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Contributions méthodologiques à la surveillance des changements de la surface terrestre en 2-D et 3D à l'aide de séries temporelles d'images optiques satellitaires multiplateformes Methodological contributions to monitoring Earth Surface changes in 2-D and 3D using multi-platform time series of satellite optical images

The impact of environmental changes and human activities (e.g., rapid urbanization, deforestation, pollution, biodiversity loss, rising sea levels, melting polar ice caps) has increased the need for monitoring the Earth surface.

Over the past two decades, remote sensing technologies have provided a powerful means of observing and monitoring land-surface changes at local, regional and global scales [START_REF] Ban | Multitemporal Remote Sensing, Remote Sensing and Digital Image Processing[END_REF].

Remote sensing refers to any data collection with a detection sensor (e.g., active or passive) that is not directly in contact with what is being measured. A particular branch of remote sensing, termed optical Earth observation (EO), is seeing increasing application across a wide range of Earth science fields, including seismology, volcanology, glaciology, and geomorphology (Hollingsworth et al., 2021).

In general, satellite images can be distinguished on the basis of their ground sampling distance (GSD), which is generally chosen to reflect their spatial resolution, and of their acquisition systems.

For spatial resolution, we use the following categories:

-Medium resolution (MR), referring to a GSD greater than 5m (e.g., Landsat, Sentinel-2 SPOT1-5, RapidEye) -High resolution (HR), referring to a GSD between 1 and 5 m (e.g., SPOT6/7, PlanetScope, EarthDaily) -Very high resolution (VHR), referring to a GSD less than 1 m (e.g., WorldView, SkySat, Pleiades).

On the other hand, optical earth observation satellites can also be characterized by their following acquisition systems:

-Frame system, a 2-D array of CCDs acquires the image in a single shot. Aerial imagery mostly uses this acquisition system.

-Whiskbroom sensor is also known as an across-track scanner. In this acquisition system, a mirror scans across the satellite's path (ground track), reflecting light into a single detector which collects data one pixel at a time (e.g., Landsat 1-7).

-Push-broom sensor is also known as an along-track scanner as, in the focal plane, a line of CCDs is arranged perpendicular to the flight direction of the spacecraft. This system acquires images line-by-line. The full image is constructed by sequential line acquisition as the scene passes in front of the camera sensor (e.g., Landsat-8, Sentinel-2, WorldView1-4, Spot 1-7). The push-broom system can gather more light than a whisk broom scanner because it looks at a particular area for a longer time, like a long exposure on a frame camera.

-Push-frame system acquires a sequence of consecutive frame images as the satellite moves along its track.

The frame rate and the location of the sensors in the focal plane are designed to ensure some degree of overlap between the different sub-scenes, whether acquired by different sensors at a given time or at successive times by the same sensor (e.g., PlanetScope, SkySat).

Historically, the collection and archiving of EO data has been conducted by government agencies as part of a public mission, providing a range of benefits, including continuity of data processing algorithms and open and public access to data [START_REF] Frazier | A Technical Review of Planet Smallsat Data: Practical Considerations for Processing and Using PlanetScope Imagery[END_REF][START_REF] Wulder | The global Landsat archive: Status, consolidation, and direction[END_REF][START_REF] Zhu | Benefits of the free and open Landsat data policy[END_REF]. For instance, on July 23, 1972, the launch of the first EO satellite Landsat, marked the beginning of a new era in the remote sensing of Earth from space. For the first time, satellites were able to capture four-band (green, red, and two infrared bands) multispectral images (MSIs) with a GSD of 80 m using the multispectral scanner's sensor. The Landsat series continues with the latest launched Landsat-9 (15 m to 30 m ) and contributes to the nearly 49-year Landsat image archive by capturing MSIs at 30-m resolution [START_REF] Saralioglu | Crowdsourcing in Remote Sensing: A Review of Applications and Future Directions[END_REF]. Another millstone in the public EO missions, marked on June 23, 2015, by the launch of the Sentinel-2 mission, a Copernicus Earth observation mission that systematically acquires optical images at spatial resolution (10 m to 60 m) over land and coastal waters every 10 days and since 2017 every 5 days.

The mission is currently a constellation with two satellites, Sentinel-2A and Sentinel-2B; a third satellite, Sentinel-2C, is being tested for launch in 2024 (Delwart, n.d.; "Gearing up for third Sentinel-2 satellite," n.d.).

One of the drawbacks of this model is that the development and launch delays for satellite platforms are very long, sometimes a decade or more, and the spatial and temporal resolution is limited. These drawbacks were mitigated by launching HR/VHR Earth observation platforms from commercial missions such as Digital Globe, Airbus/CNES, and Planet. In fact, the era of commercialized EO imagery was first marked by the launch of SPOT-1 in 1986 for MR images to HR images with the latest generation SPOT6/7. Then, in 1999, the Ikonos satellite captured the first VHR image from space at 1 m spatial resolution, which was followed by the QuickBird (0.65 m), GeoEye (0.46m), and WorldView satellite series. The latest WorldView-4 satellite can provide 30 cm panchromatic and 120 cm MSI images; this is currently the highest spatial resolution a commercial satellite can achieve.

Since 2014, Earth Observation (EO) satellites have grown exponentially (Figure 1), and one of the reasons is the use of the CubeSat concept for optical remote sensing. Due to their low cost, a significant number of Cubesats has been launched over the last six years by a variety of private companies, universities, and non-conventional actors in the space industry, enabling unprecedented high spatial and temporal resolution optical images [START_REF] Aati | Optimization of Optical Image Geometric Modeling, Application to Topography Extraction and Topographic Change Measurements Using PlanetScope and SkySat Imagery 25[END_REF]Nagel et al., 2020a). For instance, Planet company (Planet Labs, Inc, San Francisco, CA, USA) has been a leading actor in this area. It has launched over 280 Cubesats which image the entire Earth surface daily with 3-4m spatial resolution (Planet Team, 2021).

The increasing data volume of high-resolution remote sensing images enhances the capability to acquire multitemporal data of the Earth surface with improved spectral, spatial, and temporal resolution. This flexibility can offer the most cost-effective and efficient means of achieving continuous, high-precision monitoring of the Earth's surface with global coverage. In addition, it should enhance our ability to monitor geomorphological processes (e.g., landslides, coastal erosion, Aeolian processes), ground deformation due to earthquakes or landslides, mountain glaciers, and ice caps disasters damages, and human activities (e.g., urbanization, infrastructure development, mining operations). Together, all these missions have strong potential if combined into a single and coherent data stream, providing consistent geometric and radiometric surface measurements with a higher revisit frequency. This process is often referred to as fused and harmonized images for Analysis Ready Data (ARD), which are intended to allow analysis with a minimum of additional user effort [START_REF] Dwyer | Analysis Ready Data: Enabling Analysis of the Landsat Archive[END_REF][START_REF] Lewis | CEOS Analysis Ready Data for Land (CARD4L) Overview[END_REF][START_REF] Li | Towards analysis ready data of optical CubeSat images: Demonstrating a hierarchical normalization framework at a wetland site[END_REF].

Data fusion and harmonization are needed to increase the probability of obtaining cloud-free images in cloudy regions by combining images from different sources and to enable 2D and 3D time series analysis. Recently, several studies have focused on radiometric harmonization between MR images such as Sentinel-2 and Landsat-8 to provide consistent surface reflectance measurement [START_REF] Pahlevan | ACIX-Aqua: A global assessment of atmospheric correction methods for Landsat-8 and Sentinel-2 over lakes, rivers, and coastal waters[END_REF][START_REF] Rengarajan | Harmonizing the Landsat Ground Reference with the Sentinel-2 Global Reference Image Using Space-Based Bundle Adjustment[END_REF], as well with HR images such as PlanetScope images [START_REF] Hemingway | Cross-sensor radiometric normalization of Planet smallsat data using Sentinel-2 to improve consistency across scenes and environments[END_REF][START_REF] Houborg | A Cubesat enabled Spatio-Temporal Enhancement Method (CESTEM) utilizing Planet, Landsat and MODIS data[END_REF].

As image resolution increases, the fusing of different HR/VHR images from different sensors becomes more complex.

Remotely sensing images from various HR/VHR sensors, periods, acquisition platforms, and viewpoints can provide complementary information. However, due to various factors, such as variations in platform altitudes, acquisition modes (i.e., nadir, oblique, stereo), and acquisition systems (i.e., push-frame, push-broom); images contain systematic geometric distortions, artifacts, and differences that often requires substantial user pre-preprocessing before the data are "ARD" and can be integrated into analytical processing pipelines.

Often, image geometry is the accuracy assurance for most remote sensing image processing and analysis, such as image mosaicking, image fusion, 2D/3D land cover change detection, and time-series analysis. Therefore, to fuse multitemporal and multi-platform images into a harmonized dataset, first and foremost, a precise co-registration of the images is required.

With the increasing number of satellite images and the trend to use VHR images from different sensors, there are few geospatial solutions for geometric harmonization and mitigation of geometrics artifacts. For instance, the Envi COSI-Corr plugin (Avouac and Leprince, 2015a; S. Leprince et al., 2007) can optimize the rigorous sensor model of pushbroom images by considering both the internal and external (telescope position and orientation) parameters. Therefore, the images can be co-registered with an accuracy of typically 1/20th of the pixel size, allowing for precise measurements of ground displacements. However, this plugin only processes push-broom data using Rigorous Sensor Model (RSM) and does not allow the processing images delivered in the RFM format. Moreover, it allows for resolving surface deformation in 2D only.

On the other hand, MicMac (Rupnik et al., 2017a), a software package developed at the Institut national de l'information géographique et forestière (IGN) , and the NASA Ames Stereo Pipeline [START_REF] Beyer | The Ames Stereo Pipeline: NASA's Open Source Software for Deriving and Processing Terrain Data[END_REF], allow optimizing images delivered with Rational Function Model (RFM) format; and neither of these solutions allows the processing of pushframe images.

Thesis objectives

In this thesis, we will focus on the following objectives:

❖ Identify geometric artifacts in HR/VHR optical satellite systems and demonstrate that when a large volume of data is available, it is possible to separate the surface deformation signal from the artifacts related to the image geometry (e.g., satellite jitter, Charge-Coupled Device (CCD) misalignment, topography) (Chapter 2and 4).

❖ Develop and implement a procedure to optimize the registration of optical images delivered in the RFM standard as well as using the rigorous sensor model. The method is sensor agnostic and thus allows the joint co-registration of images from different platforms and produces geometrically consistent harmonized ARD data (Chapter 2,3 and 4).

❖ Explore the potential of CubeSat imagery for time series analysis and monitoring the ground surface deformation in 2D and 3D by evaluating the public-facing delivered data, then proposing a set of tools for geometric calibration, data curation, and digital elevation model (DEM) generation (Chapter 3 and 4).

❖ Provide a new method for resolving the full 3D surface deformation field using a sub-pixel image correlation technique and a ray-tracing approach (Chapter 2).

❖ Introduce a new workflow to produce velocity maps with a high spatio-temporal resolution from remote sensing data combining Sentinel-2, Landsat-8 and PlanetScope and use the results to describe the recent surge of Shisper glacier (Chapter 5).

❖ Extend the method described in Leprince et al., (2007) to push-frame imagery and implement all the developed methods into an open-source geospatial software referred to as Cosi-Corr + (geoCosiCorr3D) (Chapter 2,3 and 4).

Structure of the manuscript:

Chapter 2-An improved method for 2-D and 3-D precise measurements of ground deformation from optimized registration and correlation of optical images, and ICA based filtering of image geometry artifacts.

The content of this chapter has been published in the Remote Sensing of Environment Journal (Aati et al., 2022b). This paper proposes a new end-to-end method to extract high-quality surface displacement in 2D/ 3D based on the correlation of multi-date and multi-platform VHR/HR optical imagery. The method is implemented as a standalone open-source package referred to as COSI-Corr + (geoCosiCorr3D). The software package allows data preprocessing, physical geometry refinement, orthorectification, sub-pixel image correlation, 3D-displacement computation, and geospatial time series analysis.

We additionally show that when a large enough volume of data is available, it is possible to separate the deformation signal from the artifacts due to the satellite jitter and misalignments of the CCDs, which, together with topographic artifacts, are the main source of noise in the measurement of ground deformation from satellite image correlation. Our procedure uses the Independent Component Analysis (ICA), a blind source separation technique that allows extracting signals that would otherwise be camouflaged when the low-order statistical method of Principal Component Analysis (PCA) is adopted. Our study shows a new application of ICA by demonstrating that geometric image artifacts can be filtered out with this technique. This is a crucial element of our workflow as it allows accurately measuring stereoscopic offsets for pair of images with low B/H, which is critical to improving the 2-D measurements and extracting the vertical displacement field. In addition, our method makes use of a reference DEM, but the outcome is independent of the characteristics of the chosen DEM. We use the case example of the ground deformation caused by the Ridgecrest earthquake sequence to assess the performance of our proposed approach (Figure 2). We show that it outperforms the standard approach, which combines 2-D correlation and DEM differencing. Using World-View imagery, our technique allowed us to generate high-quality measurements of coseismic ground displacement with GSD of 2.4m and uncertainties at the 90% confidence level on the NS, EW, and vertical displacement measurements of 0.6m, 0.7m, and 0.6m, respectively. 

Chapter 3-Optimization of optical image geometric modeling, application to topography extraction and topographic change measurements using PlanetScope and SkySat imagery

The content of this chapter has been published in the Remote Sensing journal [START_REF] Aati | Optimization of Optical Image Geometric Modeling, Application to Topography Extraction and Topographic Change Measurements Using PlanetScope and SkySat Imagery 25[END_REF].

In this study, we focus on Planet cubesat push-frame image, where we provide an overview of the SkySat and PlanetScope imagery and present a methodology for RFM optimization and 3D reconstruction. The proposed method is implemented in an open-source module of geoCosiCorr3D software.

We demonstrate the potential of these data for 3D reconstruction using tri stereo Skysat L1B images over the Morenci Mine, Arizona, which is the largest copper mine in the United States. The re-projection error after the RFM refinement is 0.42 pix without using ground control points (GCPs). Comparing our Digital Elevation Model (DEM with ~3 m GSD) with a reference DEM obtained from an airborne LiDAR survey (with ~1 m GSD) over stable areas yields a standard deviation of the elevation differences of ~3.9 m. Comparing the two DEMs allows detecting and measuring the topographic changes due to the mining activity (i.e., excavation and stockpiles); In addition, we assess the potential of PlanetScope data, using multi-date DOVE-C L1B images from the Shisper glacier, located in the Karakoram (Pakistan), which is known for its recent surge. We extracted DEMs in 2017 and 2019 before and after the surge. The re-projection error after the RFM refinement is 0.38 pix without using GCPs. The accuracy of our DEMs (with ~9 m GSD) is evaluated through comparison with the SRTM DEM (GSD ~30 m) and with a DEM (GSD ~2 m) calculated from Geoeye-1 (GE-1) and World-View-2 (WV-2) stereo images. The standard deviation of the elevation differences in stable areas between the PlanetScope DEM and SRTM is ~12 m and ~7 m with the GE-1&WV-2 DEM. The mass transfer due to the surge is clearly revealed from comparing the 2017 and 2019 DEMs (Figure 1.4). The study demonstrates that, with the proposed scheme for RFM optimization, times series of DEM extracted from SkySat and PlanetScope images can be used to measure topographic changes due to mining activities or ice flow and could also be used to monitor geomorphic processes such as landslides, or coastal erosion for example. 

Chapter 4-Potential and Limitation of PlanetScope Images for 2-D and 3-D Earth Surface Monitoring with

Example of Applications to Glaciers and Earthquakes.

The content of this chapter has been published in IEEE Transactions on Geoscience and Remote Sensing (Aati et al., 2022a) This study aims to provide an in-depth assessment of the geometric quality of the different PlanetScope (PS) publicfacing products alongside a set of minimalist solutions to achieve the accuracy needed for quantitative analysis of earth science applications including the monitoring of glaciers, dune motion, or the measurement of ground deformation due to earthquakes and landslides.

We use two test sites to evaluate the data and assess the performance of our proposed approaches. The first is the ground deformation caused by the Ridgecrest earthquake sequence, and the second is the Shisper glacier surge.

Using the image correlation technique, we show that PlanetScope images exhibit several geometric artifacts, such as scene-to-scene misregistration, inconsistence geolocation accuracy between spectral bands, and topographic artifacts.

Altogether these artifacts make a quantitative analysis of ground displacement difficult and inaccurate. Figure 1.5-a illustrates an example of these artifacts on the horizontal ground displacement from the 2019 Ridgecrest (California, USA) earthquake measured using Dove-R images. We present a method referred to as geoPCAIM that allows us to take advantage of PlanetScope daily coverage to remediate most of these geometric artifacts (Figure 1. 5-b,c). Both sites' resulting ground displacement maps are consistent with existing state-of-the-art measurements. In addition, we demonstrate that with the PS high temporal resolution images, we are able to determine the exact period of the surge, and the resulting horizontal displacement offered unique high temporal and spatial horizontal displacement measurements during the surge period.

In addition, we propose a framework for selecting the most appropriate images and an improved procedure to reduce the pointing error to the subpixel level of unrectified images. The proposed framework is used to monitor surface displacements and topography changes in 3D (Figure 1. 5-c,d). The absolute uncertainty of DEMs obtained over Ridgecrest was ~5m at LE68 and ~10m at LE68 over Shisper. With such uncertainty, the vertical component of the earthquake-induced displacement was not retrieved. However, for Shisper Glacier, the elevation changes maps allowed us to track how the glacier changed and build out the instability that ultimately led to the surge. These tools should enhance the use of PlanetScope images for Earth Science applications.

Chapter 3-Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law

The content of this chapter has been published in the Cryosphere Discussions journal [START_REF] Beaud | Generalized sliding law applied to the surge dynamics of Shisper Glacier and constrained by timeseries correlation of optical satellite images[END_REF]. My contribution consisted essentially in developing the method presented in the study for the processing and analysis of optical image time series. The first authors led the glaciological interpretation. This study introduces a new workflow to produce velocity maps with a high spatio-temporal resolution from remote sensing data that combines Sentinel-2, Landsat 8, and PlanetScope (Figure 3). The results are used to describe the recent surge of Shisper glacier. The quality and spatio-temporal resolution of the velocity time-series allow us to identify a gradual amplification of spring speedup velocities in the two years leading up to the surge that started by the end of 2017. We also find that surface velocity patterns during the surge can be decomposed in three main phases, and each phase appears to be associated with hydraulic changes. The Cryosphere 16, 3123-3148. https://doi.org/10. 5194/tc-16-3123-20225. Milliner, C., Aati, S., Avouac, J.-P., 2022. Fault Friction Derived from Fault Bend Influence on Coseismic Slip During the 2019 Ridgecrest Mw 7.1 Mainshock (preprint). Earth Sciences. https://doi.org/10.31223/X5K93X 6. Chen, K., Avouac, J.-P., [START_REF] Chen | Cascading and pulse-like ruptures during the 2019 Ridgecrest earthquakes in the Eastern California Shear Zone[END_REF] Cascading and pulse-like ruptures during the 2019 Ridgecrest earthquakes in the Eastern California Shear Zone. Nat Commun 11,22. https://doi.org/10.1038/s41467-019-13750-w 7. Milliner, C., Donnellan, A., Aati, S., Avouac, J.-P., Zinke, R., Dolan, J.F., Wang, K., Bürgmann, R., 2021.

Bookshelf Kinematics and the Effect of Dilatation on Fault Zone Inelastic Deformation: Examples From Optical Image Correlation Measurements of the 2019 Ridgecrest Earthquake Sequence. Journal of Geophysical Research: Solid Earth 126, e2020JB020551. https://doi.org/10.1029/2020JB020551 1.5 Introduction -Français L'impact des changements environnementaux et des activités humaines (urbanisation rapide, déforestation, pollution, perte de biodiversité, élévation du niveau de la mer, fonte des calottes polaires) a accru la nécessité de surveiller la surface terrestre. Au cours des deux dernières décennies, les technologies de télédétection ont fourni un moyen puissant d'observer et de surveiller les changements de la surface terrestre à l'échelle locale, régionale et globale.

La télédétection fait référence à toute collecte de données avec un capteur de détection (e.g., actif ou passif) qui n'est pas directement en contact avec ce qui est mesuré. Une branche particulière de la télédétection, appelée observation optique de la Terre, connaît une croissance dans un large éventail de domaines des sciences de la Terre, notamment la sismologie, la volcanologie, la glaciologie et la géomorphologie.

En général, les images satellites peuvent être distinguées sur la base de leur résolution spatiale, où l'on distingue : les images de moyenne résolution au-dessus de 5m (par exemple, Landsat, Sentinel-2, SPOT1-5, RapidEye) ; les images de haute résolution entre 1 et 5m (par exemple, SPOT6/7, PlanetScope) ; et les images de très haute résolution en dessous de 1m (par exemple, WorldView, SkySat, Pleiades). D'autre part, les satellites optiques d'observation de la terre peuvent également être caractérisés par leurs systèmes d'acquisition, où l'on trouve : Frame System, Whiskbroom Sensor, Push-broom Sensor, et Push-frame [START_REF] Aati | Optimization of Optical Image Geometric Modeling, Application to Topography Extraction and Topographic Change Measurements Using PlanetScope and SkySat Imagery 25[END_REF].

Historiquement, la collecte et l'archivage des données d'Observation de la Terre ont été effectués par des organismes gouvernementaux dans le cadre d'une mission publique, offrant un certain nombre d'avantages, notamment la continuité des algorithmes de traitement des données et un accès ouvert et public aux données (Frazier et Hemingway, 2021 ;[START_REF] Wulder | The global Landsat archive: Status, consolidation, and direction[END_REF][START_REF] Zhu | Benefits of the free and open Landsat data policy[END_REF] En fait, l'ère de l'imagerie d'Observation de la Terre commercialisée a été marquée en premier lieu par le lancement de SPOT-1 en 1986 pour les images à moyenne résolution aux images à haute résolution avec la dernière génération SPOT6/7. Puis, en 1999, le satellite Ikonos a capturé la première image à très-haute résolution depuis l'espace à une résolution spatiale de 1 m, qui a été suivie par les séries de satellites QuickBird (0,65 m), GeoEye (0,46 m) et WorldView. Le dernier satellite WorldView-4 peut fournir des images panchromatiques de 30 cm et des images multispectral de 120 cm ; c'est actuellement la plus haute résolution spatiale qu'un satellite commercial puisse atteindre.

Depuis 2014, les satellites d'observation de la Terre ont connu une croissance exponentielle, et l'une des raisons en est l'utilisation du concept de CubeSat pour la télédétection optique. En raison de leur faible coût, un nombre important de Cubesats ont été lancés au cours des six dernières années par diverses entreprises privées, universités et acteurs non conventionnels de l'industrie spatiale, fournissant des images optiques à haute résolution spatiale et temporelle sans précédent (Aati et Avouac, 2020 ;Nagel et al., 2020a). Par exemple, la société américaine Planet (Planet Labs, Inc., San Francisco, CA, USA) a été un acteur majeur dans ce domaine. Elle a lancé plus de 280 Cubesats qui prennent quotidiennement des images de toute la surface de la Terre avec une résolution spatiale de 3-4m (Planet Team, 2021).

Le volume croissant de données d'imagerie de télédétection à haute résolution augmente la capacité d'acquérir des données multi temporelles de la surface de la Terre avec une meilleure résolution spectrale, spatiale et temporelle.

Cette flexibilité peut constituer le moyen le plus rentable et le plus efficace de réaliser une surveillance continue et de haute précision de la surface de la Terre avec une couverture globale. En outre, elle devrait améliorer notre capacité à surveiller les processus géomorphologiques (par exemple, les glissements de terrain, l'érosion côtière, les processus éoliens), la déformation du sol due aux tremblements de terre ou aux glissements de terrain, les dommages causés par les glaciers de montagne et les calottes glaciaires, ainsi que les activités humaines (par exemple, l'urbanisation, le développement des infrastructures, les opérations minières).

Toutes les images de ces missions ont un grand potentiel si elles sont combinées pour fournir des mesures géométriques et radiométriques cohérentes de la surface avec une fréquence de revisite plus élevée. Ce processus est souvent appelé Analysis Ready Data. La fusion et l'harmonisation des données sont nécessaires pour augmenter la probabilité d'obtenir des images sans nuage dans les régions nuageuses et permettre l'analyse des séries chronologiques en 2D et 3D. Récemment, plusieurs études ont porté sur l'harmonisation radiométrique entre des images MR telles que Sentinel-2 et Landsat-8 afin de fournir une mesure cohérente de la réflectance de la surface [START_REF] Pahlevan | ACIX-Aqua: A global assessment of atmospheric correction methods for Landsat-8 and Sentinel-2 over lakes, rivers, and coastal waters[END_REF][START_REF] Rengarajan | Harmonizing the Landsat Ground Reference with the Sentinel-2 Global Reference Image Using Space-Based Bundle Adjustment[END_REF], ainsi qu'avec des images HR telles que les images PlanetScope (Hemingway et Frazier, 2021 ;[START_REF] Houborg | A Cubesat enabled Spatio-Temporal Enhancement Method (CESTEM) utilizing Planet, Landsat and MODIS data[END_REF].

À mesure que la résolution des images augmente, la fusion de différentes images provenant de différents capteurs devient plus complexe. En effet, les images satellites provenant de différents capteurs, plateformes d'acquisition et points de vue peuvent fournir des informations complémentaires. Cependant, en raison d'une variété de facteurs, tels que les modes d'acquisition (nadir, oblique, stéréo) et les systèmes d'acquisition (push-frame, push-broom), les images contiennent des distorsions géométriques, des artefacts et des différences systématiques qui nécessitent souvent un prétraitement important de la part de l'utilisateur avant que les données ne soient "ARD" et puissent être intégrées dans des pipelines de traitement analytique. Souvent, la géométrie de l'image est le garant de la précision de la plupart des By Saif Aati 1,2 , Chris Milliner 1 , Jean-Philippe Avouac 1 1 California Institute of Technology, CA, USA 2 Univ. Gustave Eiffel -IGN/ENSG, LaSTIG Lab., France Foreword-This chapter presents a new end-to-end method to extract high-quality surface displacement in 2D/ 3D which is independent of the characteristics of the topography (DEM). The method is based on the correlation of multidate and multi-platform VHR/HR optical imager. In addition, shows that when a large volume of data is available, it is possible to separate the deformation signal from the artifacts due to the satellite jitter and misalignment of the CCDs, which, together with topographic artifacts, are the main source of noise in the measurements. The case-example of the ground deformation caused by the Ridgecrest earthquake sequence is used to assess the performance of the proposed approach. The method is implemented as a stand-alone open-source package referred to as COSI-Corr + (geoCosiCorr3D). The software package allows data preprocessing, physical geometry refinement, orthorectification, sub-pixel image correlation, 3D-displacement computation, and geospatial time series analysis. The content of this chapter has been published in the Remote Sensing of Environment Journal and referenced under (Aati et al., 2022b).

Chapter 2. An improved method for 2-D and 3-D precise measurements of ground deformation from optimized registration and correlation of optical images, and ICA based filtering of image geometry artifacts. _____________________________________________________________________________________________

Introduction

Satellite optical images can be used to measure surface displacements in 2-D and 3-D due for example to earthquakes, sand dune migration, ice flow, or landslides, e.g., [START_REF] Altena | Elevation Change and Improved Velocity Retrieval Using Orthorectified Optical Satellite Data from Different Orbits[END_REF][START_REF] Antoine | Diffuse Deformation and Surface Faulting Distribution from Submetric Image Correlation along the 2019 Ridgecrest, California[END_REF]Avouac and Leprince, 2015b;[START_REF] Barišin | Co-seismic vertical displacements from a single postseismic lidar DEM: example from the 2010 El Mayor-Cucapah earthquake[END_REF][START_REF] Bontemps | Inversion of deformation fields time-series from optical images, and application to the long term kinematics of slow-moving landslides in Peru[END_REF][START_REF] Stumpf | Improved Co-Registration of Sentinel-2 and Landsat-8 Imagery for Earth Surface Motion Measurements[END_REF][START_REF] Stumpf | Correlation of satellite image time-series for the detection and monitoring of slow-moving landslides[END_REF][START_REF] Zhou | Assessing the ability of Pleiades stereo imagery to determine height changes in earthquakes: A case study for the El Mayor-Cucapah epicentral area[END_REF][START_REF] Zinke | Three-Dimensional Surface Deformation in the 2016 M W 7.8 Kaikōura, New Zealand, Earthquake From Optical Image Correlation: Implications for Strain Localization and Long-Term Evolution of the Pacific-Australian Plate Boundary[END_REF]. The volume of imagery available for such measurements is rapidly growing, and this has motivated various efforts of method development to complement the tools available for 2-D measurements such as COSI-Corr (S. Leprince et al., 2007) or as MicMac (Rupnik et al., 2017b). Optical images are generally taken with view angles less than 20° from Nadir, so that they are more sensitive to horizontal than to vertical displacements. A common practice is to first calculate the 2-D displacements from correlating orthorectified images and determine vertical displacements from differencing DEMs produced with images acquired before or after the deformation event, e.g., [START_REF] Antoine | Diffuse Deformation and Surface Faulting Distribution from Submetric Image Correlation along the 2019 Ridgecrest, California[END_REF][START_REF] Barnhart | Localized fault-zone dilatancy and surface inelasticity of the 2019 Ridgecrest earthquakes[END_REF]. Orthorectification errors are then a major source of noise in the measurements of the 2-D displacement field, one reason being that the DEMs used in the process generally don't have the adequate ground resolution to account for the stereoscopic disparities present in the raw images. In addition, topographic changes, due to vertical displacements or the advection of the topography associated with the horizontal displacements, can be a source of bias and errors on the measurements of horizontal displacements [START_REF] Altena | Elevation Change and Improved Velocity Retrieval Using Orthorectified Optical Satellite Data from Different Orbits[END_REF][START_REF] Ayoub | Co-registration and correlation of aerial photographs for ground deformation measurements[END_REF], and vertical differencing represents vertical displacement only if the topography has no relief at the scale of the horizontal displacement of if the horizontal displacement is null. It should therefore be advantageous to correlate nonorthorectified images since it is in principle possible to separate stereoscopic disparities and ground displacements in 3-D. This procedure, outlined in (Avouac and Leprince, 2015b) and applied, for example, by [START_REF] Zinke | Three-Dimensional Surface Deformation in the 2016 M W 7.8 Kaikōura, New Zealand, Earthquake From Optical Image Correlation: Implications for Strain Localization and Long-Term Evolution of the Pacific-Australian Plate Boundary[END_REF], requires stereoscopic pairs of images acquired before and after the deformation event. Here we propose an improved version of this procedure. We additionally show that when a large enough volume of data is available, it is possible to separate the deformation signal from the artifacts due to the satellite jitter and misalignments of the Charge-Coupled Devices (CCDs), which, together with topographic artifacts, are the main source of noise in the measurement of ground deformation from satellite image correlation [START_REF] Beyer | The Ames Stereo Pipeline: NASA's Open Source Software for Deriving and Processing Terrain Data[END_REF]S. Leprince et al., 2007). Our procedure makes use of the Independent Component Analysis, which is an unsupervised Machine Learning algorithm. We show in the study that it provides an alternative or complementary approach to the techniques that correct such artifacts during the orthorectification procedure (S. Leprince et al., 2007;[START_REF] Leprince | Monitoring Earth Surface Dynamics with Optical Imagery[END_REF][START_REF] Shean | An automated, open-source pipeline for mass production of digital elevation models (DEMs) from very-high-resolution commercial stereo satellite imagery[END_REF][START_REF] Stumpf | Correlation of satellite image time-series for the detection and monitoring of slow-moving landslides[END_REF].

Hereafter we first briefly describe how 2-D and 3-D displacements can be measured from the correlation of orthorectified images and DEM differencing, which is an approach that is commonly adopted. We next present our alternative methodology and compare the two approaches based on an application to the large dataset covering the epicentral area of the Mw 7.1 Ridgecrest earthquake sequence, which occurred in California in July 2019.
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Measuring ground displacements from ortho-image correlation and DEM differencing

The most common method for calculating 3D surface deformation is to solve independently for the horizontal and vertical displacement (Fig. 1). Ideally, to obtain a good quality deformation measurement, in-track stereo pairs before and after the event that caused the deformation (i.e., a landslide, earthquake, ice movement) are needed to generate a distinct digital elevation model (DEMs). A pre-DEM that represents the topography prior to the event and a post-DEM that accounts for the topography changes after the event. In general, the DEMs produced at different epochs are not perfectly registered. Therefore, the two DEMs must be aligned and resampled on a common grid. In most instances, the alignment is achieved using a stable area away from the deformation (i.e., an area did not experience any topographic changes and the distribution of the difference ~0). Then, the pre-and post-raw images are orthorectified with the pre-and post-DEM, respectively. In practice, images with the smallest view angle are selected to minimize the stereoscopic effect on the derived ortho-image. The horizontal displacement is then derived from the image correlation technique, while the vertical displacement is derived by differencing the two aligned DEMs. The Iterative Closet Point approach method can be used to align different sets of point clouds derived from airborne or terrestrial LiDAR data [START_REF] Besl | A method for registration of 3-D shapes[END_REF][START_REF] Nissen | Coseismic fault zone deformation revealed with differential lidar: Examples from Japanese Mw ∼7 intraplate earthquakes[END_REF] as well as photogrammetric-derived point clouds [START_REF] Shean | An automated, open-source pipeline for mass production of digital elevation models (DEMs) from very-high-resolution commercial stereo satellite imagery[END_REF]. In essence, the reference (pre-event) and target (post-event) point clouds are divided into tiles.

Then, the 3D-deformation is determined by estimating a local rigid-body transformation between these tiles (i.e., translation and rotation), where for each point of the reference tile, the closest point in the target tile is computed. The rigid transformation is determined, by an iterative process, to minimize the square sum of the distance between the tangential plane of the reference point and its paired point in the target tile. The final local transformation is the cumulative rigid-body transformation determined at each iteration. In the case where we have pre-and post-rasterized DEMs (usually derived from a stereogrammetry process), we need to transform each raster to a regularly spaced point Chapter 2. An improved method for 2-D and 3-D precise measurements of ground deformation from optimized registration and correlation of optical images, and ICA based filtering of image geometry artifacts. _____________________________________________________________________________________________ 21 cloud at each tile center. The horizontal coordinates of each point are computed from the raster geo-transformation, and the vertical point coordinates are retrieved from the raster pixel value [START_REF] Nissen | Coseismic fault zone deformation revealed with differential lidar: Examples from Japanese Mw ∼7 intraplate earthquakes[END_REF].

The estimation of the local surface normal is a crucial step for the convergence of the ICP algorithm, which makes this approach very sensitive to outliers and very dependent on the qualities of the extracted DEMs (especially in the case of photogrammetry DEMs). Thus, filtering and smoothing the point cloud is required to properly estimate the local normal, which could lead to a loss of spatial resolution and details.

Proposed Methodology

Here we propose a workflow to extract high-quality surface deformation in 3D using multi-date and multi-platform high resolution (HR) optical imagery (Fig. 2). Part of the workflow uses the Co-registration of Optically Sensed Images and Correlation (COSI-Corr) methodology (S. Leprince et al., 2007), which was incorporated and augmented in a custom python/C++ freely accessible package referred to as COSI-Corr + . The software allows: data preprocessing, physical geometry refinement, orthorectification, sub-pixel image correlation, 3D-displacement computation, and Geospatial Independent Component Analysis (geoICA). The COSI-Corr + code repository accompanying this manuscript contains processing libraries and documentation on this workflow. In addition, we use the Ames Stereo Pipeline (ASP, version 2.7.0) for WorldView (WV) CCD correction [START_REF] Beyer | The Ames Stereo Pipeline: NASA's Open Source Software for Deriving and Processing Terrain Data[END_REF] and MicMac for tie point detection (Rupnik et al., 2017b).

The set of input data required for our workflow includes the following:

-A set of four images spanning the event, which are referred to as "3D-set", one base image (pre-event), and three target images (pre-event, post-event1, and post-event2). The current package version supports raw images with the accompanying physical model metadata. So far, we have tested this approach only with off-nadir angle images > 8°. However, it should be applicable too to data with smaller off-nadir angles, such as PlanetScope Doves images.

-A reference DEM referred to as "𝑟𝐷𝐸𝑀".

-Optional input: geo-referenced external image (e.g., HR aerial imagery)

In the case of a large number of images, automatic selecting of pairs could be performed, where additional inputs should be provided like the region of interest of the main event (e.g., the epicentral area in the case of coseismic deformation). The workflow output is a 4-bands geo-referenced displacement raster (East/West | North/South| Dz | residual).

The workflow (Fig. 2) consists of five processes: (1) Rigorous sensor model refinement (RSM), (2) Orthorectification and resampling, (3) Sub-pixel image correlation, (4) 3D-displacement calculation, and (5) Filtering Chapter 2. An improved method for 2-D and 3-D precise measurements of ground deformation from optimized registration and correlation of optical images, and ICA based filtering of image geometry artifacts. _____________________________________________________________________________________________ 22 using the independent component analysis. We detail these steps in the following sections. Chapter 2. An improved method for 2-D and 3-D precise measurements of ground deformation from optimized registration and correlation of optical images, and ICA based filtering of image geometry artifacts. _____________________________________________________________________________________________

Physical model refinement

Precise registration is essential to achieve a good quality displacement field. The most accurate approach involves a refinement of the image geometry by a rigorous sensor model that provides the looking direction corresponding to each pixel corrected from errors arising from errors in the estimate of the satellite viewing parameters (e.g., spacecraft position, attitude variation, or error on the satellite's looking vector that model the optical system) (S. Leprince et al., 2007). See [START_REF] Aati | Optimization of Optical Image Geometric Modeling, Application to Topography Extraction and Topographic Change Measurements Using PlanetScope and SkySat Imagery 25[END_REF] for a discussion of how RSM compares to other registration techniques. Therefore, satellite velocities, positions, attitudes, and sensor orientations are required to build the RSM. It should be noted that this metadata does not have a standard format and that, depending on each imaging system, hence a standard RSM-file that comprises interpolated satellites position and attitude for each image line is generated. Linear interpolation is used instead of Lagrange interpolation when the number of ephemeris and attitude data are provided at high frequency;

moreover, throughout the interpolation process, the continuity and the global motion of the satellite are preserved.

The satellite positions are expressed in the Earth-centered Earth Fixed Cartesian WGS84 system. Additionally, the acquisition information is also stored in the same binary file (e.g., sun elevation/azimuth, satellite elevation/azimuth, off-nadir angle…). The rigorous sensor model relates the position of any point at the Earth surface relative to the center of the Cartesian system (in this case Earth's center of mass), O, according to:

𝑂𝑀 ⃗⃗⃗⃗⃗⃗ (𝑝) = 𝑂𝑆 ⃗⃗⃗⃗⃗ (𝑝) + 𝜆. 𝑻. 𝑹(𝑝). 𝑈 ⃗ ⃗ (𝑝) , (1) 
where -𝑀(𝑝) is a point on the ground seen by the pixel 𝑝 with coordinates [𝑥, 𝑦],

-𝑆(𝑝) is the position of the optical center in space when pixel 𝑝 was being acquired,

-𝑈 ⃗ ⃗ (𝑝) is the look direction vector of the pixel 𝑝, expressed in a satellite platform reference frame, -𝑹(𝑝) is the 3D-rotation matrix that accounts for the satellite roll, pitch, and yaw when 𝑝 was being acquired, -𝑻 is the transformation matrix to go from the platform to the terrestrial coordinate system, -𝜆 denote the scaling factor determined from the intersection of the ray with the Earth ellipsoid.

Note that bold symbols refer to matrices.

In our approach, the look directions of the imaging system are refined globally by adding a correcting term 𝛿 (𝑝)

to the physical model using a set of GCPs. This correction compensates globally for satellite jitter due to the pitch, roll, and yaw variations along the satellite trajectory. The correction is defined as:

𝑂𝑀 ⃗⃗⃗⃗⃗⃗ 𝑐𝑜𝑟𝑟 (𝑝) = 𝑂𝑆 ⃗⃗⃗⃗⃗ (𝑝) + 𝜆. [𝑻. 𝑹(𝑝). 𝑈 ⃗ ⃗ (𝑝) + 𝛿 (𝑝)], (2) 
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𝛿 (𝑝) = 𝑨 [ 𝑥 𝑦 ]. (3) 
The correction matrix 𝑨 is determined by using a Weighted Least Squares criterion with a stochastic model computed using a weight assigned to each GCP. Next, a refined RSM-file that includes this correction is generated for each input image.

This approach is different from the one described in (S. Leprince et al., 2007) and currently implemented in the COSI-Corr software, where instead of optimizing the viewing parameters of a given set of GCPs, a new set of GCPs is estimated by correcting the ground coordinates of each GCP using the ground offset found between a reference and target orthorectified patches at each GCP location. One key advantage of this revision is that it makes bundle adjustment possible.

In-situ measurement of a clearly identifiable feature on the image, a common practice, is expensive and may not be applicable depending on the accessibility of the area. In our workflow, the GCPs are extracted automatically.

First, based on feature detection, tie points are selected between each raw image of the input 3D-set and an already orthorectified reference image (e.g., HR aerial images). These points are filtered and weighted using a frequency correlation technique in image space. The weight of each GCPs correspond to the Signal to Noise Ratio (SNR) of the correlation 𝑤 𝑖 = 𝑆𝑁𝑅 𝑖 , while GCPs with SNR score under a predefined threshold will be discarded. The correlation results are retrieved between two patches (base and target) centered on the pixel coordinates of the reference and raw image, respectively. Then, the tie points are converted to GCPs, where the georeferencing of the reference image provides the horizontal coordinates, while the elevation is interpolated from the 𝑟𝐷𝐸𝑀.

If no external data is available, a shaded DEM relief map is constructed for sun angles the same as those at the time of the acquisition of each input image. The sun elevation and azimuth are extracted from the generated RSM-file, and the Shaded DEM provides both horizontal and vertical coordinates. In this case, the selected GCPs suffer from large inaccuracies, thus optimizing the GCPs with the original approach of COSI-Corr is recommended (S. Leprince et al., 2007).

Orthorectification and resampling

All the 3D-set images are orthorectified to the same resolution and with elevation information from the 𝑟𝐷𝐸𝑀. In this step, the images are resampled to correct for the long-wavelength stereo component that occurs because of the stereoscopic effect produced when images are acquired at wide off-nadir angle. The images are orthorectified on a UTM grid to provide a support independent of the acquisition system and to allow pairing images from different platforms (e.g., push-broom, push-frame, or frame).

The inverse orthorectification model of Leprince et al. (2007) is used, in which we determine for each grid element the non-integer pixel coordinates in the raw image by exploiting information from the refined RSM-files.
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The inverse orthorectification model is defined as:

[𝑥, 𝑦] = 𝑎𝑟𝑔𝑚𝑖𝑛 𝑥,𝑦 𝛺(𝑥, 𝑦), ( 4)

𝛺(𝑥, 𝑦) = ‖𝑂𝑀 ⃗⃗⃗⃗⃗⃗ -𝑂𝑀 ′ ⃗⃗⃗⃗⃗⃗⃗⃗ ‖ 2 2 , (5) 
where (𝑥, 𝑦) are the pixel coordinates in the raw image associated with point 𝑀 in the projection grid and 𝑀 ′ is the point projected onto the ground using the refined RSM.

The output of the inversion is stored into a 2-band raster array 𝑻𝒓 of the same dimension as the orthorectification grid.

Band-1 and band-2 correspond respectively to the 2D matrices of 𝑿(𝑥 𝑝𝑖𝑥 , 𝑦 𝑝𝑖𝑥 ) and 𝒀(𝑥 𝑝𝑖𝑥 , 𝑦 𝑝𝑖𝑥 ) coordinates of the pixel 𝑝(𝑥 𝑝𝑖𝑥 , 𝑦 𝑝𝑖𝑥 ) in the raw image to be projected. Ultimately, the orthorectified images are constructed by resampling the raw images according to the transformation matrices. To minimize resampling biases, a sine cardinal kernel is used for the resampling process.

Image correlation

This step consists in selecting a base image and correlate with the other 3D-set images. Consequently, three horizontal displacement maps (𝒄𝒐𝒓𝒓 𝒋 , 𝑗 ∈ { . .3}) are derived. Ideally, all image pairs should be correlated so that no one image is given more weight than the others. Therefore, the option to progressively apply j independent correlations is possible (Fig. 2). When selected, correlations are applied iteratively using all available images in the 3D-set as the base, thus achieving a redundant stack of horizontal displacement maps (𝒄𝒐𝒓𝒓 𝒋 , 𝑗 ∈ { . . 2}).

The horizontal offsets are retrieved iteratively in two steps by applying a multi-scale sliding window. An initial window size maximizes the correlation between the base and target images, while a smaller final window size provides a finer offset estimation. The correlations are processed using the frequency correlator implemented in COSI-Corr + , which is based on the principle that a translation in space corresponds to a phase shift in the frequency domain. Other correlation approaches can also be applied, such as multi-scale normalized cross-correlation (NCC).

Several parameters must be selected to perform the correlation, including initial and final window sizes, step size, number of iterations, and the mask threshold. The specific parameters for the correlation used in this study are listed in Table 2.1. Each correlation provides a 2-D offset vector map, that should correspond directly to horizontal displacements along the East-West (E/W) and North-South (N/S) directions, and a signal to noise ratio (SNR, ranging from 0 to 1) which assess the measurement quality. The components of the offsets/displacements vectors are measured positive eastwards and northwards. To automate the correlation process, a batch correlation is used.

The pre-event (Base-pre1) offset map reflects only the topographic stereo disparities remaining in the pre-ortho images which is small enough to be measured with the frequency correlator, thus because no deformation is present in the pre-event "base-pre1" correlation (𝒄𝒐𝒓𝒓 𝒋=𝟏 ). Whereas the two post-event correlations, "base-post1" and "base-post2", contain both the ground displacement signal and the stereoscopic offsets.

Computing 3D-displacement

Computing the 3D displacement field involves the following steps:

(1) Cropping the 𝑗 -correlations maps into the same extent and discarding the displacement values with low SNR values.

(2) Tiling the 𝑟𝐷𝐸𝑀, correlations (𝒄𝒐𝒓𝒓 𝒋 , 3 ≤ 𝑗 ≤ 2) and transformation matrices (𝑻𝒓 𝒌 , 𝑘 ∈ { . . }) into raster blocks (default 256 x 256 pixels) for parallel processing.

(3) Computing for each pixel 𝑝(𝑥 𝑝𝑖𝑥 , 𝑦 𝑝𝑖𝑥 ) in the correlation map (𝒄𝒐𝒓𝒓 𝒋 ) the ray vector relating the satellite position with the ground position. This is accomplished by combining the spacecraft refined RSM information (i.e., ephemeris/attitude) and the correlation offsets. First, latitude and longitude are extracted directly from the correlations (𝒄𝒐𝒓𝒓 𝒋 ), while elevation (𝑒𝑙𝑒𝑣 𝑘 ) is interpolated from the 𝑟𝐷𝐸𝑀. Second, the ground position ). The full 3D-displacement vector is then estimated at each pixel location 𝑝 by the difference between the triangulated pre (𝑃 𝑝𝑟𝑒 ) and post (𝑃 𝑝𝑜𝑠𝑡 ) event positions. The output is a 5-band Chapter 2. An improved method for 2-D and 3-D precise measurements of ground deformation from optimized registration and correlation of optical images, and ICA based filtering of image geometry artifacts. _____________________________________________________________________________________________ raster file format, with the same projection system as the ortho-images. Band-1 contains the E/W displacement (𝒆𝒘 (𝒑) ), band-2 the N/S displacement (𝒏𝒔 (𝒑) ) and band-3 the vertical displacement (𝒅𝒛 (𝒑) ), band-4 and -5 provide, respectively, normalized triangulation errors for the pre-and post-event ortho-images. These errors are mainly the horizontal disparities not resolved during the orthorectification process and the remaining or unmodeled artifacts (e.g., CCD misalignment and Jitter).

𝑃
( 5) Merging all the tiles to build the final 3-D displacement map.

(6) De-Ramping: the displacement retrieved after the correlation and triangulation contain long-wavelength errors related to the selected GCPs used for the RSM refinement. Given the small swath of the input images, the single date reference DEM and reference ortho-image, it is difficult to avoid the effect of the displacement on the selected GCPs. Therefore, the long-wavelength error is modeled by estimating the parameters of 2D affine transformation denoted in Eq.( 6). The unknown parameters are estimated using an iteratively reweighted least squares (IRLS) with a bi-square loss function minimizing the residuals between the measured and modeled offsets [START_REF] Holland | Robust regression using iteratively reweighted least-squares[END_REF][START_REF] Stumpf | Improved Co-Registration of Sentinel-2 and Landsat-8 Imagery for Earth Surface Motion Measurements[END_REF]. Displacements from modeled error are then subtracted from the initial computed displacement maps.

𝑢 𝑥,𝑦 𝑑 = 𝑎 1 𝑥 + 𝑎 2 𝑦 + 𝑎 13 ,

where 𝑢 𝑟,𝑐 𝑑 is the displacement value of the pixel 𝑝(𝑥, 𝑦) with respect to the displacement map 𝑑 ∈ {𝐸𝑊, 𝑁𝑆, 𝐷𝑧} and 𝑎 1 , 𝑎 2 , 𝑎 3 are the unknown parameters.
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Algorithm 1 3D-Displacement computing algorithm

Independent component analysis (ICA)

The 3D displacement map obtained using a single correlation strategy (i.e., selecting a base image then correlating it with the three target images) includes the surface deformation signal and other artifacts, such as the CCD stripe artifacts, satellite jitter, outliers, topographic residuals, and decorrelation noise. To reduce the effect of these artifacts, we resort to an Independent Component Analysis.

An ICA decomposition is used rather than a Principal Component Analysis (PCA) because the sources of artifacts can be a major contribution to the data variance and could be filtered out by selecting only the first component of a PCA. The basis for the decomposition is that the deformation signal and the various sources of artifacts can be assumed to be statistically independent sources. In particular, the artifacts are assumed to be statistically independent with the deformation signal. The deformation signal is presumed to be the same in all the 3-D measurements maps independent of the choice of a particular set of images. As a result, we expect the deformation signal to show in only one component.

We implemented a modified version of the FastICA algorithm [START_REF] Hyvärinen | Independent component analysis: algorithms and applications[END_REF][START_REF] Shlens | A Tutorial on Independent Component Analysis[END_REF], This approach can be considered as unsupervised learning and can be summarized as follows:

which
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(1) The overlapping displacements maps are cropped to the same extent and stored in the data cube 𝑿 𝒅 , where 𝒅 represents the displacement directions (EW, NS, and Dz).

(2) The outliers in the decorrelation areas are filtered out, then the "no data" values mask is constructed and applied to 𝑿 𝒅 .

(3) Assuming that 𝑿 𝒅 is a linear combination of m independent sources S. The data cube is expressed as , where 𝔭(𝑠 𝑖 ) is the probability density function of source 𝑠 𝑖 . The matrix is computed using an iterative process that maximizes the non-gaussianity of the whitened data sets using a contrast function 𝐺 that approximate the negentropy. G is defined as

𝑿 𝒅 = 𝑨. 𝑺,
𝐺(𝑢) = - 𝑒 -𝑎𝑢 2 2 ⁄

𝑎

, where 𝑎 is user-defined constant.

(4) The source which is identified to represent the displacement signal is used to reconstruct 𝑛displacement maps, which then are stacked by average to yield the final displacement result.

(5) The measurement uncertainty is quantified from the residuals with our best estimate of the signal derived from combining all the measurements derived from the 90 images used in this study.
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Study area

The performance of the methodology described above to measure the three-dimensional surface-displacement field is demonstrated using the Ridgecrest earthquake sequence, which occurred in California in 2019. The two dominant events, a Mw 6.4 foreshock event on July 4 th (a left-lateral strike-slip rupture) followed 34 hr later by a Mw 7.1 mainshock event on July 5 th (a right-lateral strike-slip rupture), were felt over most of southern California and caused surface ruptures with minor damage to the nearby towns. The region of interest spans over an area of ~1864 km 2 , consisting mostly of desert and rugged terrain with elevations between 500 m to 1500 m (Fig. 3). This region is particularly well suited for remote sensing observations of ground deformation using optical images and the technique has therefore been uses in several previous studies [START_REF] Antoine | Diffuse Deformation and Surface Faulting Distribution from Submetric Image Correlation along the 2019 Ridgecrest, California[END_REF][START_REF] Barnhart | Localized fault-zone dilatancy and surface inelasticity of the 2019 Ridgecrest earthquakes[END_REF][START_REF] Chen | Cascading and pulse-like ruptures during the 2019 Ridgecrest earthquakes in the Eastern California Shear Zone[END_REF][START_REF] Milliner | Bookshelf Kinematics and the Effect of Dilatation on Fault Zone Inelastic Deformation: Examples From Optical Image Correlation Measurements of the 2019 Ridgecrest Earthquake Sequence[END_REF]. The Mw 7.1 mainshock produced right-lateral surface ruptures extending over ~50km along a northwest direction, and the Mw 6.4 foreshock produced left-lateral surface ruptures with a southwest trend over ~14km-long (Fig. 3).

For the purpose of illustrating our results, we selected two sub-regions. The first sub-region (ROI-1), located in the upper northwestern part of the Mw 7.1 surface ruptures, covers an area of ~231 km 2 . The second sub-region (ROI-2) covers the Mw 6.4 surface ruptures, with an area of ~99 km 2 .

Only the result from ROI-1 are presented and discussed in the main manuscript. The results for ROI-2 and the entire study area are provided as supplement. Chapter 2. An improved method for 2-D and 3-D precise measurements of ground deformation from optimized registration and correlation of optical images, and ICA based filtering of image geometry artifacts. _____________________________________________________________________________________________

Datasets

We used a total of 90 HR satellite optical images out of which 37 were acquired before the earthquake and 53 after.

The pre-earthquake images were collected between the 23 rd of July 2016 and the 1 st of September 2018, and the postearthquakes images between the 6 th of July 2019 and the 21 st of January 2020. They were acquired by the Spot-6, WorldView-1 (WV1), WorldView-2 (WV2) and WorldView-3 (WV3) satellites with nominal pixel resolutions of 1.5m, 0.46 m, 0.46 m and 0.31 m, respectively. The images used in this study and their characteristics are listed in Table S.1. For our analyses only panchromatic band were used.

We used three different DEMs to assess the sensitivity to the reference DEM used as input (𝑟𝐷𝐸𝑀): (1) the 30-m resolution DEM from the Shuttle Radar Topography Mission (SRTM), which was collected using radar (C-band) interferometry in February 2000 [START_REF] Farr | The Shuttle Radar Topography Mission[END_REF] Furthermore, 113 orthorectified aerial photos with a resolution of 60-cm were used as reference images to extract GCPs and to assess the horizontal geolocation accuracy of the orthorectified satellite images. The aerial photos were acquired between July 22 and September 01, 2018 and are publicly available through the National Agriculture Imagery Program (NAIP).

Results

Accuracy assessment

RSM refinement and co-registration accuracy

In this session, we assess the overall 2D geolocation accuracy of the ortho-images generated with refining the RSM with a well geolocalized reference image (ref-image). 16 raw images were orthorectified: WV1 (𝑛 = ), WV2

(𝑛 = 7), WV3 (𝑛 = 3) and Spot-6 (𝑛 = 2) using the workflow outlined in Section 2.3. A total of 34 (𝑘 = 3 ) orthorectified image were generated with a ground sampling distance of 60 cm (𝑛 = 28) and 1.5 m (𝑛 = 6), using three different 𝑟𝐷𝐸𝑀𝑠: Pre/Post photogrammetry DEM (𝑛 = 7), LiDAR-DEM (𝑛 = 23) and SRTM-DEM (𝑛 = ).

The evaluation was performed using a well-matched set of tie points between the ref-image (NAIP) and the 3D-set generated ortho-images. Tie points were extracted using Scale-Invariant Feature Transform (SIFT) [START_REF] Lowe | Distinctive image features from scale-invariant keypoints[END_REF], then refined using the image correlation procedure described in Section 2.3.1. Points with poor correlation were filtered out based on correlation criteria. Afterward, selected tie points were transformed to a projected coordinate system (UTM 11N) using the geo-transform respective to each ortho-image (𝑘). Subsequently, horizontal errors at all virtual control Chapter 2. An improved method for 2-D and 3-D precise measurements of ground deformation from optimized registration and correlation of optical images, and ICA based filtering of image geometry artifacts. _____________________________________________________________________________________________ points (𝑣𝐶𝑃) were computed for each orthoimage: Δ𝑋 𝑖 𝑘 = (𝑋 𝑣𝐶𝑃 𝑖 𝑟𝑒𝑓 -𝑋 𝑣𝐶𝑃 𝑖 𝑜𝑟𝑡ℎ𝑜 𝑘 ) and Δ𝑌 𝑖 𝑘 = (𝑌 𝑣𝐶𝑃 𝑖 𝑟𝑒𝑓 -𝑌 𝑣𝐶𝑃 𝑖 𝑜𝑟𝑡ℎ𝑜 𝑘 ).

Ultimately, the horizontal errors (Δ𝑋 𝑖 𝑘 , Δ𝑌 𝑖 𝑘 ) were used to compute the registration uncertainty and statistics to assess the performance (e.g., the circular errors at the 68% CE68 (~1𝜎) and 90% CE90 (~1.4𝜎) confidence level).

It should be emphasized that we selected different GCPs from the ones used for the RSM-refinement to assess the ortho-images geolocation accuracy. Our RSM refinement approach consistently yields a more accurate geolocation of the ortho-images than the specification given by Digital Globe and Airbus, which report a CE90 ~3-5m for ortho-images acquired at off-nadir angles <15°. Moreover, one can observe from values summarized in Table 2.2 and Table S.2 that the horizontal accuracy depends on the ground sampling distance (GSD) of produced images, the quality of the rDEMs and the image acquisition parameters (mainly off-nadir angles).We note that the geolocation accuracy also depends on:

(1) The geolocation accuracy of the reference image (NAIPs) which is reported to be ~5m at CE95 (Earth Resources Observation And Science (EROS) Center, 2017). Our procedure cannot by design yield a more accurate geolocation.

(2) The environmental surface changes between the 3D-set ortho-images and the ref-image, that is a function of the difference in acquisition date, sensors characteristics and acquisition condition. The accuracy of the geolocation is degraded where such changes are most significant.

(3) The number of 𝑣𝐶𝑃𝑠 and their distribution within the scene. They should be selected on flat areas to avoid both parallax effects and shadows, and cover the entire extent of the scene for highest accuracy.

However, for the 𝑣𝐶𝑃𝑠 selected for the geolocation assessment, we did not consider all these criterions. Therefore, much of the observed residual spread can be attributed to change in landscape and terrain characteristics (i.e., earthquake surface deformation) over time, which on the one hand, leads to errors in extracted 𝑣𝐶𝑃𝑠 for the geolocation analysis of generated ortho-images. On the other hand, errors in the selected GCPs for the RSM-refinement result in an error in the linear coefficient of Eq.( 2), and thus to a long-wavelength error in the displacement maps (Section 2.3.4).

Overall, the circular errors range from 0.5 to >2m, with a mean value of ~1.7m. Similarly, residual errors in the horizontal geolocation accuracy ranges from 0.4m to > 3m with a mean value of 1.92 m. while it is ~ 1.74m CE68 on average when all view angles are considered.

Artifacts

To identify the different sources of errors and the bias that could affect the displacement measurements, we pix). The amplitude of the geometric distortion caused by the CCD misalignment is estimated from the disparity map computed between two pre-event images where there is no coseismic deformation (Fig. 5-a). This map also shows a linear striping artifact typical of jitter running in the satellites' along-track direction with an amplitude of ~40 cm and topographic artifacts due to DEM inaccuracies. Furthermore, another type of artifact typical of aliasing was identified when correlating two SPOT-6 images bracketing the earthquake, as reported by [START_REF] Milliner | Bookshelf Kinematics and the Effect of Dilatation on Fault Zone Inelastic Deformation: Examples From Optical Image Correlation Measurements of the 2019 Ridgecrest Earthquake Sequence[END_REF]. Two Spot images, with a similar geometry acquisition and a low view angle (<10°), were orthorectified to 1.5m GSD using the same pre-event photogrammetric DEM and then correlated using a multi-scale (128 x128 to 32x 32 pixels) sub-pixel phase correlator with an 8-pixel step, resulting in a 12 m GSD displacement map. As shown in Fig. 5-c, the fault rupture is identifiable, and no topography-dependent artifacts are observed; however, the measurements are biased with an aliasing artifact (amplitudes are up to ~ 50 cm) caused by the two images. We suspect that this artifact arises due to the resampling procedure used by the provider to generate the super-resolution images.

The different components of the error source that bias the displacement field must be taken into account and eventually corrected for, in order to produce high-quality measurements of the displacement field (i.e., with the highest possible spatial resolution, and reduced artifacts).

Our measurements show that the main sources of errors include: (1) the unmodelled interior orientation (i.e., stripe artifacts), ( 2) the satellite attitude variation (i.e., time-varying attitude jitter), ( 3) resampling errors in the generation of the images distributed by the providers (i.e., aliasing artifacts), ( 4) the image acquisition geometry and DEM quality used for the orthorectification (i.e., topography-dependent artifacts), and ( 5) texture and radiometry changes between the base and the target images (i.e., decorrelation noise).

Standard 2-D measurements of horizontal displacements

We first measured horizontal displacements using the standard method based on the correlation of orthoimages.

Four input images are selected: WV-1 and WV-2 before the earthquakes and in-track stereo pairs of WV-2 after the earthquakes (see sky plot in Fig. 6-d). Each of these images is orthorectified to 60 cm GSD using three different preevent DEMs. We use only a single DEM because, most often, it is not possible to construct or have access to both a pre-and a post-event DEM. The three DEMs considered in this case are the SRTM (30m), LiDAR DEM (10 m), and photogrammetric DEM extracted using WV-2 stereo pairs acquired on July 14, 2019 (with 1 m GSD). The orthoimages are then correlated using a 32x32 pixel window with an 8-pixel sliding step, yielding in 4.8 m resolution displacement maps. Before performing the orthorectification, "wv_correct" an ASP routine, is used to regenerate images corrected for CCD artifacts; this routine is specific only for WV-1 and WV-2 imagery. The North/South components of the horizontal displacement are presented in Fig. 6-a,b and-c. The base-pre1 correlation, which is the correlation between two pre-event images, should in principle show no displacements, and reveal only noise measurements. Topographic artifacts are clearly present though. In the base-post 1 and base-post2 measurements, a discontinuity that represents the surface rupture caused by the Mw 7.1 earthquake is identifiable.

Though, in theory, the two displacement measurements should lead to the same result, which is not the case here. We can therefore see that the horizontal measurements depend on the acquisition geometry as well as the rDEM used for the orthorectification. In addition, less decorrelation and topographic artifacts are observed when a photogrammetric DEM extracted from the input images is used for the orthorectification. The measurement of the displacement also shows that the linear artifacts CCD are reduced compared to Fig. 5-b but not completely removed; some linear strips are still observed.
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The horizontal results and identified artifacts derived from the abovementioned approach are consistent with horizontal measurements from other studies based on similar method applied to lower-resolution sensors, including Sentinel-2 and PlanetScope (Milliner & Donnellan, 2020) , and higher-resolution sensors including SPOT-6 [START_REF] Milliner | Bookshelf Kinematics and the Effect of Dilatation on Fault Zone Inelastic Deformation: Examples From Optical Image Correlation Measurements of the 2019 Ridgecrest Earthquake Sequence[END_REF], WorldView [START_REF] Barnhart | Localized fault-zone dilatancy and surface inelasticity of the 2019 Ridgecrest earthquakes[END_REF], and Pléiades [START_REF] Antoine | Diffuse Deformation and Surface Faulting Distribution from Submetric Image Correlation along the 2019 Ridgecrest, California[END_REF].

3D-displacements measured from our workflow

We ran our workflow described in section 2.3 using the same 3D-set introduced in the previous section (see sky plot in Fig. 6-d). Fig. 7 shows the computed 3D-displacement measured using the single correlation strategy option with WV-1 acquired on June 16, 2018 selected as the base image.

Analysis of the horizontal components (~ 2.4m GSD), reveals a substantial improvement of the measurement that is no longer sensitive to the rDEM used for the orthorectification. The insensitivity to the rDEM is also demonstrated by comparing profiles (Fig S .1 and Table S.3). Furthermore, because we triangulate the correlation measurements at each sampling point, the topographic residuals (i.e., the unresolved parallax during the orthorectification process) are reduced, and the vertical component is extracted with proper account for topographic changes. It should be noted that with our method, the measured vertical displacement is not affected by the horizontal advection caused by the coseismic deformation, which can be the case using the ICP approach. We also observe some artifacts typical of Jitter, which are more prominent in the vertical component. The average vertical displacement is between 1.5 m and -1.5 m, looking at area far from the rupture, where vertical displacements are small <0.8m based on inSAR and GNSS measurements [START_REF] Jin | Finite Slip Models of the 2019 Ridgecrest Earthquake Sequence Constrained by Space Geodetic Data and Aftershock Locations[END_REF][START_REF] Ross | Hierarchical interlocked orthogonal faulting in the 2019 Ridgecrest earthquake sequence[END_REF], we measure ~0.5 m, which gives a first order estimate of the uncertainty. The results obtained using our workflow confirm that high-quality 2D/3D displacement measurements can be produced using a publicly available coarse resolution rDEM, typically with SRTM.

Therefore, our approach is not limited by the availability of an updated high-resolution DEM and compared to a purely 2-D workflow, improves the quality of the measurements of the horizontal displacement field.

Comparison of displacements measured from 3-D correlation and standard method

The 3D surface displacement field due to Ridgecrest earthquake sequence was measured in previous studies by combining the standard 2-D workflow procedure with DEM differencing informally known as the "2.5 D method", as Chapter 2. An improved method for 2-D and 3-D precise measurements of ground deformation from optimized registration and correlation of optical images, and ICA based filtering of image geometry artifacts. _____________________________________________________________________________________________ 40 outlined in section 2.2 [START_REF] Antoine | Diffuse Deformation and Surface Faulting Distribution from Submetric Image Correlation along the 2019 Ridgecrest, California[END_REF][START_REF] Barnhart | Localized fault-zone dilatancy and surface inelasticity of the 2019 Ridgecrest earthquakes[END_REF] In order to compare our approach to this more standard method we have reproduced the displacement results presented in [START_REF] Barnhart | Localized fault-zone dilatancy and surface inelasticity of the 2019 Ridgecrest earthquakes[END_REF] using two sets of Digital Globe stereo-pairs acquisitions. The first stereo-pair of WV-1 acquired on June 16, 2018, before the Ridgecrest earthquakes, and the second stereo-pair of WV-2 acquired after the earthquakes on July 14, 2019 (Table S1). The two sets of stereo-data were processed separately to produce pre-and post-DSM at 1-m GSD using the OrthoEngine module of PCI Geomatics software. Then, the misregistration between the two DEMs was reduced by extracting a sub-region located far from the surface ruptures. The horizontal surface displacement was retrieved using sub-pixel image correlation in the frequency domain between pre-and post-orthorectified images. Where, for each date, the image with the smallest off-nadir angle (28.6° and 27.6°) are orthorectified with the high-resolution pre-and post-DEM, respectively, with the purpose of limiting as much as possible the stereoscopic effects. The NS and EW horizontal displacements with 2.4-m GSD are shown in (Fig. 8-a,b). Ames Stereo Pipeline software is used to correct for Digital Globe images CCD misalignment, while the orthorectification and correlation processes are performed using COSI-Corr + . The vertical displacement is computed by simply differencing the two DEMs without accounting for the horizontal displacement. As stated by [START_REF] Barnhart | Localized fault-zone dilatancy and surface inelasticity of the 2019 Ridgecrest earthquakes[END_REF][START_REF] Barnhart | Vertical Coseismic Offsets Derived From High-Resolution Stereogrammetric DSM Differencing: The 2013 Baluchistan, Pakistan Earthquake[END_REF], if the topography is relatively flat, as is the case for most of the valley where the Ridgecrest earthquakes occurred, the horizontal displacement of the topography should not bias the vertical component on average. It is, however, a source of noise due to the roughness of the topography. displacement in all 3 directions independently and is insensitive to the choice of the rDEM. Fig. 9 shows an example of profiles extracted from the vertical component measured from our method and standard method. 

Cross-platform 3D-displacement

In this section, the 3D-displacement field was retrieved using a 3D-set composed of images from different platforms, we combined WV1, WV2 and Spot-6 (see Sky plots in Fig. 10) for more information on geometry and acquisition dates). The 3D-set images were orthorectified using the LiDAR DEM to a 1.5 m resolution, which corresponds to the spatial resolution of the panchromatic band of Spot-6 imagery. Initially, we adopted a single correlation scheme by selecting the pre-event Spot-6 image as the base image. Analysis of the resulting 3Ddisplacement reveals a pattern of aliasing that bias the measure in all directions (Fig. 10-b) as noted above and reported by [START_REF] Milliner | Bookshelf Kinematics and the Effect of Dilatation on Fault Zone Inelastic Deformation: Examples From Optical Image Correlation Measurements of the 2019 Ridgecrest Earthquake Sequence[END_REF]. Chapter 2. An improved method for 2-D and 3-D precise measurements of ground deformation from optimized registration and correlation of optical images, and ICA based filtering of image geometry artifacts. _____________________________________________________________________________________________

A first approach to mitigate this artifact is to change the base image, so that there is no cross correlation between the pre-and post-Spot-6 ortho images. Fig. 10-d show the results of the produced displacement with WV-1 selected as the base-image. An improvement in the measurements can be noticed. There is no more interference between the resampling errors from the pre-and post-images. The aliasing pattern disappears but the resampling errors are still present. This approach would be effective when the coseismic displacement amplitude is larger than the amplitude of the resampling errors, which we estimate to about ~1/10 pixel (~15 cm). Therefore, within this approach, we actually do not remove the artifact. We show later a post-processing scheme to actually correct it.

To give equal weight to all the images, we constructed a data cube of 4 displacement maps by varying the base image (see section 2. The final displacement maps were generated by stacking the 4 displacement maps reconstructed from only this component. We observe a considerable improvement in the 3D displacement map and the various sources of artifacts due to the Jitter, CCD misalignments or resampling errors are not visible anymore (Fig. 13). 

Generation of a reference 3D-displacement

With the proposed workflow, the ICA decomposition can be applied to any data hypercubes provided at least 2 images before and at least 2 images after the deformation event are included. In principle, including more data should help remove the noise further. In this section, we use a 3D-set consisting of 7 images (3 acquired before the earthquakes and 4 acquired after) over region of interest 1 (ROI 1). Table S.3 provides detailed information about the selected 3Dset images.

The input 3D-set images were orthorectified with the LiDAR DEM at 60 cm GSD. Then, by applying the progressive correlation strategy, 42 correlation maps were generated, yielding in 72 3D-displacememt maps (𝐴 3 2 𝐶 4 2 + 𝐶 3 2 𝐴 4 2 , where 𝐴 and 𝐶 stand for arrangement and combination, respectively). Prior to the orthorectification process, the WV1 and WV2 images were corrected for CCD artifacts using ASP utility "wv_correct". The resulting data cubes were therefore composed of 72 observations in each direction, and pixel measurements with a displacement of more than 20 m were considered outliers and discarded.

An example of the computed displacement maps is shown in Fig. 14 (an animation with all the results is available in the supplementary materials. We then stack all the EW, NS and vertical maps to produce a 3D-displacement map which we consider to be bias-free and the most accurate signal that can be extracted from all the data assembled for this study. We recommend using this reference measurement in further investigations of the Ridgecrest earthquake sequence. Fig. 16 represents the produced reference displacement measurement. 

Error quantification

We now use the reference 3-D displacement map described in the preceding section to evaluate the errors contained in the measurement made from a minimum 3D-Set of 4 images and measurement generated from the standard method.

Histograms in each dimension are given in Fig. 17. The spread of our 3D method is Gaussian and can be seen as reflecting the noise of the measurements. Therefore, on average, the uncertainty on the measurement of the NS, EW and vertical displacement is ~0.6m, ~0.7 m and ~0.6m at the 90% confidence level, respectively. However, with the standard method the standard deviation of the Gaussian distribution, on average, of the EW component is ~2. 

Conclusions

We present in this study a new approach to measure ground deformation in 3D from optical satellite images, which is applicable if at least 2 pairs of images are available before and after a deformation event. The addition of an ICA-based post-processing allows to take advantage of data redundancy to separate the deformation signal from the various sources of artifacts that are typical of satellite imaging systems related to the internal (CCDs misalignment in particular), the external models (the telescope position and viewing direction during the image acquisition) and the production of the images distributed by the providers (resampling bias). In any case, the method yields the 2-D displacement field with significantly better accuracy than a standard correlation of ortho-images, even if the orthorectification procedure is optimized to correct misregistration arising from errors on the internal and external models. Vertical displacements can be resolved if the viewing angles span a sufficiently large range of values (> 8°) to allow for the measurable stereoscopic offsets. The procedure makes use of a reference DEM, but the outcome is independent of the characteristics of the chosen DEM, which is not the case with the standard approach. We used the case-example of the ground deformation caused by the Ridgecrest earthquake sequence to assess the performance of our proposed approach. We were able to generate high quality measurements of coseismic ground displacement with GSD of 2.4m, and uncertainties at the 90% confidence level on the NS, EW and vertical displacement measurements Forward-This chapter focus on push-frame imaging system, in particular SkySat and PlanetScope imagery. A methodology for Rational Function Model optimization is proposed. In addition, the potential of using the push frame system acquisition in tri-stereo or near-nadir mode for 3D reconstruction is explored. SkySat tri-stereo images is used to monitor the surface changes in 3D over the Morenci Mine, Arizona, which is the largest copper mine in the United

States. Whereas, multi-date PlanetScope data is used to monitor in 3D a glacier surge located in the Karakoram (Pakistan), which is known for its recent surge. The proposed method is implemented as complementary package of geoCosiCorr3D software. The content of this chapter has been published in the Remote Sensing journal and referrenced under [START_REF] Aati | Optimization of Optical Image Geometric Modeling, Application to Topography Extraction and Topographic Change Measurements Using PlanetScope and SkySat Imagery 25[END_REF].
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The volume of data generated by earth observation satellites has increased tremendously over the last decades and will increase further in the coming decade thanks in particular to the launch of nanosatellites constellations. These data should open new avenues for Earth surface monitoring due to highly improved spectral, spatial and temporal resolution. Many applications depends however on the accuracy of the image geometric model. The geometry of optical images, whether acquired from pushbroom or frame systems, is now commonly represented using a Rational Function Model (RFM). While the formalism has become standard, the procedures used to generate these models and their accuracies are diverse. As a result, the RFM models delivered with commercial data are commonly not accurate enough for 3-D extraction, subpixel registration or ground deformation measurements. In this study, we present a methodology for RFM optimization and demonstrate its potential for 3D reconstruction using tri-stereo and multi-date Cubesat images provided by SkySat and PlanetScope, respectively. We use SkySat data over the Morenci Mine, Arizona, which is the largest copper mine in the United States. The re-projection error after the RFM refinement is 0.42 pix without using GCPs. Comparison of our DEMS (with ~3m GSD) with a reference DEM obtained from an airborne LiDAR survey (with ~1m GSD) over stable areas yields a standard deviation of the elevation differences of ~3.9 m. The comparison of the two DEMs allows detecting and measuring the topographic changes due to the mine activity (excavation and stockpiles). We assess the potential of PlanetScope data, using multi-date DOVE-C images from the Shisper glacier, located in the Karakoram (Pakistan), which is known for its recent surge. We extracted DEMs in 2017 and 2019 before and after the surge. The re-projection error after the RFM refinement is 0.38 pix without using GCPs.

The accuracy of the DEMs (with ~ 9m GSD) was evaluated through comparison with the SRTM DEM (GSD ~ 30 m) and with a DEM (GSD ~ 2m) calculated from Geoeye-1 (GE-1) and World-View-2 (WV-2) stereo images. The standard deviation of the elevation differences in stable areas between the PlanetScope DEM and SRTM is ~12m, and ~7m with the GE-1&WV-2 DEM. The mass transfer due to the surge is clearly revealed form the comparison of the 2017 and 2019 DEMs. The study demonstrates that, with the proposed scheme for RFM optimization, times series of DEM extracted from SkySat and PlanetScope images can be used to measure topographic changes due to mining activities or ice flow, and could be used as well to monitor geomorphic processes such as landslides, or coastal erosion for example.
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Introduction

The impact of environmental changes and human activities has increased the need for monitoring the Earth surface. The recognition of this need has stimulated an exponential increase of Earth Observation (EO) satellites, in particular Cubesat nano-satellites for optical remote sensing. Due to their low cost, a great number of Cubesats has been launched over the last six years by a variety of private companies, universities and non-conventional actors in the space industry, enabling a unprecedented combination of high spatial and temporal resolution (Nagel et al., 2020b).

Planet Labs has been a leading actor in that area. Since 2014, Planet Labs has launched over than 280 Cubesats which image the entire Earth surface every day (Planet Labs, 2020a). Further deployments are planned by Planets and other operators in the upcoming years (Nagel et al., 2020b;[START_REF] Villela | Towards the Thousandth CubeSat: A Statistical Overview[END_REF]. For instance, SatRevolution is planning to launch 1024 6U Cubesats by 2026, which will offer the possibility of a Real-Time Earth Observation constellation (Planet Labs, 2020b). The capability to acquire multi-temporal data with improved spatial, spectral, radiometric and temporal resolution should enhance our ability to monitor geomorphic processes (e.g. landslides, coastal erosion, Aeolian processes), ground deformation due to earthquakes or landslides, mountain glaciers and ice caps disaster damages, and human activities (e.g., urbanization, infrastructure development, mining operations). These applications require a good knowledge of the geometry of the images to allow for the calculation of accurate Digital Elevation Models (DEM) and for precise georeferencing of the images, ideally with a sub-pixel precision. Recall that a good quality DEM is generally required for a precise georeferencing as even nominally nadir-looking images are affected to some degree by stereoscopic effects due to the telescope aperture and its finite elevation above the ground. Good quality DEMs and precise ortho-rectification are therefore paramount to most monitoring applications with optical remote sensing. Nano-satellites offer in principle the potential to generate multi temporal DEMs for any region in the world at any time, but the calculation of DEMs from Cubesat data has been a challenge (D' Angelo et al., 2014;[START_REF] Ghuffar | DEM generation from multi satellite PlanetScope imagery[END_REF]. The traditional approach consist in using images close enough in time to assume a constant topography and with view angles large enough for measurable stereoscopic effects. DEMs can then be extracted based on a Rigorous Sensor Modeling (RSM) of the image geometry taking into account both the internal (optical distortions, CCD misalignments) and external (telescope position and orientation) parameters. The implementation of such an approach is specific to the particular sensor used in the data acquisition and requires the knowledge of technical characteristics that are rarely provided by the operators. As a standardized substitute to the rigorous sensor model, the geometry of optical images is now commonly represented using a Rational Function Model (RFM) [START_REF] Poli | Review of developments in geometric modelling for high resolution satellite pushbroom sensors[END_REF][START_REF] Tao | A Comprehensive Study of the Rational Function Model for Photogrammetric Processing[END_REF]. The methods used to generated RFMs are however varied and often yield rather imprecise geometric models. The development of methods for RFM optimization and automatic DEM extraction from conventional satellites (i.e. stereo or tri-stereo push-broom high resolution satellites imagery) has therefore been an active research area for the last few years (e.g. [START_REF] De Franchis | Automatic sensor orientation refinement of Pléiades stereo images[END_REF][START_REF] Huang | Multi-View Large-Scale Bundle Adjustment Method for High-Resolution Satellite Images[END_REF][START_REF] Jacobsen | DEM generation with short base length pleiades triplet[END_REF][START_REF] Perko | Very high resolution mapping with the Pleiades satellite constellation[END_REF][START_REF] Rupnik | Refined satellite image orientation in the free open-source photogrammetric tools Apero/Micmac[END_REF])) This issue is relevant to Cubesat images in particular as the RFM standard has been widely adopted in the nanosatellite industry. In this study, we present a method for RFM optimization and demonstrate its potential for 3D reconstruction using tri-stereo and multi-date Cubesat images. We test and assess the performance of our method to extract digital elevation models and quantify topographic changes using SkySat data from the Morenci Mine, Arizona, which is the largest copper mine in the United States, and multi-date PlanetScope DOVE-C images from a surging glacier located in the Karakoram, Pakistan. Hereafter, we present our methodology for RFM optimization first, and then for DEM extraction.

We next describe the results obtained on our two test examples and discuss the performance of the method. The proposed method is implemented in an open-source module of the Coregistration of Optical Sensed Images and Correlation software (COSI-Corr) [START_REF] Leprince | In-Flight CCD Distortion Calibration for Pushbroom Satellites Based on Subpixel Correlation[END_REF]S Leprince et al., 2007). On overview of the SkySat and PlanetScope push-frame imaging systems is provided in Appendix A.

RFM optimization

Method

The image orientation model, which relates the image and ground coordinates, can be based on rigorous Sensor Model (RSM) of the imaging system or can be approximated by a generic sensor model known as rational functional model (RFM). The flowchart in Figure 3.1 shows schematically how these models might be determined and optimized.

Rigorous sensor model (RSM) accounts for the interior orientation (defined by the focal length, principal point location, pixel size, and the lens distortion) and the external orientation (defined by the position and attitude of the satellite during the image acquisition) [START_REF] Poli | Review of developments in geometric modelling for high resolution satellite pushbroom sensors[END_REF]. This formalism is based on the extended collinearity equations for the external orientation model,

[ 𝑋 𝑌 𝑍 ] = 𝑃(𝑡) + λ. 𝑹(𝑡). 𝑲. [ 𝑥 𝑦 ], (1) 
where [𝑋, 𝑌, 𝑍] is the ground coordinate of the pixel [𝑥, 𝑦] in the image geometry, after correction for the distortions represented by the internal orientation model. λ and 𝐾 denotes the unknown scaling factor and the calibration matrix, respectively. 𝑃(𝑡) indicates the satellite position, and 𝑅(𝑡) is the satellite attitude rotation matrix. These parameters represent the exterior orientation and they are functions of time 𝑡.

The internal and external orientation parameters can be determined from a field calibration or from fieldindependent block adjustment. In the first case the parameters are solved for using ground control points (GCPs) measured in the field or extracted from existing maps [START_REF] Leprince | In-Flight CCD Distortion Calibration for Pushbroom Satellites Based on Subpixel Correlation[END_REF]S Leprince et al., 2007;[START_REF] Takaku | PRISM On-Orbit Geometric Calibration and DSM Performance[END_REF]. In the second case, often called 'auto-calibration' method, the parameters are solved for from a block adjustment using a large set of overlapping images [START_REF] Habib | Bundle Adjustment with Self-Calibration Using Straight Lines[END_REF][START_REF] Kubik | First inflight results of Pleiades 1A innovative methods for optical calibration[END_REF][START_REF] Zhang | Auto-calibration of GF-1 WFV images using flat terrain[END_REF]. The RSM is for example implemented in the Coregistration of Optical Sensed Images and Correlation software (COSI-Corr) [START_REF] Leprince | In-Flight CCD Distortion Calibration for Pushbroom Satellites Based on Subpixel Correlation[END_REF]S Leprince et al., 2007).

The main difficulty with the RSM is that the model can't be standardized as it must be tailored to the technical characteristics of each imaging system. In addition, the information needed for its implementations are not always Chapter 3. Optimization of optical image geometric modeling, application to topography extraction and topographic change measurements using PlanetScope and SkySat imagery ______________________________________________________________________________________________ 52 provided by the operators [START_REF] Poli | Review of developments in geometric modelling for high resolution satellite pushbroom sensors[END_REF]. This issue has become more acute with the increasing number of Earth Observation satellites.

By contrast, the rational function model (RFM) is sensor agnostic and allows for a standardization of the metadata.

The RFM relates image pixel coordinates to object coordinates in the form of rational functions expressed as the ratios of polynomials, usually of third order (Grodecki and Dial, 2003a;[START_REF] Hu | Understanding the Rational Function Model : Methods and Applications[END_REF][START_REF] Tao | A Comprehensive Study of the Rational Function Model for Photogrammetric Processing[END_REF],

(2)

𝑝 𝑙 (𝑙𝑎𝑡 𝑛 , 𝑙𝑜𝑛 𝑛 , 𝑎𝑙𝑡 𝑛 ) = ∑ ∑ ∑ 𝑐 𝑚 𝑙 𝑙𝑎𝑡 𝑛 𝑖-𝑗 𝑙𝑜𝑛 𝑛 𝑗-𝑘 𝑎𝑙𝑡 𝑛 𝑘 𝑗 𝑘=0 , 𝑖 𝑗=0 3 𝑖=0 𝑚 = 𝑖(𝑖+1)(𝑖+2) 6 + 𝑗(𝑗+1) 2 + 𝑘, (3) 
where (𝑐 𝑛 , 𝑟 𝑛 ) are the normalized values of the image point coordinates (c, 𝑟), and (𝑙𝑎𝑡 𝑛 , 𝑙𝑜𝑛 𝑛 , 𝑎𝑙𝑡 𝑛 ) are the normalized latitude, longitude, and altitude of the corresponding ground point, respectively. The normalization of the coordinates performed according to the process described in [START_REF] Tao | A Comprehensive Study of the Rational Function Model for Photogrammetric Processing[END_REF]. 𝑐 𝑚 𝑙 (𝑙 = ,2,3) refers to the coefficients of the polynomials 𝑝 𝑙 .

There are two ways RFM are determined (Figure 3.1). In the terrain-independent approach the physical model is used to generate virtual GCPs, which are then used to compute the parameters of the RFM [START_REF] Tao | A Comprehensive Study of the Rational Function Model for Photogrammetric Processing[END_REF]). In the terraindependent approach, the RFM is based on GCPs measured in the field or extracted from an existing reference map [START_REF] Hu | Understanding the Rational Function Model : Methods and Applications[END_REF][START_REF] Tao | A Comprehensive Study of the Rational Function Model for Photogrammetric Processing[END_REF].

In practice, the RFM models provided by the operators are most often not sufficiently accurate for 3-D extractions or precise georeferencing so that they generally need to be refined (Grodecki and Dial, 2003a;[START_REF] Hu | Understanding the Rational Function Model : Methods and Applications[END_REF][START_REF] Tao | A Comprehensive Study of the Rational Function Model for Photogrammetric Processing[END_REF][START_REF] Xiong | A generic method for RPC refinement using ground control information[END_REF]. There can indeed be significant bias introduced by the inaccuracy of the method used or by the reference data used as a input in the determination of the RFM. The RFM may be either determined anew ('direct refinement') or refined by determining a corrective terms ('indirect refinement'). We adopt the latter approach and express the corrective terms in the image space (Figure ∆𝑐 𝑖𝑗 = 𝑎 0 + 𝑎 1 . 𝑐 𝑖𝑗 + 𝑎 2 . 𝑟 𝑖𝑗 ,

∆𝑟 𝑖𝑗 = 𝑏 0 + 𝑏 1 . 𝑐 𝑖𝑗 + 𝑏 2 . 𝑟 𝑖𝑗 , (4) 
where 𝑎 𝑘 , 𝑏 𝑘 are the adjustment parameters for image 𝑖, and (𝑐 𝑖𝑗 , 𝑟 𝑖𝑗 ) are the image coordinates of point 𝑗 on image 𝑖.
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We can then use a least-squares adjustment routine to minimize the re-projection errors of a selection of tie points,

𝐹 𝑐 𝑖𝑗 = ∆𝑐 𝑖𝑗 -𝑐 𝑖𝑗 ′ + 𝑐 𝑖𝑗 , (6) 
𝐹 𝑟 𝑖𝑗 = ∆𝑟 𝑖𝑗 -𝑟 𝑖𝑗 ′ + 𝑟 𝑖𝑗 , (7) 
where (𝑐 𝑖𝑗 ′ , 𝑟 𝑖𝑗 ′ ) are the image-space coordinates of tie point 𝑗 on image 𝑖, (𝑐 𝑖𝑗 , 𝑟 𝑖𝑗 ) are the nominal image coordinates computed with the RFM function model given in Equation ( 2), and (∆𝑐 𝑖𝑗 , ∆𝑟 𝑖𝑗 ) are the bias compensation functions (cf. Equations 4 and 5).

The normal equations then write,

∆𝑋 = (𝐴 𝑇 𝐴) -1 𝐴 𝑇 𝐵, (8) 
where 𝐴 = 𝜕𝐹 𝑐 𝜕𝑋 𝜕𝐹 𝑟 𝜕𝑋 𝑇 is the Jacobian matrix, 𝐵 is the discrepancy vector and 𝑋 is the parameter vector

[𝑙𝑜𝑛 𝑖𝑗 𝑙𝑎𝑡 𝑖𝑗 𝑎𝑙𝑡 𝑖𝑗 𝑎 0𝑖 𝑎 1𝑖 𝑎 1𝑖 𝑎 2𝑖 𝑏 0𝑖 𝑏 1𝑖 𝑏 2𝑖 𝑎 0𝑖 ] 𝑇 .
The method described here is implemented as an open source module of the COSI-Corr software package. This module allows: (1) to correct the RFM bias of a single image using GCPs; (2) to correct the RFM bias of a large block of overlapping images, and (3) to incorporate the bias compensation into the original supplied RFMs, similar to the method proposed in [START_REF] Fraser | Bias Compensation in Rational Functions for IKONOS Satellite Imagery[END_REF]. This package can be employed to process any type images delivered with RFMs.

Application to push -frame images.

In this study, we apply the RFM refinement procedure described above to push-frame images from two CubeSat platforms, PlanetScope and SkySat. See appendix A for technical details on these platforms. With both systems, the images are acquired by several arrays of CCDs as the satellite is moving along its track. The frame rate and the location of the sensors in the focal plane of the telescope were designed to insure some degree of overlap between the different sub-scenes, whether acquired by different sensors at a given time or at successive times by a same sensor. Each subscene is provided with its own RFM and is considered as a separate image in our procedure. We use Level L1B

products, which contain the images and associated RFMs which were determined by the provider using a terrain dependent approach. Prior to RFM refinement, we pre-select image pairs for each type of satellite using a specific procedure.

SkySat

The images are acquired by 3 staggered sensors (Figure 3.2). The overlap of consecutive scenes from the same sensor and within different sensors is very small, as well as the baseline. Thus rays between tie points are almost collinear, which can lead to high uncertainty and singularities during the refinement of the RFM. To avoid this issue the tie points are constrained using a reference DEM (d'Angelo et al., 2016). Since the SkySat imagery is acquired in 

PlanetScope (Doves)

The PlanetScope CubSats acquire data in a push-frame nadir-pointing mode (Figure 3.3). As with SkySat, the overlap of consecutive images from the same DOVE is very small, ~8%, as well as the baseline. Thus, rays between tie points are almost collinear. Therefore, to perform the RFMs refinement, we select image pairs with maximum overlap, hence maximum convergence angle. Then, we extract tie points between the selected image pairs and estimate the bias RFM correction. In both cases, the refinement of RFMs can be additionally constrained with GCPs extracted from an external ortho-image and a DEM.

The angle between incidence view vectors from overlapping scenes 𝜃, also called the 'convergence angle' [START_REF] Jacobsen | DEM generation with short base length pleiades triplet[END_REF]Perko et al., 2019), is determined by computing the angle of intersection of two ray vectors 𝑢 1 and

𝑢 2 , (9) 
The ray vector 𝑢 is computed as follow: for a pixel in a overlap with coordinates (𝑥, 𝑦), we define two ground points 𝑀 and 𝑁, where 𝑀 = 𝑅𝐹𝑀 𝑍 -1 (𝑥, 𝑦) and 𝑁 = 𝑅𝐹𝑀 𝑍 * 𝜆 -1 (𝑥, 𝑦) , 𝜆 is a scale factor. Then, the vector 𝑢 is defined with respect to these two points.

The base-to-height (B/H) ratio is estimated, ignoring the Earth curvature, from ( 10) In practice, a 3D reconstruction from a set of images can be performed in either the image space or the object space. The image space approach is mostly used with stereo pairs or triplets of images. The object space approach is commonly used with multiple overlapping images, such as images acquired with drone and close range photogrammetry.

𝜃 = cos -1 ( 𝑢 1 .𝑢 2 ⌈𝑢 1 ⌉.|𝑢 2 | ). 𝐵 𝐻 ⁄ = 2. tan 𝜃 2 .
In this study, we adopt the object space approach, as it is well adapted to process images from push frame systems like those delivered by SkySat and PlanetScope. We also use the image-space method to a subset of data, using tri-stereo SkySat images, for comparison.

The main steps for 3D extraction in image space are (Figure 3.4):

(1) Epipolar rectification: it consists in resampling stereo pairs based on the adjusted RFM, so that the two images have a common orientation and the matching features between the images appear along a common axis [START_REF] Fusiello | A compact algorithm for rectification of stereo pairs[END_REF].

(2) Stereo-matching: it consists in computing the correspondences between pixels of the image pairs. These correspondences are computed using a correlation technique (e.g. NCC, FFT) or using a Semi-global matching scheme [START_REF] Hirschmuller | Stereo Processing by Semiglobal Matching and Mutual Information[END_REF].Results are displayed as disparity maps.
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(3) Disparity maps fusion: intermediate results generated from each possible stereo are merged to produce a final DSM map. The fusion is performed using local approaches (e.g., mean ,median ) or global optimization (e.g., total variation, gradient decent) (Perko et al., 2019).

In the object space (Figure 4.4 and Figure 4.5), the main steps are:

(1) Multi-image matching: an object-based matching algorithm, e.g. OSGM [START_REF] Bethmann | Semi-Global Matching in Object Space[END_REF], is applied directly in the object space, hence the epipolar rectification is no longer necessary; the transformation between object space and image space rely on the refined RFMs.

(2) Spatial forward intersection: this leads directly to dense 3D point cloud.

(3) Meshing: it consists in deriving 3D surfaces by interpolating the dense point cloud.

(4) Mesh-based DEM: Gridded terrain model (i.e. 2.5D raster map) is derived from the 3D mesh.

In addition, for rendering, a 3D-textured model is generated using (see Supplementary Materials):

-The 3D mesh model, which has rich geometric information,

-The image collection (RGB spectral bands), which provides high photorealistic details about the texture of the objects,

-The free-bias RFMs.

SkySat and PlanetScope images have a high-dynamic range. This makes it difficult to visualize and compress the full range for display, which can result in loss of details. Therefore, before generating the texture map, a contrast enhancement is performed. We apply Contrast Limited Adaptive Histogram Equalization (CLAHE) in order to amplify the image contrast while preserving details [START_REF] Chang | Automatic Contrast-Limited Adaptive Histogram Equalization With Dual Gamma Correction[END_REF]. The operator is also implemented in COSI-Corr RFM package. Every image is divided into small tiles the histogram is equalized and for each tile. The radiometric noise gets amplified during this process. Therefore, contrast limiting is applied to limit the contrast below a specific limit threshold (𝑡ℎ 𝑐𝑙𝑖𝑚𝑖𝑡 ). Then, if any histogram bin is above the specified contrast limit (𝑡ℎ 𝑐𝑙𝑖𝑚𝑖𝑡 ) those pixels are clipped and distributed uniformly to other bins before applying histogram equalization. Ultimately, to remove artifacts in tile borders, bilinear interpolation is applied. The 3D-textured models are used to generate the flyover animations provided in Supplementary Materials.

Results

The performance of the methodology described above and its usefulness to measure temporal changes of the topography is illustrated using two different case examples. The first one is the Morenci Mine in Arizona USA, where we use SkySat tri-stereo data to document topographic changes due to the mining operations. The second one is the Shisper Glacier in Pakistan, where we use a multi-date PlanetScope data to document the change of the glacier topography due to a surge.

Morenci Mine (USA)-SkySat

The Morenci mine is known for its high copper production. For example in 2016, 848 million pounds were produced (Mining Technology, 2020). The test site is shown in Figure We used both the basic-panchromatic and basic-multispectral L1Bs to generate a DEM and compared it with a highquality of LiDAR DEM available from the 3D Elevation Program (3DEP). This program is managed by the U.S.

Geological Survey (USGS) National Geospatial Program to respond to the growing need for high-quality topographic data [START_REF] Carswell | The 3D Elevation Program: summary for Arizona, Fact Sheet[END_REF]. The LiDAR DEM is available as raster data in UTM 12 North map projection and WGS84

datum at 1 m GSD with ellipsoidal heights. The LIDAR data were acquired 4 years before SkySat acquisitions, a period during which changes have occurred due to mining activity and vegetation grow or clear-cut. The LiDAR DEM was downloaded via Global Mapper software. We refined the RFMs of image triplets of each sensor separately as described in the method section. Each of the 174 scenes is separated into three subsets corresponding to the three tri-stereo sensors. Then we estimated a 3D transformation using the overlap between the different detectors, in order to adjust the sensor-1 and -3 group to the sensor-2 group. To that effect, about 149,419 tie points were extracted and matched using the SIFT++ feature detector

included in the open-source software MicMac [START_REF] Pierrot Deseilligny | Apero, AN Open Source Bundle Adjusment Software for Automatic Calibration and Orientation of Set of Images[END_REF]Rupnik et al., 2017c). After correcting the RFMs using the a first-order bias polynomial obtained from our least-squares procedure the overall reprojection error, estimated from the stand deviations of the distribution of residuals, is 0.42 pix. Given the nominal GSD of 71 cm, it corresponds to geo-location error of ~37 cm on the ground.

We generated DEMs in the image and object spaces. The panchromatic scenes, and our refined RFMs were imported to Metashape software (Aati et al., 2020;Agisoft LLC, 2019) to perform the DEM reconstruction in object space. First, a multi-view stereo matching on the aligned scenes was applied using a variant of Semi-Global Matching Chapter 3. Optimization of optical image geometric modeling, application to topography extraction and topographic change measurements using PlanetScope and SkySat imagery ______________________________________________________________________________________________ 62 algorithm in object space (OSGM) [START_REF] Bethmann | Semi-Global Matching in Object Space[END_REF]. A total of 4,785,824 points were generated over an area of 123 km2. Second, a 3D mesh model was created from the dense point cloud. Then, a mesh-based DSM was extracted. The GSD of the mesh-based DSM was set to 3m. We were also able to apply the classical DEM extraction work-flow in the image space [START_REF] Hirschmuller | Stereo Processing by Semiglobal Matching and Mutual Information[END_REF]Perko et al., 2019). The epipolar rectification was performed between pairs of images that overlap by more than 50%. This criterion excludes pairs of consecutive scenes, or of scenes from different sensors. A total of 156 pairs were selected.

Then, the SGM algorithm is used for the dense matching. Ultimately, the resulting 156 DSMs were merged using a mean approach to build a final DSM of 1.5 m GSD. The image base DSM reconstruction was performed using the OrthoEngine module of PCI Geomatics software. To allow a visual assessment of our results, a subset of the extracted DSM is depicted in We now compare the LiDAR DEM with DEM extracted from the SkySat triplet in the object space. We downsample the LiDAR DEM to the 3m GSD of the SkySat DEM which was generated in the object space. which then drained causing a GLOF (Glacial Lake Outbreak Flood) and has recently begun reforming (Bhambri et al., 2020a). The melt water from the two glaciers feeds hydropower plants in the Hunza valley and is a major source of fresh water for agriculture. Glacier-related hazards threaten both the town of Hassanabad and the Karakoram Highway, the only paved road crossing the Karakorum (Figure 3.11) (Bhambri et al., 2020a;[START_REF] Rashid | The January 2018 to September 2019 surge of Shisper Glacier, Pakistan, detected from remote sensing observations[END_REF][START_REF] Shah | Risk assessment of Shishper Glacier, Hassanabad Hunza, North Pakistan[END_REF]. Here, we show the potential of CubSat data to monitor such glaciers, which are not easily accessible to field observation, and assess their potential impact on power generation, water resources and infrastructure. Rupnik et al., 2017c), was used to extract and match tie points between the different image pairs. Then, the refinement was performed using COSI-Corr-RFM package following the procedure described above. The re-projection error after the RFMs refinement is ~0.38 pix and ~0.35 pix with 2017 and 2019 PlanetScope data, respectively. Given the nominal GSD of these data it correspond to ~1m on the ground. In a second step, we generated the two DEMs using the image space approach described in Section 3. We used Metashape software (Aati et al., 2020;Agisoft LLC, 2019) with the NIR bands and our optimized RFMs. We chose the NIR band because it contains the fewest fraction of saturated pixels, especially in snow-covered and glaciated area. The results are summarized in Table 4.2. Two mesh-based DEMs and 3-D textured models were created with a GSD of 9 m, covering an area of ~400 km 2 . A recent study (Bhambri et al., 2020a) presents elevation differences over the Shisper glacier using ASTER and SRTM DEMs. In this study, 12-ASTER DEMs were generated from September 2017 to September 2018. Most of the ASTER DEMs failed to provide a complete elevation information over the Shisper glacier due to steep slope (> 40°)

and cloud cover. In order to compute the elevation differences, the multiple generated ASTER DEMs were stacked and compared to the SRTM elevation model. Results showed that 60 ± 21 m of ice was increased compared to SRTM and the thickness at the terminus was 127 ± 21 m. These results seem reasonably consistent with our measurements. It should be noted that the PlanetScope daily coverage data offers a higher probability to obtain cloud free images within a short time period than ASTER imagery. Therefore, it overcomes the cloud cover issue. In addition, our image preselection method designed to maximize the convergence angle alleviates the steep slope issue. 

Conclusions

This study presents a methodology for RFM optimization and demonstrates its potential for precise image registration and 3D reconstruction using tri-stereo and multi-date CubeSat images. Our method relies on a first order polynomial bias compensation in the image-space, and, as implemented in the open source COSI-Corr RFM module, can be applied to any image with a geometry model provided in the RFM standard. So it can also be applied to pushbroom images delivered in the RFM format. Note however that, when applicable, a Rigorous Sensor Model should yield even better geometric accuracy than any RFM refinement method, including ours. Using data from SkySat and PlanetScope, we demonstrated that, if each acquisition is decomposed in sub-images corresponding each to a single detector array, we could achieve a sub-pixel relative orientation. Without using GCPs, we obtain reprojection errors of that the DEMs calculated from Cubesat images should be accurate enough to detect and measure topographic changes due to mining operations, constructions or vegetation changes. We show that even better measurements can be achieved with DEM calculated in the image space, so using standard photogrammetric techniques. This approach is however more demanding than the object-space approach. The application to the Shispher glacier show the potential of Cubesat repeated imagery to monitor ice surges and the evolution of mountain glaciers due to climate change. This study demonstrates the huge potential of Cubesat optical imaging systems for environmental monitoring.

With the existing constellations, it is already possible to use such data to detect and measure changes of the topography of various origin, due for example to mining, landslides, ice flow, or coastal erosion. SkySat and PlanetScope platforms appear to be quite complementary in that regard thanks to its daily global coverage PlanetScope can be used to produce DEMs over any Area Of Interest with 10 to 15 m accuracy. If a better post event topography is needed SkySat can be tasked to cover the area of interest with an optimal accuracy. Labs company (Planet Labs, Inc, San Francisco, CA, USA) has been a leading actor in that field with the PlanetScope (PS) constellation of Doves satellite. The PlanetScope constellation provides a daily coverage of the entire surface of the Earth and could be used to assess radiometric and geometric changes of the Earth Surface with a wide range of potential applications. However, the images have uneven geometric and radiometric qualities due to several technical and processing issues and are therefore underutilized in the earth science community [START_REF] Frazier | A Technical Review of Planet Smallsat Data: Practical Considerations for Processing and Using PlanetScope Imagery[END_REF].

In principle, these data can, for example, be mined to monitor mountain glaciers and ice caps, assess the snow cover, track coastal erosion and deforestation, measure ground deformation due to earthquakes and landslides [START_REF] Cannistra | High-resolution CubeSat imagery and machine learning for detailed snow-covered area[END_REF][START_REF] Francini | Near-real time forest change detection using PlanetScope imagery[END_REF][START_REF] Gabr | PlanetScope and Landsat 8 Imageries for Bathymetry Mapping[END_REF]Kääb et al., 2019b[START_REF] Kääb | Coseismic displacements of the 14 November 2016[END_REF][START_REF] Mazzanti | Sliding Time Master Digital Image Correlation Analyses of CubeSat Images for landslide Monitoring: The Rattlesnake Hills Landslide (USA)[END_REF]Milliner and Donnellan, 2020). These particular scientific applications require images with a good geometric accuracy. With such applications in mind, this study aims to provide an in-depth assessment of the geometric quality of the different PS public-facing products alongside a set of minimalist solutions to achieve the accuracy needed for quantitative analysis of earth science applications (e.g., monitoring earthquake, landslide, sand dune, ice). of the surface displacement using the procedure described in the study, which remediates the dominant artifacts but not all. These measurements can be used to map the surface rupture and measure surface slip, including the subtle signal from the 6.4 foreshock (outlined with an ellipse in 

PlanetScope Products and Previous Studies

PlanetScope comprises three versions of Doves, referred to as Dove-Classic (Dove-C), Dove-Refresh (Dove-R), and SuperDove, acquiring images in a push-frame mode with different sensor configurations. The publicly available data are offered in two forms which correspond to two product levels: unrectified (L1B) and orthorectified (L3B) levels (Planet Team, 2021). In addition, PS data are generated using different pipelines; in particular, the Dove-C constellation data are produced from a different framework than that used for the new dove constellations (i.e., Dove-R and SuperDove). Thus, the large volume of images produced from different PS constellations has uneven geometric and radiometric qualities due to several technical and processing issues [START_REF] Frazier | A Technical Review of Planet Smallsat Data: Practical Considerations for Processing and Using PlanetScope Imagery[END_REF]. It is therefore acquisition mode (i.e., push-frame) that differs from the conventional push-broom system, this has led to considerable interest in developing adapted methods to exploit the data [START_REF] Aati | Optimization of Optical Image Geometric Modeling, Application to Topography Extraction and Topographic Change Measurements Using PlanetScope and SkySat Imagery 25[END_REF][START_REF] Anger | Assessing the Sharpness of Satellite Images: Study of the Planetscope Constellation[END_REF][START_REF] Dobrinić | HORIZONTAL ACCURACY ASSESSMENT OF PLANETSCOPE[END_REF][START_REF] Feng | A Block Ramp Errors Correction Method of Planet Subpixel Offset: Application to the 2018 Mw 7.5 Palu Earthquake, Indonesia[END_REF].

PlanetScope Constellation and Product Levels

PlanetScope constellation, called "Doves", operates in two near-polar orbits of ~8° and ~97° orbital inclinations, taking a continuous strip of images, and building up coverage every day at 3m resolution, without requiring tasking or acquisition planning [START_REF] Aati | Optimization of Optical Image Geometric Modeling, Application to Topography Extraction and Topographic Change Measurements Using PlanetScope and SkySat Imagery 25[END_REF]Planet Team, 2021). The constellation comprises three different versions of Doves referred to as Dove-Classic (Dove-C, PS2), Dove-Refresh (Dove-R, PS2SD), and SuperDove (PSBSD). They all have the same orbital parameters but sensor types. Regarding the optics, the Dove-C has a Bayer pattern filter in the upper part of the Charge-coupled device (CCD) array covering the visible spectrum (Red, Blue, and Green) and a Near Infrared (NIR) chunk at its end. The sensor design is so that the top layout is RGB and the last half is NIR ( Doves are capturing consecutive frames up along the orbit in a push-frame mode (Fig. 3.). Each Dove acquires images in a continuous strip of single frame image with ~1-sec interval, resulting in ~8% along-track overlap between consecutive frames [START_REF] Aati | Optimization of Optical Image Geometric Modeling, Application to Topography Extraction and Topographic Change Measurements Using PlanetScope and SkySat Imagery 25[END_REF]. For Dove-R and SuperDoves, a different pipeline from the one used for Dove-C is used. An n-bands composite (n=4 for Dove-R and n=8 for SuperDove) image, called "scene", are created from the surrounding frames by stitching up four frames ahead and four frames behind a reference selected frame called "anchor frame". The composite images (L1Bs) are generated by aligning the frames using a homography (H) by assuming the observed ground is flat and fusing them using a bi-cubic resampling kernel. Note that this process doesn't involve any orthorectification (Fig. 3.). The homography is approximated using feature matching between subsequent frames. In essence, features are detected in the overlap between consecutive band ~8% from subsequent frames, i.e., between 𝑏 𝑡 𝑖 𝑟 and 𝑏 𝑡 𝑖+1 𝑟+1 , with:

-𝑡 𝑖 the acquisition time of frame 𝑖 -𝑏 𝑟 spectral band, e.g., in case of Dove-R 𝑟 ∈ {𝐺, 𝑅, 𝑁𝐼𝑅, 𝐵𝑙} PlanetScope images can be accessed mainly in two products level. The first product is the Basic scenes (L1Bs) that are the closest to the raw data (L1As), where images are calibrated on top of atmosphere (TOA), radiance at the sensor but 

Test Sites

We considered two study sites for our analysis: the Ridgecrest earthquake area, California, USA (35,7°N,117.6°W) and the Shisper glacier, Pakistan (36,4°N,74.6°E).

The first site experienced a sequence of earthquakes in July 2019 [START_REF] Chen | Cascading and pulse-like ruptures during the 2019 Ridgecrest earthquakes in the Eastern California Shear Zone[END_REF]. Two dominant events, a Mw 6.4 foreshock event on July 04 (a left-lateral strike-slip rupture) followed 34 h later by a Mw 7.1 mainshock event on

July 05 (a right-lateral strike-slip rupture), were felt over most of southern California. They caused surface ruptures and minor damage to the nearby towns. The Mw 7.1 mainshock produced a ~50km long right-lateral surface rupture trending to the northwest, and the Mw 6.4 foreshock produced a ~14-km-long left-lateral surface rupture trending to the northeast [START_REF] Chen | Cascading and pulse-like ruptures during the 2019 Ridgecrest earthquakes in the Eastern California Shear Zone[END_REF]Milliner and Donnellan, 2020). The region of interest covers an area of ~1864 km 2 , mainly consisting of desert areas and rugged terrain, with elevations (ellipsoidal terrain heights) between 500 m and 1500 m.

The second site is located in the Hunza Valley, northwestern Pakistani Karakoram. The ~53.7 km 2 study area encompasses two adjacent glaciers, the Shisper and Mochwar glaciers, with elevations ranging between ~2500 and 4500 m. This region is known for its recent glacier surge in 2018, where the Shisper glacier advanced by ~1.5 km and blocked the adjacent valley, Mochwar, a lake formed and eventually produced a flood when it burst across the ice dam [START_REF] Aati | Optimization of Optical Image Geometric Modeling, Application to Topography Extraction and Topographic Change Measurements Using PlanetScope and SkySat Imagery 25[END_REF][START_REF] Beaud | Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law[END_REF][START_REF] Beaud | Generalized sliding law applied to the surge dynamics of Shisper Glacier and constrained by timeseries correlation of optical satellite images[END_REF].

Sub-pixel Image Correlation

In essence, given two orthorectified images referred to as "base" and "target", the horizontal displacement field is retrieved iteratively in two steps by applying a multi-scale sliding window. An initial window size maximizes the correlation between the two images, while a smaller final window size provides a more refined displacement estimation. We use the modified version of the image correlation technique of Leprince et al. (S. Leprince et al., 2007) implemented in geoCosiCorr3D. The correlation is based on the principle that a translation in space is transformed to a phase shift in the frequency domain. Several parameters must be chosen, including the initial and final window sizes, the step size, the number of iterations, and the masking threshold. Each correlation returns the offset field representing the East-West (E/W) component, positive eastward, and the North-South (N/S) component, positive northward, of the horizontal displacement, and a signal-to-noise ratio (SNR, ranging from 0 to 1) which quantifies the measurement quality.

The image correlation technique is also used to estimate the disparity field due to the parallax between pairs of non-rectified images. In this case, the base and target images are rectified and resampled to the epipolar geometry in order to simplify the correlation task. The rectification process is performed by estimating the fundamental matrix between the target and base L1Bs images and calculating their respective affine transformations using the standard computer vision approach for stereo image rectification [START_REF] Hartley | Multiple view geometry in computer vision[END_REF]. The fundamental matrix 𝐹 is estimated using a set of virtual corresponding points generated from refined RFMs as described in (C. de Franchis et al., 2014). Table I summarizes the parameters used to compute the horizontal displacement maps for both study areas as well as the parameters used to compute disparity maps. In essence, the image correlation technique should be invariant to any linear radiometric changes between the base and target images; thus, the derived 2D-displacements should be similar regardless of the spectral band used for the correlation. Sometimes a user might prefer one band over another to reduce decorrelation, depending on the nature of the study area. However, the displacement maps obtained using the four different Dove-R bands show a strong discrepancies (Fig. 4), which demonstrate a geometric problem in the orthorectified images. We investigate further this issue in section III-D where we assess the geometric accuracy of non-orthorectified images (i.e., L1Bs). Moreover, displacement maps generated using NIR band decorrelate and produce a salt-and-pepper noise, making them unsuitable for measuring ground displacement.

The relative horizontal geolocation accuracy of PlanetScope L3Bs images is also assessed using the correlation results. Histograms in Fig. 4 show that the average geolocation accuracy is ~1m between images acquired before the earthquake (i.e., no surface deformation between the two images). However, for images acquired after the earthquake, the average relative geolocation bias is ~-2.5m and ~1.5m in EW and NS directions, respectively. Mainly the observed bias in the post-earthquake images is due to the fact that the images were processed and orthorectified with a DEM and GCPs that do not account for the surface deformation caused by the earthquake (Aati et al., 2022b). Therefore, the overall misregistration between Dove-R L3B images is mainly due to the surface displacement caused by the earthquake and an average geolocation accuracy error (~1m). The image-to-image misregistration is typically corrected by estimating a 2D plane and subtracting it from the initial displacement maps (a correction commonly called 'deramping').

The artifacts reported so far and shown in Fig. 4 are essentially a mixture of artifacts from the target and the base Dove-R images. To separate them, we performed a cross-platform correlation between Dove-R L3B image (acquired on 2019-09-17) and a mosaic of aerial frame orthoimages (acquired in 2020). A detailed description of the aerial images is presented in the supplementary material. The displacement maps are presented in Fig. 5.

Similar to what we observed from correlating Dove-R images, artifacts related to topography, resampling, and misalignment between the stacked bands are also visible in the cross-platform correlation results. 

Dove-C

To investigate the quality of the co-seismic surface displacement computed using the Dove-C L3Bs images, we correlated a mosaic of ascending and descending L3Bs images bracketing the Ridgecrest earthquake (Fig. 6, Fig. S2). We also correlated images acquired before the earthquake at ~20-days intervals (i.e., no ground displacement) Fig.

6(a).

First, a mosaic of 3 scenes acquired on the same date with the same orbit orientation (i.e., ascending or descending) is used to cover the entire rupture. Then, for evaluation purposes, we mosaiced scenes acquired on the same date but with a mixture of ascending and descending orbit orientation (Fig. 6(c)). We also performed the correlation with the different The North/South components of the displacement maps (Fig. 6) show a clear discontinuity corresponding to the Mw 7.1 earthquake surface rupture alongside various geometric artifacts (linear strip at the edge of the scenes' footprints, representing the scene-to-scene misregistration ~50 cm). At the same time, the histograms of the displacements show that the overall relative geo-registration accuracy is better than ~1.5 m.

When both ascending and descending scenes are used to create the mosaic, misregistration between the different scenes biases the ground displacement (Fig. 6(c)). It is therefore recommended to generate a mosaic image from scenes of the same orbit direction when multi-scenes are needed to cover the study area. The measured horizontal displacement shows a strong undulation signal typical of aliasing, which could be caused by the interpolation kernel used for the Bayer filter. Artifacts related to the topography are also observed in the mountain area. In contrast to what we noticed with the Dove-R images, the displacement maps computed with the different spectral bands are consistent, and no variation in the spatial pattern is observed. The NIR infrared band yielded noisier measurements than the other bands.

PlanetScope L1Bs Images Evaluation

In this section, we evaluate the geometry of the PlanetScope unrectified images in order to understand better the origin of the artifacts observed with the L3Bs images. We use PlanetScope L1B images acquired with Dove-R and SuperDove and evaluate band-to-band alignment (i.e., composite image) and image geometric quality.

To assess the geometric inconsistency between the different spectral bands, we cross-correlated two spectral bands of the same L1B image in the image space (Fig. 7). The Dove-R images used here were acquired over Ridgecrest area on June 06, 2019, and over Shisper area on August 08 2020. The measurements show a noticeable parallax along-track (i.e., the direction of the push-frame acquisition). This artifact is indeed clearly correlated to the elevation in the scene.

It is negligible in the flat region Fig. 7(b) but larger in mountain areas, as shown Fig. 7(b) and 7 (d) over Ridgecrest and Shisper, respectively. Therefore, since the L1B image is a fusion of several frames acquired during satellite motion (Fig. 3), it contains stereoscopic effects that distort the image geometry. In addition, the misalignment between the merged strips is noticeable in the along-and across-track disparity maps. We also note aliasing with an amplitude of the order of 0.5 pixel. It is more visible in the across-track measurements where stereoscopic offsets are smaller (Fig. For SuperDove (PSB.SD), we performed a similar analysis using images acquired on June 29, 2020, and July 24, 2020, over Ridgecrest and Shisper areas, respectively. Only 4 spectral bands were provided to us for this study. As expected, since the same pipeline (Fig. 3) is used to generate the composite L1B images for SuperDove and Dove-R, the interband correlation measurements show similar results (Fig. 8). We see a strong linear stripe artifact consistent with the width of the CCD arrays acquiring the different spectral bands, as well as a topographic-related parallax of more than Overall, by analyzing the sub-pixel correlation results of both Dove-R and SuperDove images, several error sources are identified which relate mainly to: (1) the image geometry and how the composite images are produced (i.e., stripe artifacts and parallax effect, inconsistency between spectral bands), ( 2) the resampling kernel used to generate the images (i.e., aliasing artifacts), (3) DEM quality used for the orthorectification (i.e., topography-related artifacts). This analysis show that the L1B Dove-R and SuperDove images are unsuitable for multi-view image reconstruction and may lead to an erroneous digital surface model. The artifacts at the L1B level are the source of the various artifacts seen revealed by the correlation of L3B images presented in the previous section. These artifacts are severely limiting the use of Dove-R and SuperDove L3B images to measure ground displacement. In contrast, the Dove-C (PS2) images do not have so strong geometric artifacts, making them potentially usable for multi-view DEMs generation. An evaluation of Dove-C L1B image orientation accuracy (i.e., the pointing error) is then required.

Pointing Error Evaluation

In this section we first describe the method used to quantify and correct the relative pointing error of the L1B pushframe images. We next evaluate the quality of the orientation of Dove-C images on the two test sites before and after applying the proposed correction. 

Push-frame Pointing Error Evaluation Method

We adapted the method used with push-broom systems described in (C. de Franchis et al., 2014;[START_REF] Gong | RELATIVE ORIENTATION AND MODIFIED PIECEWISE EPIPOLAR RESAMPLING FOR HIGH RESOLUTION SATELLITE IMAGES[END_REF]Grodecki and Dial, 2003b;[START_REF] Hanley | ORIENTATION FOR HIGH-RESOLUTION SATELLITE IMAGERY: FURTHER INSIGHTS INTO BIAS-COMPENSATED RPCs[END_REF] to push-frame images. Fig. 9 presents a sketch of the method.

Given a set of 𝑁 tie points (𝑇𝑝 = {(𝑋 𝐵 𝑖 , 𝑋 𝑇 𝑖 ) 𝑖 = … 𝑁} between the base image (𝐵) and the target image (𝑇), the relative pointing error between 𝐵 and 𝑇 is defined by:

𝑒 𝑖 = 𝑑{𝑋 𝑇 𝑖 , 𝑅𝐹𝑀 𝑇 [𝑅𝐹𝑀 𝐵 -1 (𝑋 𝐵 𝑖 , ℎ)], ℎ ∈ [𝑎𝑙𝑡 𝑚𝑖𝑛 , 𝑎𝑙𝑡 𝑚𝑎𝑥 ]}, (1) 
where, 𝑋 𝑖 = [ 𝑥 𝑦 ] 𝑇 is the pixel coordinates of the tie point 𝑖. 𝑁 is the total number of detected corresponding points between 𝐵 and 𝑇. 𝑑 is the Euclidian distance between the point 𝑋 𝑇 𝑖 and the epipolar line determined by back projecting the ground coordinates of 𝑋 𝐵 𝑖 at different height levels between the minimum (𝑎𝑙𝑡 𝑚𝑖𝑛 ) and maximum (𝑎𝑙𝑡 𝑚𝑎𝑥 ) altitudes of the imaging area. 𝑅𝐹𝑀 𝑇,𝐵 is the rational function model that represents the relationship between the image and ground coordinates.

Tie points were extracted using the image matching algorithm Scale Invariant Feature Transform (SIFT) [START_REF] Lowe | Distinctive image features from scale-invariant keypoints[END_REF][START_REF] Otero | Anatomy of the SIFT Method[END_REF], then refined using the image correlation technique (Aati et al., 2022b). Consequently, instead of computing the ground projection of the corresponding points in both images using their respective RFMs and an external DEM [START_REF] Aati | Optimization of Optical Image Geometric Modeling, Application to Topography Extraction and Topographic Change Measurements Using PlanetScope and SkySat Imagery 25[END_REF], we project all the tie points in the base image to the ground using 𝑅𝐹𝑀 𝐵 -1 and a parametric value of height ℎ ranging between the minimum and maximum altitude of the area of interest [𝑎𝑙𝑡 𝑚𝑖𝑛 , 𝑎𝑙𝑡 𝑚𝑎𝑥 ] in order to create virtual ground points 𝐿𝐿𝐴 𝐵,ℎ 𝑖 , (LLA stands for longitude, latitude, and altitude).

Then, the virtual ground points are back-projected into the image space of the target image using the 𝑅𝐹𝑀 𝑇 function.

Next, the epipolar curve is estimated by fitting a straight line to the set to of back-projected points using a least square approach. In our case, we assume that the epipolar curve is a straight line, not a hyperbola, because the imaging system is a frame camera. Ultimately, the pointing error at point 𝑖 is determined by computing the Euclidian distance between the epipolar line and the tie point 𝑋 𝑇 𝑖 .

The pointing error e is modeled with an affine transformation estimated from the pointing error 𝑒 𝑖 at each tie point 𝑖. The RFM refinement model is formed as:

𝑒 = [ 𝑎 0 𝑎 1 𝑎 2 𝑏 0 𝑏 1 𝑏 2 0 0 ] 𝑋 𝑇 , (2) 
where, 𝑒 is the homogeneous vector of the pointing error at the point 𝑋 𝑇 𝑖 with homogeneous image coordinate [𝑥 𝑦 ] 𝑇 . 𝑎 0 , 𝑎 1 , 𝑎 2 , 𝑏 0 , 𝑏 1 , 𝑏 2 are the affine model parameters. The SVD decomposition is used along with the Gold Standard algorithm of [START_REF] Hartley | Multiple view geometry in computer vision[END_REF] to estimate the correction parameters. 

Dove-C Pointing Error

Here, we evaluate the exterior orientation of Dove-C L1B images of the two test sites. Only the Dove-C images are selected for evaluation because, based on the analysis presented in the previous sections, they are more adequate than the Dove-R and SuperDove to be used for 3D reconstruction.

Table 2 summarizes the pointing errors measured before and after correction for each dataset. The results obtained with all selected image pairs are presented in the supplementary material. Fig. 10 shows an example of a selected pair for both sites. Panels (a-1) and (b-1) show the selected image pairs with the corresponding match points for Ridgecrest and Shisper study sites, respectively. Overall, the proposed refinement approach effectively reduces the pointing error to a subpixel level so that the refined RFM could be used to generate a DSM, provided stereoscopic effects are large enough in comparison to the pointing errors. For further quantitative evaluation, we rectified and resampled the images according to the epipolar geometry (section III-B), and then the rectified pairs were correlated using the frequency correlator. Disparity maps computed along the perpendicular to the epipolar direction follow a zero-centered Gaussian distribution with a standard deviation of ~1 pixel on average, demonstrating the effectiveness of the pointing error refinement (Fig. 10a-5 and 10b-5 represent the distribution histograms of the disparity maps). The disparity maps along the epipolar line direction demonstrate that there is a significant parallax of ±~20 pixels for both test sites, which could be used for multi-view 3D reconstruction (Fig. 10(a-3-4) and -(b-3-4) show the results of the pairwise sub-pixel correlation applied between the two selected rectified images). Moreover, disparity estimation using our frequency correlator (Fig. 10) shows promising results on using it for dense image matching.

Improved method to measure ground displacement with PlanetScope images

As demonstrated in the previous section, if we use PlanetScope orthoimages for ground deformation applications, the surface displacement signal is mixed with several artifacts, including stereoscopic effects that were not properly accounted for during the orthorectification process, registration errors due to the process used to construct the images by combining data from different CCD arrays acquired at different times during the satellite motion. The goal here is to take advantage of the measurement redundancy, due to the high temporal resolution of PS acquisition, to apply an unsupervised learning technique and extract the deformation signal. In the following section, we first present the method used to improve the horizontal displacement derived from PS data then present the results for both test sites.

Geospatial Principal Component Analysis-based Inversion Method (geoPCAIM)

This tool aims to separate the deformation signal from the artifacts by taking advantage of the frequent (daily) acquisition of PlanetScope images. We assume that the deformation signal is relatively stationary, meaning that the spatial pattern is about the same in the various displacements maps; and that artifacts and sources of noise are statistically independent of the deformation signal. The artifacts might obscure the signal in individual maps, but should be more variable from one correlation to the other based on the analysis presented above. In that case, the deformation signal should be a dominant source of co-variance between the different displacement maps, and it should therefore show up in the first few components of a Principal Component Analysis (PCA). This principle has been used with success to analyze time series of geodetic measurements of co-seismic and post-seismic measurements and is implemented in the PCAIM code [START_REF] Kositsky | Inverting geodetic time series with a principal component analysisbased inversion method[END_REF]. We have adapted it to optical remote sensing images.

Note that in the case of co-seismic deformation, the signal should be the same in all the correlations of image pairs bracketing the deformation event (the pre-and post-seismic signal is generally small compared to the co-seismic signal). This condition could be imposed. However, we adopted a more general approach where the deformation signal can vary arbitrarily with time, as is the case with a mountain glacier such as Shisper.

Our method is referred to as "geoPCAIM". It can be seen as a statistically-based approach designed to extract signals with the maximum spatio-temporal coherence. This approach can be considered as unsupervised learning and can be summarized as follow:

(1) Crop the overlapping displacement maps to the same extent and build a data cube 𝑋 𝑑 . 𝑋 𝑑 is an 𝑛 x ℎ x 𝑤 cube, where 𝑑 represent the displacement directions (EW or NS), 𝑛 represent the number of displacement measurement (i.e., temporal variation), and ℎ x 𝑤 the width and height of the displacement maps (i.e., spatial variation), respectively.

(2) Perform spatial filtering of the 𝑛 individual displacement maps by filtering out the uncorrelated measurement based on the uncertainty matrix 𝐾 𝑖 . The uncertainty matrix is equal to the signal-tonoise ratio (SNR) of the computed 𝑖 𝑡ℎ displacement map. The user can define the threshold of the maximum accepted displacement measure value "maskVal". The user sets this value, which is turned off by default. This value depends on the input data set and the region of the interest. For instance, if the expected displacement's magnitude or range is known in the study area, this value can be turned on. For example, based on our previous study of the Ridgecrest region, we filtered out any displacement value larger than 50m. However, in the case of the Shsiper study region, we do not know the expected displacement range; therefore, the maskVal threshold was turned off.

(3) Build a temporal mask by locating valid pixels that contain the minimum valid displacement measurement along the time dimension. "minAnalysis" refers to the Minimum Number of Valid measurements in the data cube for a given pixel, it is a user-defined parameter used as a cut-off for valid and invalid pixel value. If a no-data (NaN) value exists in a valid pixel location, it is replaced by the mean or median of all the other valid values over the time dimension of the data cube 𝑋 𝑑 .

By default, this value is turned off, so if a pixel value is not defined (i.e., NaN value), all values of the data cube are masked and not taken into account to compute the geoPCAIM components.

However, if the minAnalysis argument is set to a specific value, then all undefined pixels are set to the average of the valid pixel values; otherwise, that pixel is set to NaN. The purpose of this parameter is to help reduce the NaN values in the data cube and build a temporal mask by locating valid pixels that contain the minimum valid displacement measurement over the time dimension of the input data cube. (5) Compute the weight matrix 𝑊: the weighting of each displacement measure depends on the ratio of NaNs over the total number of measurements at each pixel on the time dimension. Each pixel of the data cube is weighted with 𝑤 𝑖𝑗 according to equation (3).

𝑤 𝑖𝑗 = ( 𝑐𝑜𝑢𝑛𝑡𝑉𝑎𝑙𝑖𝑑 𝑖𝑗 -𝑛𝑏𝑁𝑎𝑁 𝑖𝑗 𝑐𝑜𝑢𝑛𝑡𝑉𝑎𝑙𝑖𝑑 𝑖𝑗 ) 𝑝𝑊𝑒𝑖𝑔ℎ𝑡 , (3) 
where, 𝑐𝑜𝑢𝑛𝑡𝑉𝑎𝑙𝑖𝑑 𝑖𝑗 denotes the total number of valid displacement measurements on the time dimension of the data cube for the value located in pixel coordinates (𝑖, 𝑗), 𝑛𝑏𝑁𝑎𝑁 𝑖𝑗 denotes the number of NaNs of the same pixel value, and 𝑝𝑊𝑒𝑖𝑔ℎ𝑡 is a user-defined parameter that depends on the degree of measurement penalty. This argument defines the weighting strategy of each displacement map pixel value over time depending on the ratio of NaN over the total number of pixels; if this value is set to 1, then the weight is proportional to the number of missing data, whereas if it set to 2, more weight is given to the displacement with fewer NaN values.

(6) Iteratively decompose the data by optimizing for each component separately, following the geoPCAIM algorithm outlined in Table III. For more details regarding the optimization steps, the reader can refer to [START_REF] Kositsky | Inverting geodetic time series with a principal component analysisbased inversion method[END_REF]).

(7) The components identified from geoPCAIM decomposition containing the displacement signal are used to reconstruct 𝑛-displacement maps, which then are stacked by average to yield the final displacement map result.

It should be noted that this approach does not involve any smoothing of the temporal variations of the ground surface displacement. Instead, only local variations that do not correlate in space are filtered out.

In this study, we use the procedure to improve the co-seismic displacement derived from PlanetScope data and to map the time evolution of the ice-flow during the surge of the Shisper Glacier. A more extensive set of measurements is presented and analyzed in Beaud et al. [START_REF] Beaud | Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law[END_REF]. In that case geoPCAIM is used to reduce the measurement noise over time and resample the glacier displacement time series at a regular time span (by resampling the V vector derived from the SVD decomposition). Where tol, interMax are the parameters of the geoPCAIM algorithm and refer to tolerance value and number of maximum iterations, respectively.

Improve PlanetScope Co-seismic Displacement

For Dove-R, we built a data cube of displacement maps calculated from different spectral bands between 3 mosaics of Dove-R images acquired on June 06, June 21, and September 17, 2019, respectively. Because the correlation algorithm doesn't yield the same result with the different spectral bands (section III-C.1) it is advantageous to consider correlating pre-and post-earthquake images using all spectral bands. Thus, the data cube is composed of 18 displacement maps (with E/W and N/S components). Then, we apply the geoPCAIM to the data under the assumption that the surface displacement due to the earthquake should be the same overall the entire data cube (because only one date after the earthquake is considered, the possibility of temporal variations is irrelevant), and that the variation in the spatial pattern between the different bands is statistically independent of the co-seismic signal. . It also contains some artifacts. This is not surprising as the artifacts clearly contribute to the data variance and are not necessarily orthogonal to the deformation signal. A larger dataset with variable artifacts would dilute their influence and reduce their contribution to the 1st component. The F-test indicates that there is 16% and 10% chance that the second and third components represent true data variance, respectively. Inspection of the spatial patterns associated to these components (Fig. 11(d) and (e))

show that these components don't contain any significant co-seismic signal. They clearly account primarily for artifacts. The 2 nd and 3 rd component are significant according to the F-test because these artifacts are clearly above the correlation noise level. Thus, the first principal component is assumed to capture entirely the co-seismic signal and then filtered with geospatial Non-Local Mean Filter (geoNLMF) Fig. 11-(c). The geoNLMF filter tool is a slightly modified version of the Non-Local Mean filter [START_REF] Buades | Non-Local Means Denoising[END_REF][START_REF] Leng | An improved non-local means algorithm for image denoising[END_REF] where windows similarity is measured from correlation.

Fig . 11(d) and (e) show the reconstruction of the EW surface displacement using the second and the third components, respectively. These components primarily represent artifacts caused by the misalignment when producing the composite images and the undulation due to the resampling kernel (i.e., aliasing).

For Dove-C, a complete correlation strategy is performed on 4 multi-date Dove-C L3B mosaic images acquired on June 06, June 30, July 07, and July 09, respectively. Here, the correlation is performed using a single spectral band since there is no geometric discrepancy between the Dove-C bands, as demonstrated in section III-C.2. Thus, the data cube in the EW and NS directions consists of 12 displacement maps. dates. Another possible explanation is that the vertical displacements were not negligible. They were measure to range between 0.5 m and 2 m (Aati et al., 2022b;[START_REF] Antoine | Diffuse Deformation and Surface Faulting Distribution from Submetric Image Correlation along the 2019 Ridgecrest, California[END_REF]. Vertical displacements contribute to apparent horizontal displacement if the correlated images are not exactly taken from nadir and if the change of the topography is not accounted for (Aati et al., 2022b). This is in any case an indication that the data possibly contain some more information that the true horizontal co-seismic displacements. In addition, the reconstructed displacement measurements are consistent with independently derived results from high-resolution optical images, such as measurements derived from WorldView imagery (Aati et al., 2022b), Spot-6 imagery [START_REF] Milliner | Bookshelf Kinematics and the Effect of Dilatation on Fault Zone Inelastic Deformation: Examples From Optical Image Correlation Measurements of the 2019 Ridgecrest Earthquake Sequence[END_REF], and Pléiades imagery [START_REF] Antoine | Diffuse Deformation and Surface Faulting Distribution from Submetric Image Correlation along the 2019 Ridgecrest, California[END_REF]. The profiles extracted in Fig. 11-f-g and Fig. 12-f-g also show how the earthquake-induced offset of the reconstructed displacement map fits the original data very well and how the geoNLMF process filters out outliers and preserves the true co-seismic signal.

Although we have substantially improved the co-seismic displacement by minimizing topography and image geometry artifacts, this approach has some limitations-first, the sensitivity to noise, hence the need for an effective procedure to filter unreliable measurements. Second, high amplitude artifacts (or noise)

obscure the low amplitude co-seismic measurements in the higher-order components. This limitation is illustrated in Fig. 11(c) where a fraction of the co-seismic signal is mixed with aliasing and image misregistration artifact when the second principal component is used for reconstruction. This limitation is also visible in the NS reconstructed displacement component (Fig.S 6), where the high composite strips amplitude is mixed with the co-seismic signal. Thus, an appropriate composite image framework is needed for Dove-R and SuperDove to overcome this issue. In addition, an efficient orthorectification process with an updated DEM must be performed to get rid of the high amplitude topography-related artifacts. It is worth mentioning that DEM-related artifacts are essentially mathematically correlated with pointing errors; these errors can be reduced using the image correlation and the 3D ray-tracing approach. This approach requires having at least 4 images over the same area, accompanied by the acquisition metadata (i.e., ephemeris, satellite position, or RPCs), then sight vectors linking the satellite position with each pixel in the correlation maps is computed and triangulated. This procedure makes use of a reference DEM, but the outcome is independent of the characteristics of the chosen DEM. For more details regarding this approach, the reader can refer to (Aati et al., 2022b). Note that the time span between the correlation map in Fig. 13 is not regular; for example, the displacement in panel (a) is obtained at the beginning of the surge using images acquired only one-day apart, the glacier moved by ~5m between 26 and 27 May 2018. Then we have displacements obtained with a much longer time interval, indicating that the surge slowed down and accelerated again in the fall between 13 and 19

September. The reader is referred to Beaud et al. [START_REF] Beaud | Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law[END_REF], for a detailed description of the surge based on Sentinel-2 and Landsat-8 data and a glaciological interpretation of the measurements. 

Elevation changes measurements using PlanetScope data

Even though Dove-C data are acquired at a low incidence view angle (i.e., in a nominal acquisition mode with a maximum incidence angle <6°), the disparity maps computed from the Dove-C suggest that this product level could be used for 3D reconstruction provided that pointing errors are corrected through RFM refinement (section III-E.2, Fig. 10). Thus, in this section, we explore the potential of using Dove-C images to produce DSM and eventually monitor earth surface elevation changes. First, we present the method used for DSM generation using Dove-C images, and then we evaluate the quality of the DSMs and their potential to monitor elevation changes.

DSM Generation and Elevation Changes

To produce DSM from PlanetScope L1B images, we followed the procedure described in Aati and

Avouac [START_REF] Aati | Optimization of Optical Image Geometric Modeling, Application to Topography Extraction and Topographic Change Measurements Using PlanetScope and SkySat Imagery 25[END_REF] and summarized as follows:

(a) Image selection: Our selection algorithm is designed to select high-quality pairs from a large number of images available daily with the best possible characteristics to ensure DSM quality. The specific criteria used are:

o Image count: The DSM is calculated within each ROI only where a minimum number of images are overlapping. We set the minimum number to 4. Fig. 14 shows an example of image count over the Ridgecrest study area.

o View angle and orbit direction: select images with a viewing angle larger than a userspecified threshold referred as 𝛽 𝑡ℎ , and prioritize, if possible, images from both ascending and descending orbit direction. View angle and orbit orientation are extracted directly from the .xml metadata file of each image.

o B/H ratio: for nominal acquisition (i.e., 95% of available L1B PlanetScope images are acquired in nominal acquisition mode), we select pairs forming a high B/H ratio larger than 0.15. This ratio is calculated according to,

𝐵 𝐻 = 2𝑡𝑎𝑛 𝜃 𝑖𝑗 2 , (4) 
𝜃 𝑖𝑗 = 𝑐𝑜𝑠 -1 ( 𝑢 𝑖 𝑢 𝑗 ‖𝑢 𝑖 ‖‖𝑢 𝑗 ‖ ), (5) 
where 𝜃 𝑖𝑗 is the convergence angle between i-th and j-th images. 𝑢 𝑖 refers to the average-looking direction of the satellite during the acquisition of the i-th image. The looking direction could be computed the corresponding satellite azimuth and elevation available in the metadata file. If the information of the acquisition geometry is not available, the looking direction could be estimated from the RFM as proposed in [START_REF] Aati | Optimization of Optical Image Geometric Modeling, Application to Topography Extraction and Topographic Change Measurements Using PlanetScope and SkySat Imagery 25[END_REF]. selected for RFM refinement. In this study 𝑜𝑣𝑒𝑟𝑙𝑎𝑝𝑇ℎ 0% was selected. The image footprints are calculated using their respective RFM (e.g., Fig. 14).

o Temporal baseline: select images acquired at short time separation to reduce as much as possible seasonal changes of the surface, due for example to the vegetation or the snow cover.

Table IV list the images selection parameters chosen for both test sites.

(b) RFM refinement: we refine the RFM using the indirect refinement approach by minimizing the pointing error following the procedure described in section III-E.2.

(c) 3D reconstruction: The Structure from Motion (SfM) technique is used to derive the DSM. In the present work, the refined RFM and the L1B PlanetScope images are imported into Metashape software -a photogrammetry software based on the SfM technique [START_REF] Agisoft | Agisoft Metashape[END_REF]-to perform the dense image matching and DEM generation in object space. The process was performed following the standard steps when using drone and terrestrial images [START_REF] Aati | Comparative study of photogrammetry software in industrial field[END_REF]. The selected parameters are summarized in Table V. It should be noted that in the DEM generation step, no interpolation was carried out for the decorrelation regions, i.e., areas where matching failed due to scene change, no texture, occlusion, etc. (e) Elevation changes computing: Derived DSMs were resampled to the same resolution (3m) using a bi-cubic interpolation, then the elevation changes were derived using DSM differences (DoD) for each pixel following Eq.( 6).

∆𝐷𝑜𝐷 𝑖 = ℎ 𝑖 𝑟𝑒𝑓 -ℎ 𝑖 , (6) 
where ℎ 𝑖 𝑟𝑒𝑓 is the i-th pixel elevation value of the reference DSM and ℎ 𝑖 is the i-th pixel elevation value of the target DSM. It should be noted that a threshold of ∆ℎ 𝑖 was used to filter out elevation difference out of the expected displacement range.

(f) DSM evaluation: to assess the quality of the generated DSMs, standard statistical indicators were computed (mean, standard deviation, root mean square error RMSE, median, normalized median absolute deviation NMAD, LE68), which are usually adopted for DSM assessment [START_REF] Höhle | Accuracy assessment of digital elevation models by means of robust statistical methods[END_REF]. 

DSM evaluation and elevation changes

For Ridgecrest, two datasets were selected, pre-and post-earthquake, each consisting of 30 and 23 images acquired between June 04-30, 2019, and July 9-17, 2019, respectively. All images were acquired in a nominal acquisition mode with a maximum incidence angle <6°. Using the image selection procedure described in the previous section, 31 pairs were selected for the pre-earthquake dataset and 18 for the postearthquake dataset.

For Shisper study region, 4 DSMs were generated in [START_REF] Ban | Multitemporal Remote Sensing, Remote Sensing and Digital Image Processing[END_REF], 2017, 2019, and 2020, respectively. For 2016-DSM, 30 images acquired between October 18 and December 30, 2016, were selected. Most of the images were acquired with an incidence angle <1°. For 2017-DSM, 27 images acquired between July 09 and September 20, 2017, were selected and acquired at an incidence angle < 3°. For 2019-DSM, 26 images between June 16 and October 16 2020, were selected with a maximum incidence angle ~6°. Fig. 15 shows a sky-plot of the incidence and azimuth angles of the selected PS2 images for both test sites, and Table .S1

presents a detailed description of the selected pairs for each dataset.

We generated DSMs with 95% completeness on the Ridgecrest test site, using 30 images acquired one month before the earthquake and 23 images acquired 5 days after the earthquake. Fig. 14 and Fig. S9 and S10 show the selected pairs and image count distribution. An overview of the DSMs is presented in Fig. 16. Note that no void-filling algorithm was used during the 3D reconstruction to be able to assess the reconstruction completeness. For a quantitative assessment, we aligned and calculated the elevation difference between the pre-and post-DSMs with the LiDAR DSM. Table VI lists which is reported at ~1.5m [START_REF] Antoine | Diffuse Deformation and Surface Faulting Distribution from Submetric Image Correlation along the 2019 Ridgecrest, California[END_REF]. A alternative approach to DSM differencing consisting in determining the displacements in 3-D from a joint inversion of the results of the correlation of all image pairs would however be possible (Aati et al., 2022b). We computed the elevation differences between the four DSMs. Then, a quantitative accuracy assessment of the DSMs is performed for a selected area away from the valleys, which is assumed to be free of temporal changes. The resulting statistics are presented in Table VI. Fig. 18 shows the elevation changes maps and their distribution over stable terrain. It can be observed that the relative uncertainty is ~10m at 1-σ with a bias of ±0.5m. Here, we are able to track the elevation change of the glacier since the signal is larger than the uncertainty on the elevation measurements. The mass transfer due to the surge is clearly revealed in Fig. 18-b, which shows that 60 m of ice was increased compared to the 2017-DSM, and the ice thickness reached 100 m in the terminus at the end of the surge. These results are consistent with recent studies of the surge (Bhambri et al., 2020b) and a more detailed description of the surge based on the analysis of the remote sensing measurements is presented in Beaud et al. [START_REF] Beaud | Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law[END_REF].

Conclusion

The PlanetScope (PS) constellation acquires high-resolution optical images (~3 m GSD) and covers the entire surface of the Earth daily, enabling an unprecedented capability to monitor the Earth surface changes.

The images are publicly available for Earth Science studies mainly in two product levels: Basic scenes (L1Bs) and Ortho-Scenes (L3Bs). Our study shows that the geometry of these images suffer from various sources of bias that limit severely their use for applications where image geometry is crucial. Most importantly, we were able to identify the main causes for these artifacts thanks to our analysis of the imaging system. For a large part the artifacts are due to the specific way the L1B and L3B images are produced out of the initial raw images which were acquired with a push-frame system. Based on this understanding we were able to propose ways to improve the image geometry for all three types of PS images currently available (Dove-C, Dove-R and SuperDove). With the techniques described in our study, the RFM refinement method and the post-processing with geoPCAIM, these images can be co-registered precisely allowing for ground displacement measurements with a sub-pixel accuracy. In the case of the Dove-C we were able to take advantage of the specificity of the push-frame acquisition mode to extract stereoscopic measurements and generate good quality DSMs. This is a capability that had not been anticipated and which and to present a generalized sliding law and substantiate the sliding-law behavior. The content of this chapter has been published in the Cryosphere Discussions journal and referenced under [START_REF] Beaud | Generalized sliding law applied to the surge dynamics of Shisper Glacier and constrained by timeseries correlation of optical satellite images[END_REF].
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Introduction

Describing the physics of glacier basal motion is a core challenge in modern glaciology. Enhanced basal motion can lead to the demise of large ice shelves, and would lead to rapid and significant sea-level rise (e.g., [START_REF] Catania | Future Evolution of Greenland's Marine-Terminating Outlet Glaciers[END_REF][START_REF] Mouginot | Forty-six years of Greenland Ice Sheet mass balance from 1972 to 2018[END_REF]. Sliding dominated ice flow at tidewater glaciers is responsible for the majority of mass loss from the Greenland Ice Sheet (e.g., [START_REF] Mouginot | Forty-six years of Greenland Ice Sheet mass balance from 1972 to 2018[END_REF] because the ice advected into the ocean facilitates calving and melting. Glacier surges can show velocities reaching tens of kilometers per year (e.g., Hewitt, 1969;Meier and Post, 1969;Post, 1969;Kamb et al., 1985), which redistribute ice mass dramatically, and can lead to enhanced ice loss, disturbed glacial runoff, and can create multiple hazards for local communities (e.g., Hewitt and Liu, 2010;Bhambri et al., 2020). Large slidingdominated ice flow velocities cannot generally be explained by traditional Weertman-type sliding relationships (e.g., Lliboutry, 1968;Iken, 1981;Tulaczyk et al., 2000;Iverson and Iverson, 2001;Schoof, 2005;Zoet and Iverson, 2015;Minchew et al., 2016;Stearns and Van der Veen, 2018;Zoet and Iverson, 2020) that express the basal shear stress as proportional to the sliding velocity , 1972;Budd et al.,1979;Bindschadler, 1983, see also Fig. 1).

𝜏 𝑏 ∝ 𝑢 𝑏 1 𝑛 ⁄ (Weertman
The idea that bed shear stress is bounded for large sliding velocities was proposed in early physical glaciology work (Lliboutry, 1968;Iken, 1981). However, this idea only started to gain more traction in the early 2000s (Tulaczyk et al.,2000;Iverson and Iverson, 2001;Schoof, 2005). Since then, a growing body of research on the mechanics of glacier sliding has arisen (Tulaczyk et al., 2000;Iverson and Iverson, 2001;Schoof, 2005;Gagliardini et al., 2007;Iverson, 2010;Pimentel and Flowers, 2010;Iverson and Zoet, 2015;Tsai et al., 2015;Zoet and Iverson, 2015;Minchew et al., 2016;Joughin et al., 2019;Zoet and Iverson, 2020), proposing new relationships between shear stress and sliding velocity. These relationships can generally be partitioned into three regimes (Fig. 1; see also Minchew and Joughin, 2020): (1) form drag, similar to Weertman-type relationships, where drag is dominated by viscous deformation of ice around bed obstacles, and shear stress increases monotonically with sliding velocity, (2) a transition regime, where shear stress approaches or even reaches its maximum value and starts decreasing, and (3) skin drag, where drag becomes dominated by the friction between ice and the bed, and shear stress reaches an asymptote (i.e., Coulomb failure; Tulaczyk et al., 2000;Iversonand Iverson, 2001;Iverson, 2010) or decreases monotonically with sliding velocity (Fig. 1 ;Schoof, 2005;Gagliardini et al., 2007;Zoet and Iverson, 2015).

While these theories represent the physics of ice sliding better than their Weertman-type predecessors, they currently suffer from a number of caveats that prevent testing them in the real world and using them in numerical simulations (Pimentel and Flowers, 2010;Jay-Allemand et al., 2011;Beaud et al., 2014 , 2015;Joughin et al., 2019;Thøgersen et al., 2019). These caveats include the following: (1) one has to choose between a slip relationship suited for a rigid non-deformable bed, i.e., bedrock, or for a deformable bed, i.e., sediment, (2) tuning the parameters requires knowledge of small-scale bed properties (e.g., sediment characteristics, bed geometry), and ( 3) the possibility of non-unique solutions renders numerical solving challenging (Pimentel and Flowers, 2010).

Surge-type glaciers undergo cyclic switches in their flow regime between slower-than-normal (quiescence)

and fasterthan-normal (surge) velocities (Meier and Post, 1969). During quiescence, the glacier builds up ice mass in a reservoir area where the resistance to ice flow exceeds the driving stress (Cuffey and Paterson, 2010). The surge occurs when the driving stress exceeds the resistive stress, and glacier velocities increase by typically 1 order of magnitude in comparison with quiescence velocities. This local and dramatic velocity increase creates an ice bulge that travels down the glacier as a kinematic wave (e.g., Kamb et al., 1985;Mayer et al., 2011;Adhikari et al., 2017). If the ice-mass redistribution is significant enough, the terminus of the glacier will become the receiving area, thicken, and may start advancing. Surge-type glaciers only represent about 1% of glaciers worldwide (Jiskoot et al., 2000), and appear to be concentrated in climatic clusters (e.g., Sevestre and Benn, 2015). A recent theory for glacier surges suggests that a specific combination of climatic conditions is required to create an unstable equilibrium in surge-type glaciers, based on coupled mass and enthalpy budgets approach (Benn et al., 2019).

Surge-type glaciers can be used to assess how basal shear stress depends on sliding velocity. Surges are dynamic instabilities during which surface velocities increase at least 10-fold, and have return periods typically between a decade and a century (Meier and Post, 1969;Clarke et al., 1986;Jiskoot et al., 2000;Jiskoot, 2011;Quincey et al., 2011;Sevestre and Benn, 2015). The back and forth oscillation between relatively low and high velocities for a single glacier makes it possible to test the temporal transition between different sliding regimes. Seasonal velocity fluctuations can also be used in principle to test friction laws, although their duration is relatively short (typically a few weeks) and their amplitude relatively low (typically 20 %-50% velocity increase), thus requiring particularly high resolution and quality data.

Satellite imagery is a valuable source of information to study glacier dynamics. It allows monitoring with a large spatial coverage and metric ground resolution, including otherwise inaccessible areas (e.g., Burgess et al., 2013;Quincey et al., 2015;Armstrong et al., 2017;Gardner et al., 2019;Dehecq et al., 2019). The temporal resolution of remote sensing is however limited by the time span between the acquisition of two images, often weeks to months, necessary to create a displacement map. Glacier velocities derived from remote sensing will therefore consistently miss sub-monthly fluctuations, in particular those at the daily or subdaily timescales which can be significant (e.g., Kamb et al., 1985;Iken and Bindschadler, 1986; Iken Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 108

and Truffer, 1997). Advances in algorithms to model, register, and correlate optical images with a subpixel accuracy (e.g., COSI-Corr, MicMac, ASP, CIAS, Medicis; see Rupnik et al., 2017;Rosu et al., 2015;[START_REF] Beyer | The Ames Stereo Pipeline: NASA's Open Source Software for Deriving and Processing Terrain Data[END_REF]Heid and Kääb, 2012), combined with the evergrowing volume of satellite remote-sensing datasets available (e.g., Gardner et al., 2019), nonetheless provide opportunities for glaciology studies.

Remote sensing has thus offered insight into recent surges (e.g., Copland et al., 2011;Dunse et al., 2015;Round et al., 2017;Steiner et al., 2018;Chundley and Willis, 2019;[START_REF] Rashid | The January 2018 to September 2019 surge of Shisper Glacier, Pakistan, detected from remote sensing observations[END_REF]Bhambri et al., 2020;Paul, 2020), as well as multiannual glacier dynamics (Moon et al., 2014;Van de Wal et al., 2015;King et al., 2018) and basal sliding mechanisms (Minchew et al., 2016;Stearns and Van der Veen, 2018).

In this paper, we apply image correlation to a time series of optical images using COSI-Corr (Leprince et al., 2007), which is accurate to 1/20th of the pixel size, and we use a post-processing method based on a principal component analysis (PCA) to measure spatiotemporal variations of ice velocity. This method is applied to openly-available Landsat 8 (L8) and Sentinel-2 (S2) optical images of two surge-type glaciers in Pakistan's Karakoram, Himalaya. We retrieve a time series of velocity maps with 60m pixels and a temporal resolution as low as 5 d over 6 years from 2013 to 2019. We additionally use commercial optical images to create digital elevation models (DEMs) and constrain ice volume changes during the surge [START_REF] Aati | Optimization of Optical Image Geometric Modeling, Application to Topography Extraction and Topographic Change Measurements Using PlanetScope and SkySat Imagery 25[END_REF]. Of the two neighboring surge-type glaciers, Shisper Glacier (Fig. 2) experienced a dramatic surge during the study period, which saw its terminus advance by ~1:7 km [START_REF] Rashid | The January 2018 to September 2019 surge of Shisper Glacier, Pakistan, detected from remote sensing observations[END_REF]Bhambri et al., 2020). Over that period, the other glacier, Mochowar (Fig. 2), appears to have remained stable. Given the lack of local weather data, we use Mochowar as a reference glacier that we assume reflects the ice flow response to local climate in the absence of a surge.

This paper is composed of four parts: (1) we show that rigid and deformable bed theories can be combined into a generalized sliding relationship applicable for any glacier environment and dynamic evolution; (2) we present the remote sensing method and workflow; (3) we apply this workflow to Shisper and Mochowar glaciers and characterize the surge of Shisper Glacier; and (4) we use the dataset for Shisper Glacier to substantiate the generalized sliding relationship and contextualize how this theory can improve our understanding of surge dynamics, and more generally, basal sliding.

Generalized sliding relationship

The early work of Weertman (1957) relating glacier sliding, 𝑢 𝑏 , over a rigid idealized bed to basal shear stress as 𝑟 𝑏 ∝ 𝑢 𝑏 , set the standard for generations of glaciologists, and remains relevant (MacAyeal, 2019).

This formulation, which was later modified to allow for a nonlinear behavior, 𝑟 𝑏 ∝ 𝑢 𝑏 1 𝑝 ⁄ , (Weertman, 1972), and for a dependence on effective pressure, N, 𝑟 𝑏 ∝ (𝑢 𝑏 𝑁) Budd et al., 1979;Bindschadler, 1983), Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 109 remains most widely used (e.g., Cuffey and Paterson, 2010). We will hereafter refer to this type of relationship as Weertman-type.

1 𝑝 ⁄ (
The bed of a glacier can only produce a finite amount of resistance to flow that is determined by its properties (e.g., Lliboutry, 1968;Iken, 1981;Tulaczyk et al., 2000;Iverson and Iverson, 2001;Schoof, 2005), challenging the validity of Weertman-type relationships which imply an unbounded resistance to flow. For bedrock, i.e., a rigid bed, that limit is dictated by the maximum adverse slope of bedrock obstacle to flow in contact with the ice (Lliboutry, 1968;Iken, 1981;Schoof, 2005;Gagliardini et al., 2007;Zoet and Iverson, 2015). For till, i.e., a deformable bed, that limit is dictated by the shear resistance of the material (Tulaczyk et al., 2000;Iverson and Iverson, 2001;Iverson, 2010;Zoet and Iverson, 2020). As a consequence, past a velocity threshold, the shear stress tends to an asymptotic value or reaches a maximum and eventually decreases, while the sliding velocity increases (Fig. 1a). That decrease can be the result of bed-weakening feedbacks at high velocities. For a deformable bed, it could be associated with reworking of the till matrix and a change in its geotechnical properties (e.g., Clarke, 2005). For a rigid bed, the maximum adverse slope to flow can be engulfed in basal cavities as they grow (Fig. 1d andf). In short, the relationship between basal sliding and shear stress is dominated by form drag as velocities remain below some threshold velocity. For sliding velocities slightly above that threshold, there is a transition regime where form drag and skin drag are competing. Beyond that regime, skin drag becomes dominant and sliding can continue to increase while shear stress reaches an asymptotic value or decreases (Fig. 1a, f and g). (1)

where 𝑟 𝑏 is the basal shear stress, C is a parameter that sets the maximum friction-law value, i.e., that remains smaller or equal to the maximum slope of obstacles on a rigid bed (Gagliardini et al., 2007), 𝑁 = 𝑝 𝑖𝑐𝑒 -𝑝 𝑤 is the effective pressure at the glacier bed defined as the difference between overburden ice and water pressures, χ is a normalized velocity, p is power-law exponent, and q is an empirical exponent that relates to the strain weakening of the bed. Note that q should be greater than, or equal to 1, and that the relationship is rate-independent if q=1, and rate-weakening if q>1. The term α is defined as 𝛼 =

(𝑞-1) 𝑞-1 𝑞 𝑞 so that the maximum of 𝑟 𝑏 is 𝐶𝑁, and 𝑥 is defined as:

𝑥 = 𝑢 𝑏 𝐶 𝑝 𝑁 𝑝 𝐴 𝑠 (2)
The term 𝑢 𝑏 is the sliding velocity and 𝐴 𝑠 is a sliding parameter without cavity. Note that CpNpAs has the dimension of a velocity. Zoet and Iverson (2020) propose the following sliding relationship for a deformable bed:

𝑟 𝑏 = 𝑁 𝑡𝑎𝑛(∅) ( 𝑢 𝑏 𝑢 𝑏 + 𝑢 𝑡 ) 1 𝑝 ⁄ ( 3 
)
where ϕ is the friction angle of the till, and ut is a threshold sliding velocity above which till resistance is defined by its Coulomb strength. The sliding relationships for rigid (Eq. 1) and deformable (Eq. 3) beds can be reconciled by defining two bed-dependent variables. First, we define a maximum resistive stress σmax as

𝜎 𝑚𝑎𝑥 = { 𝑁𝐶 𝑓𝑜𝑟 𝑎 𝑟𝑖𝑔𝑖𝑑 𝑏𝑒𝑑 𝑁 𝑡𝑎𝑛(∅) 𝑓𝑜𝑟 𝑎 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑏𝑙𝑒 𝑏𝑒𝑑, (4) 
then we generalize the threshold velocity:

𝑢 𝑡 = {
𝐶 𝑝 𝑁 𝑝 𝐴 𝑠 𝑓𝑜𝑟 𝑎 𝑟𝑖𝑔𝑖𝑑 𝑏𝑒𝑑 𝐶 𝑑 𝑁 𝑓𝑜𝑟 𝑎 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑏𝑙𝑒 𝑏𝑒𝑑, (5) where Cd is a spatially variable parameter accounting for till properties. This leads to the generalized sliding relationship:
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𝑟 𝑏 = 𝜎 𝑚𝑎𝑥 ( 𝑢 𝑏 𝑢 𝑡 + 𝛼( 𝑢 𝑏 𝑢 𝑡 ) 𝑞 ) 1 𝑝 ⁄ (6)
From Eqs. ( 4)-( 6), N stands out as the variable responsible for temporal changes in σmax and ut. The other parameters (C, As, Cd and ϕ) have been shown to change spatially (Gagliardini et al., 2007;Zoet and Iverson, 2020) but are not expected to vary significantly over time spans relevant for a glacier surge, i.e., a decade. The fact that N is raised to the power p>1 in Eq. ( 5), however, precludes from writing Eq. ( 6) for the general case explicitly as a function of N. This highlights the variables of interest to use the generalized relationship in data inversion efforts, or to refine rate-and-state approaches (e.g., Thøgersen et al., 2019). It can complicate the use of the relationship in numerical models where the direct use of N might be necessary, although existing models that readily solve for water pressure, and thus calculate N, will already have chosen a type of substrate as dictated by water flow in different media (see Flowers, 2015, for a review). Note that for a deformable bed, substituting Eqs. ( 4) and ( 5) into Eq. ( 6) and setting q=1, simplifies Eq. ( 3). We use the general law expressed by Eq. ( 6) in our analysis.

Study area and dataset

Study area

Shisper and Mochowar glaciers are located in the Hunza Valley, in the Karakoram region in northwestern Pakistan (Fig. 2). The Karakoram region shows a high concentration of surge-type glaciers (e.g., Hewitt, 1969;Sevestre and Benn, 2015), with approximately 90 such glaciers documented (Copland et al., 2011).

A climatic anomaly allows glaciers in the Karakoram region to maintain their ice volume (e.g., Hewitt, 2005;Gardelle et al., 2012;Kääb et al., 2015;Farinotti et al., 2020). Shisper and Mochowar glaciers occupy adjacent valleys connecting as a Y, and were merged until 2005. They are denominated as a single entity, Hassanabad Glacier, in the Randolph Glacier Inventory (Pfeffer et al., 2014). The relief in the area is dramatic as the elevation drop between the Shispare Peak (7611 m a.s.l.) and Shisper Glacier terminus (2500 m a.s.l.) is larger than 5000 m across 15 km. The glacier bergshrunds are perched between ∼5000

and ∼5500 m a.s.l., suggesting that the relief of each glacier is greater than 2000 m. The glaciers we refer to as Shisper and Mochowar [START_REF] Rashid | The January 2018 to September 2019 surge of Shisper Glacier, Pakistan, detected from remote sensing observations[END_REF], have also respectively been referred to as Shispare and Muchuhar (Bhambri et al., 2020), or Shishper andMuchowar (Karim et al., 2020). Bhambri et al. (2017) identified surges of Shisper Glacier in 1904-1905, 1972-1976, and 2000-2001, although [START_REF] Shah | Risk assessment of Shishper Glacier, Hassanabad Hunza, North Pakistan[END_REF][START_REF] Rashid | The January 2018 to September 2019 surge of Shisper Glacier, Pakistan, detected from remote sensing observations[END_REF]Bhambri et al., 2020). sensor. The S2 data products were downloaded from the Sentinel Open Access Hub platform (ESA, 2019) in the Universal Transverse Mercator (UTM) zone 43N projection coordinate system as a Level-1C tile (100 km ×100 km). The Level 1C product level consists of ortho-images, radiometrically corrected top-ofatmosphere reflectance values, and geometrically corrected based on a refined geometric model. We used the red band (band 4) of S2 because it is appropriate for glacier monitoring (Kääb et al., 2016) and used as a reference for band-to-band coregistration (Table 1; Gascon et al., 2017).

The L8 utilizes the Operational Land Imager (OLI) sensor, with a swath width of 185 km (Table 1), and has a 16 d temporal resolution. We downloaded L8 images from the Earth Explorer platform of USGS (U.S.

Geological Survey, 2019) as L8 L1T products. The processing of L8 products is similar to that of S2 data with respect to radiometric and geometric corrections, orthorectification, and re-sampling to a map grid.

We chose the L8 panchromatic band (band 8), due to its 15 m spatial resolution, (Table 1). All available optical images were used to map the evolution of the paraglacial lake and terminus advance.

We used the Shuttle Radar Topography Model (SRTM, U.S. Geological Survey, 2014) DEM in combination with three DEMs, one in 2017 and two in 2019, that were calculated with Planetscope,

GeoEye-1 and WorldView-2 images as presented by [START_REF] Aati | Optimization of Optical Image Geometric Modeling, Application to Topography Extraction and Topographic Change Measurements Using PlanetScope and SkySat Imagery 25[END_REF]. To constrain the bed topography of Shisper Glacier, we use the data products from Farinotti et al. (2019). For Shisper Glacier, the ice thickness was estimated as the composite of three different models, as detailed in Farinotti et al. 51) 48 ( 47)

Data processing

The data processing consists of three main steps (processing chain in Fig. 3) which we detail in the following subsections and in the supplement. (a) The data is prepared by clipping the images to the study area, and removing the cloudy images. (b) Surface displacement maps are calculated from correlating consecutive images with the COSI-Corr software package (Leprince et al., 2007). For each image pair there are three outputs, east-west and north-south displacement maps and a map of signal-to-noise ratio (SNR).

(c) The data is filtered and artifacts removed, for example systematic offset between sensors. The processing chain was designed to allow for a nearly automated processing of all the available data (L8 and S2). Until the post-processing (step C, Fig. 3), images are processed independently for either satellite. The correlation of S2 and L8 images are not included due to systematic orthorectification artifacts. The USGS and ESA only release ortho-images and we would need access to non-rectified images in order to circumvent these artifacts. We only use pairs with the smallest consecutive time span for the correlation, which leads to a sequence of n-1 displacement maps for each satellite with n different acquisition dates.

This strategy was chosen so as to get a complete times series for a minimal computational volume.

Image pairs correlation

This study implements the COSI-Corr frequency correlator (Leprince et al., 2007), which is better adapted to measure small displacement over short time spans than the statistical correlators included in other image correlation packages (e.g., MicMac, CIAS, Medicis; see Heid and Kääb, 2012;Rosu et al., 2015). This correlator works in two processing steps.

(1) The first step provides a coarse estimate using a large sliding window. ( 2) A subpixel accuracy is obtained from a second correlation using a smaller window. Three parameters are chosen: the step which determines the spatial resolution of the displacement map and the sizes of the first and second sliding windows. The values used in this study are listed in Table 2. With these parameters we obtain independent measurements of surface velocities with a ground resolution of about Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 118

Filtering and registration improvement

After the image pair correlation, three post-processing steps take place: (1) spatial data filtering to remove outliers from each displacement map and fill in missing data, (2) offset correction, to reduce systematic offsets due to incorrect orthorectification, and ( 3) reduction of noise level using PCA. This noise reduction takes advantage of the correlations in space of the displacement field.

To perform the spatial data filtering and data filling, we designed a specific multiscale spatial filtering process to remove erroneous measurements due to clouds, snow cover or surface water. This postcorrelation tool, entitled Local Multiscale Filter (to be included in forthcoming version of COSI-Corr), consists of four steps (Appendix A):

-Step 1. Filtering outliers with high uncertainty. We exclude measurements with low SNR by removing measurements with either (1) an SNR value smaller than a certain threshold Tsnr or (2) outliers beyond a user-selected multiple of the standard deviation (Tσ).

-Step 2. Weighting of each displacement map with SNR.

- After the spatial filtering, we apply a correction for the offsets caused by the misregistration of available data products. These errors can be mitigated by optimizing the coregistration of the images during the Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 119 orthorectification procedure (e.g., Avouac and Leprince, 2015). However, accounting for misregistration is not possible with S2 and L8 data, and we simply apply a linear correction to the correlation maps which provides a first-order systematic correction.

The final step consists of filtering the data. This step relies on the assumption that the spatial pattern of surface velocity is highly correlated. Spatial ice flow variations occur at a scale much larger than the ground sampling distance of our velocity maps. To identify these correlations, we use PCA and reconstruct displacement maps with the limited number of components needed to recover the data variance. This process reduces the noise level while preserving the inherent spatial resolution of the data. We retain the k first components needed to account for 90 % of the variance. We convert the displacement maps to surface velocities by dividing the elapsed time between the paired images.

Velocity maps are stacked on the same data cube D based on the older image date. When velocity maps overlap, we use the velocity map with the older starting image for the time span of the overlap. The data cube is then decomposed into principal components. This procedure does not involve any smoothing of the temporal variations of ice velocities. Abrupt variations affecting a limited area are however filtered out, because they would not contribute significantly to the data variance.

Results

Result overview

We present the surface velocities of the two glaciers together to allow for a relative comparison (Fig. 4).

Mochowar Glacier only shows relatively regular seasonal variations (see Figs. S3.1 and S3.2). Shisper Glacier shows much more variability and we can distinguish various patterns: (1) relatively slow velocities during the quiescence and between speed-ups (Fig. 4a), ( 2) spring speed-ups (Fig. 4b, d ande; see also Abe and Furuya, 2015), ( 3) fall speed-up (Fig. 4c), ( 4) surge onset (Fig. 4f), and ( 5) different phases of the surge (Fig. 4g, h, i andj). Spring speed-ups are seen clearly in both glaciers, but the other forms of velocity patterns are unique to Shisper Glacier.

During the quiescence, velocities are generally comprised between ∼0.35 and in the upper and main trunks. Surface velocities during the spring speed-ups increase in amplitude from in the main trunk in 2015 (Fig. 4b), to in spring 2016 (Fig. 4d), and to in spring 2017 (Fig. 4e), eventually leading up to the surge onset by the end of 2017 (Fig. 4f). As the surge starts, velocities are consistently greater than in the lower part of the upper trunk and below. Before the surge onset, we can distinguish seasonal speed-ups in Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 120 the fall (Fig. 4c), showing velocities greater than throughout the main trunk. The timing of these fall speedups correlates well with that of the onset of the surge in 2017 (Fig. 4f).

Phase 1 of the surge displays velocities greater than 1 m d -1 over most of the glacier with the entire main trunk flowing faster than 6 m d-1 (Fig. 4g). Phase 2 is characterized by significantly slower velocities, yet the main trunk keeps on flowing at 1 m d-1 at least, with a maximum above 3 m d -1 towards the terminus (Fig. 4h). An interesting event during phase 2 is the formation of a paraglacial lake once Shisper Glacier blocks the valley from Mochowar Glacier (mid-November 2018). The lake filling is associated with a short-lived increase in surface velocities (≥6md -1 ) in the lower main trunk and terminus area (Fig. 4i).

Finally, phase 3 shows very similar velocity patterns to phase 1 (Fig. 4j), with most of the glacier flowing faster than 1 m d -1 , and the main trunk flowing faster than 7 m d -1 . In addition, terminus velocities are greater than 3 m d -1 as the surge bulge progresses. Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 123

Shisper Glacier surge and its build-up

The surface velocities of Shisper Glacier exhibit a marked seasonal pattern from the beginning of the time series and throughout the surge (Fig. 5a). This seasonal signal prior to the surge consists of surface velocities exceeding 1 m d-1 for a significant portion of the glacier profile, compared with velocities remaining between ∼0.35 and ~0.8md -1 otherwise. This seasonality is expressed, biannually, between March and June, i.e., a spring speed-up, and another velocity increase between late September and November, that we will hereafter call fall speed-up. It appears that the presence of snow introduces a significant amount of noise in the data between fall and winter, especially at high elevations, i.e., between kilometers 0 and 2 along the profile. The fall speed-up is clear in 2013 and 2015, faint but present in 2016, and our results are inconclusive for 2014.

In the absence of field measurements, we use the temperature reanalysis data from the Modern-Era

Retrospective Analysis for Research and Applications, version 2 (MERRA-2; Gelaro et al., 2017) to confirm that this seasonality is linked with glacier surface melt, and thus hydrology (Fig. 5c). The spring speed-ups occur soon after the daily-averaged temperature at 2 m. a.g.l. is estimated to exceed 0 ∘ C at the mean elevation of the main trunk. The main trunk is located at least 1 km below this elevation, which suggests that it is undergoing significant surface melt. Similarly, the fall speed-ups occur soon after the reanalysis temperature at 4176 m. a.s.l. drops below freezing, hence when water supply from the glacier surface is expected to be shutting off and the drainage system of the glacier is shutting down.

Defining a surge based on surface velocities is somewhat arbitrary. A criterion that is pervasive in the literature is that surface velocities increase by 1 order of magnitude during the surge (e.g., Clarke et al., 1986), compared to that during the quiescence. Thus, we normalize surface velocities by the average of velocity during the quiescence, i.e., from the beginning of the time series until the slow onset of the surge in November 2017 (Fig. 5b). We consider that when normalized velocities reach or exceed 10, surge-level velocities are reached. This normalization further highlights the gradual increase in the amplitude of the spring speed-up as the surge becomes more imminent. In 2016, the speed-up shows velocities that are 5to 6-fold the average quiescence velocities, and in 2017 the 10-fold threshold is reached (Fig. 5b). Aside from the spring speed-ups in 2016 and 2017, surface velocities seldom exceed ~2md -1 before the surge onset, which is similar to surface velocities at Mochowar Glacier. Note that the highest velocities are located in the main trunk region of the glacier.
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In November 2017, velocities increase significantly in the main trunk (Fig. 5a), reaching levels of 4-to 5fold the average quiescence velocities (Fig. 5b). While the surface velocities in the main trunk remain ~2md -1 during the winter of 2017-2018, they are significantly larger than previous winter velocities in our record. The first significant surge phase (Phase 1) starts in the main trunk in late March 2018 with velocities at least 1 order of magnitude larger than the quiescence average (Fig. 5b), peaking at ~13md -1 in late May 2018. As Phase 1 progresses, the surge velocities also gain the upper trunk and possibly the icefall by June 2018. Interestingly, Phase 1 of the surge coincides with the timing of spring speed-ups at Shisper Glacier in previous years (Fig. 5c). During this period, however, little terminus advance is observed because the surge bulge has merely reached the terminus. Terminus advance starts in June 2018, which is unfortunately a period during which data quality is poor. At the end of June 2018 Shisper Glacier advances into the adjacent valley.

Phase 2 starts at the end of the summer in 2018 and is characterized by surface velocities slower than those in Phase 1. Surface velocities generally decrease until the late fall in 2018, but remain at surge levels in the lower part of the main trunk and the terminus (downstream from kilometer 11). The slowdown is most noticeable between kilometers 7.5 and 11. The terminus advances by 0.5 km over these 6 months. A notable event is the increase in surface velocities (November and December of 2018) in the main trunk and terminus soon after the formation of the lake in the adjacent valley (Fig. 5c). This glacier-wide velocity increase is also marked by a terminus advance of a few hundred meters.

Phase 3 exhibits the most dramatic terminus advance (∼500 m in less than a month) which occurs in the spring of 2019 and is associated with particularly high surface velocities. Surge-level velocities reach the upper trunk and the icefall, and maximum velocities reach ~12md -1 (early May 2019), which is slightly slower than during Phase 1 (~13md -1 in June 2018). Phase 3 results in Shisper Glacier terminus advancing ∼0.7 km in 3.5 months. We note that artifacts from cloud cover or shadows may be responsible for the low-velocity areas calculated between kilometers 7.5 and 12.5 over that period. Similarly, the low velocities observed between May and July 2019 are likely the result of poor image quality or correlation.

The paraglacial lake in the Mochowar valley is located ∼2.5 km from the terminus (Fig. 2) and fills consistently from its formation in November 2018 until its drainage on 23 June 2019 (Pamir Times, 2019).

The lake drainage appears to coincide with the termination of the surge. In the second half of July and early August (last images used), the only parts of the glacier that maintain velocities higher than the quiescence average, are in the icefall or the terminus regions. This is likely because these sections of the glacier are still adjusting to the post-surge ice topography, as described in the next section. This increase in surface elevation can be likened to a positive mass balance, and is consistent with the Karakoram climatic anomaly (e.g., Gardelle et al., 2012;Kääb et al., 2015). The height increases on both The area where the most elevation gain takes place is between kilometers 10 and 13, which corresponds to the lower part of the area where velocities are the fastest. The elevation gain in this area could also be the result of mass redistribution from the surge in the early 2000s that was smaller than the one described here.

Since 2000, almost the entire glacier surface has lowered as a result of the surge (Fig. 6d-i), with the exception of the terminus and lower section of the main trunk that acted as the receiving area during the surge (Fig. 6e andh). The area that undergoes the most lowering is part of the main trunk, between kilometers 8 and 13, located just upstream from where the observed velocities are the fastest (Fig. 6e andh). The surge emplaced up to 200 m of ice in the terminus region, with at least 100 m over the last 4 km of the glacier (Fig. 6e andh) which explains the dramatic advance and the fact that the terminus seems to keep on advancing even after the surge has terminated.

Similar to Shisper Glacier, the elevation change at Mochowar Glacier points to a positive mass balance since 2000, also consistent with the Karakoram anomaly (e.g., Gardelle et al., 2012;Kääb et al., 2015).

The fact that both glaciers show similar patterns points to a climatic driver for surface elevation changes at both glaciers, rather than to an individual dynamic behavior (e.g., Roe and O'Neal, 2009). The drop in elevation seen in 0.5km of the profile is associated with the melting of stagnant ice left by a prior surge Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 126 (see Sect. S3). It is worth noting that Mochowar and Shisper glaciers were connected until 2005. However, the last documented surge of Mochowar Glacier, prior to the current study, dates back to the 1970s (Bhambri et al., 2017).

The fact that the ice thickness increases by several tens of meters within ∼5 km of the terminus suggests that a slow surge actually took place, otherwise the thickening would be expected to be the largest at higher elevations. In addition, Mochowar Glacier shows significant seasonal signal with spring speed-up every year (Figs. S3.1 and S3.2). The data are noisy, but there seem to be a slight increase in velocities in 2018 (Fig. S3.1).

Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 127 1990s (Sharp et al., 1993. Interestingly, Shisper Glacier surged in early 2000s, but this older surge was much less pronounced since the terminus stopped ∼700 m up-valley from the surge presented here (see Sect. S3). We do not have enough information to discuss the differences between the two surges, but we suggest that the fast flow part of a surge cycle can vary over time. The possible differences between surge dynamics at a single glacier could suggest that surges follow a single mechanism with different manifestations, rather than different surging mechanisms linked to climatic regions (e.g., Murray et al., 2003;Quincey et al., 2015).

The velocity time series from Shisper Glacier suggests a clear correlation between surge dynamics and glacial hydrology. We find that the dynamic evolution of the glacier can be decomposed in the following patterns (Figs. shows a slowdown in the surge with a short-term acceleration when a significant lake forms, (6) Phase 3

shows a significant increase in velocities that coincides with the spring speed-up in 2019, and (7) the surge terminates at the end of June 2019 in unison with the lake drainage. The consistent correlation between surge events and expected changes in glacial hydrology suggests that the surge represents a dynamic state where basal sliding is enhanced, but remains sensitive to hydraulic forcing.

Velocity fluctuations during surges appear to be commonplace when observations with a high-enough temporal resolution are available. The most striking example is the surge of Variegated Glacier in 1982-1983, where Kamb et al. (1985) ) recorded velocity fluctuations both at the seasonal scale, and within hours.

Furthermore, they identified a clear link between glacier hydrology and velocity fluctuations during the surge, referring to these events as mini-surges. A two-phase surge with peak velocity associated with surface meltwater production was also identified for Kyagar Glacier in the Chinese Karakoram (Round et al., 2017). A gradual increase in surface velocities over several years leading up to the surge of Basin-3 in Austfonna, Svalbard, in the early 2010s, is reported in Dunse et al. (2015). Again, velocity peaks akin to spring speed-ups are present, even during the surge. However, the amplitude of the speed-ups does not Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 129 appear to change significantly (see Fig. 2 in Dunse et al., 2015). Another example of seasonal velocity changes during a surge comes from Hagen Brae, North Greenland (Solgaard et al., 2020), where both summer and winter speed-ups are also documented.

An interesting outcome of the current study is that using only L8 or S2 would have led to an incomplete picture of the dynamics of Shisper Glacier. The L8 data hold the information about the dynamics prior to the surge, and the S2 data show the intricacies of the surge onset and its different phases (Fig. S4.1). The main reason why we are able to identify the different dynamic events leading up to and during the surge is the quality and the spatiotemporal resolution of the velocity time series. Based on the differences between L8-and S2-derived datasets (Fig. S4.1; see also Fig. 3 in Bhambri et al., 2020), we suggest that the conundrums related to specific surge mechanisms and evolution in different regions of the world (e.g., Murray et al., 2003;Quincey et al., 2015) are in part due to observational limitations. It is also important to note that even in our dataset, such limitations exist as velocity changes can be significant at an hourly timescale (e.g., Kamb et al., 1985). The data quality furthermore allows us to identify the main trunk as the location of the surge initiation, and to suggest that, at Shisper Glacier, the dynamic response of the rest of the glacier is driven by the dynamics of the main trunk. Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 130

Interplay between lake drainage and surge termination

The surge termination coincides with the drainage of the glacier-dammed lake on 23 June 2019 (Fig. 5c; Pamir Times, 2019;[START_REF] Rashid | The January 2018 to September 2019 surge of Shisper Glacier, Pakistan, detected from remote sensing observations[END_REF]. Cloud cover hampered our ability to utilize images collected around that time. Several coincident processes occur, which indicate that either the lake drainage affects the surge termination or vice versa. Surge termination is notoriously associated with a flood, whether it results from a glacier-dammed lake or subglacially stored water (e.g., Kamb et al., 1985;Round et al., 2017;Steiner et al., 2018;[START_REF] Ross | Hierarchical interlocked orthogonal faulting in the 2019 Ridgecrest earthquake sequence[END_REF]. During a surge, a distributed drainage system is necessary to maintain high water pressures. As a channelized drainage system forms, it is able to drain the water out of the glacier bed more efficiently, decreasing overall water pressures (e.g., Röthlisberger, 1972;Iken and Bindschadler, 1986;Björnsson, 1998;Mair et al., 2002;Werder and Funk, 2009), consequently terminating the surge (e.g., Kamb et al., 1985). In the case of Shisper Glacier, two scenarios are possible to explain this simultaneity: (1) the lake drainage initiated the onset of a channelized drainage under the whole glacier, or (2) the drainage of the water stored by the glacier during the surge opened waterways for the lake to drain. In the present study, we lack data to establish a causality between the two phenomena.

Here, and in other studies (Round et al., 2017;Steiner et al., 2018), lakes lay only about 1-3 km from the glacier terminus. The drainage of these lakes is synchronous with the termination of the surge. The lake drainage on 23 June 2019 only mildly affected Hassanabad Village, but severely damaged the Karakoram Highway (Pamir Times, 2019). The lake formed and drained again in 2020, this time, a month earlier, around 29 May, which could create a recurring hazard. Determining the causality between the lake drainage and surge-terminating flood would be important to determine the size of expected floods. If the volume of the stored water (Fig. S3.3) is added to that of the lake, the hazard could be much more important than if only the lake is considered. Vertical lines show the different sections of the glacier, from left to right, the icefall, the upper trunk, the main trunk, and the terminus (see Fig. 2).

Towards a unified glacier sliding relationship

We use the available data at Shisper Glacier to substantiate the behavior of the proposed generalized sliding relationship (Eq. 6) and to show the potential for future quantifications of sliding-law parameters.

Because of major uncertainties in the bed-elevation data available and the lack of numerical modeling, we are not able to quantify resistive stresses. We can however use the available data to infer the presence of rate-independent and rate-weakening relationships between resistive stress and sliding speed during the surge. Changes in glacier velocity are the result of changes in the balance between driving and resistive stresses, thus if velocities increase significantly without a commensurate change in driving stress, the resistive stress must decrease.

We plot estimates of driving stresses and sliding velocities for Shisper Glacier to assess the behavior before and during the surge (Fig. 8). We use the DEMs available (Fig. 6) and the models of bed topography (Farinotti et al., 2019) to estimate the driving stress,𝑟 𝑑 = 𝜌𝑔ℎ 𝑖𝑐𝑒 ∇𝑆 𝑖𝑐𝑒 (𝑥, 𝑦) , where ρ is the ice density, g is the gravitational acceleration, ℎ 𝑖𝑐𝑒 is the ice thickness, and ∇𝑆 𝑖𝑐𝑒 (𝑥, 𝑦) is the ice surface gradient. To ensure that the velocity change used in the slip relationship is associated with sliding, and that deformation only accounts for a negligible fraction of the signal, we use the difference between surface velocities and the mean quiescence velocities (𝑢 𝑒𝑥 = 𝑢 𝑠𝑢𝑟𝑓 -𝑢 𝑞𝑢𝑖𝑒𝑠𝑐 ̅̅̅̅̅̅̅̅̅). We term this velocity difference the excess velocity (𝑢 𝑒𝑥 ). The mean quiescence velocity (𝑢 𝑞𝑢𝑖𝑒𝑠𝑐 ) is calculated by time averaging the entire velocity field for each velocity map until the surge onset in November 2017. We expect this choice to lead to an overestimation of the mean quiescence velocity as it encompasses the enhanced speed-ups of 2015 and 2016. This underestimation of the sliding signal renders our assessment more conservative.
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The main source of uncertainty to estimate driving stress is the ice geometry. We have no field data for bed elevation and lack data on the evolution of the ice surface during the surge. We choose to use the SRTM DEM of 2000 to calculate driving stresses from the beginning of the time series until the lake forms. Thereafter, we use the DEM of 2019 (Fig. 9). This is a somewhat arbitrary change based on the expected geometric evolution. It is important to note that using either DEM for the driving stress approximation does not alter the patterns significantly (Figs. S4.3 to S4.7). We divide the velocity dataset into four spatial zones, as delimited in Figs. 2 and9, and two periods, i.e., the quiescence and the surge (see Fig. 8). We chose to lump the different phases of the surge together because we lack data on surface changes at a required temporal resolution during the event. The icefall and the front of the terminus show particularly high driving stresses because of surface slopes greater than 30ְְ ° (Fig. 9).

We find that the relationship between driving stress and excess velocity can be comprised between two main behaviors: it either reaches an asymptote (dashed line) or decreases after a maximum value is reached (full line) for excess velocities (𝑢 𝑒𝑥 ≥ ~3𝑚𝑑 -1 , Fig. 8). This observation stands across the different glacier regions. During the quiescence, where excess velocities remain smaller than ~3md-1 , these trends are not apparent (with the exception of the main trunk where the speed-ups of 2015 and 2016 occurred)

and hint at a commensurate evolution of driving stresses and excess velocities (Fig. S4.9). The icefall region shows particularly high driving stresses, and excess velocities are more scattered than for the rest of the dataset. The presence of clouds and snow over the topography at high elevations weakens image correlation, a likely source of the scatter, rendering the velocity data less reliable.

As driving stress reaches an asymptote or even decreases as excess velocity increases, resistive stress must also be bounded or decrease. This behavior is expected from the generalized sliding relationship (Eq. 6;

Fig. 1). Previous studies show that for sliding velocities in excess of ~0.4md-1 , the basal shear stress tends to be lower than the driving stress (Habermann et al., 2013;Hoffman and Price, 2014;Minchew et al., 2016;Vallot et al., 2017;Thøgersen et al., 2019), further solidifying our assessment. We thus suggest that the data presented substantiate the rate-independent or rate-weakening behavior as proposed in the generalized sliding relationship. The methods presented here, supported with a good bed map and an inversion for resistive stress, could lead to a quantification of the parameters of the sliding relationship.

Implications for glacier sliding

To date, attempts at validating a sliding relationship remain scarce and highlight the caveats of Weertmantype relationships (e.g., Bindschadler, 1983;Minchew et al., 2016;Vallot et al., 2017;Stearns and Van der Veen, 2018;Joughin et al., 2019). shear stresses for several Greenlandic outlet glaciers. These studies have the following in common: they assume a deformable bed, and they are using mostly spatial changes, not time series.

Our dataset combined with the generalized sliding relationship allows us to bridge the gap between relatively slow glacier flow, with velocities comparable to Iceland during the quiescence, and fast ice flow, with velocities comparable to that of Greenlandic or Antarctic outlet glaciers. For example, Stearns and Van der Veen (2018), looking at 140 outlet glaciers in Greenland, find no relationship between velocity and basal shear stress, yet they find a correlation between velocities and their proxy for effective pressure.

We suggest that these glaciers are undergoing a skin friction regime. The generalized sliding relationship further shows that the maximum bed resistance is mostly controlled by the effective pressure, and the relationship between velocities and basal shear stress in their dataset may exist via the effective pressure, although it is non trivial. Re-analyzing these datasets in light of the generalized sliding relationship could thus help to quantify the free parameters, σmax and ut, and gain valuable insight about the bed conditions of these outlet glaciers. Vallot et al. (2017) find that sliding parameters need to change in time and space to account for the evolution of sliding patterns. The span in driving stress versus excess velocity plot suggest that this is the case for Shisper Glacier too. Future quantifications should thus include a range of dynamic behaviors, even for a single glacier.

The results we present suggest that it is possible to test and quantify generalized sliding parameters globally. Our methods, completed with good bed-elevation data and extended with numerical modeling of the stress balance, would enable the inversion for the four key parameters in the generalized sliding relationship: ut, σmax, p, and q. These efforts are facilitated by the widespread availability of glacier surface velocities (e.g., Gardner et al., 2019). For such quantification to be efficient though, it is essential to focus on improving glacier bed-geometry measurements or estimations. Numerical modeling is also necessary to constrain the stress balance and isolate basal shear stresses (Habermann et al., 2013;Hoffman and Price, 2014;Minchew et al., 2016;Vallot et al., 2017;Thøgersen et al., 2019). In addition, the remote-sensing method we present is key to identifying subseasonal surface velocity fluctuations, shedding new light on global glacier dynamics.
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Outlook on surge behavior

Traditionally, glacier surges are divided in two main categories, i.e., surges triggered by glacier hydrology and those triggered by a change in basal thermal regime (e.g., Meier and Post, 1969;Clarke et al., 1984;Jiskoot et al., 2000;Murray et al., 2000Murray et al., , 2003;;Sevestre et al., 2015). The thermal trigger consists of an event that thaws a glacier bed that was previously frozen (e.g., Clarke et al., 1984;Murray et al., 2000).

The hydraulic trigger refers to an increase in basal water pressure that reduces bed resistance (e.g., Kamb et al., 1985;Murray et al., 2003;Sevestre et al., 2015). Slow build-ups and terminations (e.g., Murray et al., 2003) are widely used criteria for identifying a thermal trigger (e.g., Quincey et al., 2015). By contrast, a hydraulic trigger is expected to produce more sudden velocity variations. While it remains a broadly recognized hypothesis (e.g., Farinotti et al., 2020), there is little direct evidence to support the thermal trigger of cyclic surges (Clarke et al., 1984;Frappé and Clarke, 2007;Sevestre et al., 2015).

Neither trigger mechanism provides an explanation as to why certain glaciers are surge-type and others are not. A global glacier analysis shows that surge-type glaciers are only found within certain climatic conditions (Sevestre et al., 2015). Benn et al. ( 2019) propose a theoretical model of glacier surge based on enthalpy and mass budgets that captures this climatic condition and can capture whether a glacier is stable (non-surge-type) or unstable (surge-type). In this model, enthalpy is gained by adding heat or water to the system. Since ice cannot be warmer than 0∘C, water content is necessary to track total heat content. Mass is gained by ice accumulation and lost by melt and flow. The enthalpy and mass budgets are intricately linked. For example, an increase in water content tends to yield faster ice flow, while an increase in heat production leads to more ice melt. The interplay between the two budgets is described in detail in Benn et al. (2019). An important element of this model is that basal shear heating can play an important role in the surge cycle.

At Shisper Glacier, the increase in spring speed-up amplitude, together with the pre-and post-surge differences in driving stress, are consistent with expected enthalpy and mass budgets. The gradual increase in spring speed-up amplitude suggests that the glacier is in an increasing energy state and increasingly sensitive to water pressure changes. This state of higher enthalpy appears to be happening at the same time as mass is gained.

Once the glacier is in an unstable equilibrium, any perturbation can start the surge. For Shisper Glacier, we infer that perturbation is caused by surface melt-dominated hydrology due to its periodic nature, rather than by a relatively steady meltwater production due to shear heating. Our data show a pre-surge history of both fall and spring speed-ups that appears to be linked to the glacier's hydrology (Fig. 5), and thereafter Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 136 the surge dynamics seem to be modulated by hydraulic events. Spring speed-ups are typically explained by an increase in water input overwhelming a mostly distributed subglacial drainage system (e.g., Müller and Iken, 1973;Iken and Truffer, 1997). On the other hand, the fall speed-up is typically explained by the closure of a channelized drainage system that leads to an overall increase in water pressure, although the input does not necessarily increase, and that mechanism has previously been proposed to explain surge initiation (e.g., Kamb, 1987;Abe and Furuya, 2015). The presence of fall speed-ups prior to the surge and its slow initiation showing a coinciding timing suggest that said fall speed-up is responsible for the surge onset. The first main phase of the surge is then triggered by the following spring speed-up.

Theories of subglacial water drainage suggest that subglacial waterways can adapt relatively rapidly to changing inputs (days to week), which would prevent a relatively slow increase in water input to trigger a sharp speed-up (Flowers, 2008;Werder et al., 2013). If we estimate the basal shear heating over the current dataset, we find that while it is non-negligible (Fig. S4.2), it produces significantly less melt than the expected surface melting if the mean daily temperature is above 2 ∘C. This is commensurate with the surface temperature at the time of the surge onset in the main trunk. We thus suggest that the basal shear heating likely plays an important role in sustaining relatively high water pressures and the high enthalpy state of the glacier leading up to, and during the surge, although it is unlikely to be a trigger due to its steady nature. In summary, at Shisper Glacier, hydraulic event triggers are necessary to drive each phase of the surge while the shear heating could be necessary to sustain surge velocities.

From Eqs. ( 4)-( 6), we can further conclude that changes in N drive the different phases of the surge, rather than changes in driving stress or bed properties. Changes in bed properties, such as till strength, particle, or obstacle size, can be significant in space, but can be ignored over the timescale of a surge. Driving stresses change significantly during the surge (Fig. 9), with drops of up to 200 kPa between 2000 and 2019. Yet, such changes remain smaller than the expected fluctuations in N. Subdaily changes in N for Shisper Glacier are expected to be at least on the order of 100 kPa (∼10 m of water) as observed for small valley glaciers (e.g., Iken, 1981;Rada and Schoof, 2018), and up to 103 kPa as observed during the surge of Variegated Glacier (Kamb et al., 1985). For example, the significant mass wastage between the surge onset and Phase 3 is still not significant enough to prevent Phase 3 of the surge.

The generalized sliding relationship highlights the importance of effective pressure in controlling sliding throughout the surge. While we cannot readily express the generalized sliding relationship as a function of N, we can discuss its relative importance on σmax and ut. Both σmax and ut are controlled by a combination of N, bed properties and ice rheology at the bed (Eqs. 4 and 5). (within parameter As). Considering that, for Shisper Glacier, the ice at the bed is at the pressure-melting point before the surge, it can be assumed that the parameter As is constant throughout the study period (Cuffey and Paterson, 2010). Furthermore, once the transition or skin friction regimes are reached, the effect of changes in driving stress become secondary, as long as it is greater than the basal shear stress (Fig. 1). We thus suggest that bed properties have a significant impact on the spatial distribution σmax and ut, and the temporal variations originate from changes in N almost uniquely.

The effective pressure, N, which depends on the ice thickness and basal fluid pressure, might be seen as a state variable that controls both the onset of unstable sliding, i.e., the transition and skin friction regimes, but also allows the recovery from fast sliding to occur (Fig. 7b). This means that both the surge initiation and termination can be hydraulically triggered. The idea that enhanced driving stresses lead to initiation, or that draining of glacier ice and resulting decrease in driving stresses can cause the surge to terminate, would require rates and amplitudes of driving stress changes that are unrealistic. Changes in glacier surface akin to those we observe over 2 years (DEMs of 2017 and 2019) would be necessary to bring the sliding regime into the transition regime or terminate the skin friction regime, under constant hydraulic conditions.

Expecting these changes to occur over the time span of surge initiation or termination is unrealistic.

The generalized sliding relationship also offers a possible explanation for differences in surge dynamics, for example, whether the velocity increase is gradual or sudden. For bed conditions where the threshold velocity is relatively large and q=1, reaching skin friction will be gradual and the transition regime will span a large range of sliding velocities. This would result in a gradual increase in velocities towards the surge apex. Conversely, a relatively low-threshold velocity and large q would mean that the transition regime only spans a small range of velocities, and the skin friction regime is highly rate-weakening. The surge apex would be reached quickly, and surge velocities could remain particularly high until a significant water drainage event occurs.

Conclusions

We present a generalized sliding relationship for glaciers valid for both rigid and deformable beds, together with a remote-sensing workflow that allows us to substantiate this relationship from time series of optical images. The new remote-sensing workflow allows us to combine surface velocity time series, Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 138 calculated from two different satellites systems (L8 and S2) and achieve a high spatiotemporal resolution.

The combined dataset is then enhanced by post-processing steps that significantly improve data quality.

We apply this remote-sensing workflow to the surge-type Shisper Glacier in Pakistan's Karakoram, and obtain a particularly detailed picture of the dynamic changes leading up to and during the recent surge.

We find an increased amplitude of spring speed-ups in the few years leading up to the surge. Then the surge can be decomposed in a slow onset and three main phases. Importantly, these events appear to be linked to the hydraulic activity of the glacier. We thus suggest that the surge is a state of heightened velocity and sensitive to hydraulic changes.

Our estimation of driving stresses and sliding velocities show that sliding can increase independently of driving stress when sliding speeds are relatively large. This confirms the predictions from the generalized sliding relationship and the existence of transition and skin friction sliding regimes (i.e., rate-independent or rate-weakening) during the surge, while the quiescence appear to be characterized mostly by a form drag regime (i.e., rate-strengthening). The spring speed-up events likely represent incursions into the transition regime. The present study presents a proof of concept for a method to test glacier sliding relationships at a global scale, using mostly open-source data and software. We anticipate that reproducing such a study for a glacier with a good bed map and constraint on the ice surface evolution, combined with numerical modeling could yield a quantification of the sliding relationship parameters. Such studies will be essential to better understand glacier surges and the fast flow of tidewater glaciers in Patagonia, Alaska, Greenland, and Antarctica.

RFM in Chapter 3, then proposed a new approach to refine the rational function model in general (Chapter3) and a more adapted approach for the push-frame imaging system (Chapter 4). In addition, we were able to take advantage of the specificity of the push-frame acquisition mode to extract stereoscopic measurements and generate good-quality DSMs. This is a capability that had not been anticipated and which offers the possibility to monitor elevation changes. The potential of the proposed RFM refinement approach was investigated using two examples, one to monitor mine changes using the SkySat push-frame tri-stereo imaging system and the second to monitor glacier movement in 3D using the PlanetScope near-nadir pushframe imaging system. With the two examples chosen for this investigation, we have demonstrated the potential of our RFM refinement approach as well as the potential of the cube-sat imagery to detect and measure topographic changes.

Note, however, that, when applicable, a Rigorous Sensor Model should yield even better geometric accuracy than any RFM refinement method, including ours. Chapter 2 presented a new approach to measuring ground deformation in 3D from raw optical satellite images provided with physical metadata.

This approach is applicable if at least 2 pairs of images are available before and after a deformation event.

In any case, the method yields the 2-D displacement field with significantly better accuracy than a standard correlation of ortho-images, even if the orthorectification procedure is optimized to correct misregistration arising from errors on the internal and external models. In addition, we demonstrated that the vertical displacements could be resolved if the viewing angles span a sufficiently large range of values (> 8°) to allow for measurable stereoscopic offsets. The proposed procedure makes use of a reference DEM, but the outcome is independent of the characteristics of the chosen DEM, which is not the case with the standard approach. The Ridgecrest earthquake sequence case-study was used to assess the performance of our proposed approach. We were able to generate high-quality measurements of coseismic ground displacement with GSD of 2.4m, and uncertainties at the 90% confidence level on the NS, EW, and vertical displacement measurements of 0.6m, 0.7m, and 0.6m, respectively. The technique could similarly be used to study other processes causing displacements of the earth surface, such as slow landslide, sand dune migration, volcanic deformation, and ice flow.

In order to extend the capabilities to harmonize and curate orthoimages products, the methodological contribution proposed in this thesis also covered images delivered as orthorectified, such as Sentinel-2, Landsat-8, and PlanetScope-L3B. Therefore, a set of methods based on an unsupervised learning technique that takes advantage of data redundancy was presented. We demonstrated that we could use all these data in a harmonized data cube to monitor the earth surface changes over time and even to mitigate some geometric artifacts if enough data were available. Two unsupervised learning techniques were proposed geoPCAIM and geoICA. The addition of these post-processing approaches takes advantage of data _____________________________________________________________________________________ 141 redundancy to separate the deformation signal from the various sources of artifacts typical of satellite imaging systems, which could be related to the satellite model (e.g., the telescope position and viewing direction during the image acquisition) and the production of the images distributed by the providers (e.g., resampling bias and frame-to-frame mis-registration).

Two examples were chosen to demonstrate this approach's efficiency in monitoring the earth surface change. The first example was to track the glacier dynamic of glacier Surge in Pakistan, where we used a time series of Sentinel -2, Landsat-8, and L3B Planet Scope to determine the glacier movement over time (Chapter 5). The second example was the Ridgecrest earthquake; we demonstrated the potential of these approaches to reduce the geometrically related artifacts of PS images and how these images can be used to study the dynamic changes due to the Earthquake.

Figure 1 .

 1 Figure 1.1 A graphic of Earth observation systems, presented at the National Imagery Summit by Greg Stensaas, manager of the Requirements, Capabilities and Analysis for Earth Observation (RCA-EO) project and JACIE coordinator for the Earth Resources Observation and Science (EROS) Center. Credit USGS.

Figure 1 . 2

 12 Figure 1.2 Illustration of the reference 3D-displacement measurements extracte using geoCosi-Corr3D approach. (a-c) Color maps represent the East/West, North/South, and vertical ground displacement, respectively. (d-f) profiles extracted along the respective black box in panels (a-c).

Figure 1 . 3

 13 illustrates the obtained results.
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 13 Figure 1.3 Illustration of the SkySat 3D extraction over a mine site in Arizona, USA. (a) Elevation changes over Morenci Mine area computed from the difference of 2016 3DEP LiDAR and January 2019 SkySat DEM; (b) Elevation profiles from Skysat and LiDAR DEMs; (c) Elevation difference profile. Profiles are extracted along transect AA' indicated in panel (a).

Figure 1 . 4

 14 Figure 1.4 Illustration of the PlanetScope 3D extraction over Shisper glacier. (a) DEM extracted from PlanetScope data in 2019. (b) Elevation changes over Shisper glacier computed from the difference of 2019 and 2017 DOVE-C DEMs, overlayed with a hillshaded DOVE-C 2017 DEM; (c) Elevation profiles from 2017 and 2019 Dove-C DEMs. Profiles are extracted along the transect AA' indicated in panel (b).

Figure 1 . 5

 15 Figure 1.5 Graphical example illustrating this work contribution. Horizontal ground displacement due to the 2019 Ridgecrest earthquake (California, USA) measured using Dove-R images (a) with standard registration and correlation tools (b) with our method, which remediated most of the artifacts. (c) Horizontal ground displacement of Shisper glacier (Karakoram) using a time series of Dove-C images processed with our method. (d) Elevation changes due to the surge

Figure 1 . 6

 16 Figure 1.6 Time series of (a) surface velocity and (b) normalized surface velocity along the median flowline of Shisper glacier from 2013 to 2019. The plots were produced from time series of displacement maps generated from Landsat-8 and Sentinel-2 images and with the geoPCAIM reconstruction approach. (c) Time series of terminus position advance and MERRA-2 satellite reanalysis of maximum daily temperature data for the study area at an equivalent elevation of 4176 m a.s.l.; temperature are normalized by the maximum value, and blue and yellow represents temperature below and above 0°, respectively. In (b) velocities are normalized with respect to average surface velocity during the quiescence. Normalized velocities exceeding 10 are considered surge velocities. The major surface velocity patterns that we identified are shown with the white labelled lines in (b). The data allow documenting a surge of the glacier, which occurred in 2018 and led to a Glacial Lake Outbreak Flood (GLOF).

  . Par exemple, le 23 juillet 1972, le lancement du premier satellite d'Observation de la Terre Landsat, a marqué le début d'une nouvelle ère dans le domaine de télédétection. Pour la première fois, les satellites optiques ont pu capturer des images multispectrales à quatre bandes (verte, rouge et deux bandes infrarouges) avec une résolution de 80 m grâce à un senseur multispectral. La série Landsat se poursuit avec le dernier satellite Landsat-9 (15 m à 30 m) et contribue aux archives d'images Landsat de près de 49 ans en capturant des images multispectrales à une résolution de 30 m (Saralioglu et Gungor, 2020). Une autre date importante dans les missions publiques d'observation de la Terre est le 23 juin 2015 marquée par le lancement de la mission Sentinel-2, une mission Copernicus qui acquiert systématiquement des images optiques avec une résolution spatiale (10 m à 60 m) qui couvre la terre et les eaux côtières tous les 10 jours et depuis 2017 tous les 5 jours. La mission est actuellement une constellation composée de deux satellites, Sentinel-2A et Sentinel-2B ; un troisième satellite, Sentinel-2C, est en cours de test pour un lancement en 2024. L'un des inconvénients de ce modèle est que les délais de développement et de lancement des plateformes satellitaires sont très longs, parfois une décennie ou plus, et que la résolution spatiale et temporelle est limitée. Ces inconvénients ont été atténués par le lancement de plates-formes d'observation de la Terre Haute/Très-Haute résolution issues de missions commerciales telles que Digital Globe, Airbus/CNES et Planet.

Chapitre 3 -Chapitre 4 -

 34 applications de traitements et analyses d'images satellitaires. Par conséquent, la fusion des images multi-temporelles et multi-plateformes en un ensemble de données harmonisé nécessite d'abord et avant tout une registration précise des images. Cependant, avec l'augmentation du nombre d'images satellites et la tendance à utiliser de multiples images provenant de différents capteurs, il existe peu de solutions géospatiales pour l'harmonisation géométrique et l'atténuation des artefacts géométriques.C'est pourquoi dans le cadre de cette thèse, nous nous sommes concentrés sur les objectifs suivants :❖ Développer et mettre en oeuvre une procédure pour optimiser l'alignement des images satellitaires livrées dans le standard RFM ainsi qu'en utilisant le modèle rigoureux. La méthode est agnostique vis-à-vis des capteurs et permet donc l'alignement conjoint d'images provenant de différentes plateformes et produit des données ARD harmonisées géométriquement.❖ Explorer le potentiel de l'imagerie CubeSat pour l'analyse de séries temporelles et la surveillance de la déformation de la surface de la terre en 2D et 3D en évaluant les données publiques fournies, puis en proposant un ensemble d'outils pour la calibration géométrique et la génération de modèles numériques d'élévation (MNE).❖ Proposer une nouvelle méthode pour résoudre le champ complet de déformation de la surface de la terre en 3D en utilisant une technique de corrélation d'images et une approche de traçage de l'angle de vue du satellite.❖ Identifier les artefacts géométriques dans les images satellite de haute/très haute résolution et démontrer que lorsqu'un grand volume de données est disponible, il est possible de séparer le signal de déformation de surface des artefacts liés à la géométrie de l'image.❖ Proposer une nouvelle approche méthodologique pour produire des cartes de vitesse à haute résolution spatiotemporelle à partir d'images optiques en utilisant une combinaison de Sentinel-2, Landsat-8, et PlanetScope et utiliser les résultats pour étudier l'avancement des glaces en 2D et 3D.❖ Étendre la méthode décrite dansLeprince et al. (2007) à l'imagerie push-frame et implémenter toutes les méthodes développées dans un logiciel géospatial open-source appelé Cosi-Corr+ (geoCosiCorr3D).Structure du manuscritChapitre 2 -An improved method for 2-D and 3-D precise measurements of ground deformation from optimized registration and correlation of optical images, and ICA based filtering of image geometry artifacts. Le contenu de ce chapitre a été publié dans le journal Remote Sensing of Environment Journal. Cet article propose une nouvelle méthode de bout en bout pour extraire un déplacement de surface de haute qualité en 2D/ 3D basé sur la corrélation d'imagerie optique VHR/HR multi-date et multi-plateforme. La méthode est mise en oeuvre sous la forme d'un logiciel dont le code source est libre appelé COSI-Corr+ (geoCosiCorr3D). Ce logiciel permet le prétraitement des données, le raffinement de la géométrie physique, l'orthorectification, la corrélation d'images sous-pixel, le calcul du déplacement 3D et l'analyse des séries temporelles géospatiales. Nous montrons en outre que lorsqu'un volume suffisant de données est disponible, il est possible de séparer le signal de déformation des artefacts dus aux perturbation du satellite et aux mauvais alignements des CCD, qui, avec les artefacts topographiques, sont la principale source de bruit dans la mesure de la déformation du sol à partir de la corrélation d'images satellites. Notre procédure utilise l'analyse en composantes indépendantes (ICA), une technique de séparation aveugle des sources qui permet d'extraire des signaux qui seraient autrement camouflés lorsque la méthode statistique d'ordre inférieur de l'analyse en composantes principales (PCA) est adoptée. Notre étude présente une nouvelle application de l'ICA en démontrant que les artefacts géométriques des images peuvent être filtrés avec cette technique. Il s'agit d'un élément crucial de notre cahine de travail car il permet de mesurer avec précision les décalages stéréoscopiques pour les paires d'images à faible B/H, ce qui est essentiel pour améliorer les mesures bidimensionnelles et extraire le champ de déplacement vertical. En outre, notre méthode utilise un modèle numérique d'élévation (MNE) de référence, mais le résultat est indépendant des caractéristiques du MNE choisi. Nous utilisons l'exemple de la déformation du sol causée par la séquence de séismes de Ridgecrest pour évaluer la performance de l'approche proposée. Nous montrons que cette approche est plus performante que l'approche standard, qui combine la corrélation 2-D et la différenciation des MNE. Grâce à notre technique, nous avons pu générer des mesures de haute qualité du déplacement du sol cosismique avec une résolution au sol de 2,4 m et des incertitudes au niveau de confiance de 90 % sur les mesures de déplacement NS, EW et vertical de 0,6 m, 0,7 m et 0,6 m, respectivement. Optimization of optical image geometric modeling, application to topography extraction and topographic change measurements using PlanetScope and SkySat imagery Le contenu de ce chapitre a été publié dans la revue Remote Sensing. Dans cette étude, nous nous concentrons sur les images push-frame acquises par les CubeSats la société PlanetLabs, nous donnons un aperçu de l'imagerie SkySat et PlanetScope et présentons une méthodologie pour l'optimisation du modèle RFM et la reconstruction 3D. Nous démontrons le potentiel de ces données pour la reconstruction 3D en utilisant des images tri-stéréo Skysat L1B au-dessus de la mine de Morenci, en Arizona, qui est la plus grande mine de cuivre des États-Unis. L'erreur de reprojection après l'optimisation du modèle RFM est de 0,42 pixel sans utiliser de points de contrôle au sol (GCP). En comparant notre modèle numérique d'élévation (MNE avec ~3 m de résolution) avec un MNE de référence obtenue à partir d'un levé LiDAR aéroporté (avec ~1 m de résolution) sur des zones stables, on obtient un écart type des différences d'élévation de ~3,9 m. La comparaison des deux MNE permet de détecter et de mesurer les changements topographiques dus à l'activité minière. En outre, nous évaluons le potentiel des données PlanetScope, en utilisant des images DOVE-C L1B multi dates du glacier Shisper, situé dans le Karakoram (Pakistan), connu pour son récent déplacement rapide de glace. Nous avons extrait des MNE en 2017 et 2019, avant et après le déferlement. L'erreur de reprojection après le raffinement du modèle RFM est de 0,38 pix sans utiliser de GCP. La précision des MNEs générer (~9 m) est évaluée par comparaison avec le MNE SRTM ( 30 m) et avec un MNE ~2 m) calculé à partir d'images stéréo Geoeye-1 et World-View-2. L'écart-type des différences d'élévation dans les zones stables entre le MNE PlanetScope et le SRTM est de ~12 m et de ~7 m avec le MNE GE-1&WV-2. Le transfert de masse dû au déplacement de la glace est clairement révélé par la comparaison des MNE 2017 et 2019. Cette étude démontre qu'avec le schéma proposé pour l'optimisation du modèle RFM que les séries temporelles de MNE extraites des images SkySat et PlanetScope peuvent être utilisées pour mesurer les changements topographiques dus aux activités minières ou au déplacement de la glace et pourraient également être utilisées pour surveiller les processus géomorphologiques tels que les glissements de terrain ou l'érosion côtière par exemple. Potential and Limitation of PlanetScope Images for 2-D and 3-D Earth Surface Monitoring with Example of Applications to Glaciers and Earthquakes. Le contenu de ce chapitre a été publié dans IEEE Transactions on Geoscience and Remote Sensing. Cette étude vise Chapitre 3-Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law Le contenu de ce chapitre a été publié dans la revue Cryosphere. Ma contribution a consisté principalement à développer la méthode présentée dans l'étude pour le traitement et l'analyse des séries temporelles d'images optiques. Les autres auteurs ont dirigé l'interprétation glaciologique. Cette étude introduit une nouvelle architecture de traitement pour produire des cartes de vitesse à haute résolution spatiale et temporelle à partir de données de télédétection combinant Sentinel-2, Landsat 8 et PlanetScope. Les résultats sont utilisés pour décrire le déplacement de la glace Shisper. La qualité et la résolution spatio-temporelle des séries temporelles des cartes de vitesse produites nous ont permis d'identifier une amplification progressive des vitesses printanière pendant les deux années précédant le déplacement rapide de la glace qui a débuté fin 2017. Nous avons également constaté que les vitesses de surface pendant cette période peuvent être décomposées en trois phases principales, et que chaque phase semble être associée à des changements hydrauliques. Chapter 2. An improved method for 2-D and 3-D precise measurements of ground deformation from optimized registration and correlation of optical images, and ICA based filtering of image geometry artifacts. _____________________________________________________________________________________________ Chapter 2 An improved method for 2-D and 3-D precise measurements of ground deformation from optimized registration and correlation of optical images, and ICA based filtering of image geometry artifacts.

Figure 2 . 1

 21 Figure 2.1 Standard method

Figure 2 . 2

 22 Figure 2.2 Process flowchart of the proposed approach. The method comprises five stages: (1) Rigorous sensor model refinement (RSM), (2) Orthorectification and resampling, (3) Image correlation, (4) 3D-displacement calculation, and (5) Independent component analysis.

Figure 2 . 3

 23 Figure 2.3 Overview of the study area and used datasets. (a) The inset shows the geographic location of the study area with a true-color NAIP image as background. A simplified rupture map of the Mw6.7 occurred on July 4, 2019, in a cyan polyline, and the Mw7.1 occurred on July 5, 2019, in a red polyline. The black rectangles represent the selected region of interest. (b)Timeline of the satellite images used in this study with respect to the date of earthquakes. (c,d) Key characteristics of image datasets and digital elevation models, respectively used in this study.

Fig. 4 -

 4 Fig. 4-a shows an example of measured error in one ortho-image orthorectified using three different DEMs. The CE68 and CE90 values are reported in the plots of Fig.4-b-c and summarized inTable 2.2.

Figure 2 . 4

 24 Figure 2.4 Co-registration assessment. (a) Example of measured horizontal geolocation errors (in meter) of an orthorectified WV-1 image acquired on June 16, 2018. Three ortho-images were generated at 60 cm GSD using three rDEMs: Pre-DEM (left), Lidar (center), and SRTM (right). Scatterplots show the 2-D misregistration shifts in-ground space (UTM-11N). The purple and cyan circles indicate CE68 and CE90, respectively. The black points represent the extracted vCPs between the ortho-images and the ref-image (NAIP). (b) Registration uncertainty, each black point represents the average X shift and Y shift measured in each ortho-image with respect to the ref-image. The red square represents the average registration value of all ortho-images (∆𝑋, ∆𝑌) = (-0. , -0.2) m. (c) Circular errors CE68 (black) and CE90 (red) of the 34-ortho-images. The error bars show the mean values of the biases (shift) in X and Y. The horizontal dashed black (CE68) and Red (CE90) lines indicate the mean circular error of all ortho-images (k=33), respectively. A summary of all computed statistical values is reported in Table S.2

  orthorectified a 3D-set composed of four Digital Globe images (WV3 acquired on September 8, 2016, WV1 acquired on June 18, 2018, WV2 acquired on July 14, 2019 and WV1 acquired on June 21, 2020) at 60-cm ground sampling distance using the high-resolution DEMs (1-m GSD) produced from photogrammetry using data either before or after the event. Then, three horizontal surface displacement fields with 2.6-m GSD were derived by correlating the base image (WV3) to the three target images (pre1-WV1, post1-WV2 and post2-WV1). The acquisition parameters of the images in this 3D-set and the correlation results are shown in Fig.5. The measurements show strong linear stripe artifacts caused by misalignment of the CCD arrays, a common problem in push-broom imaging systems that generally use a sensor formed of staggered line arrays of CCD. The misalignments are generally small within a single array and larger at the junctions between different arrays. The observed spaced stripes in Fig.5-a in the North/South component of the computed horizontal displacement map are correlated with the corresponding spatial positions of the CCD sensors in the base and target images. Consequently, the measured horizontal displacement is biased by ~40 cm (~0.7
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Figure 2 . 5

 25 Figure 2.5 Image correlation artifacts. (a) North/South component (northward positive) of the displacement map computed between two pre-event images (WV3 acquisition from September 08 2016, and WV-2 acquisition from June 16 2018). No measurement is assigned to white points where the correlation is too weak. The superimposed graph shows the bias included by the jitter artifact. (b) North/South component map of the Mw 7.1 coseismic displacement field due to the 2019 Ridgecrest earthquake.The pre-earthquake image (WV-3) and the post-earthquake image (WV-2 acquisition from July 14 2019) were resampled and orthorectified at 60 cm resolution on a 1m pre-and post-DEMs, respectively. The offsets were measured from a sub-pixel correlation between a multi-scale sliding window of 128 x 128 to 64 x 64 pixels, sliding with a step of 8 pixels. The superimposed graph shows the N/S displacement within this box. The orange profile estimates the bias included by the CCD distortions of both WV-3 and WV-1 images before the earthquake. Blue and orange profiles estimate the displacement between images bracketing the earthquake. (c) E/W component (Eastward positive) over the same area between two Spot-6 images bracketing the earthquake. The fault rupture is identifiable, but the measurement is biased due to the aliasing artifacts. The red

Figure 2 .

 2 Figure 2.6 N/S component of the horizontal displacement. The Base-Pre1 column (a) corresponds to the correlation between two pre-event images (WV1 and WV2 images acquired on June 16, 2018, and June 23, 2018, respectively). Base-post1 (b) and Base-post2 (c) columns correspond to the correlation of two images bracketing the MW 7.1 earthquake. WV1 as the pre-event image and the stereo pair WV2 as the post-event images (the stereo-images were acquired on July 14, 2019). The images were orthorectified and resampled to 60 cm resolution using three different DEMs: pre-DEM (1m), Lidar DEM (10 m), and SRTM DEM (30 m). (d) Skyplot with satellites: azimuth, elevation, and off-nadir angles and the position of the sun.

Chapter 2 .Figure 2 .

 22 Figure2.7 3D-displacement maps using our approach. The method was applied to the same data set as in Fig.6. The first and second columns correspond to the horizontal displacement. The third column corresponds to the vertical displacement. The method was tested using three reference DEMs: Pre-DEM (1m), LidarDEM (10m), and SRTM DEM (30 m).

Figure 2 . 8

 28 Figure 2.8 Overview of produced 3D displacement using the standard method. (a, b) 2.4-m resolution horizontal surface displacement field of the Mw 7.1 Ridgecrest. (a) East/West component and (b) North/South component. The horizontal displacement was derived by correlation of two images bracketing the earthquake using a multi-scale subpixel frequency correlator. (c) Vertical displacements are derived by differencing pre-and post-DEM.The correlation of the pre-and-post shaded DEMs (Fig.S2) actually shows some measurable deformation signal despite the lower resolution of the DEMS compared to the images. The standard approach yields in a biased displacement arising due to lateral shift of the topography during the earthquake. The bias is between 1.6m and 2m on average (Fig.S 2-f-g). In general, the topography differencing will reflect the combined effects of misregistration, resampling errors and unaccounted advective transport of the topography. By contrast our method solves for the 3D

Figure 2 . 9

 29 Figure 2.9 Comparison of vertical displacements measured from our approach and DEM differencing. Blue profiles corresponded to measurement using our method and orange profiles the measurement from standard method. Profiles extracted along (a) AA',(b) BB' and (c) CC', respectively. See Fig.8-c for profiles locations.

Figure 2 .

 2 Figure 2.10 Cross-platform 3D-displacement. (a,c) Sky plots of the 3D-set used for the displacement calculation, using Spot-6 and WV-1 as base image for correlation respectively. (b,d) Derived displacement measurements in EW (-1), NS (-2) and Dz (-3) directions, respectively.

  3.5). Each displacement map in this data cube should contain the same deformation signal with addition artifacts of varying amplitude and nature depending on the choice of the base image. As can be seen in the East/West component of the data cube (Fig.11-a), there are two displacement maps where the aliasing pattern is clearly identifiable. They correspond to the scheme in which we have chosen one of the two SPOT images as a base-image.

Figure 2 .

 2 Figure 2.11 East/West displacement component of the cross-platform data cube. (a) The input E/W component of the data cube. (b) Reconstructed E/W component using the coseismic displacement source of the ICA decomposition. (c) Displacement residuals reconstructed using the remaining sources of the ICA decomposition. (1-4) Correspond to the base image used for the correlation scheme (WV1, pre-Spot6, WV2, and post-Spot6, respectively).By applying the ICA decomposition to the data cube, we were able to separate the coseismic displacement from artifacts sources which correspond mainly to the aliasing artifact. The extracted sources for the East/West component are presented in Fig.12. As expected, the deformation signal, easily identifiable from the discontinuity due to the surface ruptures, shows up in only one component (S1). The 3D-displacment map was produced using only this source. Fig. 11-b reports the extracted deformation signal, and Fig. 11-c represent the artifact.

Figure 2 .

 2 Figure 2.12 A plot of independent sources extracted from the East/West cross-platform data cube.

Figure 2 .

 2 Figure 2.13 Overview of the 3D-displacement measurements produced using the average stack of the extracted coseismic displacement sources.

Figure 2 .

 2 Figure 2.14 Example of the 3D-displacement maps computed with 4 different combinations of images.Visual assessment reveals fluctuations of the vertical components which vary depending on the acquisition geometry of the satellites. The horizontal components are more stable. Linear stripes are observed along and across the displacement maps, which are typical of CCD misalignment and Jitter, respectively. Therefore, we can infer that even by applying the CCD correction suggested by ASP[START_REF] Shean | An automated, open-source pipeline for mass production of digital elevation models (DEMs) from very-high-resolution commercial stereo satellite imagery[END_REF] on WV1 and WV2, this correction does not completely correct for the CCD misalignment.

Figure 2 .

 2 Figure 2.15 Example of sources extracted from the East/West data cube. (a) Histogram and cumulative variance distribution of extracted sources. (b) Example of the spatial distribution of the primary sources. The sources also account for persistent topographic artifacts (Fig.15-b(S3)) that were not resolved during the orthorectification and 3D-Computing steps (see sections 2.3.2 and 2.3.4). We use the only source component that corresponds to the coseismic signal (Fig.15-b(S1)) to reconstruct the data cube, so filtering out the sources of artifacts represented by the other component. We then stack all the EW, NS and vertical maps to produce a 3D-displacement

Figure 2 .

 2 Figure 2.16 Reference 3D-displacement. (a-c) Color maps representing the East/West, North/South, and Dz ground displacement, respectively. (d-f) Profiles extracted along the respective black box in panels (a-c).

  18 m and of the NS component ~2.5m while for the vertical component is ~0.7m. Artifacts related to topography, Jitter and CCD misalignment are forming the tails of the standard method histogram.

Figure 2 .

 2 Figure 2.17 Error distribution example. Histograms of the relative offsets between the reference 3D-displacement and the standard method (Orange histograms). Between the reference 3D-displacement and the 3D-correlation approach (blue histograms). (a) EW histograms of density error distribution. (b) NS histograms of density error distribution. (c) Dz histograms of density error distribution.
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 23 An improved method for 2-D and 3-D precise measurements of ground deformation from optimized registration and correlation of optical images, and ICA based filtering of image geometry artifacts. _____________________________________________________________________________________________ of 0.6m, 0.7m, and 0.6m respectively. The technique could similarly be used to study other processes causing displacement of the earth surface such as slow landslide, sand dune migration, volcanic deformation and ice flow. Chapter 3. Optimization of optical image geometric modeling, application to topography extraction and topographic change measurements using PlanetScope and SkySat imagery _____________________________________________________________________________________________ 48 Optimization of optical image geometric modeling, application to topography extraction and topographic change measurements using PlanetScope and SkySat imagery By Saif Aati 1,2 and Jean-Philippe Avouac 1 1 California Institute of Technology, CA, USA 2 Univ. Gustave Eiffel -IGN/ENSG, LaSTIG Lab., France
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Figure 3 . 1 .

 31 Figure 3.1. Workflow for image geometry refinement including physical model (Rigorous Sensor Model) and rational function model (RFM) approaches. Blue color pathway shows the processing path described in this study and added as an additional module in the COSI-Corr package.

Chapter 3 .

 3 Optimization of optical image geometric modeling, application to topography extraction and topographic change measurements using PlanetScope and SkySat imagery ______________________________________________________________________________________________ 55 a tri-stereo mode, we perform the refinement in two-step: (1) we subdivide the triplet image scenes into three groups according to the imaging sensor. Then, we perform the RFM refinement for each group separately. (2) We estimate a 3D transformation using the images from the central sensor as a reference (sensor 2 in Figure 3.2).

Figure 3 . 2 .

 32 Figure 3.2. (a) A scheme of a single set of SkySat raw sensor footprint, three raw frames corresponding to the three 2D-CMOS image sensors; (b) Morenci Mine area as seen by SkySat, the black bounding boxes show the individual scenes of each detector. (c) Number of images overlap of SkySat tri-stereo configuration.

Figure 3 . 3 .

 33 Figure 3.3. (a) A schematic representation of Doves positions on ascending and descending orbits, modified from (Kääb et al., 2019a) (b) Projection view of Doves footprints ( Dove-C-of44 and Dove-C-of36) featuring along-track overlap between subsequent acquisitions of the same dove, and across-track overlap between successive doves in the same orbit. (c) Projection view of Doves footprints featuring overlap between ascending (Dove-C-0f24) and descending (Dove-C-1033) acquisitions. Rectangles denote individual dove footprint and each color represent the time acquisition. Dash arrows depict the direction of the dove acquisition as seen on ground.
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 334 Figure 3.4. Schematic workflow for SkySat image geometry refinement and 3D extraction.

Figure 3 . 5 .

 35 Figure 3.5. Schematic workflow for PlanetScope image geometry refinement and 3D extraction.

Figure 3 . 6 .

 36 Figure 3.6. The test site Morenci Mine, AZ, USA. (a) Subset of Sentinel-2 true color ortho-image (TCI) over the study area captured on February 01 st , 2020; (b) Outlines of SkySat triplets on a Sentinel-2 ortho-image. Red, Green and Blue bounding boxes delineate the individual scenes of along-track forward-, nadir-and backward-view, respectively; (c) Tri-stereo RGB SkySat scenes for visual interpretation, from left to right, backward, nadir and forward.

Figure 4 .

 4 Figure 4.7 shows the complete ~123 km2 DSM. Elevations vary within 1.2 km and to 2.2 km. The flyover animation generated with the textured model is show in supplement. It is worth mentioning that, if only 2-sets of images (backward and nadir or forward and nadir) are used, the DEMs have blind areas (Figure 4.10). Therefore, the tri-stereo yields both a better accuracy and a more complete coverage.

Figure 3 . 7 .

 37 Figure 3.7. DEM of Morenci Mine are computed in the object space from tri-stereo Skysat on January 01st ,2019; (b) a zoom view of 3D-textured model (a flyover animation of the 3D model is available in the Supplementary Materials).

Figure 4 . 8 .

 48 photogrammetry in the image space. They are also visible in the DEM obtained in the object space but less well resolved.

Figure 4 . 9 Chapter 3 .

 493 Optimization of optical image geometric modeling, application to topography extraction and topographic change measurements using PlanetScope and SkySat imagery ______________________________________________________________________________________________ 63 shows the complete map of elevation differences between SkySat and LiDAR DEMs. It shows large differences up to 200 m in amplitude. Visual inspection of the images shows that the large differences are clearly due to mining operations, constructions or vegetation clearing. We selected an area not affected by any obvious temporal changes (outlined box in Figure4.9). Panel(d) in Figure4.9 shows the histograms of the differences within that ~10.56 km 2 area. The mean difference is only ~0.22 m, the standard deviation is ~3.9 m and 95% of the differences are less than 10m. The normalized median absolute deviation (NMAD), a quantity commonly used to compare DEMs [22], is 5.3m.

Figure 3 .Chapter 3 .Figure 3 . 9 .

 3339 Figure 3.8. (a) Shaded DEM of Morenci Mine are computed using SGM in the image space from tri-stereo Skysat images acquired on January 01st, 2019; (b) Example of sub-scenes covering the area. (c) Profile along the transect (AA ' ) extracted from image space DEM and object space DEM.Clearly the large topographic changes revealed by the DEM comparison (for example along profile AA' in Figure4.9Figure 3.9) are real and can be used to quantify the mining operation (excavation or stock piling) or clearing activities.

Figure 3 .

 3 Figure 3.10. Subset of SkySat shaded DEMs over Morenci Mine using (a) backward and nadir images, (b) nadir and forewards images, (c) backward, nadir and forewards images.
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 42 Shisper Glacier (Pakistan), PlanetScope DOVEThe study area is located in the north flank of Hunza Valley in the Central Karakoram. Shisper glacier covers ~53.7 km 2 at an elevation ranging between ~2500 and 4500 m a.s.l. It has gained the attention of the scientific community and disaster response agencies due to a recent surge(Bhambri et al., 2020a). In 2018, the glacier surged beyond the confluence with the outlet stream of Mochwar glacier. The blockage resulted in the creation of a lake, Chapter 3. Optimization of optical image geometric modeling, application to topography extraction and topographic change measurements using PlanetScope and SkySat imagery ______________________________________________________________________________________________ 65

Figure 3 .

 3 Figure 3.11. The test site Shisper Glacier, Karakoram, Pakistan. (a) Subset of Sentinel 2 true color ortho-image (TCI) over the study area captured on March 16 th , 2019. Randolf Glacier Inventory (Consortium, 2017) outline of both glaciers are shown in red. Location of the ice-dammed lake is shown in light blue. Rivers are denoted in dark blue and Hassanabad village is outlined in green. (a,b) Histogram distribution corresponding to the percentage of overlapping images within image pairs in the dataset of 2017 (d) and 2019 (e). (d) Outlines of Planetscope scenes over the study area between September 09 th and September 20 th , 2017. (e) Outlines of Planetscope scenes over the study area between August 01 st and August 13 th , 2019. (f,g) Number of image overlap during 2017 (f) and 2019 (g).

Chapter 3 .Figure 4 .

 34 Figure 4.12 shows the complete textured 3D-model and the extracted DEMs over Shisper Glacier site before and after the surge. The terrain height values are scaled within 2 km (purple) to 6 km (red). The movement of the glacier downstream the valley due to the recent surge is visually clear from comparing the 3D textured models or the DEMs.

Figure 3 .

 3 Figure 3.12. DEMs and textured 3D models over Shisper area. Textured 3D models from 2017 (a) and 2019 (b). DEMs extracted from PlanetScope data in 2017 (c) and 2019 (d). (e) SRTM DEM. (f) DEM generated by combining WV-2 and GE-1 stereo images acquired on July 05th, 2019 and on September 09th, 2019 respectively.The accuracy of the DEMs is evaluated through comparison with the SRTM DEM (Figure3.12-e) and with a DEM generated from WV-2 and GE-1 stereo images acquired in 2019 (Figure3.12-f). Due to the temporal difference between the various DEMs, and the rapid glacier movement, we first selected some presumably stable areas. Note that slope motion could have altered the topography but in absence of clear evidence for such motion in that area we assume that the topography hasn't changed between 2000 (the year of the data acquisition used to generate SRTM (USGS, 2020)) and 2019. An area of ~5 km 2 free of clear temporal changes was selected as a reference (Blue box in Figure3.14). The Normalized Median Absolute Deviation (NMAD)(Perko et al., 2019) of the elevation differences in the stable area between PlanetScope DEM and SRTM is ~12m, and ~7m when calculated with the WV-2 & GE-1 DEM respectively.The statistics of the elevation differences summarized in the histograms in Figure 4.13, show a better accuracy of the 2019-DEM than the 2017-DEM. This difference is probably due to smaller time difference between the DEMs and their closer spatial resolution. WV-2 & GE-1 data were acquired ~20 days apart from PlanetScope data and the extracted DEM has a GSD of 2 m, however the last update of the SRTM DEM dates back to 2014 and has a spatial resolution of 30 m.

Figure 3 .

 3 Figure 3.13. Histogram distribution and statistics of elevation differences between (a) 2019 Planetscope DEM and Ge-1 & WV-2 DEM (d) 2017 DEM Planetscope and SRTM. We used the DEMs calculated from the PlanetScope data to assess the change of the glacier topography due to the 2018 surge. The mass transfer due to the surge is clearly revealed from the comparison of the 2017 and 2019 DEMs (Figure 3.14). The comparison show a clear thinning of the glacier at elevation above ~2900 m, where the ice surface dropped by ~50 ± 10 m on average, and ice gain at lower elevations. The glacier front advanced by 3.2 km downstream, reaching a thickness of ~170±10 m just 1 km upstream the terminus, downstream of the confluence with the Mochwar valley.

Figure 3 .

 3 Figure 3.14. (a) Elevation changes over Shisper glacier computed from the difference of 2019 and 2017 DOVE-C DEMs, overlayed with a hill-shaded DOVE-C 2017 DEM; (b) Elevation profiles from 2017 and 2019 Dove-C DEMs. Profiles are extracted along the transect AA' indicated in panel (a); (c) Histogram of the elevation difference over stable terrain (panel (a) blue box).
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 4 pix (at the 68% confidence level) with SkySat tri-stereo images and is 0.6 pix with PlanetScope Classic Dove images. The refinement of the RFMs allows for effective 3-D extraction, when combined with our sub-images pairing strategy. Our DEM of the Morenci mine area is comparable to a DEM obtained from a LiDAR airborne survey in terms of spatial resolution and elevation. The comparison of the two DEMs which were acquired 4 years apart demonstrate
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 4 Potential and Limitation of PlanetScope Images for 2-D and 3-D Earth Surface Monitoring with Example of Applications to Glaciers and Earthquakes. _____________________________________________________________________________________ 4.1 Introduction HE vast volume of data from cost-effective CubeSat satellites launched by commercial operators could provide an unprecedented ability to monitor Earth surface changes at high temporal and spatial resolution. For instance, Planet

Figure 4 .

 4 1. illustrates the motivation of our study. Panel (a) shows the horizontal ground displacement due to the 2019 Ridgecrest earthquake (California, USA) measured using Dove-R images measured with standard registration and correlation tools. The displacement map shows several geometry-related issues, which will be discussed in this paper, making the identification of the rupture and measurement of fault slip challenging. Panel (b), on the other hand, shows the result

Figure 4 .

 4 1(b), which is hardly visible inFigure 4.1(a).

Figure 4 .Chapter 4 .

 44 1(c)presents the horizontal displacement of Shisper glacier (Karakoram) betweenMay 26, 2018, and September 19, 2019, using a time series of Dove-C images processed with our method. While Figure5.1(d) shows, an elevation changes map due to the Shisper glacier surge[START_REF] Beaud | Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law[END_REF][START_REF] Beaud | Generalized sliding law applied to the surge dynamics of Shisper Glacier and constrained by timeseries correlation of optical satellite images[END_REF] Bhambri et al., 2020b) generated from a stack of multidate Dove-C DEMs between July 09, 2017, and August 09, 2019.The paper is organized as follows: section II gives an overview of PlanetScope sensors, acquisition mode, and the different public-facing product levels; section III describes the two test sites used in this study and encapsulates the tools and results of the geometric assessment step; section IV summarize the proposed methods to improve the horizontal displacement using PS data; section V describes the procedure for DEM generation and the results. Finally, in Section VI, some conclusions and final considerations are drawn regarding possible avenues to further improve the images' geometric quality. T Potential and Limitation of PlanetScope Images for 2-D and 3-D Earth Surface Monitoring with Example of Applications to Glaciers and Earthquakes. _____________________________________________________________________________________

Figure 4 . 1

 41 Figure 4.1 Graphical example illustrating this work contribution. Horizontal ground displacement due to the 2019 Ridgecrest earthquake (California, USA) measured using Dove-R images (a) with standard registration and correlation tools (b) with our method, which remediated most of the artifacts. (c) Horizontal ground displacement of Shisper glacier (Karakoram) between May 26, 2018, and September 19, 2019, using a time series of Dove-C images processed with our method. (d) Elevation changes due to the surge of Shisper glacier generated from a stack of multidate Dove-C DEMs between July 09, 2017, and August 09, 2019. The data allow documenting a damming surge of the glacier, which occurred in 2018

Chapter 4 .

 4 Potential and Limitation of PlanetScope Images for 2-D and 3-D Earth Surface Monitoring with Example of Applications to Glaciers and Earthquakes. _____________________________________________________________________________________ needed to systematically evaluate the geometric image quality. Moreover, because PS images are acquired in a different

Figure 4 . 2 )

 42 Figure 4.2).Dove-R has the same telescope but with a different CCD configuration and, instead of the Bayerpattern filter, a Butcher block filter used for better optical quality and spectral response. Four homogeneous sections of filters (Green, Red, NIR, and Blue) are used. Thus, no interpolation for the Bayer pattern is needed. The same arrangement with the SuperDove, but instead of 4 filters, 8 filters are used for a finer radiometric resolution. The frame size is also different, from 6600 x 4400 pixels for Dove-C and Dove-R to 8880 x 5280 pixels for SuperDove.
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Figure 4 . 2

 42 Figure 4.2 Focal plane sketches of the three generations of PlanetScope: Dove-Classic (Dove-C, PS2), Dove-Refresh (Dove-R, PS2SD), and SuperDove (PSBSD).

Figure 4 . 3

 43 Figure 4.3 Sketch of the push-frame imaging system: example of Dove-R.(a) Virtual focal plane of Dove-R image. (b) Level-1A ground projection of raw images acquired. The continuous and dashed lines correspond to two consecutive acquisitions, 1 second apart, of Dove-R L1A images. (c) Composite multi-band (R, G, B, NIR) L1B image representing the L1B image. (d) Ground projection of L1B Dove-R using interpolated RPCs. The continuous and dashed lines correspond to two successive L1B images.
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Chapter 4 .

 4 Potential and Limitation of PlanetScope Images for 2-D and 3-D Earth Surface Monitoring with Example of Applications to Glaciers and Earthquakes. _____________________________________________________________________________________ used to generate the super-resolution or/and the fact that the images were produced following two resampling stages: one to produce the composite scene and another one to produce the orthoimage.
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Figure 4 . 4

 44 Figure 4.4 East/West horizontal surface displacements measured from correlating PlanetScope Dove-R orthoimages (L3Bs). The first row show horizontal displacements between two pre-earthquake images acquired on 2019-06-06 and 2019-06-21, respectively. There should be no real displacement signal, so these maps only reveal geometric artifacts. The second row correspond to the displacement between a pre-earthquake image acquired on 2019-06-06 and a postearthquake image acquired on 2019-09-17. The co-seismic signal is present but hardly visible due to the geometric artifacts. Columns represent the resulting displacement using the 4 spectral bands of Dove-R Blue, Green, Red, and Near-Infrared. (See Fig S.1 in supplement represent the North/South components).

Figure 4 . 5

 45 Figure 4.5 Cross-platform horizontal displacement maps, computed using frequency correlation between Dove-R orthoimage acquired on September 17, 2019, and a mosaic of aerial NAIP ortho-images acquired in 2020. (a)-(b) E/W and N/S components, respectively. (c) Histogram of the displacement distribution. (d) Extracted profile along with the blue and orange lines in EW and NS displacement maps, respectively.

Figure 4 . 6

 46 Figure 4.6 North-South displacement map computed from correlating L3B Dove-C images over Ridgecrest region. (a) N/S displacement map between two pre-earthquake descending mosaic images acquired on June 04 and 30, 2019, respectively. (b) N/S displacement between two ascending mosaic images bracketing the seismic event acquired on June 30 and July 09, 2019, respectively. (c) N/S displacement measured from the correlating two mosaic images combining scenes with ascending and descending orbit direction acquired on June 30 and July 09, 2019, respectively. The corresponding E/W displacement map are shown in Fig.S 2 of the supplementary material.
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  Dove-C spectral bands (RGB and NIR), Fig.S 3.

  7(a) and 7(b)).

Figure 4 . 7

 47 Figure 4.7 Along-and across-track disparity maps computed by cross-correlating the blue and green bands of L1B Dove-R images. (a-b) Disparity maps of Dove-R image acquired on June 06, 2019, over Ridgecrest area. (c-d) Disparity maps of Dove-R image acquired on August 08, 2020, over Shisper glacier. Cross-correlation between all bands is shown in Fig.S 4.

Figure 4 . 8

 48 Figure 4.8 Interbrand disparity maps of a SuperDove image acquired on July 24, 2020, over the Shisper glacier region. Interbrand correlation disparity maps over the Ridgecrest region are shown in Fig.S.5 of the supplementary material.
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 449 Figure 4.9 Sketch illustrating the RFM push-frame pointing error refinement approach.
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Figure 4 .

 4 Figure 4.10 Pointing error evaluation and correction for selected pairs of images of (a) Ridgecrest and (b) Shisper sites. The red and green dots in panels (a-1, a-2) and (b-1, b-2) represent the position of the match points in the overlap area between the pair of images used for the pointing error refinement. The black arrows indicate the measured pointing errors before correction. Panels (a-3, a-4) and (b-3, b-4) show the results of the pairwise sub-pixel correlation applied between the two selected rectified images. The disparity values are color-coded with red representing high elevation. (a-5) and (b-5) represent the histograms of the disparity measurements after the correction of pointing errors.
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 44 Potential and Limitation of PlanetScope Images for 2-D and 3-D Earth Surface Monitoring with Example of Applications to Glaciers and Earthquakes. _____________________________________________________________________________________ 90 Apply the temporal mask and reformat the data cube such that 𝑋 𝑑 is an 𝑛 x𝑚 matrix, where 𝑛 is again the number of displacement measurements and 𝑚 is a 1-D array of the valid value of the displacement map, 𝑚 ≤ ℎ x 𝑤.
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Fig. 11

 11 Fig. 11 shows the EW component of the co-seismic displacement before and after the geoPCAIM reconstruction.The first component was found to explain 70% of the data variance. This component clearly contains the

  Fig. 12(a) shows the original EW component of the co-seismic displacement, and Fig. 12(b) shows the reconstructed EW displacement map using the first principal component, which accounts for 74% of the variance Fig. 12(c) shows the displacement map after applying the geoNLMF. The second component is clearly accounting for artifacts due to the imaging system.However, the third component clearly contain some co-seismic signal. That means that the deformation signal contained in the various correlations results doesn't have the same amplitude. The variance explained by this component is 8% of the original data variance and seems to represent true signal. So the deformation signal contained in the original measurements is best reconstructed using the 1 st and 3 rd component. The deformation signal is not captured by a single component because the various geometric artifacts also contribute to the data variance and the 1st component of the geoPCAIM is not optimally oriented to capture all the deformation signal.The deformation signal would also appear in other components than the first one if it were causing a variable signal in the different correlation maps. An apparent variability of the deformation signal measured from the various correlations could be due to post-seismic deformation between the two post-earthquake Chapter 4. Potential and Limitation of PlanetScope Images for 2-D and 3-D Earth Surface Monitoring with Example of Applications to Glaciers and Earthquakes. _____________________________________________________________________________________ 93

  Overall, our measurements demonstrate that geoPCAIM and geoNLMF are practical effective tools for separating the co-seismic signal and artifacts and filtering out the measurement noise. The main coseismic displacement signals are found in the first principal component, while the remaining components are dominated by artifacts due to aliasing, strips misregistration, and mosaic misalignment.

Figure 4 .

 4 Figure 4.11 Dove-R East/West co-seismic surface displacement maps of Ridgecrest earthquake before and after using geoPCAIM reconstruction. (a) EW surface displacement measured by correlating two Dove-R images acquired on June 06 and September 17, 2019. (b) Reconstructed displacement map after applying the geoPCAIM using a data cube of 18 correlation maps. 3 Dove-R images acquired on June 06, June 21, and September 17, 2019, were used to build the data cube. (c) Displacement map after applying geoNLMF

Chapter 4 .Figure 4 .

 44 Figure 4.12 Dove-C East/West co-seismic surface displacement maps of Ridgecrest earthquake before and after using geoPCAIM reconstruction. (a) EW surface displacement retrieved by correlating two Dove-C L3B images acquired on June 06 and July,09,2019, respectively. (b) Reconstructed displacement map after applying the geoPCAIM using a data cube of 12 correlation maps. 4 Dove-C images acquired on June 06, June 30, July 07 and July 09 2019, respectively, were used to build the data cube. (c) Displacement map after applying geoNLMF. (d-e) Reconstructed displacements maps using the second and third principal components, respectively. Profiles extracted along AA' from the EW displacement maps (f), and NS displacement maps (g). Fig.S 7 shows the North/South component.
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 4443 Potential and Limitation of PlanetScope Images for 2-D and 3-D Earth Surface Monitoring with Example of Applications to Glaciers and Earthquakes. _____________________________________________________________________________________ 96 Glacier Surge Displacements A total of 32 Dove-C orthorectified images acquired between May 26 and September 19, 2018, were used to compute the horizontal displacement of the Shisper and Mochwar glacier. Fig.13 shows a time series surface displacements using 10 Dove-C mosaic images. Here, only Dove-C are used because the Dove-R and SuperDove constellation were not yet available in 2018. This particular area produced a surge in 2018, and the Shisper glacier advanced by 1.55 km and blocked the adjacent valley, Mochwar, a lake formed. The surge eventually resulted in a flood, when the lake breached across the ice dam, which damaged a portion of the Karakorum Highway connecting Pakistan with China. The Dove-C provide high temporal resolution data documenting how the surge developed.

Figure 4 .

 4 Figure 4.13 NS horizontal displacement time series generated from Dove-C multi-date images and processed with our method. The results show the dynamic behavior of Mochwar and Shisper Glacier during the surge period in 2018.
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 4 Potential and Limitation of PlanetScope Images for 2-D and 3-D Earth Surface Monitoring with Example of Applications to Glaciers and Earthquakes. _____________________________________________________________________________________ 98 Overlap between images: pairs with overlap larger than a specific overlap threshold are

( d )

 d DEM co-registration: The derived DSMs are relatively co-reregistered by selecting a reference (base) DSM, and the misregistration between overlapping DSMs is derived by estimating the offset over stable terrain.
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 4 Potential and Limitation of PlanetScope Images for 2-D and 3-D Earth Surface Monitoring with Example of Applications to Glaciers and Earthquakes. _____________________________________________________________________________________ 100 acquired between July 20 and September 25, 2019, were selected and, for 2020-DSM, 50 images acquired

  the computed statistical values, particularly mean, standard deviation, normalized median absolute deviation (NMAD), and linear error at 1-σ (LE68). The absolute uncertainty of the generated DSMs is ~5m at the 60% confidence level (LE68), with NMAD ~ 7m and a bias of ~0.5m. It shows that the two DSMs derived from the PS data are of a quality comparable to the LiDAR DSMs. The relative height calculated by differencing the two PS DSMs (Fig.16 a2 and b2) indicates a mean elevation change of -0.37m. The LE68 of ~6.83m and NMAD ~8m. The reported statics are derived over stable areas away from the ruptures.With such uncertainty, differencing the two DSM (Fig.16c and d) does not allow to quantify the vertical displacements due to the Ridgecrest earthquakes,

Figure 4 .

 4 Figure 4.14 Pre-earthquake L1B Dove-C images over Ridgecrest ROI. (a) Image count. (b) Image footprints. (c) Histogram of image pairs overlap. A complete overview of image count, footprints, and image pair overlap of the selected L1Bs images over the 2 study areas is presented in Supplement materials.

Figure 4 .

 4 Figure 4.15 Skyplots showing the incidence vs azimuth angles of PlanetScope (Dove-C L1Bs) images over (a) Ridgecrest and (b) Shisper ROIs, respectively. For the Shisper test sites, the completeness of the 2017, 2019 and 2020 DEMs is ~90%. The 2016-DSM has a lower completeness of 50%. It shows gaps in regions with high radiometric saturation, due to the snow cover, resulting in decorrelation in the dense image matching step. The quality and completeness of the 2016 DSM are the worst, also because the selected images have non-optimal geometric characteristics (i.e., incidence angle <1°). The dataset is not as extensive because the Dove-C constellation started operating in late 2016. Fig.17 presents the 4 DEMs, and Fig.S 11-15 show the selected image pairs distributions and footprints.
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 444 Figure 4.16 Ridgecrest PlanetScope DSMs (a) Pre-earthquake DSM and (b) Post-Earthquake DSM. Elevation difference between PlanetSCope DSM and LiDAR DSM. (c) Elevation difference between LiDAR and Pre-earthquake DSM, and (e) represents the density distribution of the elevation difference. (d) Elevation difference between LiDAR and Post-earthquake DSMs, and (f) represents the density distribution of the elevation difference. Black box in panel (a) present the stable area away from the earthquake ruptures.

Figure 4 .

 4 Figure 4.18 Elevation change maps and histograms distribution of elevation changes over stable terrain. Elevation change between (a) PlanetScope 2016 and 2017 DSMs, (b) PlanetScope 2017 and 2019 DSMs, and (c) PlanetScope 2019 and 2020 DSMs.
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Chapter 5

 5 offer the possibility to monitor elevation changes. With the two examples chosen for this investigation we show the potential of PS images to study earthquakes and glacier dynamics. It should also allow other applications in Earth Sciences (e.g., dune dynamics, ice cap monitoring, coastal and fluvial geomorphology). Further improvement of the geometry of PS images would be possible but would require a Rigorous Sensor Modeling approach(Aati et al., 2022b) applied to L1A product and access to metadata (regarding the internal and external geometry of the imaging systems) which are not delivered. Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 105 Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law Flavien Beaud 1 , Saif Aati 1 , Ian Delaney 1 , Surendra Adhikari 2 , and Jean-Philippe Avouac 1 1 California Institute of Technology, CA, USA 2 Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA Forward-This chapter presents an application study relying heavily on the methods and workflows proposed in the previous chapters. My contribution consisted essentially in developing the method presented in the study for the processing and analysis of optical image time series. The first authors led the glaciological interpretation. In this chapter, a new workflow to produce velocity maps with a high spatiotemporal resolution from orthorectified remote sensing products (i.e., Sentinel-2, Landsat 8, and PlanetScope) is presented. The proposed workflow helped to describe the recent surge of Shisper glacier
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 551 Figure 5.1 Conceptual representation of glacier sliding relationships for rigid and deformable beds, inspired byMinchew and Joughin (2020). Plot of normalized shear stress versus normalized sliding velocity, comparing Weertman-type sliding and two forms of the generalized sliding relationship (a). Schematic representation of form drag (b, c), transition regime(d, e), and skin drag (f, g) for a rigid bedrock bed (b, d, f) and for a deformable till bed (c, e, g). We use form drag to describe the macroscopic viscous drag on bed obstacles and skin drag to describe the viscous drag at the scale of the boundary layer between the ice (fluid) and bed. The transition regime depends on the bed characteristics (in particular q), and the shift to skin drag can be arbitrary. It is different for each relationship plotted, hence the dashed lines showing the possible overlap. For a rigid bed, the skin friction regime can be likened to a curling stone sliding on an ice track, while it represents Coulomb failure for a deformable bed. Note that the shear stress is normalized by an imposed 𝜎 𝑚𝑎𝑥 = 150 × kPa, and the sliding velocity normalized arbitrarily by 40 m d -1 , 𝑢 𝑡 =2md -1 , and p = 3. For the Weertman-type relationship, we use 𝑟 𝑏 ∝ (𝑢 𝑏 𝑁/𝐶 𝑠 ) 1 𝑝 ⁄ , with N ≈ 600 × kPa, and Cs= 2.5 x 10 -9 ma -a Pa -pThe relationships between sliding and shear stress for rigid and deformable beds show similar patterns, yet are the result of fundamentally different physical processes. We show that the two sliding relationships can be unified and expressed using a general glacier sliding relationship. The rigid-bed sliding relationship first proposed bySchoof (2005) and generalized byGagliardini et al. (2007) is 

  inspection of Landsat images suggests that the last advance of Shisper Glacier ended in 2005 (see Sect. S3 in the Supplement). A line of evidence indicating a past surge of Mochowar Glacier is the Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 113 disintegration of 3.6 km of its terminus in ∼10 years, starting in 2005, suggesting that it was stagnant ice left from a prior advance. Melt from both glaciers feed a hydroelectric power plant in the Hunza Valley and glacier-related hazards threaten the town of Hassanabad and the Karakoram Highway, which is the only paved road crossing the mountain range

Figure 5 . 2

 52 Figure 5.2 Overview of the study area. (a) Outlines of Mochowar (green) and Shisper (blue) glaciers with the location of the median flowlines used for analysis, and the maximum extent of the periglacial lake, overlaid on the Sentinel-2 optical image from 15 July 2018. The labels on Shisper glacier describe four zones identified as undergoing different dynamic processes during the surge. The icefall zone spans across the accumulation and ablation area of Shisper glaciers where surface slopes are steep (up to 45•) and elevation > 3750 m a.s.l. The upper trunk is within the ablation area and is where four tributaries merge with the main glacier. Surface elevations are comprised between 3750 and 3400 m a.s.l., and the zone terminates just downflow from the last identifiable icefall along the profile. The main trunk is characterized by relatively uniform surface slope with no icefall or tributary junction and surface elevations range from 3400 and 2750 m a.s.l. The terminus zone is below 2750 m a.s.l. and represents the area that shows dynamic activity almost only linked to the advancing surge bulge. Coordinates are in meters and projected on zone 43 N of the Universal Transverse Mercator (UTM) coordinate system. (b) Relief map of the Western Himalayan and Karakoram regions with notable geographic features for reference.

(

  2017). The specific DEM used is a combination of ASTER and SRTM DEMs (NASA/METI/AIST/Japan Space systems and U.S./Japan ASTER Science Team, 2018; U.S. Geological Survey, 2014) for which the Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 115 timing of acquisition is not specifically known. It is likely in the mid-2000s, after the last surge of Shisper Glacier.
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 553 Figure 5.3 Workflow for image processing, displacement map preparation, and velocity map post-processing.

  half the size of the smaller window, i.e., 160 m for S2 and 240 m for L8. Our velocity maps, which have a pixel size of 60 m, are thus oversampled by a factor 3 (S2) or 4 (L8). The image correlation process yields two displacement maps, each representing one of the horizontal displacements (east-west and north-south), as well as a measure of the correlation quality (e.g., SNR). The proposed workflow does not depend on the choice of a particular image correlation algorithm and can be based on any other image correlation software.

Step 3 .

 3 Filtering outlier displacement measurements. For each displacement measurement of the correlation map in position (x,y), we define a neighborhood window 𝑤(𝑥, 𝑦, 𝑠), where the s parameter is user-defined and controls the size of the window. Then, the algorithm removes values larger than TMed×Med, where Med is the median value of the displacement measurement in w, and TMed is a user-defined threshold, taken as TMed=1.5 here. To avoid filtering out reliable local values, a validation process is applied for each w, where the window is only considered valid if at least 70 % of the values lie within the confidence interval defined by ±|𝑇 𝑀𝑒𝑑 𝑀𝑒𝑑| , where |. | denotes the absolute value. Otherwise, the window scale changes depending on the scale factor setting f.-Step 4. Filling in missing data. We estimate the missing values created during the steps above. The algorithm flags filtered values as missing data (e.g., NaNs) in defining an uncertainty matrix. For each window, NaN values are initiated by the Med value of window w, and the weight of this measurement is defined as the mean of SNR values in the neighboring window w. Otherwise, the original displacement value weight remains consistent with the original SNR value. This step relies on the assumption of local spatial coherence across neighboring windows w, i.e., that the displacement changes gradually rather than abruptly.
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 55455 Figure 5.4 Velocity maps showing the dynamic behavior of Mochowar and Shisper glaciers between 2013 and 2019. (a) Quiescence in the absence of seasonal speed-up; (b) spring speed-up; (c) fall speed-up; (d) enhanced velocities during spring speed-up in 2016; (e) enhanced velocities during spring speed-up in 2017; (f) slow fall onset of the surge; (g) phase 1 of the surge; (h) phase 2 of the surge; (i) phase 2 of the surge after lake formation; (j) phase 3 of the surge. The choice of velocity snapshot is aimed at displaying the most notable velocity patterns of Shisper Glacier, while Mochowar Glacier is used as a reference. Note that the velocity map for each glacier is not always taken over the exact same time period in order to display the cleanest velocity maps, in which case, the time stamp is shown in purple for Mochowar Glacier and blue for Shisper Glacier. The color bars have different scales for either glacier to better display velocity patterns. Perceptually uniform color maps are used in this figure to prevent visual distortion of the data (Crameri, 2018a, b).
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 5553 Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 125 Elevation changes at Shisper and Mochowar glaciers between 2000, 2017, and 2019 Both Shisper and Mochowar glaciers show increasing surface elevations between 2000 and 2017, with the exception of their terminus areas being constituted of ice left over by previous surges (Fig. 6a, b, and c).

  glaciers (∼10 to 50 m over 17 years, Fig6a, b, and c) are consistent with those measured byGardelle et al. (2012, Fig. 3 therein), that are on the order of several tens of meters in about a decade. It is important to note, however, that the present study area is located on the western edge of the Karakoram region which is generally expected to undergo slightly negative mass balance budgets(Gardelle et al., 2012; Farinotti et al., 2020).Because the latest surge of Shisper Glacier occurred between 2000 and 2005 (see Sect. S3), the SRTM DEM of 2000 is likely a representation of the surface of the glacier towards the end of its quiescence phase or beginning of the surge. Unfortunately the computed DEM, based on 2017 images, does not cover the icefall, but it shows a gain in elevation across the upper and main trunk. By contrast, the terminus shows a clear mass loss between 2000 and 2017 (Fig.6b) where the stagnant ice from previous surges is expected.

Figure 5 . 6

 56 Figure 5.6 Surface elevation changes at the Shisper and Mochowar glaciers between 2000, 2017, and 2019. The left column represents map views of the DEM differences and the right column displays the elevation differences and surface elevations along the profiles. The elevation difference is shaded above and below 0 to highlight mass gains (above) and mass loss (below). (a), (b), and (c) show the difference between the SRTM DEM of 2000 and the DEM created for 2017 with PlanetScope images (2017 bis); (d), (e), and (f) show the difference between the SRTM DEM of 2000 and the DEM extracted from GeoEye-1 and WorldView-2 stereo-pair imagery in 2019 (2019 DEM); and (g), (h), and (i) show the difference between the DEM created for 2017 (2017 bis) and 2019 (2019 bis) with PlanetScope images. Note that for the PlanetScope DEMs (2017 and 2019), the available imagery did not allow the creation of DEMs covering the entirety of the glaciers, hence the data gap in the upper reaches of either glacier. The creation of the DEMs is detailed in Aati and Avouac (2020). Perceptually uniform color maps are used in this figure to prevent visual distortion of the data (Crameri, 2018a, b).

  5 and 7): (1) a regular seasonal signal in both the spring and the fall until spring 2016, (2) a gradual increase in the magnitude of spring speed-ups in 2016 and 2017, (3) slow onset of the surge in November 2017, (4) Phase 1 of the main surge coinciding with the spring speed-up in 2018, (5) Phase 2

Figure 5 .

 5 Figure 5.7 (a) Spatial average of surface velocities along the profile of Shisper Glacier as a function of time and (b) conceptual representation of the maximum resistive stress σmax.
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 55859 Figure 5.8 Relationship between driving stress and excess velocities, used as a proxy for sliding velocities. The data on each axis are separated in 40 bins, and the plot color represents the number of data points within a bin. Rateindependent and rate-weakening behaviors are shown by the dashed and full lines, respectively. Note that the y axis is logarithmic and the x axis is linear, and the effect of axes scaling on data visualization is shown in Figs. S4.8 and S4.9.

  Minchew et al. (2016) use a combination of remote sensing and Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 134 numerical modeling to show that sliding at the bed of Hofsjökull ice cap, Iceland, follows a plastic behavior. In a study combining numerical modeling and remote sensing to explore the dynamics of Kronebreen, a fast-flowing tidewater glacier inSvalbard, Vallot et al. (2017) find that the parameters of a sliding relationship should evolve in space and time to account for the behavior they observe. For fast ice flow at Pine Island Glacier,Antarctica, Joughin et al. (2019) show that a sliding relationship involving a Coulomb-type failure is necessary. Similarly, Stearns andVan der Veen (2018) show rate-independent
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 5 Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law _____________________________________________________________________________________ 137 Till strength for a given effective pressure shows little fluctuations (Iverson, 2010), and the particle size distribution is not expected to change significantly over the span of a surge. The re-arrangement of the orientation of large clasts could change till properties, yet that process has not been studied in detail. Over a rigid bed, variations in bed resistance arise from changes in bed geometry and ice flow-law coefficient

  

  

Table 2

 2 

	.1 Example of the correlation parameters used in this study
	Parameters	Values
	Initial window size [pixel]	128 x 128
	Final window size [pixel]	32 x 32
	Step size [pixel]	8 x 8
	Iteration	2
	Mask threshold	0.9
	Grid	True
	Correlation strategy	Full

  is included in the COSI-Corr + package, this routine version referred to as Geospatial ICA (geoICA)
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  where 𝑨 is the mixing matrix and 𝑺 = ∑ 𝒔 𝒊 𝒎 𝒊=𝟏 , with 𝒔 𝒊 are the sources and 𝒎 the number of sources.

	If there are 4 input images, the number of observations using the progressive correlation strategy is 𝒏 = ,
	then 𝒎 ≤ 𝒏 . In our case, we assume that the sources are displacement and artifacts (i.e., 𝑺 = 𝒅 + 𝑩 𝑘≤𝑚-1 ,
	where 𝑩 𝑘≤𝑚-1 represents the different sources of artifacts). The sources are recovered by determining the
	unmixing matrix 𝑨 -1 , which is performed in two successive stages:
	a. Whiten the data by calculating the eigenvectors of the covariance of 𝑿 𝑑 , to remove all linear
	dependencies (i.e., decorrelate the data) in the dataset and normalize the variance,
	b. Assume the statistical independence of the sources. The joint probability density function (pdf) of the
	sources, is denoted 𝔭(𝑠 1 , 𝑠 2 , … , 𝑠 𝑛 ) = ∏ 𝔭(𝑠 𝑖 ) 𝑛 𝑖=1

Table S . 2 Table 2 .

 S22 Chapter 2. An improved method for 2-D and 3-D precise measurements of ground deformation from optimized registration and correlation of optical images, and ICA based filtering of image geometry artifacts. _____________________________________________________________________________________________

	Lidar	21	1.41	2.33	2.29	2.22
	SRTM	4	3.07	5.08	4.76	4.47
	Pre-Post	7	1.40	2.34	2.26	2.09
		Ortho images -resolution		
	GSD (60 cm)	27	1.49	2.47	2.35	2.26
	GSD (1.5 m)	6	2.84	4.70	4.40	4.20
		Ortho images --Off-Nadir angle		
	<10°	3	0.70	1.15	1.08	1.07
	10°-15°	5	1.32	2.18	2.05	2.02
	15°-25°	9	1.57	2.59	2.38	2.29
	>25°	16	2.16	3.64	3.44	3.26
		# ortho	Mean CE68	Mean CE90	Mean RMSExy	Mean stdxy
	All ortho	33	1.74	2.87	1.93	1.82
		Ortho images --𝒓𝑫𝑬𝑴		

2 Summary of horizontal geolocation accuracy results and errors for the generated ortho-images after RSM-refinement. (Complete table provided in Table S.2)

Table 2 .

 2 An improved method for 2-D and 3-D precise measurements of ground deformation from optimized registration and correlation of optical images, and ICA based filtering of image geometry artifacts. _____________________________________________________________________________________________ 34 residual errors are the largest with SRTM, with a mean value of ~4m (RMSExy) and a CE68 of ~3m. The errors increase for larger off-nadir view angles. The CE 68 is on average 2.16m for ortho-acquired at off-nadir angles >25°

2 and Fig.4 

also show that images orthorectified using the photogrammetric pre-and post-DEMs have slightly better horizontal geolocation accuracy than the images orthorectified using either the LiDAR or SRTM DEMs. The Chapter 2.

  Chapter 3. Optimization of optical image geometric modeling, application to topography extraction and topographic change measurements using PlanetScope and SkySat imagery ______________________________________________________________________________________________ 60 of interest ranges from 1048 m to 2417 m and spans over an area of ~122 km 2 , consisting of mountainous and vegetated areas, rugged terrain and buildings. A triplet of stereo SkySat images was acquired on January 28 th , 2019 (Table3.1).

3.6. The ellipsoidal terrain heights of the region

Table 3 .

 3 1. Acquisition parameters for the SkySat tri-stereo over Morenci Mine study area.

	Acq. Date and Product level	Image ID	Nb. Of scenes	View angle	Sun elevation	GSD (m)
		s106_20190128T204710Z 51 (17/detector) 26.2-28	35.6	0.8-0.9
	2019-01-28	s106_20190128T204819Z 54 (18/detector)	25.9-27.8	35.6	0.8-0.9
		s106_20190128T204744Z 69 (23/detector)	8-8.3	35.5	0.7

Table 3 . 2

 32 PlanetScope DEM results 

		Parameter	2017-DEM	2019-DEM
		Nb. of images	16	14
	Overlapping threshold	20%
	Coverage area (km 2 )	449	372
	Re-projection error (pix)	0.385	0.351
		Tie points	171,558	121,177
	Average Tie point multiplicity	2.65	2.54
	Dense point cloud	11,291,888	8,404,358
	DEM GSD (m)	9	
	Mesh	faces vertices	2,258,343 1,133,266	1,680,413 842,735
		Texture	4096 x 4096
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 42 Summary of PS2 pointing error assessment and refinement Potential and Limitation of PlanetScope Images for 2-D and 3-D Earth Surface Monitoring with Example of Applications to Glaciers and Earthquakes. _____________________________________________________________________________________

	ROI		# Images # Pairs	Mean Incidence Angle [°]	Mean pointing error RMSE before RMSE after [pix] [pix]
	Ridgecrest	Pre-Eq Post-Eq	30 23	31 18	3.23 3.99	2.48 1.54	1.12 0.88
		2016	30	26	1	4.26	0.92
	Shisper	2017 2019	27 26	51 52	2.35 3.36	4.54 3.49	1.01 1.05
		2020	50	46	3.25	3.07	0.81

Table 4 . 3

 43 Description of the geoPCAIM algorithm

Table 4 . 4

 44 Image selection parameters

	Parameters		Values
		Shisper Ridgecrest
	Overlap	60	40
	threshold [%]		
	Incidence	>3°	> 3°
	angle [°]		
	Image count	>~5	>~4

Table 4 . 5

 45 Metashape DSM generation parameters

	Step	Parameters	Values
	Alignment	error Reprojection	1 pix
	Dense image	Quality	Ultra-high
	matching	Depth filtering	Moderate
	Mesh	Quality	High
		Interpolation	False
	DSM	GSD	5 m
		Projection	WGS 84 (EPSG:
			4326)

Table 4 .6

 4 Statistics of relative and absolute height difference of PlanetScope derived DSMs and LiDAR DSMs

	ROI	DoD	mean std	RMS	MAD NMA	LE68
					E		D
		Pre-PS vs LiDAR	0.42	6.93 6.07	5.93	8.79	6.26
	Ridgecrest	Post-Ps vs LiDAR	0.388 5.30 4.53	4.44	6.59	4.87
		Pre-PS vs Post-PS	-0.37 7.25 6.07	5.98	8.79	6.83
	Shisper	PS-2017 vs PS-2019 -.051 7.27 7.5 PS-2019 vs PS-2020 -0.85 9.33 12.42	7.41 8.89	10.99 13.18	9.77 11.20

  ; Tsai et Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law

_____________________________________________________________________________________ 107 al.

  Chapter 5. Surge dynamics of Shisper Glacier revealed by time-series correlation of optical satellite images and their utility to substantiate a generalized sliding law Table1) and have a return time of 10 d, producing a staggered return interval of 5 d. The S2B was launched later than S2A, and the first usable image from that satellite is in November 2017. Of the 48 S2 images, 25 images were acquired from the S2A sensor and 23 images were taken from the S2B

	_____________________________________________________________________________________
	5.3.2 Dataset
	We use data from the L8 (United States Geological Survey, USGS) and S2 (European Space Agency, ESA)
	optical satellite systems to determine glacier surface velocities from May 2013 to August 2019. The two
	imaging systems have similar spectral properties, ground resolution, acquisition rate (Table 1), and the data
	are free and open access (Roy et al., 2014; Drusch et al., 2012). We utilize all images with less than 20 %
	cloud cover over the study area, yielding a total of 100 images: 52 images acquired from L8 between 5 May
	2013 and 1 April 2019, and 48 images from S2 between 21 May 2016 and 9 August 2019 (see Table S2.1
	in the Supplement).
	Two satellites comprise the S2 constellation, i.e., S2A and S2B. Both use the same multispectral instrument
	(MSI) sensor (
	114

Table 5

 5 

	.1 Overview of satellite data products analyzed in this study	
	Satellite	Landsat-8	Sentinel-2A/2B
	Sensor	OLI	MSI
	Processed data level (product	USGS level L1T	ESA level 1C
	Spectral band level) Wavelength λ (µm)	Panchromatic (B8) Red band (B4) 0.50 to 0.68 0.65 to 0.68
	Sampling resolution (m)	15	10
	Orbit revisit (days)	16	10 (5 staggered)
	MSI tile or path-row	149-35	T43SDA
	Time period	05/05/2013-	05/21/2016-
	Number of images (displacement	04/01/2019 52 (	09/10/2019
	maps)		

Table 5 . 2

 52 Summary of the parameters used for image correlation and displacement filtering.

à fournir une évaluation approfondie de la qualité géométrique des différents produits PlanetScope destinés au public, ainsi qu'un ensemble de solutions minimalistes permettant d'atteindre la précision nécessaire à l'analyse quantitative des applications des sciences de la terre, notamment la surveillance des glaciers, le mouvement des dunes ou la mesure de la déformation du sol due aux séismes et aux glissements de terrain. Nous utilisons deux sites de test pour évaluer les données et les performances de approches proposées. Le premier est la déformation du sol causée par la séquence de séismes de Ridgecrest, et le second est le déplacement du glacier de Shisper.En utilisant la technique de corrélation d'images, nous montrons que les images PlanetScope présentent plusieurs artefacts géométriques, tels que le mauvais alignement d'une scène à l'autre, l'incohérence de la précision de géolocalisation entre les bandes spectrales, et les artefacts topographiques. L'ensemble de ces artefacts rend difficile et imprécise une analyse quantitative du déplacement du sol.Nous présentons une méthode appelée geoPCAIM qui nous permet de profiter de la couverture journalière de PS pour remédier à la plupart de ces artefacts géométriques. Les cartes de déplacement du sol des deux sites qui en résultent sont cohérentes avec les mesures existantes de l'état de l'art. De plus, nous démontrons qu'avec les images PS à haute résolution temporelle, nous sommes en mesure de déterminer la période exacte du premier séisme.En outre, nous proposons une procédure pour sélectionner les images les plus appropriées et une méthode pour réduire l'erreur de pointage des images non rectifiées. La procédure proposée est utilisée pour surveiller les déplacements de surface et les changements de topographie en 3D. L'incertitude absolue des MNE obtenus à Ridgecrest était de ~5m à LE68 et de ~10m à LE68 sur Shisper. Avec une telle incertitude, la composante verticale du déplacement induit par le séisme ne peut être extraite de manière pertinente. Cependant, pour le glacier, les cartes de changements d'élévation nous ont permis de suivre l'évolution du glacier.

Chapter 4 Potential and Limitation of PlanetScope Images for 2-D and 3-D Earth Surface Monitoring with Example of Applications to Glaciers and Earthquakes.

By Saif Aati 1,2 , Jean-Philippe Avouac 1 , Ewelina Rupnik 2 , and Marc-Pierrot Deseilligny 2 1 California Institute of Technology, CA, USA 2 Univ. Gustave Eiffel -IGN/ENSG, LaSTIG Lab., France Forward-Based on the initial exploration done in the previous chapter. This chapter provides an in-depth assessment of the geometric quality of the different PlanetScope public-facing products alongside a set of solutions to achieve the accuracy needed for quantitative analysis of earth science applications including the monitoring of glaciers, dune motion, or the measurement of ground deformation due to earthquakes and landslides. In addition, a framework for selecting the appropriate PS images and an improved procedure to reduce the pointing error to the subpixel level of unrectified images is proposed. The content of this chapter has been published in IEEE Transactions on Geoscience and Remote Sensing and referenced under (Aati et al., 2022a) Chapter 4. Potential and Limitation of PlanetScope Images for 2-D and 3-D Earth Surface Monitoring with Example of Applications to Glaciers and Earthquakes. _____________________________________________________________________________________ without atmospheric or terrain corrections. They are delivered with the rational polynomial coefficients (RPC) model to describe the image orientation. The second product is the Ortho-Scenes (L3Bs) corresponding to orthorectified images (Planet Team, 2021).

Previous Studies of PlanetScope Image Geometric Accuracy

The potential of PS data for various scientific applications has been explored in a number of studies in the last few years.

For instance, Feng et al., [START_REF] Feng | A Block Ramp Errors Correction Method of Planet Subpixel Offset: Application to the 2018 Mw 7.5 Palu Earthquake, Indonesia[END_REF] and [START_REF] Kääb | Coseismic displacements of the 14 November 2016[END_REF] evaluated the potential of using Dove-C ortho products to determine the horizontal surface displacements induced by the 2016, Mw 7.8 Kaikoura earthquake (New Zealand) and the 2018, Mw 7.5 Paul earthquake (Indonesia) respectively. Anger et al., [START_REF] Anger | Assessing the Sharpness of Satellite Images: Study of the Planetscope Constellation[END_REF] quantified the sharpness of images from the PlanetScope constellation by estimating the blur kernel from each image. A more recent report (European Commission. Joint Research Centre., 2020) assessed the usability and the geometric accuracy of Dove-C's Analytic Ortho Tile product (i.e., level L3B) for agricultural applications. More recent work [START_REF] Aati | Optimization of Optical Image Geometric Modeling, Application to Topography Extraction and Topographic Change Measurements Using PlanetScope and SkySat Imagery 25[END_REF]d'Angelo and Reinartz, 2021) explored the possibility of Digital Elevation Model (DEM) extraction using unrectified Dove-C images on mountain glaciers and urban regions. Recently, Frazier and Hemingway [START_REF] Frazier | A Technical Review of Planet Smallsat Data: Practical Considerations for Processing and Using PlanetScope Imagery[END_REF] provided a technical review of PS radiometric and geometric quality that the remote sensing community would consider to tackle scientific applications. These studies show that improving the geometric accuracy of PS images would significantly enhance these applications.

Geometric assessment

We start by evaluating the geometric quality of PlanetScope orthorectified products (L3Bs). To compute horizontal surface displacement, estimate the parallax between image pairs and evaluate the relative geolocation accuracy, we use the image correlation technique in the frequency domain A detailed description of this approach is given in the next section.

All the analyses presented in this study are done with the freely available, open-source software COSI-Corr+ (geoCosiCorr3D) (Aati et al., 2022b). It allows performing, for instance, image correlation, co-registration, Rational Function Model (RFM) pointing error refinement, rectification, image pair selection, geospatial filtering, artifact reduction, time series analysis, geolocation assessment, etc. Mask threshold 0.9 0.9 0.9

Grid

True True False

Regularization --Average

Assessment of PS L3Bs

Various pairs of PlanetScope L3Bs images acquired over Ridgecrest and bracketing the earthquake sequence are selected to cross-check the accuracy and the consistency of the measured horizontal displacements. We also correlated Dove-C and Dove-R, images both acquired in June 2019 (i.e., before the Ridgecrest earthquake sequence), so before any ground displacement occurred. These images were chosen in the available archive based on the cloud cover and acquisition geometry parameters (i.e., similar illumination, same orbit direction, and same viewing angles). A detailed description of the selected images is presented in the supplementary material.

Dove-R

For Dove-R, we correlated two pre-earthquake L3Bs images acquired on June 06 and 21, 2019. Each image is a mosaic of two scenes to cover the entire surface rupture. The correlation was performed with each Dove-R spectral band (i.e., R, G, B and NIR), resulting in four 2-D displacement maps, shown in Fig. 4. The measurements show strong linear stripe artifacts caused by a misalignment between the stacked bands of the order of ~3-4m (~1 pix) for RGB.

These stripes represent the misregistration between the L1As bands used to generate the composite images (i.e., L1As to L1Bs step, Fig. 3.).

In general, for images with the nominal acquisition parameters (i.e., incidence angle <3° referred to as near nadir acquisition mode), topography-related artifacts should be negligible given the long focal length and quasi-nadir acquisition. However, we observe strong relief-related artifacts. The observed pattern suggests a mixture of artifacts due to the DEM inaccuracies used during the orthorectification process and the change in attitude between the frames when generating the composite scenes (Fig. 3).

Furthermore, the displacement maps show a fringe pattern typical of aliasing with amplitudes up to ~ 1.5 m.

Aliasing in correlation maps often result from image resampling. This artifact could be related to the resampling kernel 

Conclusions

In this work, we have presented a new approach that takes advantage of the data redundancy to monitor Earth surface changes in 2D and 3D and a set of methods that help for data curation of push-frame imaging and push-broom imaging systems. In addition, our work shows that provided satellite image geometry suffers from various sources of bias that severely limit its use for applications where image geometry is crucial.

First, we demonstrated that we could use the image correlation technique to identify the primary sensor geometric-related artifacts that could bias the surface deformation measurements. It has been shown that the main sources of errors include the following:

(1) the unmodelled interior orientation (i.e., stripe artifacts): in the case of a push-broom imaging system, it is caused by misalignment of the CCD arrays, while in the case of a push-frame imaging system, it is caused by frame-to-frame mis-registration.

(2) the satellite attitude variation (i.e., time-varying attitude jitter),

(3) resampling errors in the generation of the images distributed by the providers (i.e., aliasing artifacts), ( 4) the image acquisition geometry and DEM quality used for the orthorectification (i.e., topographydependent artifacts),

Alongside the before mentioned geometric artifacts, it was shown that the data format of the imagery product for the non-rectified images was a big issue in fusing data from different sensors. Whether it is provided in RFM mode, the model is less reliable than the physical model, and a refinement procedure has to be performed; whereas if the physical model (RSM) is provided, the format is different from one provider to another, which requires a harmonization step before performing the optimization. A discussion of how RSM compares to other registration techniques was presented in Chapter 3.

To achieve a good image registration and reduce the geometric artifacts, an approach for a rigorous sensor model refinement that takes advantage of satellite velocities, positions, attitudes, and orientations was presented in Chapter 2. In addition, since the physical satellite metadata has no standard format and depends on each imaging system, a standard, harmonized RSM format that includes the interpolated satellite position and attitude for each image line was agnostically generated.

We also demonstrated how we expended the refinement approach to refine raw images provided with a mathematical model, referred to as RFM. First, we presented the different approaches used to generate