library.

2.2.3. Topographic and morphological filtering

Additional topographic and morphological filters are proposed for
the monitoring of landslides and glaciers. These filters rely on the
assumption that such processes occur along the slope with a rheology
that leads to spatially coherent and smooth motion fields in terms of
motion direction and amplitude (Stumpf et al., 2017). The main objec-
tive is hence to filter out the patches of motion that are incoherent with
this assumption. First, a morphological filter is applied by default to
remove small isolated motion patches. Opening and closing radius are
set to 100 and 200 by default and are not tunable by the user. Secondly,
the ground deformation fields are filtered with respect to the slope
aspect and the slope angle. The user can filter out a certain range of slope
angles. For instance, flat regions (9<5°) can be filtered out for moni-
toring landslides in mountainous areas while steep regions (6>30°) can
be filtered out (in certain cases) when studying co-seismic ground
deformation to reduce the effects of DEM errors (Kaab et al., 2016).
Moreover, the user can decide to filter the motion field according to the
aspect of the slope assuming the motion occurs downward in the same
orientation as the slope. The maximum angle must be chosen carefully to
filter erroneous ground deformation vectors without filtering motion of
interest. Two global DEM are currently available to apply the filtering:
the MERIT-DEM at 90 m resolution (Yamazaki et al., 2017) and the
Copernicus DSM at 30 m resolution.

2.3. Module 3: post-processing of ground deformation for geophysical
information retrieval

Module 3 consists in a set of post-processing analysis tools aiming to
extract geophysical information from the stack of ground deformation
fields. Multi-temporal fusion and time series inversion are performed
when activated and are described below.
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2.3.1. Multi-temporal fusion

Multi-temporal fusion consists in summarizing the information
contained in the stack of the computed ground deformation fields. This
tool was developed in the previous version of MPIC (Stumpf et al.,
2017). The main indicator of movement consists in computing the mean
velocity over the stack of ground deformation. The robustness of this
indicator to detect areas in motion depends on the kinematic behavior of
the object of interest and the time interval considered to build the image
pairs. Indeed the arithmetic mean is particularly suitable in the case the
motion is constant over time regardless of the considered time interval
between the pairs of images. However, for further detection of active
zones, setting a detection threshold on the mean velocity may not be
sufficient. Indeed, image correlation may be sensitive to various range of
velocities (i.e. cm.day ! to m.day ! for the current archive of Sentinel-
2) and setting a threshold on the mean velocity may not mask out
numerous active zones. In order to detect these active zones, a second
feature is computed by the multi-temporal fusion tool: the Vector
Coherence (VC). The VC estimates the coherence of the motion direction
over time:

(), () |

Ve
S 1P |

(€Y

It ranges from O to 1 with a vector coherence of 1 meaning that the
motion occurs along the exact same direction over time (Stumpf et al.,
2017; Dehecq et al., 2015) independently of the magnitude of the
ground motion. Vector Coherence has been demonstrated to be a rele-
vant indicator to detect unstable areas (Stumpf et al., 2017).

2.3.2. Time-series inversion module
Stacks of ground deformation fields (NS, EW) can be inverted to

retrieve the ground deformation time series for each pixel of interest. In
MPIC-OPT, the inversion is based on the Time-Series Inversion for Op-
tical images algorithm (Bontemps et al., 2018) initially developed to
compute time-series of ground deformation from InSAR data (Doin
etal., 2011). Considering N optical images, it is possible to create M < N
(N — 1) pairs. The inversion consists in solving the system of equation for
the pixel i:

d; = WGA; (2)

where d; corresponds to the ground deformation fields computed in
module 1 and 4; corresponds to the incremental ground deformation to
be inverted. G is a MxN matrix containing 0 and 1 depending on the
network of pairs set up by the user and W is a MxM matrix containing the
weights associated to each pair. Weights are chosen to improve the
Signal-to-Noise Ratio (SNR) by attributing larger contribution for
certain ground deformation fields compared to other considered as less
robust. (Lacroix et al., 2019) proposed to weight the pairs with respect to
their temporal baseline (AT) giving a larger weight to pairs with short
baseline assuming less decorrelation. However, it might be considered
that pairs with short time separation may not retrieve correctly the slow-
motions, given that image matching algorithm have their inherent noise
(about 1/ 10t of a pixel-size). We hence propose two different weighting
functions:
short 1

Y T T (AT, — AT, ®

1
long _ 4
M T (AT — AT)) @

short

where wj is a weighting function that gives larger weights to pairs
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Fig. 3. Comparison of the computed ground deformation fields using MPIC-OPT-ETQ and Cosi-Corr for the Sentinel-2 acquisitions of June 28 and July 10, 2019. The

magnitude of the computed horizontal ground deformation (ie. 1/d,23W + d,zvs) is plotted for a) MPIC-OPT-ETQ and d) Cosi-Corr (Chen et al., 2020). The horizontal
offset at the two main faults AA’ and BB’ are compared to the field measurements of DuRoss et al., 2020. b) and c) show (in blue) the measured offset and its standard
deviation (error bar) using the results of MPIC-OPT-ETQ. e) and f) show (in blue) the measured offset and its standard deviation (error bar) using the results of Cosi-
Corr published by (Chen et al., 2020). The field observations (DuRoss et al., 2020) and their uncertainties are plotted in black dots on figures b), c), e) and f) and a).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

with short temporal baselines while w;°" gives larger weights to long
temporal baselines. AT}, ATyin and ATy are, respectively, the temporal
baselines of the pair [, the minimal and the maximal matching range.
Additionally, the grids of correlation coefficient can be used as an
additional weight for each pixel and each pair. The system of Eq. (2) is
solved by a least-square inversion and in case of rank deficiency with a

Singular Value Decomposition (Lopez-Quiroz et al., 2009). Rank defi-
ciency occur when the group of images cannot be linked to another
which prevents for the inversion of the system. By default, two iterations
are realized including the re-weighting scheme with the network mis-
closure (Bontemps et al., 2018). The network misclosure R; = d; — GJ; is
the difference between the ground deformation fields (d;) and the
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Fig. 4. Comparison between Sentinel-2 derived ground deformation with field observations on profile AA’ (DuRoss et al., 2020) for a) MPIC-OPT-ETQ and b) Cosi-
Corr (Chen et al., 2020) and ¢) MPIC-OPT-ETQ when the jitter correction is not performed. The linear function y = x is plotted in grey (dotted line) and the result of
the linear regression is plotted in plain black line with the parameters of the regression indicated in the upper left corner. The RMSE between the in-situ mea-
surements and the measure derived by the satellite images is also indicated in the upper left corner.

estimated ground deformation fields after inversion of the incremental
ground deformation (4;). High values of network misclosure usually
indicate inverted ground deformation with large biases and likely wrong
estimation of the ground deformation. In order to minimize the influ-
ence of these pairs in the second iteration, an additional weight is
considered:

i 2 )
Ri +R;

(5)

i

where Ry is a constant that must be approximately equal to the noise
standard deviation (Bontemps et al., 2018) and le is the network mis-
closure for pixel j and pair i. The inversion procedure is applied inde-
pendently to the set of North-South and East-West ground deformation
pairs. The outputs of the tool provide the incremental ground defor-
mation values at each acquisition date, the mean velocity and the Root
Mean Square Error (RMSE) of the ground deformation estimation for
each inverted value.

3. Performance of MPIC-OPT for co-seismic, landslide and
glacier motion analysis

The MPIC-OPT processing chains is available to the user through
three different services: MPIC-OPT-ETQ (EarThQuake), MPIC-OPT-ICE
and MPIC-OPT-SLIDE. Each service is tailored for one specific applica-
tion (i.e. active fault, glacier or landslide monitoring). It means that for
each service, a pre-defined succession of the MPIC-OPT functions are run
by default. Depending on the service, the user can activate or deactivate
some functions or tune the accessible parameters. We present in the next
section the results of each service on an application case.

3.1. MPIC-OPT-ETQ: measuring co-seismic motion of the Ridgecrest
earthquake sequence, July 2019

In July 2019, several thousands of earthquakes were recorded in
Southern California near the town of Ridgecrest close to the Eastern
California Shear Zone (ECSZ), the Little Lake Fault zone (LLFZ) and at
the East of the San Andreas Fault System (SAF) (Chen et al., 2020; Ross
etal., 2019). Two main earthquake events occurred on July 4 and July 6,
2019 (UTC) with magnitudes of Mw 6.4 and Mw 7.1 respectively
revealing a complex fault system (Fig. 2). The rupture reached the sur-
face at different locations allowing to map fault system. Various tech-
niques were used to measure the ground motion including direct field
measurements (DuRoss et al., 2020), satellite interferometry (Fielding
et al.,, 2020; Xu et al., 2020) and satellite optical image correlation
(Milliner and Donnellan, 2020). The focal mechanism (i.e. strike-slip) of

the ruptures and the magnitude of the horizontal motion (> 1 m) make
offset tracking techniques particularly suitable to measure the co-
seismic ground deformation in particular at proximity of the fault line.
The technique has been applied to numerous satellite images (i.e.
Sentinel-1 (Fielding et al., 2020; Ross et al., 2019), Cosmo-Skymed
(Wang and Burgmann, 2020), Planet (Milliner and Donnellan, 2020)
and Sentinel-2 (Chen et al., 2020)). The presence of visible jitter un-
dulations (Chen et al., 2020) and the numerous published results makes
this event a good validation site to test MPIC-OPT and the newly
implemented jitter correction.

There are two cloudless Sentinel-2 acquisitions before and after the
occurrence of the two main ruptures. They are acquired on June 28,
2019 and July 8, 2019 and used to test MPIC-OPT-ETQ. We chosen to
work with the MicMac image matching library (Rupnik et al., 2017) ona
window size of 5 x 5 pixels with a regularization coefficient of 0.3 and a
matching range of 2. Deramping and along-track destriping correction
were applied on the ground deformation field as described in Section
2.2,

We first tested the effect of the jitter correction (Fig. 2). The ground
deformation fields are strongly affected by sensor jitter undulations
(Fig. 2a, c). The effect of the jitter correction on the deformation fields
(cf. Section 2.2) are plotted in Fig. 2b, d. The wavelet filtering allows to
decrease significantly the RMSE of the North-South and East-West
ground deformation fields by 15 cm. The RMSE of the full Sentinel-2
tile is thus ca. 0.35 m against 0.5 m if no jitter correction is applied.
The jitter undulations are particularly visible on the EW ground defor-
mation field (Fig. 2a) and are clearly removed after the correction
(Fig. 2,b, d and e, f) without loosing the ground deformation signal close
to the fault. The CCD stripes remain visible because of undulations along
the track direction within each CCD stripes. These undulations remain
difficult to remove automatically as their spatial wavelength is of the
same magnitude as the one of the co-seismic motion.

The performance of MPIC-OPT-ETQ is further evaluated against
other satellite-derived ground deformation products (Chen et al., 2020).
We computed the ground deformation for the same pair of images with a
regularization parameter of 0.03 to allow for more spatial heterogeneity
and capture the ground deformation magnitude at the fault lines. The
images were correlated in the forward and backward temporal direction
to increase the SNR and the ground deformation fields were averaged.
This operation was repeated for the Sentinel-2 bands 2, 3, 4 and 8 (i.e.
red, green, blue and infra-red bands). All the ground deformation fields
are averaged to obtain the final estimation of the co-seismic ground
deformation (Fig. 3a). For comparison, the results of (Chen et al., 2020)
obtained with the Cosi-Corr algorithm are plotted on Fig. 3d. The two
ground deformation fields are in general agreement for both the



F. Provost et al.

Remote Sensing of Environment xxx (Xxxx) xxx

300

250

200

150

r100

Ice velocity (m/year)

r50

(w)juswase|dsip M3 B

North

01 a0Y 407 a0% a0l 00 o0

(w)juswade|dsip SN

0,0‘&20 20 07

Fig. 5. Results of MPIC-OPT-ICE: a) ice mean velocity (\/df-w + d,zvs) over the glaciers of the Mont-Blanc massif for the 2015-2020 period; zoom over the Mer de
Glace (b) and Miage (c) glaciers with the direction of the ice velocity (white arrows). d) displays the displacement time series for five points located on the Mer de
Glace (points PO-2), on the Argentiére glacier (point P3) and on the Bar glacier (point P4). The vertical errorbars represent the RMSE of the displacement estimation
for each date. The surface velocities are overlaid over the Copernicus 30 m Digital Surface Model (DEM). The upper left Chord circular diagram represents the pairing
network between the 70 acquisitions used in the processing (the circle represents the time with the location of each Sentinel-2 acquisition, the black line represents

the pairs that were constructed for the processing).

magnitude and direction (Fig. 3a,d). However, the jitter undulations
remain visible on the Cosi-Corr results on the Eastern part of the main
fault (AA’,Fig. 3d) despite the large correlation window (32 x 32 pixels).
The RMSE for the MPIC-OPT-ETQ is of 0.48 m versus a RMSE of 0.84 m
for the Cosi-Corr results. In general, the MPIC-OPT-ETQ results are less
noisy and less contaminated by outliers (Fig. 3a,b) due to the MicMac
regularization function (Rosu et al., 2015; Le Bivic et al., 2017) and the
jitter correction.

Finally, the MPIC-OPT-ETQ results are compared with field mea-
surements. DuRoss et al. (2020) compiled the measurement taken on the
ground along the two faults. They were made by teams of federal, state,
academic, and private sector geologists between July and November

2019. These displacement observations describe laterally and/or verti-
cally displaced cultural and geomorphic features (DuRoss et al., 2020).
The locations of the field observations used for the comparison are
plotted on Fig. 3a. To compare this set of measurements with the results
image correlation of Sentinel-2 images, the two main fault lines are
simplified (Fig. 3,a,d; profiles A-A’ and B-B’). The horizontal offset at the
fault is finally computed every 250 m by averaging the ground de-
formations over 200 m cross-section perpendicular to fault direction.
Fig. 3b and c present the ground offset at the fault location computed
with MPIC-OPT-ETQ along profile AA’ and BB’ respectively. Fig. 3e and
f present the same results for Cosi-Corr. The field measurements are also
plotted for comparison. Both MPIC-OPT-ETQ and Cosi-Corr results show
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that they can measure accurately the ground offset of the motion
occurring on fault AA’ (Fig. 3b, e) while the results are less conclusive
for fault BB’ (Fig. 3c, ). On fault AA’, the results of MPIC-OPT-ETQ are
significantly better to retrieve the different peaks of deformation
occurring in the central part of the fault (between 12 and 28 km, Fig. 3b,
e). A linear regression is performed between the field measurements on
profile AA’ and the results of MPIC-OPT-ETQ (Fig. 4a), Cosi-Corr
(Fig. 4b) and MPIC-OPT-ETQ without jitter correction (Fig. 4c). The
jitter correction significantly improves the accuracy of the measurement
of the ground deformation by reducing the RMSE from 1.3 m (with no
jitter correction) to 0.3 m (with the jitter correction). It also shows that
MPIC-OPT-ETQ with the jitter correction obtains a reliable estimation of
the ground deformation with fewer outliers (regression coefficient of
0.87; R?=0.96) in comparison with Cosi-Corr (regression coefficients of
0.75; R*=0.86).

3.2. Alpine glacier motion in the Mont-Blanc massif from Sentinel-2
image time series

Several of the most active Mont-Blanc massif glaciers (Brenva, Bos-
sons, Mer de Glace and Argentiere) are located in the Mont-Blanc massif
(France, Switzerland, Italy). These glaciers are chosen to test the MPIC-
OPT chain because their behaviors have been studied (Dehecq et al.,
2015; Millan et al., 2019) and instrumented for several decades (Gla-
cioClim: https://glacioclim.osug.fr). A time series of Sentinel-2 images
covering the period July 2015 to June 2020 was selected with a cloud-
coverage lower than 20%. From this initial selection, a second selection
was carried out by inspecting the cloud coverage over the AOI (Sup-
plementary Material, Table 1). The pairs are constructed when the
temporal baseline is lower than 100 days and the correlation threshold is
set to 0.3. The correlation is performed by MicMac. The temporal
baseline is defined to allow comparison with precedent studies (Dehecq
et al.,, 2015; Millan et al., 2019) and to measure the fastest ground
motion (i.e. >100m. year ). The mean velocity computed by the MPIC-
OPT-ICE and the inverted displacement time series are plotted on Fig. 5.
The ice velocity ranges from about 50 m.year ! on the lower part of the
Argentiére glacier to nearly 300 m.year ! in the upper part of the Mer de
Glace glacier (Fig. 5a). These velocities are in agreement with previous

studies over the same area (Dehecq et al., 2015; Millan et al., 2019).
Smaller active glaciers are also visible like the Planpincieux or Bar
glaciers (Fig. 5a).

The surface velocities measured with the MPIC-OPT-ICE service are
compared to in-situ GNSS campaigns provided by the GlacioClim ob-
servatory (glacioclim.osug.fr). The GNSS velocity database consists in
differential measurements of targets placed at different locations on the
Mer de Glace (10 to 17 targets per year) and Argentiere glaciers (40 to
60 targets per year). The measurements are taken two times per year in
late summer/early fall. To compare the in-situ observations with the
MPIC-OPT-ICE results, we divided the Sentinel-2 dataset into yearly
subsets and recomputed the mean velocity. The Sentinel-2 mean velocity
is computed as the mean of an area of 3 x 3 pixels around the location of
the target positions of the GlacioClim dataset.

Fig. 6 shows the comparison between the MPIC-OPT-ICE and the
GlacioClim ice velocity measurements. For the Mer de Glace glacier
(Fig. 6a), the two sets of measurements are in fair agreement. The RMSE
ranges from 10 to 15 m.year ! and reaches 36 m.year ! in 2017-2018
(Fig. 6a). For the target with the largest velocities (> 90 m.year’l),
MPIC-OPT-ICE tends to underestimate magnitude of the displacement
by around 20 m.year *. Several factors can explained this discrepancy:
a) for large velocities (> 90 m.year‘l), the total displacement measured
by the GNSS result from the contribution of different pixels of Sentinel-2,
b) the targets with large velocities are located in the upper part of the
Mer de Glace where the snow cover prevent for an accurate estimation of
the displacement except for during summer months where the glacier
velocity is slowing down leading to an underestimation of the velocity.
The results on the Argentiere glacier are less in agreement with RMSE of
20-25 m.year ! for years, 2016-2017, 2017-2018, 2018-2019 and 48
m.year * for year 2015-2016. The target of the GlacioClim dataset
moves at velocities ranging from 40 to 60 m.year ! while MPIC-OPT-ICE
is measuring on the same points velocities ranging from 25 to 175 m.
year™ L. This bias is observed for every yearly subset and is significantly
more important for the year 2015-2016. Similar inaccuracies have been
noticed by (Millan et al., 2019) on the Argentiere glacier when
comparing the velocity from satellite observations and the ones
measured by differential GNSS campaign. The Argentiere is located at
much higher elevations (i.e. 2600 to 3100 m) than the Mer de Glace (<
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Fig. 7. Results of MPIC-OPT-SLIDE on the Slumgullion landslide for the period 2015-2020. a) shows the landslide limits (white lines) over the Sentinel-2 acquisitions
of November 13, 2016. The mean surface velocity computed with MicMac c¢) and the mean surface velocity computed with GeFolki d). The ground deformation
velocity is plotted only within the limits of the landslide. d) is the Chord diagram of the network of Sentinel-2 image pairs (see Fig. 5 caption for more details).

2500 m) resulting in earlier snow cover which prevents the measure of
the ice motion for most of the pairs except for the summer months when
the glacier is slower. Its surroundings also creates cast shadows masking
almost entirely the glacier and prevents the estimation of the displace-
ment for many pairs. Moreover, the surface of the Argentiere glacier
presents longitudinal features which offers few matching targets to es-
timate the displacement of the surface. Finally, the temporal baseline of
100 days may be too short to capture the motion of the Argentiere
glacier.

3.3. MPIC-OPT-SLIDE: monitoring the ground deformation of the
Slumgullion landslide

The Slumgullion landslide is located in the San Juan Mountains and
composed of clay rich materials and volcanic rocks. The landslide is

10

clearly visible on Sentinel-2 images (Fig. 7a) and measures 6.5 km for a
width of 0.6 km. Nowadays, a small fraction of the landslide is active at
the center (Schulz et al., 2009) and creeps at a velocity of 1-2 cm.day
(Fleming and US, 1999; Coe et al., 2003; Schulz et al., 2012; Hu et al., 2020)- The
landslide has been widely studied and its motion is regularly monitored
with several instruments (extensometers, GB-InSAR (Schulz et al.,
2012), UAVSAR (Hu et al., 2020)). To our knowledge, archives of sat-
ellite optical images have not yet been exploited to monitor the slope
motion with the exception of (Guerriero et al., 2020). We hence tested
the performances of the MPIC-OPT-SLIDE on the Slumgullion landslide
(Colorado, USA). The MPIC-OPT-SLIDE service is the version of MPIC-
OPT tailored for the monitoring of landslide surface displacement.

The Sentinel-2 archive from 2015 to 2020 offers 97 cloud-free im-
ages over the Slumgullion landslide (cf. Supplementary Material, Table
2). The pairs of image were created with a temporal baseline ranging
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Fig. 8. Comparison between the ground deformation time series of the three
extensometers installed on the Slumgullion slope and the MPIC-OPT-SLIDE
computation ground deformation time series provided by TIO from the inver-
sion of the MicMac ground deformation grids (a) and GeFolki (b). For each
extensometer location, the displacement time series is plotted for the pixel
located within 15 m of the extensometers. The dotted lines represents the linear
regression computed for each pixel displacement time series. Vertical bars
represent the RMS error provided by the inversion.

from 500 days to 1500 days resulting in 853 pairs (Fig. 7d). We
computed the ground deformation with MicMac and GeFolki to compare
the performance of the two algorithms. The ground deformation time
series were inverted and no weight was used in the inversion.

The mean velocity is computed from the stack of the ground defor-
mation grids for MicMac (Fig. 7b) and GeFolki (Fig. 7c). The two results
are in agreement with each other and detect the same active area located
in the central part of the landslide with a mean velocity of ca. 1.4 cm.
day . Both the magnitude and the direction of the mean velocity vec-
tors of the two algorithms are in agreement although the extension of the
active zone is smaller with GeFolki due to lower velocity magnitude and
spatially less coherent vectors (Fig. 7c).

Fig. 8a and b displays the comparison between in-situ measurements
with extensometers and the ground deformation time series inverted
with TIO from the stack of ground deformation computed with MicMac
(Fig. 7a) and GeFolki ((Fig. 7b). The values of the ground deformation
time series are plotted for the points surrounding the location of the
extensometers (located at less than 20 m) as well as their RMSE provided
by the TIO algorithm after inversion. The comparison between the in-
situ and the inverted data are possible only between June 2016 (first
cloudless acquisition of Sentinel-2) and October 2018 (last acquisition of
the USGS extensometers. The results of MicMac (Fig. 8a) and GeFolki
(Fig. 8b) are in agreement with each other for the three extensometer
locations. However, the GeFolki time series are noisier and RMS errors
are larger than the ones obtain with MicMac. The total cumulative
ground deformation are slightly larger for GeFolki in comparison with
MicMac in particular for point 1 in the central most active part of the
landslide with a difference of 2 m. Both methods show good agreement
with the in-situ data (Fig. 8a, b) except for point 1 for which the

11

Remote Sensing of Environment xxx (Xxxx) xxx

inversion tends to over-estimate the ground deformation for both
GeFolki and MicMac dataset.

3.4. Sensor and nominal precision

We use the methodology described in (Millan et al., 2019; Mouginot
et al., 2017) to compute the nominal precision and sub-pixel matching
precision of the MPIC-OPT algorithm and of the Sentinel-2 images. It
consists in computing the distribution of the standard deviation values
of the ground deformation grids on stable areas per cycle length (i.e. the
temporal baseline between two acquisitions). The median of these dis-
tributions is assumed to represent the nominal precision of the sensor for
each cycle length (Millan et al., 2019). The sub-pixel image matching
precision is computed as mp = (o¢ycie * ¢/ps) where oy is the standard
deviation of a given cycle, c is the cycle length and ps is the pixel size).

We computed the precision for several cycles and several runs of
MPIC-OPT on the Slumgullion landslide and on the Mont-Blanc glaciers.
On the Slumgullion landslide we computed the ground deformation
grids for cycle length of 0 to 1500 days representing the minimum and
maximum cycle length for the Sentinel-2 archive from the end of 2015 to
mid-2020. We tested the contribution of the cloud mask, the correlation
threshold (ciin) and the choice of the matching algorithm (MicMac vs.
GeFolki). On the Mont-Blanc glaciers, we computed the ground defor-
mation grids on cycle length ranging from 0 to 400 days and compared
the annual ground deformation for each year in order to test the stability
of the precision for the Sentinel-2 archive. In both cases, we filtered out
the area in motion and estimated the precision on stable zones. For the
Mont-Blanc massif, the stable zones are the zones located outside the
glacier limits as defined by the GLIMS database. For the Slumgullion
landslide, the zones located outside the landslide limits are assumed to
be stable (Fig. 8).

We observe for both sites that the nominal precision decreases
exponentially with the cycle length (Fig. 9a, b - left). Second order
variations are visible on both the nominal and sub-pixel matching pre-
cision (Fig. 9). The precision is better for yearly cycle length (i.e. 365,
730, 1095, 1460 days) and increases periodically for inter-season cycles.
The precision is the lowest for cycles of 182, 547, 912, 1277 days
(Fig. 9a). The amplitude of these variations for the sub-pixel precision is
very large for the GeFolki algorithm (Asp—pixew =2.4px). For the
MicMac correlator, the amplitude of the variations depend on the chosen
parameters. The amplitudes are larger in the case of a low correlation
threshold (c,;,in=0.3), with or without cloud mask (Asub_p-m["p:O?px
and 1.9px respectively). They are less pronounced if the correlation
threshold is larger (Cmin=0.7; Asub—pixel *=0.2px). Similarly, the mean
precision is very large for the GeFolki algorithm (ugup—pixel*=1.8px)
while the MicMac runs have better sub-pixel precision
(ﬂsub,pml"'p:O.pr and 0.8px with and without cloud masking respec-
tively for c;i=0.3). The best precision is achieved with MicMac when
the correlation threshold is large (c¢y;;m=0.7) with a mean precision of
0.16 pixel. We also observe that the precision of the North-South di-
rection is systematically worse than the East-West direction (Fig. 9)
except for the GeFolki algorithm (Fig. 9a, in green). In particular, the
mean sub-pixel precision of the Sentinel-2 acquisition is 0.08 pixel for
the East-West direction and 0.14 for the North-South direction in the
most optimal case (Fig. 9a, in red). The same observations hold for the
runs on the Mont-Blanc massif glaciers (Fig. 9b). No significant differ-
ences are observed in the ground deformation rates for each year over
the Mont-Blanc massif glaciers (Fig. 9b). For this case, the mean sub-
pixel precision of the Sentinel-2 acquisition is slightly higher than the
one found for the Slumgullion landslide with 0.13 pixel for the East-West
direction and 0.19 pixel for the North-South direction (Fig. 9b - right).
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Fig. 9. Nominal precision (left) and sub-pixel matching precision (right) for the Slumgullion landslide (a) and the Alpine glaciers (b). Several options are tested
including the comparison between MicMac and GeFolki; the sensitivity to the correlation threshold and cloud masking (a) and the variation of the precision for

different years (b).
4. Discussion

4.1. Influence of the jitter correction on the local ground deformation
pattern

Nagy et al. (2019) mentioned that jitter undulations were seldom
and only observed on two images over 41 images analyzed and that no
image with this effect was observed after June 2016 with the new
geometrical correction proposed by ESA after that date (Gascon et al.,
2017). The example of the Ridgecrest earthquake shows that this effect
is still present in Sentinel-2 acquisitions and can drastically affect the
exploitation of the Sentinel-2 acquisitions. We thus proposed a correc-
tion allowing to remove the jitter undulations observed in the ground
deformation fields. The jitter undulations are usually removed by
computing their mean amplitude over stable areas (Scherler et al., 2008)
and then by removing them over the whole area. This approach poses
several problem to be implemented automatically on Sentinel-2 images.
First it requires the knowledge of the stable areas which is not neces-
sarily the case; second, in the case of Sentinel-2 acquisitions, the jitter
affects individually the different stripes (Fig. 2a, c) making the estima-
tion of the mean amplitude of the jitter undulations and its removal
challenging even manually. The proposed correction has the advantage
to require no a priori knowledge of the stable area and to perform a
filtering over the whole area in a simple manner using the principle of
wavelet filtering. Applying the correction improves the precision of the
ground deformation fields by decreasing the RMSE (Fig. 2) and removes
significantly the number of outliers allowing a better agreement with the
field observations (Figs. 3,4). However, the jitter correction is sensitive
to the wavelength of the ground deformation pattern and the choice of
the wavelet family and rank determines which kind of pattern will be
filtered out. In the case of the jitter undulations observed in the Sentinel-
2 tile of the Ridgecrest earthquake sequence, we observed a wavelength
of 1.8-2.0 km which is in the same order as in Nagy et al. (2019). After
the correction, these undulations are removed but we observed large
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undulations of circa 40 km (or more) resulting in a chessboard-like
pattern over the whole tile. Considering a velocity of 7 km.s™! for the
satellite, these large undulations correspond to periods of 5.7 s (or more)
per undulation. These remaining undulations are difficult to further
correct adopting wavelet filtering as they are in the same wavelength as
the tectonic ground deformation.

It should be noted that the proposed jitter correction is not advised
when the ground deformation pattern of interest is of the same wave-
length as the jitter undulations (circa 2 km). This explains why it is not
used on the glaciers and landslides services. Also it should be noted that
for tectonic ground deformation, the filter can remove small pattern of
ground deformation like the one observed in the center of the NW-SE
fault (Fig. 10). This pattern of ground deformation is clearly visible on
other datasets in particular with Very High Resolution images such as
Worldview (Barnhart et al., 2019) or Planet (Milliner and Donnellan,
2020) (Fig. 10). This local ground deformation is likely due to superficial
liquefaction and can be observed with Sentinel-2 when the jitter
correction is not applied (Fig. 3 d, small subset figure, (Chen et al.,
2020)).

4.2. Influence of the correlation parameters and of the pairing network

The accuracy of the terrain motion estimates depends on the service
parameterization (Fig. 9). The first obstacle to use image correlation
with optical acquisitions is the presence of clouds in the images. Two
strategies are tested to remove the clouds in the final results: a) classi-
fying the pixel with Fmask to mask out the clouds before the correlation
step, b) to set up a high correlation threshold (i.e. cp;n) to mask out pixels
after the correlation. The first option is convenient to reduce the
computing time and resources. However, the cloud detection algorithm
tends to mask out areas not affected by clouds in particular, snow or
fresh landslide outcrops. The second option improves significantly the
SNR of the results and the precision (Fig. 9a).

A second critical parameter controlling the success of the processing
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is the choice of the temporal matching range to create the pairs of im-
ages. Indeed, this parameter should take into consideration the spatial
resolution of the satellite (p), the sensitivity of the matching algorithm
(s) and the minimum velocity of the studied object (v,p); therefore the
minimal temporal baseline (5t) should satisfy the following criteria:

5P (6)

Vobj

ot >

The literature reports that the accuracy of most of image correlation
algorithm can reach up to 1/1 0% of the pixel size (Heid and Kaab, 2012;
Millan et al., 2019). Assuming this precision is reached, in the case of
Slumgullion landslide, cycle length of 72 days should be enough to
capture the fastest part of the landslide moving at 14 mm.day ! and
cycle length of 300 days should capture most of the active zone. How-
ever, we show that this precision can be achieved only with a fine tuning
of various parameters (Fig. 9). As a consequence, it might be challenging
to set up the correct cycle length to retrieve the real ground deformation
pattern. Indeed, reducing the cycle length in case of the slow-moving
object can prevent the capability of the algorithm to capture the
ground deformation. For example in the case of the Slumgullion land-
slide, if the cycle length is set to less than 300 days and the correlation
threshold is low (i.e. Cpin=0.2), the computed mean velocity is noisy and
the landslide deformation is not measured (Fig. 11b). Conversely, if a
high correlation threshold is set (i.e. Cp;,=0.7), the pattern of the
ground deformation can be retrieved through inversion of the time se-
ries (Fig. 11c) but the inverted mean velocity as well as the cumulative
ground deformation show lower values (Fig. 11b, c) than the ones ob-
tained with longer cycles (Fig. 8,7a). Moreover, the results with short
cycle length show less agreement with in-situ observations. The choice
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of the temporal baseline to construct the pairing network appears to play
an important role on the final results. Currently, a priori knowledge and
in-situ measures is needed to confirm the validity of the computed ve-
locity and the ground deformation time series.

In the case of the Alpine glaciers and conversely to Dehecq et al.
(2015); Millan et al. (2019); Ali et al. (2020) we did not choose to
remove the inter-seasonal pairs from our pairing network. We show that
increasing the correlation threshold decreases significantly the magni-
tude of the seasonal variations (Fig. 9b) especially for the East-West
component. Moreover, the inversion of the ground deformation time
series should also help to reduce the influence of the sun illumination as
demonstrated by Bontemps et al. (2018).

4.3. Choice of the image matching algorithm

Among the different options, the MPIC-OPT services propose two
different matching algorithms: MicMac (Rupnik et al., 2017) and
GeFolki (Brigot et al., 2016) based on optical flow. We test the perfor-
mance of both algorithms on the Slumgullion landslide and show that
the MicMac algorithm provides ground deformations grids with a better
precision than GeFolki (Fig. 8) as well as less noisy ground deformation
time series (Fig. 7). Also, we show that the number of outliers is
significantly reduced with MicMac over the Ridgecrest fault in com-
parison with the Cosi-Corr algorithm (Figs. 3,4). These results are in line
with previous studies indicating that MicMac usually provides smoother
and less noisy results in comparison with other algorithms (Rosu et al.,
2015; Le Bivic et al., 2017). However, one of the main advantage of
GeFolki is its computational efficiency. Indeed, due to the pixel step-
wise interpolation of the input images implemented in MicMac, the
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correlation computation is expensive in time and resources while for
GeFolki the resolution of the intensity equation is much faster. The
GeFolki algorithm is hence a good and inexpensive alternative to obtain
quick results and tune the different parameters.

4.4. Optical vs. SAR image correlation for measuring terrain ground
deformations

Our results are in agreement with other datasets (e.g. image corre-
lation of high resolution images over the Alps (Millan et al., 2019);
UAVSAR image correlation over the Slumgullion landslide (Hu et al.,
2020)) and in-situ observations (Figs. 7, 6). The UAVSAR acquisitions
have a finer resolution (0.6 m x 1.67 m) than Sentinel-2 (10 m x 10 m)
and hence a better precision (i.e. 1/1 0™ in the ideal case). Moreover, for
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each UAVSAR acquisition, four tracks are acquired which allows the
inversion of the 3D deformation. However, very high-resolution datasets
(optical or SAR), UAVSAR or Ground-Based SAR acquisitions are more
expensive options in comparison with the open access of Sentinel-2 data.
We show that the exploitation of the Sentinel-2 archive over the Slum-
gullion landslide provides results comparable to airborne UAVSAR
dataset (Hu et al., 2020), high-resolution SAR offset tracking method
using COSMO-Skymed data (Amitrano et al., 2019) and Ground-Based
InSAR results (Schulz et al., 2017). The Sentinel-2 repetitive acquisi-
tion frequency (i.e. 5 days) provides also regular measurements in
comparison to the four UAVSAR acquisitions per year.

Due to the ability of the SAR signal to penetrate the clouds, SAR
offset-tracking is an interesting method to retrieve high temporal reso-
lution and was tested for glaciers (Mouginot et al., 2017; Lemos et al.,
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(CNRS/ISTerre; Bontemps et al., 2017) and FMask (Texas Tech University; Qiu et al., 2019) algorithms.

The service is designed for the processing of a maximum of 100 images. Specific tools and parameterizations for ice monitoring are avaliable such as the possibility to focus
the analysis on the extent of the glaciers based on the GLIMS database.

Fig. 12. Screenshots of the Geohazards Exploitation Plateform (GEP; up) and the Form@ter webservice (bottom). Both online platforms provide access to a map, to

the Sentinel catalogue and to the MPIC-OPT services.

2018) and landslides (Raucoules et al., 2013; Singleton et al., 2014; Sun
and Muller, 2016; Sun et al., 2017; Amitrano et al., 2019) monitoring.
However, very few publications reported the use of the Sentinel-1 for
landslide monitoring (Xu et al., 2020; Dille et al., 2021). The presence of
vegetation and the spatial resolution of Sentinel-1 (5 m x 20 m) makes
the application of offset tracking with this free dataset difficult for
landslide monitoring but as stated by Dille et al. (2021) not impossible
for certain sites. The adaptation of the MPIC service to SAR acquisition is
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hence considered in future development.

We show that image matching using the Sentinel-2 archive is able to
track the motion of various ground deformation pattern from centime-
ters per day to several meters per day (Fig. 9). Currently, the Sentinel-2
archive offers a complementary measure to InSAR results or other
exploitation of the SAR and optical high-resolution acquisitions (Dille
et al.,, 2021). At a regional level, the Sentinel-2 dataset could improve
the detection of active landslides as mentioned by Lacroix et al. (2018)
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and in a range of ground deformation larger than the one obtained from
InSAR datasets (Rosi et al., 2018; Bekaert et al., 2020; Aslan et al.,
2020). As the archive will grow with time, using image correlation may
allow to access even lower range of ground deformations velocity which
represents a potential to jointly exploit the archives of optical and SAR
acquisitions and retrieve the ground deformation in three dimensions.

4.5. Access to high performance computing and online environment

The algorithm is deployed on the A2S/High Performance Computing
infrastructure of University of Strasbourg (1.5 Tier Mesocentre) allow-
ing optimized and cost effective computation. The MPIC-OPT services
and the HPC ressources are accessible by request through the Geo-
hazards Exploitation Platform (GEP: geohazards-tep.eu; Fig. 12a) or the
ForM@Ter (French Solid Earth Centre) webservices (www.poleterre
solide.fr; Fig. 12b). The GEP is an ESA thematic platform providing
access to co-located Earth Observation services and data for the science
communities. The GEP is publicly accessible for anyone by registration
and services can be used by subscribing to the platform. ESA sponsors
the subscription for research projects through the Network Of Resources
(https://nor.cloudeo.group/). ForM@Ter is a French initiative to facil-
itate access to data and contribute to the creation of satellite products
and services. It is part of the national Data Infrastructure DataTerra
(www.data-terra.org). The algorithm is accessible by ForM@Ter for all
the French science community. The use of online environments and HPC
resources guarantee an easy access to data catalogue and advanced
services in a user-friendly environment and accessible price. The results
can also be visualized and are stored online and is catalogued with its
input parameters.

5. Conclusion

In this work, we present the new implementation of the Multi-
Pairwise Image Correlation for OPTical images algorithm (MPIC-OPT).
The algorithm is tailored to compute ground deformation from matching
of optical images with two matching algorithms (MicMac, GeFolki). In
order to simplify the use of the algorithm for several user communities,
the algorithm is accessible through three different services (ETQ, ICE,
SLIDE) with different sets of relevant and tunable parameters. The
current version of the algorithm ingests Sentinel-2 L1C data and the full
image catalogue is available on both platforms. Among the main new
functions implemented, we proposed a correction for jitter undulation
using a wavelet filter and we added an inversion module based on the
Time-series Inversion of Optical images (TIO; Doin et al. (2011); Bon-
temps et al. (2018)).

The algorithm performances are tested on three different sites: the
Ridgecrest fault, the Mont-Blanc alpine glaciers and the Slumgullion
landslide. We show the ability to retrieve accurate estimation of the
ground deformation for regional (100 km?) to local regions of interest
(<lkm2), for diachronic or long-term time series with several acquisi-
tions. We tested the influence of critical parameters on the quality and
precision of the terrain ground deformation and its ability to retrieve the
ground deformation/velocity time series. We show that the quality of
the image correlation depends on the parameters (especially the corre-
lation threshold), the choice of the algorithm and the range of the
temporal baselines to create the pairing network.

This study demonstrates the potential of high resolution optical im-
ages (such as the Sentinel-2 acquisition) for monitoring slow to rapid
horizontal motion and to detect motion patterns that can not be
measured with other techniques (InSAR). The algorithm and its imple-
mentation on efficient computing environment provides a stable and
robust service to exploit the Sentinel-2 archive and contribute to a better
understanding and detection of various natural hazards.
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