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The internship on super-resolution took place at CESBIO between 2020/10 and 2021/04

• The 3D simulation and performance assessment study took place between 2021/05 and 2021/09

Outline of this report

The report is organised as follows.

Chapter 2 describes the use cases of Sentinel-HR identified by the Mission Advisory Group, for a set of themes ranging from glacier monitoring to disaster recovery. Use cases describe target indicators, required coverage and update frequency, as well as readiness level. Benefits of Sentinel-HR as well as potential limitations are identified.

Chapter 3 presents the coarse preliminary design and the associated costs, for two options: one by designing a pair of ad-hoc satellites for the mission, the other by extending the

Chapter 1 Introduction

Sentinel-HR is a phase 0 study of a systematic observing remote sensing mission working at a metric resolution. Its mission is focused on small scale change detection, although its conception allows innumerable usages. The study was conducted by CESBIO on behalf of CNES, it started on September 2020 and ended in late 2021. This report describes the outcomes of the study.

Proposed Sentinel-HR mission

The proposed Sentinel-HR mission is an optical, sun-synchronous earth imaging mission which is similar to Sentinel2 in that it provides systematic, repetitive worldwide acquisitions with constant viewing angles, allowing to foster long time-series with high radiometric and geometric quality. It would therefore complement Sentinel2 or Sentinel2 NG by bringing higher resolution observations (1 to 2.5 meters) on a regular basis.

For economic reasons, it seems difficult to combine all the characteristics of Sentinel-2, with a 5-fold increased resolution. For this reason, Sentinel-HR trades revising time for higher resolution. The proposed mission would offer a spatial resolution of 2 meters, with a revisit time of 20 days, with the 4 spectral bands that are already acquired at 10m on Sentinel2 : Blue, Green, Red and Near Infra-Red, with a similar radiometric quality.

The aim of this trade-off is to enable the monitoring of high resolution changes that are out of reach for the current Sentinel2 constellation alone and probably also for the next generation of Sentinel-2.

In addition, Sentinel-HR would perform perform systematic Digital Surface Model acquisition, with a target accuracy of 4 meters CE90. As Sentinel-HR is a mission dedicated to change detection, changes in elevation are important to complement the changes in radiometry and give a full insight on the amount and nature of observed changes.

Sentinel-HR is a Sentinel mission at heart: it aims at a long mission lifetime in order to guarantee data availability, create deep time archive, and enable earth observation services. In the same spirit than the other Sentinel missions, we advocate for a free and and open-data model.

Sentinel-HR main specifications are shown in table 1.1.

Sentinel-HR phase 0 report -CNES

Coverage

All lands and coasts (similar to S2) Ground Sampling Distance ≤ 2.5 meters Revisit time 20 We think that with one of the options studied in this report, a launch date in 2028 could be reached if the funding of the mission was to be decided in 2022. However, in the eventuality of a failure to obtain the funds, it is interesting to compare Sentinel-HR with Sentinel2-NG. The Sentinel2 missions has recurrent satellites planned until 2035 approximately. Those satellites will have exactly the same specifications as Sentinel 2A and Sentinel 2B. Note that in terms of specifications, Sentinel-HR trades Sentinel2 revisit time for higher resolution, in approximately the same ratio. In 2035, an evolution of the Sentinel2 mission, called Sentinel2 NG, should be launched by ESA. This mission is currently in phase-A, with Target (lower bound) ad Goal (upper bound) specifications as shown in table 1 With a maximum number of 3 satellites, increasing the spatial resolution and the number of bands, improving the revisit time and adding a 2.5 meters panchromatic band is a lot of constraints for the design of the satellites and mission, and for the overall mission cost.

We advocate that Sentinel-HR would be a better option, by dedicating separate satellites to the resolution increase and especially to the 2 meters target, and focusing Sentinel2 NG on the revisit time. Sentinel-HR would therefore act as a companion mission for Sentinel2 NG. It is also important to note that a large panchromatic band may be insufficient for the user needs, and that Sentinel-HR would instead offer four high radiometric quality spectral bands that can be tuned to exactly match those of Sentinel2 or Sentinel2 NG.

Position with respect to Copernicus Contributing Missions

Copernicus contributing missions, in the European glossary, are commercial satellite missions (sometimes funded by the member states), whose data can be bought by Copernicus to serve the interests of European users. Table 1.3 shows some of the available contributing missions. Note that Planet Doves, and RapidEye satellites are not included, and neither is Airbus Defense and Space SPOT6/7 or hypothetical UryheDaily constellation, since the resolution of the multi-spectral bands is too coarse to fulfill Sentinel-HR mission. CO3D case is presented in section 1.2.3.

Mission

Nb Can Copernicus Contributing Missions meet the requirements of Sentinel HR ? As presented in section 1.1, Sentinel-HR is a Copernicus mission at heart: it aims at global, systematic, long-term observations in order to provide stable ground for the development of value-added services. Copernicus Contributing Missions, on the other hand, are a collection of privately owned constellation, with commercial prospects at heart and very heterogeneous lifetimes.

In section 3.1.2, we estimate that Sentinel-HR would acquire 5.94 Mkm per day, which exceeds the current total acquisition capacity of all missions listed in table 1.3. This means that even buying the full available capacity can not meet the requirements of Sentinel-HR, even if we let aside heterogeneity of sensors and lifespan, and without acquiring systematic stereoscopic pairs for 3D reconstruction.

Restricting the target area to Europe (and losing major use cases such as monitoring of glaciers 2.1) may be seen as a solution to this problem, but unfortunately, the acquisition capacity of Contributing Missions will also be reduced, since capacity is uniformly distributed around earth. For instance, figure 1.1 shows all the Pléiades acquisitions over France for April 2021, regardless of their cloud coverage. We can see that only around 20% of the area is covered.

In order for Contributing Mission to meet the requirements for Sentinel-HR, capacity would therefore have to be drastically increased, and long term planning of the different missions life should be carefully handled in order to guarantee a gap-free acquisitions plan over several years. This capacity increase and synchronization will require substantial commitment from Europe in terms of data buy, in order to convince private investors funding. Effort will have to be put in data harmonization in order to deliver a single consistent product from all those missions. And this plan is still not considering two key features of Sentinel-HR : guaranteed constant (or near constant) viewing angle, which would limit the possibility for constellation owners to sell part of orbital resources to private customers, and 3D systematic acquisition, which would require even bigger capacity increase. Copernicus Contributing Mission are therefore a valuable tool for local provisioning of VHR images, but it can not meet the requirements for Sentinel-HR, by far.

Position with respect to CO3D

CO3D [LCHL + 20] is a mission proposed by CNES and developed with Airbus Defense and Space, aiming at providing a Digital Surface Model of the world landmass between S60°and N70°with 1 meter relative accuracy and 4 meters absolute accuracy. In addition to this DSM, CO3D products will also provide 50 centimeters images in Near Infra-red, red, blue and green bands. The DSM will be computed by stereo-reconstruction from simultaneous stereo images acquired by a constellation of at least two pairs of low-cost 50 cm resolution satellites flying at 502 kilometers on the same sun-sychronous orbit and equiped with matrix sensors. Each satellite has a footprint of 7x5 km (lxh) and performs a step and stare acquisition scheme. Pairs of satellite will have the ability to perform simultaneous stereo acquisitions with a B/H of 0.2, which can be useful when imaging moving objects such as waves or vehicles. Satellites are small, and 4 of them fit in the Vega launcher, leaving half of the space available for another passenger. CO3D is currently being developed with a launch expected mid-2023.

Here we must distinguish between the planned CO3D mission and the CO3D concept off-the-shelf satellites.

Current CO3D mission

The current CO3D mission uses 2 pairs of satellites and will consist in two phases. First phase is a 18 months demonstration aiming at assessing the system performances over two areas; France (0.5 Mkm ) and an area of interest of 27 Mkm covering middle-east and north Africa. Those areas will therefore be prioritized over commercial activities and completion of DEM. After 18 months, the mission enters a second phase dedicated to commercial exploitation. It will therefore act as an additional VHR capability to complement those listed in table 1.3, with a daily capacity of 0.8 Mkm per day (or 0.4 Mkm for a DSM involving 2 satellites). A part of this capacity will be dedicated to the monitoring of 40 glaciers 3 times a year, as well as some sites for snow cover monitoring, and other requests for revisit are possible at a fair price, for a maximal total coverage of 5Mkm annually. It should also be stressed that if revisit is feasible in theory for a few sites, it will be very hard to guarantee small or constant viewing angles due to constraints from tasking.

In that perspective, current CO3D mission is similar to other VHR missions with respect to Sentinel-HR : it will offer a sharper resolution than required, but is not meant for systematic revisit with constant or near-constant nadir observations. Additionally its acquisition capacity can not meet the requirements for Sentinel-HR. However, it is noteworthy that it can provide the Digital Surface Model as a standard product out of the ground segment, which makes it very unique with respect to the other VHR missions. DSM quality is expected to be far better than what Sentinel-HR could offer with a low-baseline ratio instrument. Last it should be stressed that the radiometric quality is not the heart of the mission (see section 3.2.1).

2. Re-using CO3D conception for Sentinel-HR However, CO3D has been designed from the start as an extensible constellation. We could therefore inquire whether Sentinel-HR specifications could be met by mean of buying dedicated additional CO3D satellites. With the current revisit requirements and the 50 cm resolution, this would probably require a large amount of satellites. However, should we adapt their orbit and make a few adjustment to the instrument, it seems that a constellation of 12 or even 9 dedicated satellites could meet the requirements, benefiting from all the work that has already been achieved on this recurrent satellites line. This solution for Sentinel-HR is presented in section 3.2, as an alternative to building two ad-hoc satellites.

Importance of the 3D component of Sentinel-HR

It is also important to stress that, even if numerous Very High Resolution (< 1m) commercial satellites can offer stereo or multi-view acquisitions to their client, none of them offers the systematic and global acquisition of DSM that Sentinel-HR will provide. With Aster mission planned to end in September 2023, we will loose the ability for global monitoring of elevation changes on a regular basis and Sentinel-HR would allow to enable some sort of continuity of service, which is of tremendous importance for long term monitoring of earth at a time when the effects of global climate change become more and more impacting. This is highly demanded with a much better revisit by the scientific community. For instance, a group of 23 renowned scientists from the international glaciers, volcanoes and solid earth community wrote a letter to the Landsat Next engineering team to request for a stereo capability of this mission. To our best knowledge, this requirement is still under investigation by the Landsat Next engineering team.

Importance of a Free and Open data policy

The Sentinel-2 mission is receiving a unprecedented success for a earth observation mission in Europe : in 2020, between 8000 and 10000 users downloaded data every month on the Copernicus data distribution centre, an increase by 15% compared to 2019 [START_REF] Knowelden | Copernicus sentinel data access[END_REF], as shown in figure 1.2. And these statistics to not account for the number of users downloading data from the European DIAS or the collaborative ground segments, including PEPS and THEIA in France. They also don't include the users that work online with the data in cloud infrastructure at Sinergise, Google Earth Engine or Amazon Web services. This rather unexpected success, knowing the low uptake of remote sensing data until the Copernicus era, results in the development of a lot of services, in the domains of land cover, agriculture, incitement of good agricultural practices, land planning, ecosystem monitoring, coastal surveillance, risk evaluation and post-catastrophe evaluation. . . This success is due to the combination of several features :

• Sentinel-2 acquisitions are systematic

• data are free and openly accessible

• the data quality is high, and the mission has become a reference

• the revisit (5 days) and resolution (10m), are well tailored for a lot of usages Among these features, the systematic free and open acquisition is a key one. The Landsat history, shows how the change of policy from a paying data policy to a free and open one completely changed the situation, as shown in figure 1.3 extracted from [WMC + 12].

Having access to free and open data is of course essential for research and development purposes, to lower the cost of development to start a new service or application, or to apply to non-commercial applications such as the monitoring of the health of our planet ecosystems. It is also essential to allow the demonstration of feasibility of applications at large scale, such as the production of land cover maps over a whole country, or the monitoring of deforestation. It is also essential to deliver public services such as the monitoring of snow cover, the change of coastlines with time, or the global detection of water bodies.

Free and open data are also essential for educational purposes, within student projects, or for public awareness objectives, and it may also be used by journalists.

Thanks to the free and open data policy, the acquisition costs are shared for all users, and if an image is useful for monitoring coastlines and deforestation in two different projects, it is not necessary to pay it twice.

But the best argument can be found in a report by the French parliament [START_REF] V Faure-Muntian | Les données géographiques souveraines-rapport au gouvernement[END_REF]. « It is not the sale of data that creates its value, it is its circulation ». To justify this change of policy, the report states that : « Free dissemination and reuse of sovereign geographic data implies that the production of sovereign geographic data must be financed by the state subsidies, if not by the sale of the data. If the open data business model is empirically verified, a return to the public purse will be achieved by the taxes of the additional wealth created by the release of data. »

The phase 0 study 1.3.1 Objectives

Objectives of the phase 0 were stated as follows:

• Investigate and refine users requirements for the Sentinel-HR mission with the help of a Mission Advisory group in order to assess the benefits of this mission with respect to Sentinel-HR phase 0 report -CNES other foreseen missions

• Provide a coarse design of the mission in order to assess its cost and feasibility

• Investigate methodology and readiness level of the hybridation between Sentinel-HR and Sentinel2 and Sentinel2 NG

• Communicate outcomes to ESA in the frame of the preparation of Sentinel2 NG

Organisation

The phase 0 study has been conducted and coordinated by Julien Michel (CNES/CESBIO, DSO/SI//CB), with the help of Joel Michaud (CNES, DIA/PF) and Olivier Hagolle (CNES/CESBIO, DSO/SI//CB).

CNES Human Resources

Technical contributions have been made by :

• Thierry Martin (DSO/DV/IFL) for the preliminary orbitography study of the ad hoc satellites configuration presented section 3.1.2 • Clément Dudal (DSO/RF/ITP) for the analysis of telemetry requirements presented section 3.1.3. • David Laubier (DSO/SI/IN) for the instrument design proposition of the ad hoc satellites configuration presented section 3.1.4. • Renaud Binet (DSO/SI/QI) for the low-baseline 3D simulation and performance assessment study of the ad hoc satellites configuration presented in section 3.1.5. • Laurent Lebègue (DSO/OT/CXI) for the design and preliminary study of the CO3D extension configuration presented in section 3.2.

Several suggestions and technical advice regarding the hybridation methodology have been proposed by Jordi Inglada (CNES/CESBIO, DSO/SI//CB) during the course of the study.

Other CESBIO resources

The super-resolution part of the hybridation study has begun with the 6 months internship of Juan Vinasco-Salinas at CESBIO, funded by ANITI. Juan Vinasco-Salinas worked 6 additional months on the comparison of hybrid products methodologies presented in chapter 4 through a CNRS contract under Sentinel-HR project funding.

Financial Resources

Of the 50 k€ budget allocated to the study, 50% has been used for funding the lowbaseline 3d simulation and performance estimation delegated to CS-SI in the frame of its current contract with CNES, and 50% has been used to fund a 6 months short term contract for Juan Vinasco-Salinas at CESBIO, to help with the design and experimentation of the hybridation workflow.

Mission advisory Group

A large part of the study heavily relied on an informal Mission Advisory Group, composed of benevolent scientists and users that dedicated their time to contribute to use cases and user requirements, and should be greatly thanked for that:

CO3D constellation with a set of dedicated satellites. Since the first option may require to perform low-baseline stereo-reconstruction, the associated section also contains outcome of a 3D simulation and performance assessment study conducted with Sentinel-HR characteristics using a CNES in-house tool.

Chapter 4 focuses on research conducted at CESBIO during the phase 0 in order to demonstrate the feasibility of hybrid imagery products combining Sentinel-HR with Sen-tinel2 (NG). This chapter presents two main approaches, Single Image Super-Resolution and Spatio-temporal fusion, as well as some considerations on how to turn those methods into an operational ground segment.

Last, chapter 3.1.6 will present the main outcomes of each of those three aspects of the phase 0 study, and identify perspectives for Sentinel-HR.

Chapter 2

Sentinel-HR use cases

Use cases have been collected during the first semester of 2021. Themes have been selected by the Mission Advisory Group, and member of the group have been designated to coordinate the contributions on each theme. Some coordinators gathered contributions from fellow colleagues outside of the Mission Advisory Group. A common template has been used for all use cases in order to collect consistent information across themes. The template insisted on identifying key indicators enabled by Sentinel-HR, as well as their expected accuracy and target coverage and update frequencies. Limitations of Sentinel-HR and position with expected contemporary missions were also investigated.

Altogether, 11 use cases were identified and investigated. Table 2.1 shows an overview of those use cases, with a summary of the associated indicators, target coverage, and update frequency. It is noteworthy that many indicators relates to Essential Climate Variables or Essential Bio-diversity Variables, and that all themes play a role in one or more Sustainable Development Goals.

Target coverage areas ranges for less than a million km for specific targets like glaciers or volcanoes to large portions of emerged land for the monitoring of cities, water bodies, or herbaceous ecosystems. It should be stressed that only a global coverage mission will be able to fully address the diversity of target areas and provide global insight on each theme.

In terms of update frequency of indicators, most of them range from quarterly to yearly update, which seem compatible with the kind of revisit that Sentinel-HR would offer if complemented by Sentinel2 (or Sentinel2 NG) observations. It should be noted that this update frequency should not be directly interpreted as the required satellite revisit, as indicators may require several observations or depend on external factors for the update.

Monitoring of glacier geometric changes: area, volume and velocity

Contributors: Berthier, Etienne (LEGOS); Dehecq, Amaury (IGE); Paul, Frank (Univ Zurich) and Kääb, Andreas (Univ Oslo)

Summary

Glaciers are considered as iconic indicators of climate change. Their state of health can be evaluated using their extent, their surface velocity or their volume, best all three variables Sentinel-HR phase 0 report -CNES combined. Accurate, frequent, and consistent high resolution ortho-images from Sentinel-HR (referred to as [HR] below) would contribute to update global glacier inventories and measure accurately their flow velocities. A stereo capability (referred to as [HRS] below), along with the frequent revisit, would be a real game changer for glaciology, especially for estimating glacier volume changes globally and at different time scales (from seasonal to multi-annual).

Context

Glaciers are key indicators of climate change as they react very strongly to small but continuous trends in atmospheric forcing. They are thus considered as an essential climate variable (ECV) by GCOS (Global Climate Observing System) and are an important component of the IPCC reports. They also act as a natural water tower, providing liquid water in spring and summer, the time of the year when it is most needed for irrigation and water consumption, among others usages. Glaciers distinct from the ice sheets contribute significantly (about 25%) to the present-day rise in global sea level. Moreover, glaciers are an ever-changing source of natural hazards, threatening nearby communities and livelihood in remote mountain regions. In particular, newly developing and/or rapidly growing pro-glacial lakes that can burst catastrophically require frequent monitoring at high-spatial resolution. In this context, Sentinel-HR could dramatically improve our capacity to monitor glacier changes at an unprecedented spatio-temporal resolution.

Objectives

Target indicators and expected accuracy • [HRS]

Elevation time series over all glaciers on Earth, every 3 to 6 months, with a vertical accuracy better than 5 m for individual measurements, i.e. pixels of 10 m by 10 m.

• [HRS] Elevation changes aggregated for individual glaciers and entire mountain ranges 2 to 4 times per year with expected accuracy of ≈ 0.5 to 1 m.

• [HR] Map of surface displacement every 1 to 2 months with an accuracy of 0.5 m and a resolution of 20-30 m over as many glaciers on Earth as possible, with a focus on significant dynamic variations, surrounding steep high-mountain topography. Whereas small glaciers require high spatial resolution, rapid flow and rapid changes require a high repetition rate (currently done using Planet data).

• [HRS] Accurate mapping (typically 2 to 3 m in planimetry) of glacier extents every 3-5 years. Sentinel-HR high image resolution (compared to 10 m for Sentinel-2) would be a strong added value to identify accurately and unambiguously the complex boundary of retreating and down-wasting glaciers, often obscured by debris cover.

Target coverage and update frequency

According to the Randolph Glacier Inventory version 6.0 (RGIv6), there are almost 220 000 glaciers on Earth covering in total over 700 000 km with a concentration towards the poles where satellite orbits converge and revisit is more frequent. Glaciers are globally distributed but regionally concentrated with sizes ranging from 0.01 to about 10 000 km . For optimal monitoring, this size spectrum requires high spatial resolution and a wide swath (or several satellites in formation). The revisit depends on the parameter of interest as well as the monitoring goals (inventory, change assessment / trends, special events). It ranges from a 5 to 10 year revisit for glacier inventories (typical length changes near the terminus is about 10 m / year, but it has to be measured before the first snowfalls) to, ideally, a near daily revisit when following the evolution of flow velocities during glacier surges (typical displacement of surface features reach 10+ m / day). In general, seasonal (elevation changes, velocity mapping) to annual (frontal length change) revisits are well-suited. Of course, cloud free images are needed.

Methodological insights

Our starting product would be the ortho-images and DSMs [HRS] derived from the raw Sentinel-HR images. 

Current readiness level (a) Elevation changes [HRS]

The amplitude of the seasonal elevation cycle on glaciers varies according to the degree of continentality and is in the order of 1-3 meters. It is nowadays possible to measure these subtle changes in elevation from very high-resolution images (Figure 1) such as Pléiades or Worldview [BBM + 17], but only for specific targets, given the limited data availability. A mean seasonal cycle seems to be captured for large regions from 30 m DEMs derived from 15 m ASTER images but these promising results need to be validated [HMB + 21a] and do not capture the large inter-annual variability. There is currently a lack of a snow-free DEM over the stable terrain surrounding glaciers to facilitate proper co-registration of all DEMs on a common snow-free reference. Given its high temporal revisit and after a few years in orbit, Sentinel-HR could contribute to build this snow-free DEM by selecting snow-free images (and DSM) in the catalogue. , but increasingly over much shorter time periods when glaciers are flowing fast [START_REF] Altena | Elevation Change and Improved Velocity Retrieval Using Orthorectified Optical Satellite Data from Different Orbits[END_REF]. One limitation of these maps is the fact that images are orthorectified using freely available external DSM (SRTM, GDEM, AW3D30, TanDEM-X) that are asynchronous with the images and that the space agencies (ESA / USGS) are using different DEMs and ground control points (GCPs). In consequence, there are shifts between Landsat and Sentinel-2 data that complicate their joint use. Moreover, the strong surface elevation changes over time leads to systematic errors in the flow field (Figure 2). As the DSM will be available simultaneously with Sentinel-HR image acquisition [HRS], an improved quality of the calculated 2D velocity fields can be expected.

Glacier inventories [HR]

Currently, glacier inventories are refreshed only at irregular time interval, in the best cases every five to ten years. They often also lack a well-defined time stamp, being generated from images acquired a few years apart. There are several reasons for that, one of them being the difficulty to obtain cloud and snow free high-resolution images to accurately map (automatically or manually) the glacier limits. Given its frequent revisit, Sentinel-HR could be an invaluable source of cloud and snow free images to update inventories. Annual frequency would make sense for the fastest retreating glaciers (including calving glaciers). For the global inventory, an update every 5 years would be sufficient. A bottleneck could be the manpower needed to check and improve manually these inventories. Methodological developments, in particular artificial intelligence methods, neural networks and cloud processing together with the availability of suitable imagery from Sentinel-HR, might help to overcome these hurdles. 

Benefits expected from Sentinel-HR data

Sentinel-HR would be unique by providing simultaneously metric imagery and DSM. For glacier studies, the stereo capability would be a breakthrough for two main reasons:

• the elevation change from DSM differencing is a climate signal itself as it allows deriving seasonal glacier volume change and ultimately glacier mass balance, a direct indicator of climate change impacts. No mission in orbit or planed currently allows estimating glacier volume change or mass balance globally with a seasonal frequency and at high resolution. Current sub-metric missions are commercial, acquire images on-demand and follow a logic of "targets". This is useful for a case study approach, but not for global monitoring. So far, metric to decametric resolution missions rarely have stereo capabilities. ASTER is one of the exceptions but the sensor is getting old, will not be replaced and its spatial resolution (15 m), or its geometric and radiometric (8 bits) accuracy are not sufficient for estimating the subtle seasonal elevation changes on glaciers.

• Sentinel-HR would provide frequently "real" ortho-images, generated from a DSM that is synchronous to the image itself. This would avoid image distortions due to the rapid obsolescence of any DSM on a constantly evolving glacier topography. Such orthoimages would be the basis for improving the present day capability to derive velocity fields from Sentinel-2 or Landsat-8 images. They would also be useful to create glacier inventories with a better quality (as interpretation of glacier features is facilitated at higher resolution) and follow glacier frontal changes on a yearly basis, allowing to largely extend the sample of field measurements and obtain a globally more representative picture of climate change impacts.

Limitations of Sentinel-HR specifications

As explained above, the stereo capability is key for glacier applications. We can accept a coarser resolution (between 2 and 3 m) if the B/H is increased. A 20-day revisit will ensure a cloud free image probably every trimester and also will help to acquire images with minimal snow, close to the end of the melt-season. An even higher repeat frequency would increase the chance of cloud-free image acquisition further. This can likely be best achieved with a second satellite.

Monitoring of ice sheets changes: volume and velocity

Contributors: Mouginot Jérémie (IGE), Etienne Berthier (LEGOS), Romain Millan (IGE)

Summary

Since the 1990's, mass-loss rates increased significantly for the ice sheets due to large impact of retreat, acceleration of marine-terminating outlet glaciers, and increased surface melting due to warmer air temperatures [SFG + 20, MRB + 19, KHC + 20]. Despite regional-scale climate change, the spatial and temporal pattern of flow velocities and down-wasting of these glaciers is rather complex [START_REF] Moon | 21st-century evolution of greenland outlet glacier velocities[END_REF]; pointing out the need for more detailed, comprehensive repeat observations in order to better understand their response mechanisms to external forcings from the ocean and the atmosphere. The current temporal and spatial resolution of the altimeters (CryoSAT-2/ESA, IceSat-2/NASA) limits our ability to resolve with enough details, on a large scale, the current elevation changes in these areas of complex topography located at the boundary between the ice and the ocean. The high resolution, revisit and stereo-capabilities of Sentinel-HR would be instrumental to provide continuous time series of glacier elevation. It would also provide accurate and frequent ortho-images to measure their flow velocities and observe at the high temporal and spatial resolution the surface condition experienced by the ice sheets at the interface between the ice and the ocean (albedo, crevassing, melt-water).

Context

Ice sheets are acknowledged by the World Meteorological Organization (WMO) and the United Nations Framework Convention on Climate Change (UNFCCC) as an Essential Climate Variable (ECV) needed to make significant progress in the generation of global climate products and derived information. Besides their strong impact of their mass loss on sea level, another potential environmental impact is the modification of climate due to changes in surface albedo, freshwater fluxes, orography and shifts in vegetation cover. These changes may impact local climate and atmospheric and ocean circulations. In this context, Sentinel-HR combined with Sentinel-2 could dramatically improve our capacity to monitor ice sheet changes at an unprecedented spatio-temporal resolution.

• High resolution ortho-images of all spectral bands over outlet glaciers of Greenland and Antarctica, from March to October every week, with horizontal accuracy of 0.5 pixels.

• Elevation time series over outlet glaciers of Greenland and Antarctica, from March to October every week (when solar illumination permits), with a vertical accuracy better than 5 m for individual measurements, i.e. for 10 m by 10 m pixels.

• Surface displacement time series over outlet glaciers of Greenland and Antarctica, from March to October every week, with an accuracy of 0.5 m and a resolution of 50 m.

• Long-term (inter-annual) elevation changes over the coastal sectors of Greenland and Antarctica with expected accuracy of ≈ 1 m over the lifetime of the mission.

Target coverage and update frequency

Together, the Antarctic and Greenland ice sheets contain more than 99 percent of the freshwater ice on Earth. The Antarctic Ice Sheet extends almost 14 million square kilometres. The Greenland Ice Sheet extends about 1.7 million square kilometres, covering most of the island of Greenland. To make a difference compared to existing or planned systems, Sentinel-HR should focus on the coastal regions of Greenland and Antarctica.

Two monitoring goals are identified for the ice sheets : long-term (interannual) and seasonal evolution. The long-term evolution requires monitoring at least once every year (at the same time of the year) in order to follow the global trend in ice discharge into the ocean and the volume change of the ice sheet. The information is used to derive their mass balance. Monitoring the seasonal evolution allows for describing the outlet glacier evolution at a weekly to monthly time scale and is needed to capture the large fluctuations (speed can increase a twofold factor and surface elevation can vary by +/-30m) that occur at the glacier terminus during the melt season. This is especially true for Greenland outlet glaciers, but also some sectors of Antarctica such as the Antarctic Peninsula or the Amundsen Sea Sector.

Methodological insights

Our starting product would be the DEMs and ortho-images derived from the raw Sentinel-HR images.

Elevation changes Fine DEM co-registration and correction using filtered altimetry data [SAM + 16, SJD + 19]. This filtered altimetry would be located off glacier (e.g nunataks) or on non-changing areas from well-defined freely available external DSM (SRTM, GDEM, AW3D30, TanDEM-X, Copernicus). Additionally, other sources of altimetry (e.g. lidar) acquired simultaneously could be used. After co-registration, volume change would be obtained using classical DSM differencing or using an advanced approach such as SERAC [START_REF] Schenk | A new methodology for detecting ice sheet surface elevation changes from laser altimetry data[END_REF]. 

Flow velocities

Current readiness level

Elevation changes

The amplitude of the seasonal elevation cycle on outlet glaciers in Greenland are mainly linked to rapid changes in ice flow that occurs during the summer season. The increased extension during the summer speed-up can locally produce near-terminus dynamic thinning of ≈ 30m/yr. It is nowadays possible to measure such changes in elevation from high resolution images such a Pléiades or Worldview or SAR single pass interferometry (SP-InSAR) such as TanDEM-X [JSSF20], but only for specific targets, given the data availability.

Over the ice sheets, the Sentinel-HR would focus on outlet glaciers and areas of complex topography, where the horizontal resolution of the altimeters (CryoSAT-2, IceSat-2) limits our ability to resolve with enough details the current elevation changes, as demonstrated over outlet glaciers Greenland or the Antarctic Peninsula using high-resolution SP-InSAR repeat digital elevation models from TanDEM-X [FSW + 18, KJS + 17] .

2. Flow velocities Thanks to Sentinel-2 and Landsat-8 images, global glacier velocity maps are currently generated on a regular basis [START_REF] Mouginot | Comprehensive annual ice sheet velocity mapping using landsat-8, sentinel-1, and radarsat-2 data[END_REF]. One limitation of these maps is the fact that images are orthorectified using freely available external DSM (SRTM, GDEM, AW3D30, TanDEM-X) that are asynchronous with the images. As elevation has sometimes changed strongly on glaciers, this can lead to systematic errors in the flow field. As the DSM will be available simultaneously with Sentinel-HR image acquisition, an improved quality of the calculated 2D velocity fields can be expected.

Benefits expected from the Sentinel-HR data

Sentinel-HR would be unique by providing simultaneously metric imagery and DSM. For ice sheet studies, this would be a breakthrough for two main reasons:

1. For large ice displacements and large elevation changes, on the order of tens of meters, unprecedented simultaneous and frequent horizontal displacements and elevation changes would be routinely available by combining displacement maps and elevation models. This implies that the integration of measurements of horizontal ice flow and simultaneous elevation changes over short time scales offers great potential for understanding and predicting the rapid loss of glacier volume over longer time scales [FBC + 17]. Today, there is no sensor or mission to make such simultaneous measurements of horizontal displacement and altitude changes. Such conclusions must be drawn from temporal measurements that are often very disconnected from the variation in glacier flow and thickness, the main bottleneck being the absence of surface elevation measurements with a temporal repetition frequency of the same order as horizontal displacements.

2. Current satellite altimetry data with radar (CryoSat-2/ESA) or lidar (IceSat/NASA) sensors have significant gaps in the complex topography of the ice sheets due to the inherent limitation of horizontal spatial resolution and/or the inability to track the rapidly changing topography [MLS + 16]. Detailed observations of changes in surface elevation provide important new information on the diversity of spatial and temporal response of outlet glaciers to changing boundary conditions. The Sentinel-HR mission will be able to fill key gaps in global ice sheet monitoring by providing comprehensive and spatially detailed measurements of changes in surface elevation of outlet glaciers of the ice sheets at well-defined epochs. These measurements will be used to complement other lower resolution sensors to derive the volume change of ice sheets over the mission duration and significantly improve global and regional estimates of their contribution to sea level rise.

Limitations of Sentinel-HR specifications

The stereo capability is key to make a difference compared to existing observations over the ice sheets. A 20-day revisit will ensure to obtain enough cloud free images. For the ice sheets where overlap between adjacent orbits becomes higher, it would still be beneficial to acquire images for every orbit to increase the chance of cloud-free image acquisition further and increase the frequency of revisit below 20 days.

Monitoring of water bodies

Contributors: Yésou Hervé (ICUBE-SERTIT/Université de Strasbourg), Crétaux Jean-François (LEGOS / CNES), Ferrant Sylvain (CESBIO)

Summary

Access to and management of water, a vital resource, have become crucial issues that will be increasing in the context of global change and are causing tensions in many regions. The 2030 Sustainable Development Goals identify water and its management as crucial for providing the economic, social and environmental well-being of the present and future generations. Water surfaces, such as lakes or large reservoirs, essential elements of the chain as primary resource storage (SDG 2-6), host of biodiversity (SDG 14-15) and due to their role as climate sentinel (SDG13), are targets of great interest. In this context, earth observation data is called upon to play an important role in assessing and monitoring this resource, with potentially an important role in assessing and monitoring the water characterization parameters like height, extent and radiance, temperature. Therefore, small lakes, pounds, very important at local scale both in terms of available resource and biodiversity are not considered at large scale. Actually, the access to information to these water bodies is limited both by the swath, revisiting time and cost of VHR imagery. Sentinel-HR can also provide valuable insight for monitoring water bodies; taken into account large to small ones.

Moreover, when assessing the total surface over the continents covered by lakes and reservoirs, a large portion is still not well identified due to their smaller size [START_REF] Verpoorter | A global inventory of lakes based on high-resolution satellite imagery[END_REF]. In any case, the fraction of water available for human use -agriculture, domestic use, industry, hydroelectricity, recreation, etc-is minimal: a few thousandths of the total quantity of water on Earth. Monitoring this available quantity is therefore a major issue for humanity. In the framework of climate change this is however a crucial information for several reasons: shallow and very small lakes contain in their sediment a high concentration of greenhouse gas (GhG) that can be re-emitted in the atmosphere if these lakes are shrinking [START_REF] Craig E Williamson | Lakes and reservoirs as sentinels, integrators, and regulators of climate change[END_REF]. The knowledge of carbon budget has still some uncertainty due to GhG originating from these very small water bodies. Most of the re-emission is also done in the margin of lakes, where a monitoring of changing lakeshore at high resolution would allow improving the carbon budget generated by lakes. Global warming also provokes some new phenomena that dramatically transform landscape at different scales. In the Siberian plain, the melting of the permafrost causes the appearance of an incalculable number of small lakes and swamps which mix with peat bogs whose limits are difficult to detect. In mountain areas, glacier outburst floods (GLOFs) have become very frequent, for example in Himalaya. Small lakes are created in the spillways of glaciers, which can give way under pressure and cause serious damage in the form of floods or landslides. As an example, in Kyrgyzstan, there are about 2000 very small (less than 0.1ha) mountain lakes with for most of them a great risk. [J10] In addition, under more temperate climatic zones, there are numerous hill reservoirs, all over the world, that are also rarely taken into account when exploiting satellite imagery such as Landsat 8 -Sentinel or weakly described despite their crucial role in agriculture. For all these small objects, it becomes necessary to observe the evolution at high resolution and the current sensors do not allow it globally.

Objectives

Target indicators and excepted accuracy

The first derived indicator corresponds to the water bodies extent (WBE) that can be expressed as the presence of water (on a map), or as the total areal extent of a water body (a single number). The main difficulty encountered is the definition of the target: are we willing to extract only open water, or do we have to consider that the bordering inundated vegetated wetlands are full-fledged of the lake ? indeed, this edge effect increases drastically for small WBE.

The second indicator corresponds to the Water leaving reflectance (water colours). It provides information on dissolved (organic) and particulate matter (phytoplankton, minerals, detritus). In addition, it links to lakes as sources/sinks of Carbon, heat trapping potential, seasonal stratification. Most of the studies over lakes are actually exploiting historical MERIS and MODIS data, and more recent S3 OCLI imagery. HR and VHR such as Sentinel2, and the foreseen Sentinel NG and HR would be more acute for small water bodies WLR monitoring (selection of pure water pixels from S2 and S2NG and or Modis based on S2HR WBE). Of course, for this we would rely mainly on Sentinel-2, but the refined knowledge of the edges will enable knowledge of the surface.

A third indicator of water bodies is the volume, or the variations of volume. Water bodies volume dynamics can be handled in two ways, associating WBE with water height (from in situ data or satellite altimetry) or WBE with topography. For this volume approach, the Sentinel-HR, Digital Surface Model (DSM) acquisition capabilities have also to be considered. The high X, Y resolution, associated with a moderate Z error would allow to generate DSMs over large area, to monitor flood prone lakes to small hilly reservoirs.

Indicators therefore include:

• Water Body Extent (expressed either in Km2 or Ha)

• Occurrence of water (on a quarterly, 6 months or annual basis)

• Volume variations when WBE associated with Water height, or DEM bathymetry • Water leaving reflectance (water colours)

• Ice coverage and duration

Target coverage and update frequency

The revisit with 20 days is as already noticed too weak to capture alone the dynamic of the water bodies based on a single mission. But studies shall be conducted to estimate the gain of the fusion of HR WBE with Medium Resolution High Temporal Revisit derived water masks time series in arid and semi-arid areas where the WBE highly fluctuate. For less variable WBE, in temperate areas or for permanent river monitoring, a 20 days revisit Sentinel-HR WBE would allow identifying pure water pixel from lower resolution but more frequent satellite observation to better extract Water leaving reflectance, and lead studies at higher resolution thanks to the multispectral capacities of Sentinel-HR.

Those indicators should be monitored for changes on a quarterly basis.

Methodological insights

During the last 25 years, there have been many water body extraction approaches from multispectral imagery (Figures 2.5 and 2.6 ). [YQY + 20] divided these approaches into three levels: "[. . . ] pixelwise classification, object-based image analysis (OBIA) and subpixel fraction estimation. Pixelwise approaches directly extract the pixels associated with water body areas, mainly considering the spectral characteristics of targets. OBIA groups the adjacent pixels with similar features into homogeneous clusters, which provides valuable information, including spectral, textural, shape, and spatial relationships. Subpixel fraction estimation considers the mixed pixels in remote sensing images and estimates the fraction of water bodies in each pixel using the spectral mixture analysis (SMA) method. However, the relevant methodologies fall into two categories depending on whether training samples are needed. The sample-based approach relies on the training dataset for supervised classification at both the pixel and object levels or on pure endmember selection to derive the subpixel water body fraction. The rule-based approach is based on prior knowledge of the target and background instead of the known sample data [. . . ] Among the rule-based approaches, water indices and binary thresholdingbased methods are characterised by easy implementation and a high calculation efficiency and are thus widely utilised ( One of the first work at large scale for the French community was carried out by [START_REF] Verpoorter | A global inventory of lakes based on high-resolution satellite imagery[END_REF] then CESBIO teams developed their own approaches, as well as ICUBE SERTIT and CNES with the SURFWATER processor.

The actual level of TRL is around 6 to 7 depending of the chain. Level 8 seems to be addressed by the Surfwater processor. But preliminary studies (to be consolidated worldwide) show that averaging Sentinel-1 water masks on a 20 days basis strengthen the water mask products over France [START_REF] Ferrant | Regional sentinel-12 multitemporal water detection accuracies[END_REF]. Systematic negative bias on WBE are found for optical data (<10%) and radar data (<20%) for similar reasons: the spatial resolution of the sensor that erode the shore, balanced by false positives -bare sand soils detected as water with SAR data and dark objects and shadows with optical data. It results in an erosion of WBE from the shore and differences in water occurrence maps from radar and optical data. Fusion of Sentinel-1&2 water masks together with appropriate ancillary data are foreseen to limit negative bias and improve our capacity to map WBE dynamics for many climate and hydrological context. The Sentinel-HR mission would be an opportunity to improve those methods by decreasing the erosion of water bodies limits impacted by spatial resolution of nowadays multi-temporal sensors.

For instance, the Indian Rainwater Harvesting System (RHS) is an essential source of surface water in upstream agricultural areas. It is composed of hundreds of thousands of Small Reservoirs (SR) often disconnected from any perennial rivers. Quantifying and monitoring the surface and volume of this RHS is a challenging task given the small size of the reservoirs. It requires high-resolution data for accurate volume estimation. Figure 2.7 shows the surface water fluctuation over this semi arid region detected by Landsat mission (Global Surface Water), with water masks from January 2018 from Sentinel-1 and Sentinel-2. Even if many of the water body maximal extents can be higher than 6ha, the surface to be detected is often below 3 ha.

A spatial water stress monitoring system based on S1 and S2 is foreseen to be of interest. A first ESA project has been funded in 2019 to spread the Sentinel-1 derived water masks over the Hyderabad region, Telangana, India, through a smartphone application to provide a proxy of surface water stressors to Hyderabad region citizens. From this very first attempt to reach water users and stockholders, the research objectives have moved to the estimation of volume dynamic as it is the biggest users' expectation.

Combining HR Pleiades DEM acquired when regional RHS is empty with those data allow accurate volume retrieval. A first regional estimate of the RHS volume in the Telangana reaches 29mm of capacity [START_REF] Ferrant | High resolution mapping of rainwater harvesting system capacity from satellite derived products in south india[END_REF]. It is lower than the accumulated potential capacity of 126 large dams referenced by the National Registry of Large Dam estimated to 113mm, but represents the surface water resource for upstream farming systems during the dry season. The accuracy of RHS storage dynamic methods using available global DEMs is evaluated in a second study [START_REF] Ferrant | Dem-based true bathymetry retrieval for surface water volume monitoring of rainwater harvesting system in south india[END_REF]. Among DEM precision, the WBE accuracy is crucial to get accurate volumes stored in the RHS, which could be highly improved with Sentinel-HR WBE products and stereoscopy capacities.

Benefits expected from the Sentinel-HR data

Sentinel-HR will provide the necessary information to monitor the small to large water bodies, with an emphasis for the small water bodies, in term of spatial resolution coverage. Indeed, even Sentinel2-NG foreseen spatial resolution of 5m will likely be insufficient for the smallest water bodies detection and mapping. However, the revisit at 20 days of Sentinel-HR is not the most convenient. The dynamic of reservoirs, large or small, is much faster than 20 days especially in many semi-arid and arid area in the world where the development of surface water monitoring systems is crucial. In other temperate areas, cloud coverage will decrease drastically and randomly this observation frequency. Nevertheless, the S2HR WBE could be used in to identify and correct S2 NG and Landsat Next, or SWOT derived WBE time series over small water bodies.

CO3D imagery would be suitable for the production of the indicators VHR DEM that would be exploited in order to derive available stocks in the reservoirs, a crucial complementary information to the volume variations for water resource management. However, CO3D goals are not an automatic global coverage, but rather an on-demand tasking, after a first phase aiming at gathering a complete DTM over France and an area in middle east. So, the joint exploitation of WSE derived from Sentinel-HR and VHR DEM over sensitive areas such as India and Central Asia is not expected in a short-term future. As a result, the availability of the stereoscopic mission in Sentinel-2 is an important feature.

Limitations of Sentinel-HR specifications

Despite its innovative and important features, Sentinel-HR does not fully answer to two constraints for water surface detection and monitoring:

• the 20 days revisit is too small to monitor the water bodies dynamic. The hybridation of Sentinel-2 and Sentinel-HR might answer this need.

• The spectral coverage, limited to the VIS and NIR: For water detection and color measurements purposes SWIR bands would have been welcome

For DSM generation, the expected accuracy of Sentinel-HR could be a little too low to catch small altitude variations in flood prone areas as well for reservoir volume monitoring in small hill areas. At this level of the mission elaboration, there are missing elements to the End Users, to handle properly the DSM quality.

Urban monitoring

*Contributors: * Anne Puissant, LIVE, UMR 7362 CNRS / Université de Strasbourg

Summary

Urban growth is a worldwide phenomenon and the rate of urbanization depends on the countries. It can be fast in developing countries like Brazil, India, China where it is mainly driven by unorganized expansion, increased immigration, rapidly increasing population, and it is slower in western cities in Europe. Whatever the context, land use and land cover changes are considered one of the central components in current strategies for managing natural resources and monitoring environmental changes. Urban growth is responsible for a variety of urban environmental issues like decreased air quality, increased runoff and subsequent flooding, increased local temperature, deterioration of water quality, reduction of biodiversity, etc. Remote sensing is an important source of information for urban expansion analysis based on its high spatial and temporal accuracy and consistency. Moreover, remote sensing data are very useful because of their synoptic view, repetitive coverage, and real-time data acquisition. Sentinel-HR will provide new insights for urban mapping and monitoring because of its large coverage and very high spatial resolution well suited to the high heterogeneity and complexity of this ecosystem. Consistent monitoring of urban changes to help urban planning and management for all urban areas in the world will be possible. Also, very high resolution and systematic stereo-acquisition could also offer the possibility to improve the detection and the characterization of urban changes.

Context

Growing urban sprawl (dispersed urban development) is a serious concern worldwide for a number of environmental and socio-economic reasons. It presents a major challenge with regard to making land use more sustainable, and this was highlighted by the International Year of Soils 2015. Since 2008, half of the planet's population has been living in cities and agglomerations, and this proportion is increasing at a rapid pace (UN, 2006; UNFPA, 2007). The global human population is likely to continue to increase rapidly, which will lead to a continued population shift from rural to urban areas and to significant additional land uptake for urban expansion (Montgomery, 2008;Gerland et al., 2014;UN, 2014).

The increasing urban sprawl in Europe is causing landuse conflicts and is posing a major threat to sustainable land use. Nearly 73 % of the European population lives in cities, and this proportion is projected to reach 82 % by 2050 (UN, 2012). While there are several regions (e.g. eastern Germany) in which the human population is not growing, the expansion of built-up areas has continued in most regions of Europe, even in regions in which the population has declined (Haase et al., 2013;Rienow et al., 2014).

In many cities, urban changes (sprawling, densification), on the one hand, is an indicator of social, economic, and political growth, whereas, on the other hand, it has negative impacts on agricultural land and the greenery of the city. Urban expansion also causes landscape transformations and degradation through fragmental and ecological changes.

At present, remote sensing has been recognized as a valuable technique for viewing, monitoring, analyzing, characterizing, and mapping urban growth and expansion. It has therefore been widely used in detecting and monitoring urban changes on various scales with useful results (Wu et al., 2016;Karanam et al., 2017, Pesaresi et al., 2016;Corbane et al., 2017).

The Sentinel-HR characteristics will be very useful to monitor urban changes at a fine scale to characterize the morpho-type of urban changes. The systematic stereo-acquisition could also offer the possibility to monitor urban changes in terms of height of buildings at a parcel level. Automatically monitoring newly constructed building areas is essential for efficient land resource management and sustainable urban development, particularly in the rapidly urbanizing country. Generally, change detection can be conducted at bi-temporal (i.e., identifying the differences of two images at a time) or multi-temporal (i.e., time-series analysis with multiple images) timescales (Coppin et al., 2004). While bi-temporal methods have been widely adopted (Gamba et al., 2006;Bovolo and Bruzzone, 2007;Xian et al., 2009;Teo and Shih, 2013), multitemporal methods have shown great potential for providing a more in-depth understanding of land-cover dynamics in recent years (Zhu, 2017). The inclusion of spatial/contextual information (e.g., texture, structure, and spatial relationships) has often been considered to complement the spectral features and suppress false alarms Most of these algorithms have been developed for vegetative ecosystems, which may experience multi-directional changes (e.g., forestry disturbance or recovery), and thus they are not suitable for monitoring urban land expansion, since this is typically unidirectional (i.e., the inverse change is unrealistic) (Schneider, 2012).

Objectives

Methodological insights

In contrast to planar features (e.g., spectrum, texture, and structure), vertical features can provide three-dimensional (3D) information for describing off-terrain objects (e.g., buildings) [START_REF] Chu | Dimensionality reduction on the symmetric positive definite manifold with application to image set classification[END_REF], and thus they have been widely applied to urban change detection (Qin et al., 2016).

The vertical features can provide three-dimensional information when describing complex urban scenes, and thus deserve comprehensive investigation. Nevertheless, in the current literature, vertical features from multi-view high-resolution optical satellite imagery, as well as their joint use with planar features, have seldom been considered for urban change detection Most of the existing high-resolution change detection methods have been designed for use with bi-temporal images, while multi-temporal images have rarely been considered. In this context, the time-series information has not been fully exploited for the change detection. Moreover, the previous studies have usually failed to identify the timing of the changes, owing to the lack of time-series information. 

Benefits expected from the Sentinel-HR data

Sentinel-HR will provide the necessary coverage, spatial resolution, and revisit to monitor urban changes on world cities. The 20 days revisit will make yearly monitoring achievable, and spatial resolution will be good enough for urban change detection at a parcel level. High revisit will be interesting to identify the timing of the changes and will give relevant information for urban planners and decision-makers.

The systematic stereo acquisition will offer the possibility to provide three-dimensional (3D) information for describing urban objects.

Limitations of Sentinel-HR specifications

The height accuracy for the stereo acquisition is a potential limit for monitoring urban changes, particularly if cities are structured with small, heterogeneous and complex parcels. Spatial resolution is also a key factor for urban buildings detection. Performances will be better if spatial resolution is in the lower range (close to 1m).

Monitoring of urban vegetation

Contributors: Anne Puissant, LIVE, UMR 7362 CNRS / Université de Strasbourg, Jean Nabucet, LETG, UMR 6554 CNRS / Université de Rennes 2

Summary

Urban vegetation plays a crucial role in mitigating urban environmental problems by providing a range of essential ecosystem services, such as reducing air pollution, moderating temperatures, reducing storm water runoff and storing carbon but also conserving biodiversity. Sentinel-HR will provide a new insight for urban vegetation due to both its large coverage and high spatial resolution. Consistent monitoring of urban vegetation for all urban areas in the world will be possible. Also, revisit time will allow for intra-annual monitoring of urban vegetation health and help detect damages with a monthly accuracy.

Context

Urban vegetation is considered as an important component of urban ecosystems playing an important role in improving urban environments. Urban vegetation can reduce urban air pollutant concentrations, sequestrate atmospheric CO2, reduce storm water runoff, mitigate the urban heat island effect and provide habitats for a variety of organisms. Mapping and monitoring urban vegetation is crucial for forecasting, and managing urban vegetation at landscape scale for urban planning to improve the urban environment. This is also one of the 17 goals defined in the 2030 Agenda for Sustainable Development, adopted by all United Nations Member States in 2015. The collection of accurate and timely urban vegetation indicators is very useful for urban managers to maximise urban vegetation benefits (urban ecosystem service) and to protect and manage urban environments. Some initiatives in this domain such as shown in France with "Nos villes vertes" or "Green City Lab" are currently proposed respectively by aerial imagery and by Pléiades imagery and can therefore not be extended or repeated very often. Sentinel-HR with its large coverage and short enough revisit time will be very useful to provide spatio-temporal maps of urban vegetation with a high spatial resolution allowing to analyse the phenological cycle of vegetation and thus monitor vegetation hydric and health conditions.

Objectives

Target indicators and excepted accuracy

A first expected target is to distinguish urban trees and herbaceous vegetation. Then, for urban tree analysis, two types of metrics can be derived with the Sentinel-HR mission:

(1) structural metrics allowing to characterise the configuration of urban vegetation (canopy surface, height, morphology, spatial configuration) and (2) functional metrics allowing to describe the behaviour of habitats (phenology, seasonal cycles, and anomalies). For herbaceous vegetation, expected targets are described in the Herbaceous Ecosystem Use Case.

Indicators include:

• Individual tree location in urban areas for all trees with a crown larger than 2m

• Urban vegetation structural attributes (canopy cover and spatial configuration, height)

• Estimation of tree height

• Identification of vegetation strata (tree -shrub -herbaceous vegetation)

• Composition (in term of richness, species and biodiversity)

• Phenological cycle of vegetation with metrics (start of season, end of season, etc)

Target coverage and update frequency

There are currently over 800 cities in Europe with more than 50 000 inhabitants according to a report from the Netherlands Environmental Assessment Agency from 2016.

According to the same report, 4% of the total land area of the European Union is occupied by cities (176 910 km ) and this figure goes up to 17% if including towns and suburbs (751 871 km ).

Those indicators should be monitored for changes on a quarterly basis.

Methodological insights

With the increasing availability of satellite images, numerous methods have been developed to retrieve the urban vegetation. These methods may be supervised or not and are often uniquely based on spectral values of pixels [START_REF] Xie | Remote sensing imagery in vegetation mapping: a review[END_REF]. However, with VHR images, the spectral values of objects of the same type become more heterogeneous and it may become necessary to use new features such as texture or neighbourhood to improve the results of classifications [TP05, SBO + 09]. Rather than using a per-pixel classification, object-based image analysis has been proposed as an alternative [START_REF] Blaschke | Object based image analysis for remote sensing[END_REF]. These approaches allow pixels to be re-grouped within homogeneous segments and a large set of features to be computed, which can be spectral, textural, contextual or spatial [START_REF] Mathieu | Mapping private gardens in urban areas using object-oriented techniques and very high-resolution satellite imagery[END_REF][START_REF] Blaschke | Object-based image analysis for vegetation mapping and monitoring[END_REF]. The use of these approaches for the detection of urban vegetation allows increased performance compared to per-pixel approaches [START_REF] Cleve | Classification of the wildland-urban interface: A comparison of pixel-and object-based classifications using high-resolution aerial photography[END_REF][START_REF] Zhang | Object-oriented method for urban vegetation mapping using ikonos imagery[END_REF]. Rule-based classifications are often used to retrieve the vegetation from VHR images [ASG + 11, VDG11]. The relevant features and thresholds are often determined by trial and error, which can be very time-consuming and is strongly influenced by the knowledge of the expert [START_REF] Belgiu | Quantitative evaluation of variations in rule-based classifications of land cover in urban neighbourhoods using worldview-2 imagery[END_REF]. Supervised classifications with statistical learning techniques have provided good results for the detection of urban trees cover [CKKM08, ZFJ10, TLH13, PRS14]. These methods have the advantage of being easily reproducible, regardless of the study site or the image considered. However, to obtain good results with a supervised algorithm, it is often necessary to collect large amounts of training data, particularly for the most heterogeneous classes [START_REF] Chen | The effect of training strategies on supervised classification at different spatial resolutions[END_REF] or require representative training data which allow to consider the whole diversity of the space or the classes studied [START_REF] Giles | Toward intelligent training of supervised image classifications: directing training data acquisition for svm classification[END_REF]. Active learning methods have been proposed and generally allow to obtain more accurate results than with simple random sampling [TRP + 09].

To summarise, VHR imagery have made it possible to provide information on the structure and biophysical properties of the vegetation on a plot or even intra-plot scale [DRM + 18] and also in intra-urban areas in order to differentiate between tree and herbaceous strata [PRS14, NRD + 15, RPSL16, Nab18]. More recently, multi-temporal images, even with coarser spatial resolution (Landsat HRS optical images), have been (re)exploited to map structural attributes of urban vegetation and analyse their changes [RPZ + 17]. [START_REF] Granero-Belinchon | Phenological dynamics characterization of alignment trees with sentinel-2 imagery: a vegetation indices time series reconstruction methodology adapted to urban areas[END_REF] has shown interesting results in mapping the health of some urban alignment species with Sentinel-2 Sentinel-HR phase 0 report -CNES imagery. [FMW + 20] evaluate also the potential of THRS satellite images (WorldView-3) to detect tree health classes measured in the field but only with single-date or bi-date images.

Current readiness level

An experiment has been conducted by LIVE to map urban vegetation based on a objectoriented approach in two classes (high and low vegetation) with Pléiades imagery on Strasbourg and Rennes (Figure 2. 10 [RPSL16]). This experiment has shown that an accurate map can be achieved with a precision greater than 0.8 for high vegetation (urban trees) and a lower accuracy for low vegetation which are often part of complex areas (urban park or wasteland).

An other experiment conducted by LETG evaluated the contribution of DSM built with stereo-pair images to extract urban vegetation [START_REF] Nabucet | Apport des données de télédétection à très haute résolution spatiale pour la cartographie de la végétation en milieu urbain[END_REF]. Results reveal that stereo-pair images combined with texture information improve extraction of urban trees but some difficulties appear for small objects such as isolated trees or fine alignments.

Kermap processes 20cm resolution aerial imagery provided by the National Institute of Geography, which were acquired during a period of 5 years and obtain a map "Nos Villes Vertes" website. In this experiment an accurate map can be achieved (a precision greater than 90% is advertised). The current map therefore exhibits time discrepancies and is not fresh enough to evaluate recent public policies. The methodology readiness level is good but lacks wide systematic coverage at metric spatial resolution with intra-annual revisit.

Benefits expected from the Sentinel-HR data

Sentinel-HR will provide the necessary coverage, spatial resolution, and revisit to monitor urban vegetation. The 20 days revisit will make quarterly monitoring achievable, and spatial resolution will be good enough for urban vegetation (high and low). High revisit will be interesting to analyse phenological cycle of vegetation and to detect anomalies due to hydric or temperature stress in intra-annual analysis. Sentinel NG foreseen spatial resolution of 5m will likely be insufficient for this use case, even if the addition of a 2.5m panchromatic band is being discussed.

The systematic stereo acquisition will offer the possibility to accurately delimit new urban trees. The maximum error (CE90) of 4m in height accuracy should allow detecting most of them and considerably improve this monitoring. CO3D imagery would be suitable for the production of the indicators but, as of now, the tasking of the constellation is not oriented toward automatic global coverage, but rather to on-demand tasking.

Limitations of Sentinel-HR specifications

Spatial resolution is a key factor for isolated tree detection. Performances will be better if spatial resolution is in the lower range (close to 1m).

The spectral resolution, limited to 4 channels in Sentinel-HR, can also limit studies aiming to detect ecological habitats or identify community assemblages and/or species.

Herbaceous ecosystems

Contributors: Pierre-Alexis Herrault, UMR 7362 CNRS / Université de Strasbourg, Pauline Dusseux, UMR 5194 CNRS / Université Grenoble Alpes

Summary

Herbaceous Ecosystems (HE) are continuous low-lying vegetation including natural and seminatural grasslands, grasses and moors. They also may include a low tree density and shrubs depending on the use and the colonisation dynamic they are facing. They play a vital role in regulating the global carbon cycle, as well as supporting plant and animal biodiversity. Sentinel-HR will provide new insights for HE mapping and monitoring because of its large coverage and very high spatial resolution well suited to the high heterogeneity of these ecosystems. Moreover, consistencies with the current Sentinel 2 missions (similar tiling) will help to characterise intra-annual vegetation cycles at a very high spatial resolution. Systematic stereo acquisition might also offer the possibility to improve discrimination between herbaceous and woody vegetation in heterogeneous vegetation mosaics.

Context

HE mapping and monitoring with remote sensing products are crucial issues for understanding their spatio-temporal dynamics over large territories. Because of a high spatial/temporal heterogeneity and of the dynamics of use and encroachment they are facing, high spatial and temporal resolution are often required. Nonetheless, current optical missions with high/moderate revisit time such as Sentinel 2 or Landsat show some limitations to characterise their spatial heterogeneity at a very fine scale. At the same time, VHRS multispectral missions such as Pleiades or WorldView only provide punctual acquisitions in the same year and are not oriented toward automatic global coverage. Sentinel HR will fill these gaps and will be complementary to current and future existing satellite data sources.

In particular, the Sentinel-HR mission may have a great potential in the context of the European Union Biodiversity Policy. The Habitats directive (92/43/EEC) pointed up the obligation for Member States to establish a network of Special Areas of Conservation (SACs) which, together with the Special Protection Areas (SPAs) designated under the Birds Directive (79/409/EEC), constitute the Natura 2000 network. Annex 1 of the Habitats Directive includes several Herbaceous Ecosystems. The Habitats Directive requires continuous monitoring of the status of species and extent of habitats in each Member State (within and outside Natura 2000 sites), with a regular update of the results.

Hence, the Sentinel-HR characteristics will be very useful to monitor Herbaceous ecosystems through different aspects :

• Characterising the spatial heterogeneity of HE in terms of composition and configuration. Such analysis can be performed from a landscape scale to a local and specific area

• Measuring the seasonal behaviour of micro HE and consequently their temporal heterogeneity (in terms of productivity or phenology for example).

• Improving the delineation between woody and herbaceous ecosystems in vegetation mosaics. This latter point is particularly important for HE where dynamics of encroachment were largely underlined such as in mountain areas.

Objectives

Target indicators and expected accuracy

In an ecological perspective, two major types of metrics can be derived with the Sentinel-HR mission. First, the structural metrics allow characterising the configuration (morphology, spatial configuration) and the composition of HE (type, diversity, etc). Secondly, the functional metrics describe the behaviour of habitats (productivity, phenology, etc.) and these variables are proxies for habitat function over a relatively short period (seasonal cycles). 

Target coverage and update frequency

Grasslands cover about 40% of the earth's land surface and are therefore among the largest habitat type over the globe [START_REF] James M Suttie | Grasslands of the World[END_REF]. At the European scale and according to the last CORINE Land Cover (CLC) inventory, herbaceous ecosystems represent around 20% of the territory. Synergies between Sentinel-HR and Sentinel 2 for the mapping and monitoring of HE will allow an annual update of their spatio-temporal evolution. Indeed, these productions could be used as management tools, for example in mountain areas where the closure of open landscape is significant for several decades. Spatialising and characterising, on a regular basis, HE evolution, will allow the development of effective habitat management and restoration practices.

Methodological insights

In order to derive indicators from HE, the herbaceous layer must first be extracted from the satellite data sources. The classification methods used to map HE types and/or HE heterogeneity can be supervised or unsupervised and is mostly based on the spectral values of pixels. With VHRS data such as the future mission Sentinel-HR, spectral heterogeneity increases with increasing spatial resolution making complex the use of per-pixel methods. In this context, the Object Based approach (GEOBIA) has been proposed [START_REF] Chen | Remote sensing of our changing landscapes with geographic object-based image analysis[END_REF] and aims to firstly obtain prior homogeneous segments. Segments are then classified with spectral and spatial features. Rule based methods are regularly used to assign labels to each segment that can be very time consuming and strongly influenced by experts. Recently, Superpixel approaches have been proposed and showed promising results. They aim to extract spectrally homogeneous regions, but that includes another constraint: the segments should all have similar sizes, and should be equally distributed throughout the image. Superpixels have advantages to have the scale between the pixel level and the object level so most structures in the image are well conserved in the classification outputs [ASS + 12]. The Supervised methods (machine learning) have been successfully proposed to map herbaceous land cover types at different scales. They are easily reproducible, regardless of the study site, because of low amount of input parameters. The quality of results is strongly dependent on the selected features (themselves dependent on the mission characteristics) and the available learning samples to calibrate the classification model. In this context, Features selection models have been proposed [START_REF] Lagrange | Large-scale feature selection with gaussian mixture models for the classification of high dimensional remote sensing images[END_REF]. Other approaches consist of optimising learning samples (such as Active Learning) to avoid problems due to limited training sets [HSP + 19]. Recently, the emergence of Convolutional Neural Networks offered new possibilities with the development of Semantic Segmentation models (e.g U-NET architecture). Although they have been only used a few times to map herbaceous land cover types (see [START_REF] Kattenborn | Convolutional neural networks enable efficient, accurate and fine-grained segmentation of plant species and communities from high-resolution uav imagery[END_REF]), preliminary results for some study cases are spectacular both in terms of quality of detection and homogeneity of outputs. One current limitation to a larger use so far remains the availability of sample reference observations for identifying and learning the decisive image features. Given these latter issues, a continuous approach (including no classification step) has been proposed which contrasts with the above-mentioned discrete vision. These works are based on the spectral variation hypothesis (SVH), which assumes that the spectral dispersion in the image (NDVI, texture, or reflectance values) is correlated with the heterogeneity of the habitat patches in the landscape. Many approaches have been proposed to quantify spectral heterogeneity and relate it to alpha and beta diversity [RBC + 10]. They include (1) dispersion-based metrics, which rely on calculations of the standard deviation or the coefficient of variation of pixel values; (2) spectral distance-based metrics, which involve an initial classification of pixels with non-supervised methods, such as K-means methods, to describe similarities between spectral classes. Landscape heterogeneity is then calculated with diversity indices (e.g. Shannon, Rao; [RSB + 21]). Results suggest that spectral heterogeneity is an effective and quickly produced proxy of biodiversity; however, the quality of its output is strongly dependent on (1) the characteristics of satellite or airborne sensors; (2) scale-matching problems between the remotely sensed and field-based diversity data, and (3) the types of species diversity measures.

Current readiness level

The structural description of HE has been largely investigated for many years [ACD + 16]. At the landscape scale, existing works primarily consist of classifying different HE types following their spectral and temporal dimension. Most of them rely on multispectral sensors with high/medium revisit time (Satellite Image Time Series, SITS). For example, several classes of grass and moors were distinguished with Landsat data in semi-arid and Mediterranean regions (overall accuracy 74.5%; [SLP + 15]) . Sentinel 2 data were also used to produce the French Land Cover Map OSO (CESBIO) with different herbaceous land cover types. Among the detected class, Grass and Shrubs displayed a low classification score (Recall < 0.65). One of the recommendations remains in the use of VHRS images in combination with SITS in order to extract decisive features for the classification problem, but few acquisitions are often available at close dates from the target scene (Figure 2.11). About Habitat Composition mapping, SITS also allowed largely improving results, namely because of the capabilities to detect seasonal changes. Furthermore, some limitations appear when it comes to link in-situ and satellite data because of scale matching problems leading to strong limitations to describe the habitat composition. Exact spatial and temporal synchronisations between in-situ and satellite dates showed promising avenues but such surveys are difficult to implement [FLD + 20]. At the plot scale, most of the studies aim to investigate species composition on the basis of the spectral variation hypothesis [START_REF] Rocchini | Testing the spectral variation hypothesis by using satellite multispectral images[END_REF]. Results show that spectral heterogeneity is a reliable proxy to investigate species diversity over large territories. Nonetheless, most of the aforementioned works were performed with hyperspectral data issued from field spectroradiometer/airborne sensors that limit the spatial and temporal coverage of these applications. High revisit satellite missions are required to derive functional metrics about HE. Consequently, the spatial scale with which it is possible to monitor HE is strongly dependent on the spatial resolution of the SITS. For example, a recent study demonstrated the usefulness of S2 data to calculate phenological metrics of salt marsh for a dutch barrier island [VMD + 18]. These works pave the way to provide crucial information on spatial patterns and inter-annual trends of phenology. The retrieval error is variable and can be partially attributed to the occurrence of several species within a pixel resulting in mixed spectra [VMD + 18]. The finer spatial resolution of Sentinel reduces this effect compared to medium/high resolution series like MODIS. Nonetheless, most of the monitored salt marsh are floristically diverse which implies that phenological metrics for 10m grid cells still relate to the phenology of the vegetation community rather than of individual plants.

Another difficulty remains in the distinction between herbaceous and woody strata in vegetation mosaics, particularly in temperate heterogeneous ecosystems. LIDAR data are often privileged because of its capability to provide vertical measurements allowing for a better distinction of vegetation strata [WBE + 08] and studying the dynamics of encroachment [MTZ + 20]. Nonetheless, such acquisitions are timely and costly consuming over large territories making their use complex for operational studies.

Benefits expected from the Sentinel-HR data

• Sentinel-HR will provide the necessary coverage, spatial resolution and revisit to estimate the configuration/composition of HE from the landscape to a local scale. The 20 days revisit will make seasonal monitoring achievable and spatial resolution will allow for a metric scale description.

• Synergies between the Sentinel-HR and Sentinel 2 missions will be possible (similar tiling) and help to characterise intra-annual cycle of vegetation for different herbaceous habitat types. With a revisit of 20 days, Sentinel-HR will provide only a few clear dates a year for a given location, which seems insufficient for a precise monthly interpolation of missing data for instance. Sentinel 2 data will be crucial to guide this interpolation and allow deriving an intra-annual cycle of vegetation at VHRS.

• The systematic stereo acquisition will offer the possibility to accurately delimit the encroachment of HE by trees and shrubs. The maximum error of 3m in height accuracy should allow detecting most of them and considerably improve this monitoring. For this task, the CO3D mission would be suitable for a production of such indicators but this mission is not oriented toward automatic global coverage.

Limitations of Sentinel-HR specifications

Limitations identified for the Sentinel-HR mission are of varying degrees :

• The time revisit (20 days) can considerably limit our capability to reconstruct the intraannual cycle of HE. This limits the availability of cloud free images over the year and a 20 days revisit can contribute to missing some abrupt and rapid changes. Synergies with S2 data can partly fill this gap but studies aiming to evaluate these possibilities are still under way.

• The spectral resolution, limited to 4 channels in Sentinel-HR, can also limit studies aiming to detect ecological habitats or identify community assemblages and/or species. Indeed, several studies showed the importance of using additional spectral channels such Sentinel-HR phase 0 report -CNES as Red-Edge or MIR (for water content) bands to detect herbaceous land cover types or to improve the woody/herbaceous distinction.

• The height accuracy for the stereo acquisition is also a potential limit for studies aiming to improve the herbaceous/woody separation in heterogeneous vegetation mosaics, namely for small sized trees.

Monitoring agricultural parcels

Contributors: Jean-François Dejoux (CESBIO), Julien Michel (CESBIO)

Summary

Monitoring agricultural parcels is key to a wide range of ecological and economical issues. On the ecological side, crops have their own part in carbon cycle and water budgets, and agricultural practices have a direct impact on surrounding ecosystems (SDG15). On the economical side, they of course contribute to food security (SDG2). In Europe, controlling crops is a pillar of Common Agricultural Policy, helping to control subsidies to farms. In other parts of the world, where agricultural practices are less industrialised and administratively managed, crops tend to be smaller and less distinctive, and the higher resolution of Sentinel-HR would make a great difference in their mapping and monitoring. (b) Woody plants and semi-natural systems around parcels A better knowledge of the surrounding environment of crops is required to assess the impact of the surrounding on crop yield one hand, and on the other hand to evaluate the impact of agricultural practices on surrounding ecosystems. If current mapping capacity can be sufficient for crops and forest, complex seminatural systems such as hedges, isolated trees, fallow, and heterogeneous mix of those remain a challenge, for which Sentinel-HR can be of great interest.

(c) Anthropic structures within and around parcels There exists a wide range of anthropic structures within and around parcels. Sentinel-HR could help to characterize some of those small or thin objects and 44 Sentinel-HR phase 0 report -CNES 2.7. MONITORING AGRICULTURAL PARCELS help to better characterize agricultural practices (pathways, terraces. . . ), agroenvironmental infrastructures (grass bands, mix between grass and woody plants . . . .), and blue and green corridors.

(d) Crops limits In the case of adjacent crops without any material limit, only differences in crops type or stage allow to distinguish them. Sentinel-HR would enable a more precise localisation of the limits. Depending on the level of administrative information on crops limit in a country, the existing inventory might not be precise or complete enough.

2. Functional and dynamic elements at intra-annual scale (a) Rows Estimating rows orientation, number of rows and intermediate cultures between rows during growing season could be of interest, to monitor agricultural practices as well as to enhance radiative transfer models by better taking into account directional effects (see figure 2.12), and in turn improve estimates of bio-physical variables.

Figure 2.12: NDVI variation for a simulated vineyard (half grass inter-rows) for given sun angles and view zenith angle, for various row orientations (source: CESBIO blog) (b) Intra-parcel heterogeneity during growing season Intra-parcel heterogeneity accross the growing season can be a proxy for differences of several phenological indicators, including germination, maturity, senescence and weeds within the parcel. Heterogeneity is also the result of plant disease or pest damages or prance trails of adventices. Weather events (wind, rain) may also have an impact on parts of a plot that induce a decrease of the yield. Although the revisit of Sentinel-HR might not be sufficient for these phenomena, its fusion with Sentinel-2 data or with other VHR resolution sensors could be useful for these questions.

( 

Target coverage and update frequency

Coverage can potentially be large, as crops represent 7% of the total emerged lands (source ourworldindata.org). Update frequency is low for structural indicators (typically yearly update) but some structural elements require a few acquisitions along the growing season for precise mapping. Update frequency would be higher for structural indicators, which would require several images along the growing season.

Methodological insights

Most of techniques have been covered in use cases 2.8, 2.6 and 2.5, apart from the use of textural information that has been explored in [LAL + 18] and can be of interest at 2 meters resolution. Rows orientation determination has been studied in [START_REF] Marais Sicre | Determination of the crop row orientations from formosat-2 multi-temporal and panchromatic images[END_REF].

Current readiness level

Structural features for large western countries parcels are well addressed by current techniques and data. Small landscape features and heterogeneous landscapes remain a challenge. Most of dynamic features at intra-parcel level remain a challenge due to the lack of resolution combined with revisiting time.

Benefits expected from the Sentinel-HR data

Access to a few 2m resolution images along the growing season will enable major progress on the structural features, as well as access to some of the dynamic features. It should be stressed that some countries are well equipped with local very high resolution imagery. They are therefore ideal areas to develop method in order to prepare Sentinel-HR applications to their whole country and to less equipped countries.

In agriculture, there are every year a lot of in-field experimentation, to evaluate various inputs (varieties, fertilizers, pesticides, dates of sowing. . . ) and long term cropping systems. But the size of individual plots of factorials experimentation are relatively small : between 3 and 12 meters width in general. Therefore, it is not compatible with Sentinel-2, but the 2 meters resolution of Sentinel-HR will allow a monitoring of these experimentation.

Limitations of Sentinel-HR specifications

Revisit time can be too large for some intra-parcel phenological indicators. Resolution may be too coarse for some row crops. Limited number of spectral bands will impact indicators such as soil color or moisture (no SWIR bands). 

Forest and Trees outside forest

Summary

Forests and trees outside forests provide a wide range of fundamental ecosystem services to humanity. Mapping their extent, composition and structure, and monitoring their dynamic is crucial for both agricultural and forestry management as well as biodiversity conservation. Sentinel-HR can offer a unique combination of multitemporal 2D and 3D images of very high spatial resolution with constant view angle. The sensor characteristics should greatly improve the estimation of the main forest parameters based on the spatial, spectral, temporal and structural information.

Context

Forest ecosystems play a major role in global biodiversity. They deliver several fundamental services to humanity including climate change mitigation (through carbon sequestration), timber production, soil protection, food and water provision, biodiversity and recreation. They also have an impact on human health and well-being. Recently, specific attention has been given in Europe to 'primary' or 'old-growth' forests (i.e. un-managed forests dominated by natural processes) estimated at about 4.9 million hectares [BBT + 21]. Despite the fact that most of them are part of the Natura 2000 network, protection gaps exist with the need for an accurate and up-to-date mapping [SKL + 20]. EU is working on the census of this natural heritage hosting a large number of highly specialised species. The location and strict protection of old-growth forests is part of the EU Biodiversity Strategy to 2030, in line with the IUCN 2020 motion 125 ("Strengthening the protection of old-growth forests in Europe and facilitating their restoration where possible") stated during the last World Conservation Congress 2020.

Trees outside forests (TOFs) are another important natural resource existing in many lowland agricultural regions across the world but also in urban and peri-urban landscapes [DFST + 13, SKS15]. They also contribute substantially to the global carbon cycle [START_REF] Schnell | The contribution of trees outside forests to national tree biomass and carbon stocks-a comparative study across three continents[END_REF] and provide goods and services for human societies with important value for biodiversity. Small and linear woody features in particular, such as hedgerows, are key ecological corridors for wildlife, ensuring movements from one core habitat to another across a landscape [START_REF] Richard | Hedgerows and hedgerow networks in landscape ecology[END_REF]. This helps to maintain minimum viable populations (through emigration / immigration processes) and favours a genetic mixing. Hedgerows also provide food resources for fauna (mammal and bird species, pollinating insects and other invertebrates) as well as nesting, breeding and hibernation sites [START_REF] Van Langevelde | Green veining: landscape determinants of biodiversity in european agricultural landscapes[END_REF]. They ensure various other functions such as physical, chemical and biological fluxes control (water protection, erosion control), windbreak, and barrier [START_REF] Baudry | Hedgerows: an international perspective on their origin, function and management[END_REF]. They are recognised as major component in agricultural landscapes and contribute to the "green belt network" (green infrastructures) defined for conservation planning from the local to the global (statewide) scale. Since they promote crop pollination, natural pest control and potentially crop production, such semi-natural habitats are widely integrated in the agri-environmental schemes for ecological intensification [KRS + 11, BSV + 17]. The woody components (isolated trees and hedgerows) are supported by the Common Agricultural Policy (CAP) in the European Union which conditions its funding to farmers based on how they maintain them, promoting implicitly agroforestry practices (woody perennials associated with arable lands and permanent grasslands) [SFRRA + 18].

In this context, knowledge on TOFs and forests extent, their composition and dynamics, is crucial for both agricultural and forestry management and biodiversity conservation. • Quantification of vegetation canopy structure, morphology and physiognomy height (at tree level) and mean + variability (at plot / stand level or for hedgerows) * Accuracy expected at the individual scale : ± 1-2 meters crown diameter (at tree level) diameter at breast height (dbh ; at tree level) basal area (for stand density ; at plot / stand level) above ground biomass (at tree / plot / stand level) canopy horizontal openness (at plot / stand level) * Accuracy expected : ± 10 % (cover) vertical complexity / foliage height diversity (at plot / stand level) existence of under-story vegetation standing deadwood (at tree level), downed logs, woody debris physiognomic and morphological traits (such as LAI, SLA, . . . ) forest management regime (coppice, high forest, coppice-with-standards) and un-managed forests level of maturity / naturalness (related to dbh, height, deadwood, complexity. . . ) width and length for hedgerows existence of multiple vegetation layers in hedgerows • Tree density (Nb/ha) in agroforestry parcels (for CAP) (d) Function

Objectives

• Quantification of functional traits:

plant phenological traits (including flowering) * Accuracy expected : ± 5 days for phenological events (start of season. . . ) biochemical traits (pigments content, water content, nitrogen. . . ) 

Target coverage and update frequency

Forests cover approximately 30.6% of the global land area [START_REF] Fauvel | Detection of hedges in a rural landscape using a local orientation feature: from linear opening to path opening[END_REF]. This represents approximately 4 billions hectares unevenly distributed (more than half of forests are found in only five countries).

The update frequency of each group of indicators could be:

• each year for the extent of forest cover and TOF (to detect deforestation and new plantations)

• every 3 to 5 years for the composition (including invasive species)

• every 3 to 5 years for the structure

• each month for some functional traits such as phenological events or to monitor some environmental stress

Methodological insights

Mapping and monitoring forest ecosystems (including managed, natural and forest plantations) is an archetypal application in remote sensing. Significant progress has been achieved in the last two decades with technological advances in sensors design, information extraction techniques, and a better understanding of user requirements [START_REF] Michael | Remote Sensing of Forest Environments: Concepts and Case Studies[END_REF][START_REF] Achard | Global forest monitoring from earth observation[END_REF]. The remote sensing of forests is motivated by a wide variety of applications for forest managers and ecologists but also for policy-makers. This includes, in the most basic way, the mapping of forest extent or global percentage tree cover (e.g. see Copernicus HRL forest products). This also refers to the monitoring of changes and dynamics related to natural or anthropogenic disturbances. Remote sensing is used to map forest types [FLS + 16] and taxonomic or functional diversity [SMS + 17], or to extract biophysical and biochemical properties. Depending on the sensor, forest canopy structure (with vertical complexity and openness) can be informed, in addition to classical forest structural parameters of tree and tree stands (such as height, basal area or diameter at breast height). A synthesis of the relevant remote sensing approaches to retrieve the key variables of forests is given in Figure 2. Optical VHR satellite imagery (< 5m) are currently used to characterise forest structure based on textural information at stand level. Texture analysis is mainly based on Wavelet or Fourier transformation [START_REF] Proisy | Predicting and mapping mangrove biomass from canopy grain analysis using fourier-based textural ordination of ikonos images[END_REF][START_REF] Frieke | Feature selection by genetic algorithms in object-based classification of ikonos imagery for forest mapping in flanders, belgium[END_REF] but also on Grey level Co-occurrence matrix [START_REF] Kayitakire | Retrieving forest structure variables based on image texture analysis and ikonos-2 imagery[END_REF]. The performances depend on the studied site, the tree species and the image used (sensor, acquisition date). In [START_REF] Beguet | Automated retrieval of forest structure variables based on multi-scale texture analysis of vhr satellite imagery[END_REF], five forest structure variables of maritime pine have been predicted from multi-spectral and panchromatic Quickbird and Pléiades spectral bands. The average prediction error was estimated to 1.1 m on crown diameter, 0.9 m on tree spacing, 3 m on height and 0.06 m on diameter at breast height.

Canopy Height Models (CHM) derived from VHR stereo imagery are also combined with spectral bands to estimate forest metrics. In [PMG + 19], a CHM from Pléiades images was used to estimate the maximum height (Hmax), the 95 and 50 height percentiles (Hp95, Hp50), the standard deviation (HStd) of the height distribution, and the canopy gap (Gaps) in the Swiss Alps. They obtained median errors of -0.25 m for Hmax, +0.33 m for Hp95, +0.03 m for HStd, and -5.6% for the Gaps. The authors observed a high variance of forest metrics in forested areas with steep slopes (> 50°). They also noticed the negative effect of shadows on stereo dense image matching which increases in the winter season. They called for additional studies to investigate the effect of tree leaf-off conditions on the quality of extracted CHM, in addition to the possibility of using a VHR time series for tree species classification. Despite some limits related to topography and shadow, CHM obtained via stereo matching have proved to be suitable to map forest metrics in different contexts ( Recently, the potential of time series of VHR images for predicting and mapping forest Sentinel-HR phase 0 report -CNES LAI has been investigated [START_REF] Pu | Evaluating seasonal effect on forest leaf area index mapping using multi-seasonal high resolution satellite pléiades imagery[END_REF]. A significant seasonal change of forest LAI was observed from a VHR multi-seasonal Pléiades imagery. The texture features from 0.5m Pléiades images were identified as the best predictors of forest LAI using the image acquired in May (R2 > 0.8) and outperformed vegetation indices. This was confirmed in other studies (see details in the reference). The interest of VHR imagery is also to map individual trees. A recent study tested the ability of a simple RGB set of images to separate tree and non-tree pixels at 0.5m spatial resolution [START_REF] Fisher | Mapping trees in high resolution imagery across large areas using locally variable thresholds guided by medium resolution tree maps[END_REF]. They showed a 5% performance gain compared to SPOT-5 tree map with an improved detection of scattered trees. Since the authors used an airborne digital sensor (ADS) imagery with only three visible bands, the increase in accuracy can be partially attributed to the increase in spatial resolution. A simple thresholds-based classification method was defined in this study but more advanced approaches exist to extract the trees automatically [MGG + 19, KL21].

A more challenging task is the automatic identification of tree species. Although some works have demonstrated the possible classification of dominant species using a single-date panchromatic or multi-spectral VHR data [MWW10, IAK12]" it is now recognise that the temporal dimension is required to improve the discrimination [FLS + 16]. However, there is no clear answer about the optimal number of dates and the key periods to integrate. The comparison of previous studies is difficult because of different methods, sensors and species and also, because of optimistic bias in the validation process due to spatial auto-correlation [KDF + 19].

The extraction of Trees outside forests from VHR imagery has also received attention in the last decade. Several methods have been proposed from pixel-based approaches [START_REF] Barnérias | Intérêt des données images et des sig pour l'extraction et l'identification des formations végétales arborées en milieu bocager. exemples bas-normands[END_REF] to object-based [VHM08, TCA + 09, AILB13, LTS20] or a combination of both [SBO + 09, SMC + 12]. The classification process use the spectral information but can also integrate the textural, contextual or shape properties of objects. Additionally, specific detection techniques based on directional morphological filters [FAB + 12] or edge detection filters [START_REF] Aksoy | Automatic mapping of linear woody vegetation features in agricultural landscapes using very high resolution imagery[END_REF] have been proposed. Now, CHM are combined with optical data to improve the extraction [START_REF] Bolyn | Automated classification of trees outside forest for supporting operational management in rural landscapes[END_REF] and to estimate the annual woody biomass supply [MLE + 17]. In general, CHM come from LiDAR data which implies that the data is available but CHM from airborne stereo-images is also used [START_REF] Malkoç | Countrywide mapping of trees outside forests based on remote sensing data in switzerland[END_REF].

Current readiness level

Mapping the forest extent or the percentage tree cover is operational (TRL>6) with a large number of products available from different sensors: Yearly L3 Global 250m MODIS Vegetation Continuous Fields (VCF), Global 30m Landsat Tree Canopy Cover, Pan-European 10m Sentinel-2 Forest High Resolution Layer (HRL). However, the forest definition vary between these products because of the difference in the spatial detail, the threshold on the tree cover density and the canopy cover height. The height of the woody vegetation is often ignored because of the absence of CHM. The update frequency is also variable (yearly or irregular).

Operational product of TOF also exist (see the Copernicus HRL Small Woody Features). This includes linear woody features longer than 50m and not exceeding a width of 30m, in addition of small patches (200 m ≤ area ≤ 5000 m ). There is no available product informing the structure of these objects (as for forests). However, the level of maturity for generating canopy height models from stereo-imagery or LiDAR data is high and allows to consider an operational production if the data is available.

The automatic discrimination of tree species still needs research work to be able to provide accurate maps including a high number of species. Hyperspectral systems still show higher potential than multi-spectral data [FLS + 16]. However, multi-spectral time series have enabled significant progress with high classification accuracy for specific species (e.g. see the recent results for poplar plantations in [HPC + 21]). Their potential could be increased by combining them with VHR data and CHM to provide single-tree based information. Overall, using the most appropriate sensor, the forest parameters (composition, structure and others) can be retrieved accurately (Figure 2.13). However, this requires to combine multiple sources, each with its own limitations (in terms of spatial resolution, spectral continuity, revisit time. . . ).

Benefits expected from the Sentinel-HR data

Sentinel-HR will provide a unique combination of images with a very high spatial resolution, every 20 days, with constant view angle at nadir, and with systematic stereo acquisitions, offering multi-temporal digital surface models (DSM). Currently, no sensor has such a configuration. Multiple sources of data must be used, possibly with significant planimetric and temporal shifts, large differences in spectral bands, calibration, or view angles.

Sentinel-HR will be highly complementary to Sentinel-2 NG. Time-series of DSM and optical images with a high level of spatial detail will be provided by Sentinel-HR, which will be complemented by the very high temporal frequency with a greater diversity of spectral bands provided by Sentinel-2 NG.

For Forests

Very high spatial resolution combined with canopy height model and constant nadir view angle may enable to:

• improve the mapping of forest extent taking into account a precise definition (e.g. FAO-FRA classification framework including canopy cover and height thresholds).

• extract individual trees in forest stands

• estimate morphological properties of trees (crown diameter, height)

• model allometric relationships to infer some structure parameters (e.g. dbh)

• estimate canopy horizontal openness / canopy cover at plot and stand levels

• characterize canopy structure at plot and stand levels

• estimate growing stock volume or biomass at plot and stand levels

• possibly identify standing deadwood

• possibly identify a level of maturity (based on height, canopy structure, deadwood. . . ) or patches of old-growth forests Very high temporal frequency combined with canopy height model and constant nadir view angle may enable to:

• possibly discriminate tree species at the individual tree level based on their respective phenology (or groups of species according to their temporal behaviour)

Sentinel-HR phase 0 report -CNES

• estimate taxonomic diversity (alpha and beta) at the plot or stand levels

• monitor growth dynamics for short rotation woody plantations

• monitor forest expansion, deforestation, clear-cuts and estimate net changes

• possibly monitor stand thinning / selective logging and predict timing for silvicultural operations

• monitor dieback and diseases, anomalies (stress. . . )

For TOFs

Very high spatial resolution combined with canopy height model and constant nadir view angle may enable to:

• improve the mapping of TOFs extent taking into account a precise definition (e.g. FAO-FRA classification framework including canopy cover and height thresholds).

• estimate morphological properties of hedgerows accurately (length, width, height) including gaps between two sections

• extract individual trees in hedgerows

• classify hedgerows types according to their structure and morphology (e.g. shrubby hedgerow)

• estimate their specific above ground biomass (for carbon stock) on a single tree basis

Very high temporal frequency combined with canopy height model and constant nadir view angle may enable to:

• monitor the removal of isolated trees or hedgerows and to detect new plantations each year (useful to develop agro-environmental indicators and monitor the CAP rules)

• discriminate tree species in hedgerows at the individual tree level based on their respective phenology (or groups of species according to their temporal behaviour)

• monitor management practices of hedgerows with possibly cutting or trimming frequency (required to estimate their ecological quality and to ensure that ecosystem services can actually be supplied ; also required to deliver the new "Haie" label in France)

For Agroforestry parcels

• Very high spatial resolution combined with canopy height model and constant nadir view angle may enable to:

• improve the mapping of agroforestry parcels -identify parcels in agroforestry, and more especially discriminate forest stands, woodlots, and mixed tree crops -characterise the cropping structure inside the agroforestry parcel (rows/inter-rows, clumping, random distribution. . . )

• Very high temporal frequency combined with canopy height model and constant nadir view angle may enable to:

• identify parcels in agroforestry, especially discriminate between forest stands, woodlots, and mixed tree crops

• distinguish between agroforestry practices:

silvoarable systems: trees with temporary or permanent agricultural crops silvopastoral systems: pastures with open forest trees or scattered fruit trees orchard intercropping: fruit tree systems on arable land or grassland, possibly mixing different fruit species and forest trees in various proportions.

• characterise tree diversity inside a given parcel, and identify some major species

Limitations of Sentinel-HR specifications

The number of spectral bands is limited with no bands in the Red-Edge and Short-Wave Infrared. This could limit the ability of the sensor to discriminate tree species as well as water stress. The temporal dimension of the data will not compensate because short phenological differences between species (< 20 days) will not be detectable accounting for the possible cloud cover. Global phenological patterns could be observed but phenological metrics (e.g. start of growing season, peak, leaf fall, end of season. . . ) will be imprecise. By contrast, the 20-days revisit appear to be well-adapted to distinguish between agroforestry parcels with temporary agricultural crops or grassland (e.g. tree orchards). The 3-m height accuracy will be inadequate to detect very young tree plantations and shrubby hedgerows. The accuracy of monitoring growth dynamics, especially for short rotation woody plantations, will also be limited but development stages could be estimated qualitatively (e.g. young, intermediate, mature). Canopy height model does not allow to identify the existence of multiple vegetation layers in hedgerows and forests. However, the high spatial resolution combined with the CHM could enable to improve the characterisation of canopy structure with its openness. This is key to detect old-growth forests.

Detecting hedgerow pruning and selective logging in forests is also very challenging. The spatial resolution of Sentinel-HR as well as the height accuracy of CHM may be limiting but the detection of these practices could be potentially improved using the 2D/3D time series.

Erosion and sediment transport

Contributors: Antoine Lucas (IPG)

Summary

Spatial observation is a major asset for the study of erosion and sediment transport since it allows both the location of sudden events, such as landslides, and the ability to carry out temporal monitoring of the evolution of watersheds, glaciers or dune systems, for example. Hence, this application case concerns gravity driven processes (mass wasting, landslide, granular avalanches. . . ), river transport (suspended load, bed load and solute matter) as well as aeolian transport. In order to assess sediment fluxes, but also to understand the couplings between the processes at work, high-resolution temporal monitoring becomes essential. This is why Sentinel-HR will help to meet these needs. Indeed, consistent monitoring at one meter of spatial resolution coupled with stereo abilities of areas such as tropical forests, volcanic islands, large deserts and of course mountainous regions will be at reach. Additionally, the revisit time will provide insights on the dynamics and hence on the control factors, such as climate, with a [Olivier quarterly ?] monthly accuracy.

Context

The study of erosion is essential in many ways. Firstly, at a fundamental level, we need to better understand how feedback between climate, tectonic, topographic settings and erosion mechanisms occur, and at what spatial and temporal scales. In other words, how do controlling factors such as climate, which are themselves changing, affect sediment transport mechanisms? Secondly, erosion involves important socio-economic issues. This is particularly true for regions with high population growth, for example volcanic islands under tropical climates, such as West Indies. But these issues are just as important in regions with strong topographical features such as the Alps. Storm Alex, which occurred in the autumn of 2020 in south-eastern France, is a remarkable example of this. In addition to the qualitative and quantitative study of the consequences, political decisions must be taken in response to these challenges, which are expected to become increasingly frequent. The contribution of Sentinel HR to these issues is clear. The mission will provide a decision-making tool that we will need to better prepare our societies to anticipate and mitigate the devastating sediment transport aftermaths during extreme events.

Objectives

Target indicators and excepted accuracy Indicators include:

• Individual landslide/mass wasting scarp locations and surfaces with width larger than 1-2m High mountains catchments, also subject to mass wasting due to the permafrost degradation are of great importance. Northern alps catchments such as Arve valley are typical example. While they might be targeted for application use to glaciers themselves, they are also concerned in the hillslope-river sediment transfer mechanisms, hence indicators of watershed erosion that should be monitored for changes on a quarterly basis. Finally, remote areas such desert are of great importance for a better assessment of the aeolian sediment transport through dune systems. Ténéré desert is one great example. As a matter of fact, this area is the source of 2/5 of the world aerosols production. Due to the wind regime, indicators should be monitored for changes on the quarterly to yearly basis. Mixed approach combining ground measurements with spatial observations have shown interesting results as well on the dynamics and mass balance [START_REF] Booth | Landslide velocity, thickness, and rheology from remote sensing: La clapiÚre landslide, france[END_REF]. More recently and thanks to Sentinel-1 in particular, InSAR measurements are also possible when the flow velocity is sufficiently slow for keeping the structures patterns similar all along the observations in order to have sufficient phase coherence [HHF + 19, KLZ + 21].

Methodological insights

Regarding the river sediment transport, great work has been conducted using remotesensing and ground imagery. One can take examples of various rivers including La Réunion, the Rhône or the Durance rivers to name a few at national scale [ODA04, OP05, DFC02, GPP05, SADB16, ?, LGew]. Classification in the sediment plume has been conducted from multi-spectral data [VLDM12, ?, LFO01]. Nonetheless, due to the highly dynamical behaviour of rivers, especially during flood events, in situ measurements (strongly supported by observatories) remain the most used approach nowadays as opposed to remote sensing. Repeating time and high spatial resolution are critical for this task, and nowadays platforms do not offer both (e.g., Sentinel-2 vs PHR).

On the dune side, photointerpretation has been done for a long time [START_REF] Clos-Arceduc | Essai d'explication des formes dunaires sahariennes[END_REF]. More recently, time series using both aerial and modern satellite imagery have been conducted in various regions [VL12, LNR + 15]. High resolution satellite with stereo ability (i.e., PHR) allow to generate DTM that provides critical metrics used to derive sediment fluxes [LNR + 15]. Time series of DTM would be a substantial step forward for assessing the morphodynamics of aeolian systems.

Current readiness level

The current performances offer a weekly update over various regions of interest with medium to low spatial resolution (e.g., Sentinel's, LandSat8. . . ). The VHR satellite imagery is offering a much better description and hence a better depiction of features while still offering a good temporal revisit, especially in case of strong event (Figure 2.14). SAR data are being more and more considered, in both parts, the real for amplitude time series, and phase offer InSAR measurements that may characterise slow motions such as large landslides and creep. Nonetheless spatial resolution is a strong limitation for such data (≈ 13m). 

Benefits expected from the Sentinel-HR data

Repeating observations with a metric accuracy is providing a real improvement in regards to a highly changing landscape. This is critical for identifying the sediment sources from hillslope (mass wasting. . . ) as well as tracking the sediment path through the watershed. On the dune task, this is important to be able to track any change due to wind regime evolution at quarterly basis in order to refine our vision of the dynamic shift that theory predicts. Time series of DTM would be a substantial step forward for assessing the morphodynamics of sediment transport in the three considered cases. Landslides may occur as multi-event. Being able to track such complex scenario is important for assessing the resulting mass released and better understanding how rivers react from such sediment sources.

Current VHR such as PHR cannot track with sufficient update frequency any evolution on a systematic way. Higher frequency, yet less resolved, cannot offer a metric detection threshold, which happens to be the scale of major interest. Hence, S-HR will offer the best of the two worlds and provide substantial leverage compared to current readiness.

Limitations of Sentinel-HR specifications

Metric spatial resolution is key for most of geomorphic processes. Besides, frequency update allows to track and better constrain the dynamics of these mechanisms. Therefore, the spatial resolution of 1m [Olivier: peut mettre 1-2m] is a key parameter that should be considered as critical. Hence the radiometric dynamics is also important as we are interested in steep terrain that usually imply shaded areas during acquisition. Low dynamics can lead to subsequent low detection and characterisation in such places. This is also critical for highly reflected terrain with low features as opposed to glacier scene, such as dune fields.

Finally, the ability of deriving DTM is also very critical for most aspects. Hence the sensor characteristics needs to be carefully performed so as to guarantee a good relative accuracy on the derived topography. Pixel RMS should as low as possible and reach the 3m value.

[Olivier: pareil, on est passé dans les specs de 3m 1 sigma à 4m CE90, il faudrait vérifier que nos utilisateurs ont bien compris qu'on parlait d'écarts types avec 3m].

Land-sea topo-bathymetry coastal continuum

Contributors: Rafael Almar (LEGOS)

Summary

Until recently, the main application of optical satellite remote sensing of the coastline was photogrammetry, including shoreline mapping. By analysing stereoscopic pairs of satellite optical images, it is possible to cover large coastal areas with vertical errors of less than 0.5 m. Intertidal areas between spring tides also benefit from the wide range of satellite data available. Satellite-derived bathymetry (SDB) can reach fine resolution thanks to two approaches: methods based on the radiative transfer of light in water, and methods based on the influence of topography on waves. Each method/sensor comes with its own strengths, limitations, and scope of applications. The monitoring of land sea morphology continuum is clearly the way forward for coastal studies.

Context

With a large part of the world's population, coastal regions are largely vulnerable to the dynamics of natural and human-induced changes. A single storm can reshape the coast. But only a small fraction of world coasts are surveyed by hydrographic and geographic national services, and nautical charts and Digital Elevation Models (DEMs) are decades old. This leads to severe uncertainty in forecasting the impact of storms and climate changes. Characterisation of physical properties of the coastal zone is thus needed for natural hazard assessments. Conventional coastal monitoring in-situ measurements are reliable, but limited to the local scale. Alternatively, optical satellites are becoming more and more effective tools for monitoring coastlines, with the ability to reach anywhere in the world with increasing frequency and resolution allowing for capturing seasonal to inter-annual changes (research observatories, program COPERNICUS land/marine services, commercial services). 

Objectives

Target coverage and update frequency

To capture seasonal to inter-annual coastline changes, recommendations to improve the monitoring of the coastal zone morphology with the following settings: 100 km coverage, daily to monthly revisit, meters of resolution and burst of images over tens of seconds.

Methodological insights and current readiness level

Shoreline monitoring

The practical use of satellite optical imagery to obtain and analyse shorelines along sandy coastlines builds upon several decades of well-established research and practice that has traditionally used fixed cameras and video for automated and routine image collection (e.g., [START_REF] Holman | The history and technical capabilities of argus[END_REF]). As shorelines provide a fundamental measure of coastline variability and change and the optical signature of this land-water feature is relatively distinct [START_REF] Boak | Shoreline Definition and Detection: A Review[END_REF], there is a growing body of work that now reports the use of satellite-derived shorelines (SDS) applied to a range of shoreline mapping and monitoring applications around the world (e.g., [ACSGPP + 16, Xu18, HdL + 18, CW20, SGPVPP + 20, CMS + 21]). 

Bathymetry

Satellite-derived bathymetry can reach fine resolution thanks to two approaches [SFA + 19, MTLC + 20] : methods based on the radiative transfer of light in water, and methods based on the influence of topography on waves. Each method/sensor comes with its own strengths, limitations, and scope of applications. Specifically, methods based on the radiative transfer perform better in clear and calm waters, whereas techniques based on water depth inversion requires waves [Abi06, DB13, DF16, PIDMR16, ABMd19, DBB + 21, BAM19].

Topography

By analysing stereoscopic pairs of satellite optical images [START_REF] Tateishi | Relative dem production from spot data without gcp[END_REF], it is possible to study large coastal areas with vertical errors of less than 0.5 m. Examples using Pleiades are given in [CHP + 18, Alm19, TAB + 21]. these techniques offer the novel opportunity to derive topography and bathymetry DEMs during a single pass, with a vertical accuracy and precision for topography that is similar to state-of-the-art survey methodologies for coastal monitoring (GPS and LIDAR airborne surveys).

Benefits expected from the Sentinel-HR data

Coastal morphology changes over a wide range of timescales (from storm events, seasonal and inter-annual variability to longer-term adaptation to changing environmental conditions), in particular in response to changing incoming wave regimes [KHCK + 16, BAM19] and human interventions. Despite their high potential, satellite coastal DEMs have only been applied to punctual space and time domains, and efforts remain to be done to map nearshore bathymetry and its time-evolution at larger scale (e.g. [MJA + 18, WSA + 19, BCV + 19]).

[Julien: dans cette partie, ainsi que dans la section limitations, la notion de bursts n'est pas claire: fais tu référence aux modes vidéos de Pléiades ou Planet ?

Cette capacité n'est pas prévue sur Sentinel HR (mais n'est pas non plus présente sur Venµs. Est ce que tu pourrais exprimer les contraintes en terme de B/H et de temps d'acquisition entre les deux vues stéréo ?]

It is all a question of compromise in the combination of the acquisition settings. The swath of JILIN is smaller than other missions such as Pleiades and VENUS (and even more different from the 10 000 km of Sentinel-2) but offers a longer duration of burst at an advantageous frame-rate: short compared with wave period with dt/dx small compared with celerity. Satellite short burst at even high resolution such as WordView and Planet focus even on a smaller area despite proving longer videos.

Lastly the revisit is important, regular 2-day revisits such as VENUS phase 3 [BAR + 21] (now daily in phase 5) offers the double possibility of capturing topo-bathy changes, despite lower performances (due to coarser resolution and reduce number of frames). Sentinel-2 mission also offer a 5-day revisit but cannot produce accurate bathymetries and topographies.

Recommendations are given for Sentinel-HR mission to improve the monitoring of the crucial foreshore with the following settings: 100 km coverage, monthly revisit, meters of resolution and burst of images over tens of seconds. Figure 2.17: Example of a seamless 3D topo-bathy derived from Pleiades-HR tri-stereo imagery obtained at Collaroy-Narrabeen Beach in southeast Australia. The acquisition of 3 images captured 9.5 seconds apart of the same location but from different positions along the satellite orbit enables the topography to be derived using stereoscopy, and simultaneously the bathymetry to be inferred based on the observed wave-kinematics in the nearshore zone. When compared to a combined airborne Lidar and hydrographic survey dataset obtained to coincide with the Pleiades-HR mission at Narrabeen, within the near-coast topographic region (0 -15 above mean sea level) the satellite-derived RMSE = 0.83 m (r2 = 0.97) and in the nearshore region (0 --20 m below sea level) RMSE = 1.89 m (r2 = 0.76). Though this figure correctly captures key coastal features such as the elevated headlands and their adjacent rock platforms, sand dunes, a steeper beachface and more gently sloping nearshore region interrupted by several rocky reefs, the present accuracy of this satellite-derived product is variable, and further refinement will be required for it to become a practical tool for Coastal Engineers. The next generation of 'video from space' satellites can be anticipated to significantly improve the accuracy of these and similar methods (from [THAB21]).

Limitations of Sentinel-HR specifications

Regarding Sentinel-HR when applied to the coastal zone, we believe they should consider the following : Swath In general, the need for high accuracy DEM is local, here a few tens of square kilometres, localised at the shoreline in shallow water where the bed evolves under the action of waves and currents, Resolution typically, there is no big constraint for the bathymetry retrieval where meters are sufficient but rather for the topography estimation which directly depends on the pixel resolution,

Revisit not necessarily daily to capture event scale but typically monthly and seasonal evolution which represents a reasonable target for coastal studies and management, Sequence of frames to capture wave kinematic, acquisitions durations of tens of seconds covering 2-3 waves are a minimum to reduce the stochastic influence of the wave field, in order to accurately inverse bathymetry and to allow stereo photogrammetry on land (Large base-over-height ratio give good results for flat areas while small base-over-height ratio are better for steep areas). As in coastal zones, dunes and beach generally present slopes of 0.01 to 0.1 [START_REF] Komar | Beach Processes and Sedimentation[END_REF]. The temporal resolution is important and should remain a small fraction of wave period which ranges from 5 to 25 s typically. 

Summary

Mapping, monitoring and modelling geological hazards such as volcanoes, landslides and earthquakes can be achieved using satellite imaging platforms to obtain broad scale information and synoptic coverage. Multi-temporal and stereoscopic observations are relevant to complement InSAR observations in terms of complementary of viewing angles, sensitivity to other components of the motion, and range of velocities. Monitoring geohazards is critical for disaster risk management, the identification of hazard warning criteria, and a physical understanding of the mechanics of the processes and of their triggering. It implies consistent and systematic observation of the Earth land, high revisit time and high spatial resolution. Further, the relatively high-rate revisit time proposed for Sentinel-HR would also allow tackling a broader scope of geohazards, including geohazard related to fast modification of the landscapes like changes in coastal conditions, sand dunes motion and abrupt erosion and deposition processes (mud-flows), during strong weather episodes.

Context

Monitoring geohazards from space is a key aspect of increasing the resilience of the Society to natural risks and sustainable development in general. Optical space-borne images for civil applications have been routinely acquired since the 1980s at both high (Landsat and Copernicus Sentinel-2 programmes) and very-high (Spot, Pléiades, Rapideye/Worldview, PlanetLab) spatial resolutions. Among other, the high revisit time of Sentinel-2, the very-high spatial resolution and the stereoscopic capability of Pléiades, and the agility of PlanetLabs data have conducted to a new understanding of the mechanisms controlling volcanoes, landslides and fault ruptures/motion, and in some cases helped during operational crisis situations. Consistent algorithms, processing chains and web-services (ForM@Ter, GEP) are now available to exploit these observations and deliver ground motion measurements in short-time.

To obtain a global picture of the dynamics of these objects, a combination of the high revisit time of Sentinel-2 and the very-high spatial resolution of Pléiades, including stereoscopic acquisitions, will be a critical step forward to propose new products such as 3D motion fields, to better identify transient (in space and time) motion. In this context, Sentinel-HR can provide valuable insight for increasing our anticipation and response capacity to disasters. Of course, the revisit period is too loose to allow the use of Sentinel-HR for emergency action, but the availability of Sentinel-HR provides a recent reference to compare to the satellite acquisitions after the event. • Mapping of flank motion, lahar and pyroclastic mass movements.

Objectives

• Detection of small-scale thermal anomalies with infrared bands (lava lakes, lava flows)

• Measurement of surface motion associated with rifting.

• Earthquakes -active faults

• Measurement of horizontal motion (>30cm) and vertical motion (>50cm) across surface ruptures induced by magnitude > 6.5 earthquakes.

• Measurement of surface deformation at short distance (<10 km) from surface ruptures induced by magnitude > 7.5 earthquakes.

• Detection of liquefaction areas by loss of correlation between two acquisitions.

• Mapping and monitoring of (potentially transient) creep across faults with shallow slip rates faster than 1 cm.yr-1.

Measurement indicator accuracies are:

Sentinel-HR phase 0 report -CNES

• Quantification of ground motion at 1/3th or 1/5th of pixel size (e.g. 0.3 or 0.2 m; for a Sentinel-HR pixel of 1 m) -note that If ground condition are favourable and loss of coherence is small (aside from the effect of the external change), a detection sensitivity threshold for changes down to 1/10th of pixel size might be attained (with the use of hierarchical / pyramidal cross-correlation functions).

• DSM : Accuracy of Z at 1 m, Accuracy of horizontal positioning at 0.5 m

• Accuracy of volume (Z difference from multi-date DSM) : 0.5 m

• Temporal sampling better than 1 acquisition per month.

The acquisition should be sun-synchronised for the revisit time (as for current Sentinel-2), relevant masks of cloud/shadow and consistent accuracy of absolute positioning should be provided for solid Earth applications.

Target coverage and update frequency

• All active volcanoes of the Earth : 1413 volcanoes with eruptions during the Holocene period according to GPV database. Roughly 1000 targets with individual area of 100 km2 yields 100,000 km2. These volcanoes are mostly located in the Pacific "ring of fire", Indonesia, East African Rift, Lesser Antilles, Iceland, or scattered around the globe. Most targets are located in the tropical and equatorial region. Systematic acquisitions enhance the chances to obtain cloud-free observations.

• Main tectonic areas of the Earth or main active faults: a first list of the continental faults zones could be established to acquire a general archive. Then, some zones where changes are more frequent (human activities, vegetation changes. . . ) should be reacquired on a regular basis. Eventually, active tectonic areas in a broad acceptance should be at least archived once in a while, if not regularly,

• Landslides : mountain regions (e.g. elevation > 500 m) of the Earth and intertropical zones affected by typhoons/hurricanes. A monthly revisit time of all these zones would allow to construct consistent landslide catalogues, with both information on newly triggered landslides and information on surface velocity/strain for persistently active landslides.

Methodological insights

• Image correlation / offset tracking methods (e.g. MicMac, Cosi-Corr, Medicis, GeFolki, ..)

Several tools and on-line services to process optical imagery are currently availbes, and used/maintained/developed by the scientific community. The most relevant and frequently used tools are: Stereoscopic image matching methods (e.g. MicMac, CARS, AMES-ASP, ..)

• Enhanced co-registration methods (CO-REGIS, AROCSIS, . . . )

• Change detection methods: ALADIM, SALAD, deep-learning approaches

• Web-services: GDM-OPT-ETQ, GDM-OPT-SLIDE, DSM-OPT.

Current readiness level

As a matter of example, to express the necessity to construct archives of very-high resolution images, for the earthquake of Ridgecrest (USA), which occurred in July 2019, it took about 2 months (thanks to the specific effort of CNES/ForM@Ter) to get a complete set of stereo acquisitions over the rupture (70km) with Pléiades. The very-high resolution archive was quite limited and usually not stereo, so an external DEM has been needed to process images pre-earthquake.

The same holds for the follow-up of the volcano crisis of the La Soufrière de St-Vincent in 2021, or the monitoring of the Barry Arm landslide (possibly triggering a tsunami) in Alaska for which no pre-DEMs were available and needed to be constructed.

Benefits expected from the Sentinel-HR data

Sentinel-HR will provide the necessary coverage, spatial resolution (1 m) [Olivier: peut on écrire 1-2m] and revisit (20 days) to propose a 2 months (in the hypothetical guess of no clouds) geohazard monitoring achievable. The spatial resolution will be good enough for increasing the sensibility of motion measurements to lower displacements, and will provide higher details to decipher the spatial variability of motion . . . Note that the Sentinel NG foreseen spatial resolution of 5m will likely be insufficient for this use case, even if the addition of a 2.5m panchromatic band is being discussed. The CO3D imagery would be suitable for the production of the indicators but as of now the tasking of the constellation is not oriented toward systematic global coverage, but rather to on-demand tasking, after a first phase aiming at gathering a complete DTM over France and an area in middle East.

Crisis and risk recovery mapping

Contributors: Stephen Clandillon, Stéphanie Battiston, Robin Faivre (ICUBE-SERTIT/Université de Strasbourg)

Summary

Rapid mapping (RM) in the context of natural or man-made disasters requires the rapid acquisition and delivery of images at short notice [START_REF] Inès | Manual for cemsrapid mapping products[END_REF]. Hence, the pertinence of Sentinel-HR might seem limited, except that to allow a rapid mapping of the changes due to a catastrophe, reference data are needed, especially in the VHR1 (<1m) and VHR2 categories (<4m), as pre-event basis for the damage assessment. Furthermore, high quality Sentinel-HR derived DEM data would improve the orthorectification of VHR data. A Sentinel-HR X, Y, Z reference could integrate future flood propagation modelling, especially in modelling urban flooding. In summarising damage or during the recovery phase, Sentinel-HR 3D data could help in modelling building damage assessment, maximum flood extent mapping, flood depth analysis and estimate vegetation type and volume loss due to fires and/or storms. This type of mapping is important as often in preparing for the recovery phase wood resources need to be known and damaged tree crops can impact a population's capacity to feed itself. Moreover, Sentinel-HR could contribute to the 3D analysis of earth movements and understanding of landslides, mud-flows, building collapse damage assessments.

Context

Rapid Mapping, through the International Charter 'Space and major disasters' and Copernicus Emergency Management Service (EMS) -Mapping, is a well-established and ever improving field [BCF + 19]. Reference, Delineation and Grading products are delivered to a wide user community of civil protection agencies, the UN, humanitarian organisations and local crisis managers and environmental agencies by Rapid Mapping (RM) organisations.

Within Copernicus EMS, RM users would like a better coverage of urban flooding. Having precise DEMs is a prerequisite for this analysis with Sentinel-HR being an improvement on existing systems. Furthermore, within the Risk & Recovery context and thanks to its consistent, systematic acquisitions, Sentinel-HR should enable better 3D analysis of landslides, improvements in flood water depth and maximum flood estimates along with providing systematic VHR2 optical reference imagery. These precise DEMs would be a valuable input to flood forecast models. The systematically available DEM compatible imagery could also be used to estimate the fire/storm damage on vegetation in terms of the height of vegetation burnt or affected by windfall, which can be linked to economic and biodiversity loss, and help estimate tree crop damage and the potential impact on food sources. The above comments hold for storm damage where sometimes whole tree crops (bananas, coconuts. . . ) have been destroyed.

Sentinel-HR would transform the market for 3D products being systematic, precise, ready for use, free and open access.

Objectives

Target indicators and excepted accuracy

There are a number of potential uses for Sentinel-HR data in the Rapid Mapping and Risk & Recovery domains. Some ideas are shown in the list below. As already stated, the exploitation of 3D dynamics analyses should help indicate vegetation volume loss mostly for forest exploitation and damage analyses. This can be applied no matter the damage cause (storm, fire). Building damage assessment is not easy just after events with satellite data especially in urban areas, but to obtain anything without considering 3D aspects sub-metric acquisitions are necessary. Satellite EO is good for overall indications. It is thought that a benefit 3D analysis could bring is the improved detection of partial collapse or when the lower floors collapse (Kathmandu, Nepal). Sentinel-HR could be used as reference 3D data with other platforms most likely providing the crisis 3D data.

Up to date background reference imagery

Interestingly, these precise data should help derive more precise slope, slope-length parameters for the Revised Universal Soil Loss Equation, Landslide susceptibility Index, avalanche risk, among other risk indicators [MCP + 17a].

Target coverage and update frequency

The availability of a worldwide systematic coverage similar to Sentinel-1 and Sentinel-2 is foreseen to be of great benefit. If the coverage is updated every 20 days that would ensure Landsat-type coverage frequencies (revisit frequencies) with a much higher resolution. Combined together, these aspects are of great value.

Current readiness level

Currently, no optical mission systematically acquires photogrammetric pairs that can be transformed into 3D surfaces. This applies to HR and VHR data. They must be programmed on an ad-hoc basis and are expensive commercial data. The current TRL levels for ad-hoc work are high, the applications are operational even if manual editing is necessary. Work would be needed to create automatic processing chains for the large quantities of data while reducing operator needs to a minimum. 

Benefits expected from the Sentinel-HR data

Sentinel-HR data will provide access to up-to-date terrain and land use / land cover (LULC) information useful in a wide range of activities linked to basic LULC mapping and many product needs from highly precise DEMs for accurate ortho-rectification to terrain linked analysis such as mass movement, landslide or soil erosion susceptibility, helping through models to analyse urban flooding, post-fire vegetation loss, and a better understanding of building damage assessment with side looks and building height measurements (see table above).

Limitations of Sentinel-HR specifications

With respect to Rapid Mapping applications the 20 day revisit interval is quite long. Furthermore, the it is considered that a maximum of VHR2 resolution needs to be kept to facilitate the data's use as a reference data. Nevertheless, for urban applications VHR1 would be preferable and it is important to keep to preferably sub-metric resolutions to enable the best possible urban analysis. The DEMs will of course have more relaxed resolutions, being adapted to each application.

For many applications including water extent mapping a SWIR channel is very interesting to have.

Chapter 3

Mission design

In this chapter, we present two possible configurations to implement the Sentinel-HR mission. The first configuration consists in designing a set of ad-hoc satellites, while the second configuration consists in an extension of the CO3D constellation with dedicated small satellites.

Solution based on ad-hoc satellites

Hypotheses

As the phase 0 did not include dedicated resources for a complete mission study for the ad-hoc solution, we assumed some hypotheses in order to narrow the possibilities, so as to demonstrate at least one possible configuration. Optimisation of this configuration has not been addressed. The main specifications hypotheses are presented in table 1.1.

In addition, the main starting hypotheses for the instrumental and mission study were:

• Number of satellites is limited to two, in order to stay in line with the costs of current Sentinel2 constellation.

• 3D restitution will be achieved by stereo-restitution of two similar channels with a baseline angle difference, on board of each satellite.

• Orbit is heliosynchronous with an altitude comprised between 600 km and 800 km

• No night acquisitions

• Ascending Node Local Time is approximately 10h30

• 5 km of overlap between traces are required at equator, in order to allow for cloud shadow tracking

Orbital configuration

Orbit selection

Based on the hypothesis of 2 satellites, the following orbits have been considered:

Orbit (14,7,20) at 769 km altitude This orbit has a revisit of 20 days. Longitude of both satellites are adjusted so that each satellite is responsible for half of the Sentinel-HR phase 0 report -CNES field, with an overlap of 5 kilometers at equator. Note that with this orbit, a single satellite only acquires half of the target surface, with 20 days revisit.

Orbit (14,11,40), at 794 km altitude This orbit has a revisit of 40 days, and both satellites are on the same track with a phase shift so as to ensure a global revisit of 20 days at equator. Note that with this orbit, a single satellite acquires the total target surface, but with a revisit of 40 days.

Orbit (14,19,60) at 780 km This orbit has a revisit of 60 days, but a sub-cycle of 19 days, meaning that each satellite will fly over the next or previous node 19 days later. This would allow to better distribute revisit at medium (European) latitude, but needs to be further investigated.

Among those orbits, (14,11,40) seems to be the most reasonable choice, as it ensures the full coverage with a revisit of 40 days with a single satellite. This leads to a half Field Of View of ≈ 2.5°and a corresponding swath width of ≈ 67 kilometers.

Field Of View adjustment

As earth is not perfectly spherical, it is necessary to simulate local revisit time in order to ensure that there are no gaps, and optimize field of view accordingly. Figure 3.1 presents the maximum revisit map of the first simulation ran with a half Field Of View of 2.505°. We can observe gaps in the map, which means that some position on earth never enter the Field Of View. In order to fill those gaps, it is necessary to increase slightly the half Field Of View to 2.62°, as shown in the map of maximum revisit time presented figure 3.2. Figure 3.3 present the map of mean revisit time for the same value, and figures 3.4 and 3.5 present statistics of maximum and mean revisit time depending on the latitude. This new Field Of View value leads to a wider required swath of 70.42 kilometers. Note that dues to iterations on orbit selection, this adjustment has been made on orbit (14,7,20), and that required swath for selected orbit might be slightly different (but not much). What are the drawbacks of this alternative orbit ? For the 20 days revisit orbit (7, 14, 20), at medium latitude revisit can be better than 20 days because of swath overlap of nearby orbits. For a given ground location this means observation at constant, most nadir viewing angles every 20 days, plus observations from nearby swaths at different viewing angles, depending on the location: some locations will get only 20 days, while other will get regular in between images. In the case of the 60 days revisit orbit (14, 19, 60), it is more likely for a given location to get more frequent observations, but the most nadir observation will only occur every 60 days, and observations in-between will have more diverse viewing angles. Another drawback is that the minimum revisit time at medium latitude increases likewise : as shown in figure 3.6, it is 12 days for most latitude between 40°and 60°for orbit (14, 19, 60), but only 10 days for all latitude between 40°and 60°for orbit (7,14,20).

This kind of orbit configuration as been selected for the Trishna mission for instance, as the more diverse viewing angles allows to reach observation out of hotspot configuration. It has also been suggested for Sentinel2 NG. It remains an interesting option for Sentinel-HR that would require further investigations.

Acquired surface

With the (7,14,20) orbit, we estimated the following acquired surfaces :

• 118.838 Mkm of emerged land per cycle with solar illumination constraints • 5.94192 Mkm of emerged land per day with solar illumination constraints Sentinel-HR phase 0 report -CNES

Telemetry

Using the estimation of 5.94 Mkm acquired daily for each satellite, we can estimate the daily acquired volume and the required telemetry bandwidth. We can see in table 3.1 that even with the coarsest resolution and best compression rate, each satellite will have to transfer several TB of data each day, which amount to a required bandwidth of 2.8 Gbps if considering a single station visible 100 minutes a day. If the resolution is 2m, this number increases to 4.3 Gbps. Note that latest fixed quality compression algorithms might be able to reach compression rate bellow 3.5 bpp.

State of the art telemetry solutions at CNES can reach an average rate of around 2 Gbps using two X band transmitters in two different polarisation modes and using the full X band bandwidth (375 MHz). This requires a high-gain, pointed antenna on board, and large antennas on ground (5m to 11m) compatible with CORMORAN CNES or MiniMUM networks. Using more complex waveform, a few additional hundreds of Mbps may be reachable, with low readiness level.

Reaching 5 Gbps per satellite will require to leverage other technical solutions, such as:

• Use another frequency range, either Ka band (25.5 GHz to 27 GHz) or optical. In both cases, readiness level is lower than X band. CNES network is currently not compatible with Ka band, but ESA has a Ka network used for Sentinels, which could probably be used for Sentinel-HR. Reaching the target rate of 5 Gbps will probably require 4 different transmitters for each satellite.

• Keep X band transmission and increase the number of on-board memory flush per day of at least a factor 2.

• Use an hybrid solution combining X band and Ka or optical link to a geostationary satellite. This would of course increase costs and constraints as it would imply embedding two different kind of terminals onboard.

In terms of telemetry, the solution based on two ad-hoc satellites is therefore very demanding and would require additional development to meet the specifications.

Instrumental design

This section presents a very preliminary instrumental design which aims at demonstrating the feasibility of the mission in the configuration with a pair of ad hoc satellites, and highlights challenging aspects of the design. Should this configuration be studied further, a complete design study with in-depth trade-offs needs to be conducted.

In order to work on the instrumental design, we had to chose key specification values, that are detailed in table 3.2. While some of these values directly are deducted from the mission goals, other have been set arbitrarily in order to proceed with the design, and can therefore be modified in further studies.

The global coverage requirements imposes a system without motion compensation and drives towards a TDI pushbroom or pushframe with images summation system.

Given the target Nyquist MTF of 0.1 at 770 km, the pupil size mainly depends on spectral bands and ground sampling distance. Mirror size constraints are given by table 3.3 table for a push-broom instrument, while table 3.4 gives the values for a push-frame instrument, where a 20% margin is needed to compensate for motion blur of approximately 1 pixel. Table 3.4: Pupil size imposed by the different spectral bands and ground sampling distance hypotheses for a push-frame instrument.

GSD (m) compression (bits/pixel

Table 3.5 gives the number of electrons to store in a single pixel in order to achieve the target signal to noise ratio. In the push-broom case, those numbers impose a minimal pixel size of 7 to 8 µm. Because there is no transfer of electrons between views in the push-frame case, we can adjust the signal to noise ratio by the number of views, which allows for smaller pixels of 3.5 µm. By considering a BSI Teledyne quantum efficiency and an optical transmission of 85%, we can derive the number of TDI stages (in the push-broom case) or the number of views (in the push-frame case) required to achieve the target SNR at different resolutions, as presented in table 3.6.

In push-broom configuration, multi-TDI detectors are not available off the shelf, but a 4 bands detector with 16 to 64 stages, 12 000 pixels of around 7 µm should not present feasibility issues.

In push-frame configuration, we therefore have to ensure a minimum of about 5x9 readings of images during matrix overpass. We therefore need a matrix detector that is fast enough. Possible options (with limitations) are:

• Sony IMX411 (10 000 x 15 000 pixels, 6 fps -CO3D), not fast enough Regarding optical design two solutions have been considered: a single camera to cover the whole field of view (6.5°) or two cameras covering half of the field of view each (3.3°). Main optical parameters are presented in table 3.7 for push-broom case and 3.8 for push-frame case. In all cases, focal length and mirror diameter are large and will require a combination of mirrors. In the push-broom case, Image field is high with respect to the pupil diameter, which can make the optics more complex.

Stereo-acquisition can be implemented either within a single instrument field, or with two separate instruments pointing in different directions. In the case of a single instrument field, there are two different cases:

FoV GSD (m) Focal length (m) Diameter (m) Image field (m) aperture 6.5 1 4.9 0.43 0.56 11.4 2.5

1.96 0.17 0.22 3.3 1 4.9 0.43 0.28 11.4 2.5

1.96 0.17 0.11 • If field of view is equivalent to B/H, the instrument field needs to be a square, with same constraints across-track and along-track. That would mean a B/H of 0.057 for swath of 40 kilometers and 0.114 for a swath of 80 kilometers. This imposes heavy optical constraints.

• If B/H is smaller than the field of view, then the instrument will be rectangular and oriented across-track. A ratio of 1/3 seems reachable, which means a maximal B/H of 0.019 for a field of view of 40 kilometers and 0.038 for 80 kilometers.

Table 3.9 presents the total field of view (diameter of a circular field of view including across track and along track constraints) required by the single instrument configuration depending on field of view (half or full field of view) and target B/H values. Those values heavily limit the possible optical configurations. The double instrument configuration is less constrained and enable higher B/H, at the expense of instrument volume and cost. It should be noted that in terms of stereo-restitution performances, and for such small B/H values, higher values will be preferred.

B/H = 0.025 B/H = 0.035 B/H = 0.1 Swath = 40 km 3.6°3.8°6.6°S wath = 80 km 6.7°6.8°8.6°T able 3.9: Total field of view needed with respect to B/H and swath. The total field of view corresponds to the diameter of a circular field of view including across track and along track constraints.

With those figures in mind we were able to derive 4 instrumental design for Sentinel-HR, depending on push-broom or push-frame configuration on one hand, and stereoscopic or monoscopic instrument on the other hand. Those designs are presented in table 3.10.

Design (stereo-pb) requires 2 or 3 cameras to build the full swath. It is noteworthy that a single detector of 12 000 pixels is sufficient for each camera at 2.5m resolution. This design is strongly limited in B/H values, which will be small. Design (stereo-pf) is the only one that requires a single camera. It also allows for slightly higher B/H values. Designs (mono-pb) and (mono-pf) both require two cameras for stereoscopy. They are less limited than the stereoscopic designs in terms of resolution and imposes no constraints on B/H value, which is implemented by the angle between both cameras. This comes at the expanse of a larger volume of each camera. In any design, bringing resolution down to 2 meters would imply increasing camera dimensions by roughly 30% in each dimension. It is also important to add that these different optical concepts have very different telecentricities (the TMA being the best choice) which is important for spectral response uniformity. 

Design

Table 3.10: Overview of possible instrumental designs for Sentinel-HR. Mass is roughly estimated by extrapolating density of CO3D instrument (610x900x850 mm 3 for 83 kg).

Estimation of 3D restitution accuracy

Origins of the Sentinel-HR stereo capability

The idea of giving Sentinel-HR native stereo-capabilities originally comes from the Venµs experience [FCD + 10, DHK + 18]. Venµs is a franco-israeli earth observation mission that provides very high revisit of 2 to 3 days, at 5 meters resolution, over a selection of 123 sites around the world with a constant viewing angle. Swath is approximately 26 km and detectors are composed of 5200 pixels. It includes 11 spectral bands ranging from visible to near infra-red (420 nm to 910 nm). In addition, the 600 nm -650 nm spectral band is doubled by a 12th detector, forming a stereo baseline of 0.025. While originally designed to ease cloud detection by estimating their apparent movement between the two redundant band, [START_REF] Amandine | DEM generation from native stereo Venµs acquisitions[END_REF] demonstrated that Digital Surface Model could be generated by stereo-restitution using the redundant detector, after careful correction of the satellite attitude jitter. They demonstrated that Venµs could be used to generate 100 meters resolution DSM with an accuracy of 8 meters RMSE (measured with respect to SRTM), despite of the very narrow stereo angle. When the Sentinel-HR concept emerged, it has been proposed to apply the same design in order to give Sentinel-HR the same capabilities. With the same stereo angle, and assuming that attitude jitter can be managed in a similar way, we could foresee an accuracy of 3.2 meters RMSE for a DSM resolution of 40 meters. Moreover, in this study, DSM was obtained by striding the correlation process, and not by averaging a full resolution DSM obtained with a stride of 1 pixel. We can therefore infer that those figures would still be valid to some extent for higher, closer to native resolution.

Assessing performances of the low-baseline Sentinel-HR configuration

As we can see in section 3.1.4, and particularly in table 3.10, among the proposed designs, only the native stereoscopic instruments (stereo-pb) and (stereo-pf) are limited in terms of stereoscopic baseline ratio. The other designs imply two separate instruments for which the angle can be chosen without any heavy constraints. In the case of stereoscopic instruments, the stereo baseline ratio has been estimated to not exceed 0.035.

In order to consolidate the DSM accuracy estimates in that configuration (resolution and baseline ratio), we used an in-house image simulation tools that can generate aliasingfree satellite views from geo-referenced textured 3D meshes. Simulations were made from three different off-the-shelf meshes, for 3 sites in France: Nanterre, with a dense urban landscape, Canari (in Corsica) a semi-natural landscape with shore and cliffs, and Argentière glacier, a glacier landscape. Acquisition parameters (see table 3.11) were close to the one presented in this chapter, with some small discrepancies due to the concurrent work (refined orbital and detectors parameters were not fully available at beginning of the study). From this raw simulation quantified on 12 bits, images were further processed with MTF blurring and realistic noise in order to recreate the effects of the image acquisition chain of Sentinel-HR. In order to separate the effects of the very narrow stereoscopic angle, the exact same simulations were then generated with a baseline ratio of 0.2, which is typical of single-track stereoscopic acquisitions with VHR satellites. Finally, the simulation tool also allows to generate a perfect DSM ground-truth.

From the simulated images, stereo-reconstruction was achieved using CARS [SAM + 16], the open-source processing chain developed by CNES in the frame of the CO3D mission.

In CARS, disparity estimation is achieved using Pandora, an open-source disparity estimation library also developped by CNES in the frame of C03D mission [CSD + 20].

As SGM with census cost, the default disparity estimation method used by CARS, is not well suited for very small baseline ratios, Pandora has been further configured to use Zero-Mean Normalized Cross Correlation instead, similar to what has been used form Venµs DSM. Subpixel disparity was achieved by using subpixel steps of 1/4th of pixels, with quadratic refinements of the correlation peak. The size of the correlation windows has been set to 11 pixels (TODO: check with Jonathan). Quality of generated DSMs was then assessed using CNES open-source tool DEMCompare, allowing to derive a large range of quality metrics using the simulated ground-truth as reference. Note that the baseline ratio of 0.035 leads to a conversion coefficient of 59 meters between disparity and elevation (1 pixel of disparity corresponds to 59 meters). Therefore, in order to achieve 4m CE90 absolute accuracy, the collocation error, including geometric accuracy and disparity estimation process, should not exceed 0.068 pixels, or 0.14 meters. It is needless to say that this is very challenging, both in terms of of geometric accuracy and disparity map estimation algorithms.

Experiments on Nanterre site

First simulation is the Nanterre site, an urban area located near Paris in France. Simulated DSM are presented in figure 3.7. We can see that the narrower baseline yields a noisier DSM, whith a lot of missing data. Important larger buildings and urban fabric can still be distinguished, but with very distorted shapes.

Performances metrics are displayed in table 3.12 (for 0.035 baseline ratio) and 3.13 (for 0.2 baseline ratio). One can observe that the smaller baseline ratio achieves an absolute reconstruction error of 5.38 meters for 90% of values, all slopes considered. Meanwhile, the 0.2 baseline ratio configuration achieves 2.98 meters absolute accuracy for 90% of values. 

Slope

Experiments on Canari quary site

The second simulation is on a quary site near Canari, in Corsica, France. This site has a semi-natural shoreline landscape, with a quary in its center. Simulated DSM are presented in figure 3.8. We can see that while the 0.2 baseline ratio still allow to dinstiguish the quary site as well as the building near the shoreline, this is no longer true for the 0.035 baseline ratio, because of higher noise and missing values. The general structure of the landscape remains visible though. Performances metrics are displayed in table 3.14 (for 0.035 baseline ratio) and 3.15 (for 0.2 baseline ratio). Conclusions are similar to those of the Nanterre site, with a CE90 performance of 4.6 meters for the 0.035 baseline ratio, and 2.17 meters for the 0.2 ratio. 3.9. We can see that buildings can still be distinguished with the 0.2 baseline ratio, which is no longer true for the 0.035 baseline ratio. Only the general structure of the landscape remains visible.

Performances metrics are displayed in table 3.16 (for 0.035 baseline ratio) and 3.17 (for 0.2 baseline ratio). Conclusions are similar to those of the two other sites, with a CE90 performance of 4.53 meters for the 0.035 baseline ratio, and 3.22 meters for the 0.2 ratio. 

Slope

Conclusions and limitations

If the performances for the 0.035 ratio are higher, but quite close to the specification of 4 meters absolute accuracy CE90, we must stress that those performances are obtained with a perfect known geometry: line of sights are perfectly known, without noise or distortion. In [START_REF] Amandine | DEM generation from native stereo Venµs acquisitions[END_REF], we can see that noise in attitude restitution impaired greatly Sentinel-HR phase 0 report -CNES the reconstruction capabilities for Venµs, and that complex registration and correction strategies had to be designed in order to be able to reach acceptable performances. The CO3D team estimates that geometric errors (which are not modelled in this study) account for up to 2/3 of the total DSM error budget.

Conclusions

We can conclude that the 0.035 baseline configuration will not allow to reach the 4 meters CE90 accuracy, and that this target will be missed by a large amount. This most probably eliminates configurations (stereo-pf) and (stereo-pb) from the possible designs. Among those two configurations, there is an off the shelf matrix of detectors that has been certified by CNES, which leans toward the (stereo-pf) configuration. The parameters of this final design are shown in table 3 

Solution based on CO3D constellation extension

After discussions with the CO3D development team, it appears that Sentinel-HR mission can be implemented by extending the CO3D constellation with some modifications on the satellite, leading to a cost effective alternative solution to the design and build of ad-hoc satellites and ground segment.

Required modifications

First modification consist in selecting an orbit with a 40 days revisit cycle with (N,P,Q)=(14,3,40) at an altitude of 845 kilometers (this implies to have 2 pairs of satellites to reach the 20 days revisit). With target resolution of 2 meters, the focal length of the instrument needs to be reduced from 3.77 meters to 1.58 meters, which leads to a footprint of 28.5x21.3 km (lxh). In order to have a constant along track viewing angle as required by Sentinel-HR specification, the satellite will need to perform a maneuver between each step, which can be achieved in 2.7 seconds and can be achieved with current CO3D specifications (currently 1 second). 2 pairs of CO3D satellites flying in this configuration will provide a swath of 28.5 km and a revisit of 20 days, with the along track stereo acquisition capability and a wide range of possible B/H (which will be mainly limited by the maximum along track viewing angle that can be tolerated). This will generate an inter-swath of 71 kilometers at equator, which can be filled by using 4 extra pairs of CO3D satellites.

For storage, transmission and resources limitation, it is likely that a single pair will not be able to acquire the full orbit. Therefore, it might be necessary to double the number of satellites in order to acquire the full orbit. This lead to a maximum number of 24 CO3D adapted satellites to implement Sentinel-HR mission.

However, a 12 satellites solution may still be reachable, with the following optimisations:

• Relax the focal plane stability constraint after 30 minutes of activity. This would lead to extra errors on relative altimetry performances (order of magnitudes tenth of centimeters) but could be manageable for a target accuracy of 3 meters

• Take into account emerged lands and meteorological predictions to avoid acquisition of cloudy images.

Additionally, we could further reduce the number of satellites by increasing the revisit time for 3D reconstruction to 40 days, while keeping revisit time for 2D to 20 days. In that case we could maybe get down to 9 satellites.

It should be noted that:

• 3D performances are expected to be far better with this configuration than with the adhoc configuration because traditional B/H can be achieved (typically 0.1 -0.3) instead of native low B/H of the ad-hoc solution. By extrapolating CO3D performances and with all errors included, the system would be able to reach 4m CE90 relative accuracy.

• Radiometric performances will be poorer with the current bayer-based CO3D matrix than with an ad-hoc satellite. Expected performances have not been studied, but standard RGB filters suffer from rejection and NIR filter can exhibit variations of up to 2.5 nm accross the field of view. In the frame of an evolution of the CO3D satellite, it might be possible to replace the Bayer matrix by ad-hoc filters on separated matrix (push-frame).

Chapter 4

Hybrid products methodology

This chapter studies how users might benefit from the availability of Sentinel-HR and Sentinel2 to get frequent time series at a very high resolution. It compares different spatio-temporal fusion methods using a benchmark based on VENµS data.

Problem statement

Accounting for occurrences of clouds in acquisitions, clear pixel availability for Sentinel-HR will be lower than the 20 days theoretical revisit time. In [START_REF] Sudmanns | Assessing global sentinel-2 coverage dynamics and data availability for operational earth observation (eo) applications using the eo-compass[END_REF], an analysis is performed for the full Sentinel2 archive over year 2017. Figure 4.1 shows a map of the average Sentinel2 cloud cover estimated from product metadata derived by the authors. One can see that a vast amount of the Sentinel-HR target landmass exhibit an average cloud cover higher than 60%. Figure 4.2 presents the percentage of scenes that are contaminated by clouds (cloud coverage higher than 10%). Again, one can see that a large part of the landmass has more than 70% of Sentinel2 scenes contaminated by clouds. With a revisit time of 20 days, their would be around 18 Sentinel-HR acquisition dates over a year for a given location (note that this number may increase with latitude). If 70% of them are contaminated by clouds, this leaves only 5 clear dates a year. Regions of the globe with stable high cloud coverage, such as Himalayas, tropical regions of Africa or South America will have even lower occurrences of cloud free scenes. Moreover, cloud cover is bound to seasonal effects and are therefore not independent, which means that the clear dates will probably not be well distributed across the year. Note that the 10% cloud threshold used to mark Sentinel2 scenes as cloudy is very conservative, which means that most of those cloudy images will still have a large amount of clear pixels that can be used. It should also be noted that some of the Sentinel-HR use cases presented in chapter 2 require a better revisit time that the 20 days that the mission will offer, while still requiring the High Resolution that lacks in Sentinel2 data.

The classical approach to filling cloud gaps as well as re-sampling time series on a regular grid relies on temporal interpolation of spectral profiles [START_REF] Lepot | Interpolation in time series: An introductive overview of existing methods, their performance criteria and uncertainty assessment[END_REF]. On the other hand, the continuity of services guaranteed by ESA on the Sentinel programs ensures that during the Sentinel-HR lifetime, Sentinel2 data (5 days revisit time, max. 10 meters resolution) or Sentinel2 NG data (foreseen 3 days revisit time, 5 meter resolution) will be continuously and consistently available. This means that in-between Sentinel-HR clear dates, there might be one or several lower resolution clear dates of similar spectral bands, with a resolution 5 times coarser at most. We can therefore investigate whether those coarser, more frequent observations can be used in order to better interpolate gaps between Sentinel-HR observations, whether caused by clouds or limited revisit time. In this chapter, we will try to assess whether hybrid surface reflectance products can be derived from the combination of envisioned Sentinel-HR data and available Sentinel2 (NG) data, in order to (a) lower the revisit time below 20 days for applications where both revisit time and spatial resolution are critical and (b) mitigate gaps caused by the occurrence of clouds in Sentinel-HR acquisitions. Higher order information fusion, e.g. indicators derived separately on the two time series and fused later, is out of the scope of the study since it requires domain-specific knowledge. Nonetheless, it must be stressed that such approaches might be more pertinent than pursuing estimation of surface reflectances.

Available data

In order to assess our ability to produce synthetic time-series providing the spatial resolution of Sentinel-HR with the revisit of Sentinel2 (NG), we need to gather time-series with:

• Near nadir 2 meter resolution images every approx. 20 days,

• Intermediate Sentinel2 images at 10 meters • For each intermediate Sentinel2 image, a nadir image at 2 meters of the same day to serve as the reference for quantitative evaluation.

Those time-series would have to be available over various landscapes and regions of the earth. We looked into commercial VHR data to fulfill these specifications at the desired resolution, but we did not find reasonably long time series that could provide both the 20 days revisit and the additional reference dates. Moreover, series we looked into had various viewing angle and lacked of atmospheric parameters for a proper surface reflectance estimation.

Band Sentinel2

Venus Blue B2 (492 ± 33 nm) B3 (490 ± 20 nm) Green B3 (560 ± 18 nm) B4 (555 ± 20 nm) Red B4 (665 ± 15 nm) B7 (772 ± 16 nm) NIR B8 (833 ± 53 nm) B11 (865 ± 20 nm) We therefore looked into the Venµs mission [FCD + 10, DHK + 18], that provides a spatial resolution of only 5 meters, and a very small swath covering a selection of around 100 sites around the world, but has several advantages for our study:

• Venµs has a nominal revisit of 2 to 3 days with constant viewing angles (though not necessarily nadir), with a mission overlap of several years with Sentinel2.

• Venµs has almost the same Red, Green and Blue spectral bands than Sentinel2 as shown in table 4.1 (The NIR band is a bit more narrow on Venµs)

• Venµs and Sentinel2 L2A products distributed by Theia are processed by the exact same L2A processor [LDH + 16]. They both benefit from excellent cloud masking and atmospheric corrections, and are therfore very coherent.

We therefore chose to gather joint Venµs and Sentinel2 time-series from Theia archive according to the following methodology.

Data selection

In order to collect the time-series, we performed the following search on Theia archive, for each Venµs site:

1. Find all Venµs subseries with a revisit time between 15 and 30 days and more than 7 dates, without any cloud coverage threshold. We call this series the guide images (this is necessary because the VENµS misison has sometimes suffered from interruptions due to technical reasons), 2. For each subseries from previous step, find all intermediate Sentinel2 images from the tile and relative orbit with highest coverage of the Venµs site, without any cloud coverage threshold, 3. For each selected Sentinel2 image, look for a corresponding Venµs image acquired within 1 day. Discard Sentinel2 images for which no Venµs image could be found. We call the Sentinel2 series the target images and the corresponding Venµs series the reference images.

From the retrieved time series, we made a selection based on landscape variety, viewing angle, and length of the time-series, and kept the 5 series presented in table 4.2. An overview of the time sampling and clear pixel coverage of all series is given in figure 4 

Data pre-processing

With the images from the selected time-series, we applied the following pre-processing:

1. Extract the corresponding spectral bands for Venµs and Sentinel2 according to table 4.1, on a region of interest of 2000x2000 Venµs 5 meters pixels 2. For each image, extract a global missing data mask, including not acquired, cloudy, and saturated pixels, 3. Perform linear-regression to further align Sentinel2 bands to Venµs bands and reduce the slight discrepancies that may occur dues to differences in spectral bandwidths and atmospheric corrections [START_REF] Michel | Learning harmonised pleiades and sentinel-2 surface reflectances[END_REF] 4. While Venµs time-series are rather well registered, localisation errors of up to 2 pixels can occur with Sentinel2 time-series. In order to correct those shifts, a registration based on SIFT points similar to what is done in the pre-processing of CARS [CSD + 20] is performed on each Sentinel2 image to register it to its Venµs reference image 5. Because our highest resolution is 5 meters instead of the 2 meters foreseen for Sentinel-HR, we further downscale the Sentinel2 image to 25 meters in order to get a resolution ratio of 5 (Sentinel2 case) and to 12.5 meters in order to get a resolution ratio of 2.5 (Sentinel2 NG case). Down-sampling is made by convolving the image with a gaussian kernel corresponding to a MTF cut-off of 0.1, and then re-sampling to nearest neighbors.

This process yields ready to use tensors for guide, target and reference images time-series, along with their missing values masks. Figures ?? to 5.5, pages ?? to 160 of the Appendices section shows an overview of the final time-series.

Methods

Our problem can be reformulated as follows: given our guide high resolution time-series and intermediate target coarse resolution time-series, make the best possible prediction of the high resolution that would have been observed at the coarse resolution dates. Performances will be evaluated with respect to the reference time-series.

In this study, we decided to take a step back from the Spatio-Temporal fusion literature, which is mostly focused on Landsat and Modis combination, and also include other methods such as naive solutions, Single Image Super-Resolution or Guided Super-Resolution.

Naive solutions

We have two natural naive solutions that we can immediately think of:

Temporal interpolation of high resolution guide series If we ignore completely the coarse resolution target series, we can simply temporally interpolate the guide series at the target dates, with a linear or cubic interpolation.

Spatial interpolation of coarse resolution target series

If we ignore completely the high resolution guide series, we can simply spatially zoom the target series at high resolution, using for instance cubic interpolation.

We think that it is important to include those naive solutions to the Sentinel-HR benchmark, as its purpose is to demonstrate the benefits of using more advanced fusion methods. We should therefore measure these benefits with respect to baseline naive solutions.

Spatio-Temporal Image Fusion

In remote sensing, the mixing of high revisit, coarse resolution time series with low revisit, high resolution time series in order to derive high revisit, high resolution time series is formally known as spatio-temporal fusion. Seminal work is known as the STARFM algorithm [START_REF] Gao | On the blending of the landsat and modis surface reflectance: Predicting daily landsat surface reflectance[END_REF] which has been primarily designed for the fusion of Landsat and MODIS imagery. Many more method have followed [START_REF] Belgiu | Spatiotemporal image fusion in remote sensing[END_REF][START_REF] Zhu | Spatiotemporal fusion of multisource remote sensing data: Literature survey, taxonomy, principles, applications, and future directions[END_REF], most of which extend STARFM or try to overcome its limitations by using more complex models. It should be noted that most of spatio-temporal fusion methods mix data pre-processing such as radiometric normalisation, spatial registration and gap-filling with fusion rules. Also note that almost all those papers are heavily biased toward the fusion of Landast (30m) and Modis (500m), and as such are not really tailored for the Sentinel-HR case, where the ratio between high and low resolution will be a lot smaller.

An analysis of the STARFM Algorithm

The STARFM theoretical basis [START_REF] Gao | On the blending of the landsat and modis surface reflectance: Predicting daily landsat surface reflectance[END_REF] is that, for an homogeneous pixel at location (x i , y i ) observed at time t k from coarse image C, and for a corresponding higher resolution pixel F within the coarse pixel cell, we should observe:

F (x i , y j , t k ) = C(x i , y j , t k ) + k (4.1)
Where k stands for differences between the observed reflectances that are sensor related. Note that though being of different resolution, F and C are addressed through the same spatial coordinates, which implies a ressampling of the coarse image C to the high resolution grid of image F . Though many spatio-temporal fusion will use nearest-neighbor interpolation to preserve the observed coarse radiometry, better spatial interpolation methods can be considered. Here homogeneous means that higher resolution pixels with the coarse pixel cell exhibit little or no variations. If we assume that for a given pixel this difference is constant through time, we can write:

F (x i , y j , t 0 ) = F (x i , y j , t k ) + C(x i , y j , t 0 ) -C(x i , y j , t k ) (4.2)
Which essentially states that changes are driven by the coarse resolution image if the coarse pixel is homogeneous enough and system performances (noise, BRDF effects . . . ) are stable.

However, many of those assumptions hardly hold for most of the pixels:

• True coarse homogeneous pixels are very rare,

• Changes may occur through time, at high resolution In STARFM, equation 4.2 is therefore relaxed so as to express the desired high resolution pixel as a linear combination of known high resolution and coarse images from a spatiotemporal windows of radius r in the spatial domain and among the K known high resolution dates F and corresponding coarse resolution dates C. For a given spatial location (x 0 , y 0 ) and prediction date t 0 :

F * (x 0 , y 0 , t 0 ) = r i=-r r j=-r K k=1 W ijk C(x i , y j , t 0 ) Coarse image at t 0 + F (x i , y j , t k ) -C(x i , y j , t k )
High res. details at t k (4.3) After reordering terms, another possible interpretation of the STARFM linear combination equation is given by:

F * (x 0 , y 0 , t 0 ) = r i=-r r j=-r K k=1 W ijk F (x i , y j , t k )
High res. at t k + C(x i , y j , t 0 ) -C(x i , y j , t k )

Coarse changes from t k to t 0 (4.4)

Note that for the sake of simplicity, spectral bands are not represented in those equation, but that those equations hold independently for each spectral band. W i jk determines how much each pixel from the spatial neigborhood and at each date contributes to the final reflecance of the center pixel (x 0 , y 0 ) at date t 0 .

W i jk is derived from 3 different criterions: spectral difference, temporal difference and spatial distance. Spectral difference is given by equation 4.5, temporal difference is given by equation 4.6, and spatial distance is given by equation 4.7.

S ijk = |F (x i , y j , t k ) -C(x i , y j , t k )| (4.5)

T ijk = |C(x i , y j , t 0 ) -C(x i , y j , t k )| (4.6) D ij = 1 + (x i -x 0 ) 2 + (y j -y 0 ) 2 A (4.7)
With those notations, in the original paper weights W ijk are given by equation 4.9

B ijk = 1 (S ijk • T ijk • D ik ) (4.8) W ijk = B ijk r i=-r r j=-r K k=1 B ijk (4.9)
In the original paper, pixels participating in weights are further limited to spectrally similar pixels (to the center pixel), by means of an external classification, or by setting an upper threshold on N ijk , the absolute difference between high resolution center pixel and its neighbors, as presented in equation 4.10. There is also an additional pixels filtering that depends on the radiometric uncertainty of both sensors, computed by means of thresholding S ijk and T ijk .

N ijk = |F (x 0 , y 0 , t k ) -F (x i , y j , t k )| (4.10)

Adaptations of the STARFM algorithm for the study

In this study, we modified the above STARFM algorithm in the following ways. First, a combined clear pixel mask is used in order to set the weight of unclear pixels to 0 for each date and location in equation 4.9. This is shown in equation 4.11, where M ijk is 1 for a clear pixel and 0 elsewhere.

B ijk = M ijk (S ijk • T ijk • D ik ) (4.11)
Second, instead of performing the classification or thresholding scheme in order to discard pixels that are not similar to central pixel, we chose to directly add N ijk as a factor in the computation of B ijk , as presented in equation 4.12. The rationale for this is to avoid artifacts linked to an external discrete classification maps at transitions between classes, and to avoid corner cases where no pixels are available for the estimation.

Adding N ijk at denominator of B ijk will anyway favor more similar pixels in a smooth way. Likewise, we do not perform the sample quality filtering.

B ijk = M ijk (S ijk • T ijk • N ijk • D ik ) (4.12)
One last adaptation regards the necessity to get both high resolution and coarse resolution images on the same day. This gives us a good insight on how pixels are weighted in the STARFM linear combination:

• Pixels with strong high frequency contents will have lesser weights

• Pixels that exhibit strong coarse resolution change wrt. the target date will have lesser weights

• Pixels that are dissimilar from the high resolution center pixel will have lesser weights

• Pixels spatially further from the center pixel will have lesser weights Formulated like this, STARFM is a very clever algorithm:

-It naturally supports multiple high-resoluiont dates, without any requirements on those dates with respect to the target date, -It naturally handles the cloud and other quality masks, -I weights pixels contribution according to a balance between multiple criterions.

The STAIR algorithm

One alternative (out of many) to STARFM is the STAIR algorithm [START_REF] Luo | Stair: A generic and fully-automated method to fuse multiple sources of optical satellite data to generate a highresolution, daily and cloud-/gap-free surface reflectance product[END_REF]. STAIR is advertised by its authors as an approach suitable for large scale operation, that does not rely on exogenous data such as land-cover maps, that may not be available globally.

Sentinel-HR phase 0 report -CNES

Network selection

In order to select a network architecture, we established the following criterion:

• First, we rule out Generative Adversial Network architectures. GANs are known to render very realistic images, at the expense of hallucinating details that may not correspond to any ground truth. This has a simple explanation: physic tells us that optics and detectors will cut off spatial frequencies higher than an instrumentrelated threshold. Consequently, images signal will not contain any information on those high frequencies, which imposes limits on what traditional Single Image Super-Resolution can do. GANs overcome this limitation by learning the statistical distribution of those unobserved details conditioned to the observed frequencies that can be observed in a signal. During inference, GANs will use one realisation of this statistical distribution, and thus generate details that are statistically plausible but with a weaker link to the observed signal. As Sentinel-HR primarily aim at scientific applications for which local surface reflectance values correctness is important, we decided to eliminate this family of method.

• Second, since we are preparing for a mission with global and regular coverage, it is of great importance that both the training and the inference process are as cheap as possible in terms of complexity and algorithmic cost. Fortunately, the authors of [AKB20] did some very informative graph showing the achieved PSNR with respect to both model size (see figure 4.6) and computational complexity related to architectures complexity (see 4.7) to guide our choice.

From those graphs, we can see that the CAscading Residual Network [START_REF] Namhyuk Ahn | Fast, accurate, and lightweight super-resolution with cascading residual network[END_REF] offers the best trade-off between complexity and PSNR in both model size and number of operations. Consequently, we selected this network for the study. 

Implementation and offline training

In our implementation, we use 3 residual blocks with a kernel size of 3 pixels. The number of features is directly related to the up-sampling factor, e.g. 32 features for each high-resolution pixels within the low-resolution pixels. This means that the number of features is 800 for a ratio of 5, and 288 for a ratio of 2.5. In the latter case, in order to accommodate non-integer up-sampling factor, we use the closest integer up-sampling factor and then down-sample to the target resolution (here a factor of 3 then downsampled to obtain a factor of 2.5). Grouping is set to 2 in residual convolution layers.

One last important modification is that our implementation process the 4 selected bands at once (both for input and outputs).

CARN needs to be trained offline with a large number of samples variety, including different landscapes and times of the year. In order to achieve this, we performed a similar Sentinel-HR phase 0 report -CNES Our loss is a simple Hinge Loss, i.e. it is quadratic when close to zero to favor convergence and linear far from zero to reduce the effect of potential outliers. For the training, we use stochastic gradient descent with the ADAM optimizer is used, with an initial learning rate of 1e-3, which is further decreased by a factor of 0.5 every time it stagnates for more than 4 epochs. It is noteworthy that the NIR band is more difficult to reconstruct because its bandwidth differs more between Sentinel2 and Venµs. Figure 4.15 shows the results of some predicted patches from the validation set in natural colors, while figure 4. 16 shows the prediction from the same patches, for NDVI (NDVI is computed afterward). In both cases we compare with the original image at 25m, zoomed at 5m by means of bicubic interpolation. We can see that the algorithm succeeds in retrieving shapes of objects such as hedgerows or pathways that can not be seen on the 25m image, even though it fails to retrieve textures and still has a blurry feel. It should be noted that we also trained the CARN network with a ratio of 2 in resolution from 10m (original Sentinel2 resolution) to 5 meters, and that the performances are even better. [LDWS19], where a Multi-Layer Perceptron is used to learn the non-linear mapping between an high-resolution guide image and a coarse image that might be of different modality, in order to achieve super-resolution of this coarse image. The neural network weights are learned for each pair of images to process, though some generalisation might be achievable here. The coarse image serves as a reference and the loss function is computed on the down-sampled high resolution prediction, with some regularisation (by means of weight decay) in order to constrain the ill-posed problem towards smoother mapping. At inference stage, the high resolution prediction only depends on the high resolution guide pixel, which allows for very sharp and detailed reconstructions, without any blurring effect. This is somehow similar to approaches in the Thermal Infra-Red domain [START_REF] Gao | A data mining approach for sharpening thermal satellite imagery over land[END_REF],

where the non-linear mapping between higher resolution shortwave spectral reflectances and coarser resolution Land Surface Temperature is learned at coarse resolution by regression trees. Those regression trees are then applied to the high resolution in order to predict a high resolution LST.

Those approaches however rely on an unformulated hypothesis : similar guide observations should correspond to similar target low-resolution observations, throughout the observed pair of images. This assumption can be breached when changes of the intrinsic properties of the surface can only be observed in the target modality while yielding similar observations in the guide modality. If the guide and target observations are synchronous, this will essentially be caused by spatial heterogeneity of the scene, and in [START_REF] Gao | A data mining approach for sharpening thermal satellite imagery over land[END_REF] they run local instance of the model in a sliding window in order to account for it.

In a Sentinel-HR configuration however, high resolution and coarse resolution observations are of the same modality, but distant in time. Therefore, temporal changes of surface intrinsic properties will breach the assumption. Crops for instance might exhibit the same surface reflectances at high resolution observation time, but show very different reflectances on the next coarse resolution observation due to differences in culture phenology. In order to introduce more discriminative power in guide observations, we can therefore leverage multi-temporal high resolution observations, i.e. use all the guide dates we have instead of a single one.

Proposed Data-Driven Interpolation general architecture

In order to achieve prediction of M target dates with L spectral bands by using N guide dates with the same L spectral bands, we propose to use the network architecture in figure 4.23. In the absence of the coarse resolution time-series, in order to predict a date that is not observed, we would resort to temporal interpolation (linear, or spline-based, with or without smoothing). If we have coarse resolution observations at the prediction date, we can try to learn the interpolation weights from the data.

We will therefore pose:

F (x i , y j , b k , t m ) = N n=1 L l=0 W ijkmnl × F (x i , y j , t n , b l ) (4.19)
Where W kl is an interpolation matrix that is learned from the data themselves, using a backbone Multi-Layer Perceptron from the standardized, zero-inputted guide time-Sentinel-HR phase 0 report -CNES series. For each multi-temporal guide pixel, a different set of weights is predicted, and weights corresponding to missing pixel dates at this location are set to 0. Weights are then normalized along the guide time dimension. Before being used to linearly combine guide observations to form the predicted time-series. The backbone Multi-Layer Perceptron is trained through stochastic gradient descent from the smooth L1 loss with respect to the target time-series (the loss is set-up to ignore missing reference pixels).

Since each set of learned weights correspond to a specific time sampling and location, the model is trained separately for each prediction, without seeking for generalization. 

Usages of Data-Driven Interpolation

There are different ways in which the general architecture presented in figure 4.23 can be used:

Gap-filling without temporal re-sampling If guide and target series are the same time-series with partially missing data caused by clouds or variety in satellites track, DDI can be trained to perform gap-filling of all missing data without any temporal re-sampling. In order to achieve this, The training set should be extended in order to contain sample for each target date where the corresponding date has been excluded from the guide series.

Guided super-resolution If guide and target time-series have different time sampling, guide has a better resolution than target and modalities are optionally different, DDI can be trained from down-sampled guide time-series in order to reconstruct target coarse time-series. DDI can then be inferred at guide time-series high resolution, achieving super-resolution of the target series.

In any case, even if the model is able to handle the prediction of several dates at once, in practice we found it more stable to learn each target date separately.

Samples Stratification

In order to ensure that the training set is not biased toward the most frequent radiometric trends, we perform an optional stratification of the training set. Target radiometries are clustered into 5 classes using the KMeans algorithm, and samples are selected so that each class has the same amount of samples. Note that this may drastically limit the number of samples if one of the classes is very small with respect to the others.

Low-resolution residuals compensation

Inspired by [START_REF] Gao | A data mining approach for sharpening thermal satellite imagery over land[END_REF], we also introduced a strategy for the compensation of low resolution residuals that may occur between the prediction and the target low resolution image. We first down-sample the prediction to the target low resolution image, with a gaussian kernel corresponding to a MTF of 0.1. We compute the difference between the down-sampled prediction and the target image for each band, and set the difference to 0 for all masked pixels. We then up-sample the difference image and add it to the prediction image.

Training and inference

Default backbone has two layers of 64 features, with intermediate ReLU activation.

Training is performed with the ADAM optimizer, using a learning rate of 0.001 and a batch size of 100. We observed that 10 epochs usually suffice for convergence. The target number of samples is 100 000, among which 10% is kept for testing, though this can be limited by missing data mask or stratification. Hinge loss is used, and is only computed on clear pixels in the target images.

DDI is used in guided super-resolution mode, which means that Venµs images are downsampled to the Sentinel2 resolution by means of gaussian kernel smoothing followed by decimation, with a target MTF of 0.1.

The model is then applied at full Venµs resolution for inference. it should be noted that the model is specific to the data time-sampling and target date. It should be trained again for different time-series or target dates. 

Benchmark

Methodology

Given the data presented in section 4.2 and the methods described in section 4.3, we set-up a benchmark aiming at reconstructing each target date corresponding to Sentinel2 acquisitions at 5 meters resolution given the guide dates (Venµs acting as Sentinel-HR acquisitions), and compare the reconstruction performances of the different methods, by using the reference 5 meters dates (Extra Venµs images simultaneous to Sentinel2 target date). Table 4.4 summarize the different bench-marked methods and their characteristics. Those methods can be grouped into 3 sub-categories. The first category is spatial interpolation methods, which regroup traditional zooming as well as Single Image Super-Resolution. Those methods do not make use of the guide dates during inference and can not interpolate missing data at target date. The second category is temporal interpolation, regrouping traditional temporal interpolation (e.g. linear or splines-based), as well as DDI. Given that DDI only uses the target date for training, we can put it in this category. Both methods will be able to perform interpolation of missing data at target date (provided that clear pixels are also available for the training of DDI). The last category regroups spatio-temporal fusion methods, with STARFM and STAIR. Note that neither can perform interpolation of missing data at target date. Since DDI with residual correction also uses target date for inference (in the residual correction), we include it in this category, with the additional benefit of missing data interpolation at target date.

Methods

Uses In order to be able to measure those two goals separately, we performed a stratification of pixels for each site, to separate pixels with high gradients from pixels with low gradients. First, the map of average pixel gradient magnitude over the full reference series is computed for each site. We then define two classes : the 50% pixels with the lowest average gradient magnitude (e.g. flat, low textured areas) and the 25% pixels with the highest gradient magnitude (e.g. edges and strong landscape features). All metrics are then computed on all pixels, 50% lowest gradient and 25% highest gradient. Figure 4.25 shows an example of the masks applied for both stratas, on two different study sites.

Quantitative Analysis

In this section we present the global results for all selected sites. For each site, metrics are computed for each target date. We discard the target dates for which target Sentinel2 image or Venµs reference image is completely cloudy, as well target dates for which the reference date is not on the same day. All sites considered, this leaves 54 target dates, as shown in table 4.6.

Note that STAIR is not included in the figures because it exhibits very poor performances. It has therefore been removed to improve figures readability. resolution ratio of 5 (25m → 5m), whereas figure 4.28 shows the same metrics for a resolution ratio of 2.5. For a resolution ratio of 5, looking at metrics on the 50% pixels with lowest gradient, one can observe a clear ordering of performances in most metrics and in all spectral bands, linear gap-filling being the method with the highest variability of performances by far. All methods except linear gap-filling and cubic zoom achieve RMSE surface reflectance accuracy better than 0.01 in red, green and blue channels and 0.03 in near infra-red for 75% of the dates. Also all methods except linear gap-filling and cubic zoom achieve CE99 surface reflectance accuracy better than 0.05 in red, green and blue channels and 0.1 in near infra-red for 75% of the dates . DDI with or without residuals compensation seems to show the best performances for this ratio and those low gradient pixels, though it should be noted that if residual compensation does not always improve DDI performances. Interestingly, ordering of methods according to performances for low gradients pixel at this resolution ratio does not always hold for NDVI. CE99 error remains quite high for all method (0.2 for 75% of the dates). Those conclusions do not change drastically when looking at resolution ratio of 2.5, with a slight increase in CE99 error without drastically modifying the ordering of methods. However, we can observe that CARN performs better, especially on NDVI, where it often yields the best or one of the best performances. It is also interesting to observe that DDI with residual compensation for 50% of lowest gradient has better or similar performances than DDI without residual compensation in red and NIR bands, but worst performances on NDVI, with a huge increase in variability. Explaining this performance drop requires further investigations.

Site

We can now look at the 25% highest gradients, corresponding to small linear features and textured areas, which should benefit more from improved resolution. For a resolution of 5, we can see that linear temporal interpolation achieves the best performances, though still with a larger dispersion than other methods. This can be easily explained by the fact that temporal interpolation only relies on high resolution observation, without any mixing with the low resolution observation. As a result, and provided that there is little or no registration noise in Venµs time series, it achieves the best sharpness and therefore the best accuracy for pixels with highest gradients. We can also note that difference in performances are larger than for low gradients pixels, with a clear gradation from cubic zoom (worst) to DDI (best). If for low gradient pixels, CARN and DDI performs equally, for high gradient pixels and a ratio of 5, DDI clearly outperforms CARN. Both CARN and DDI achieves a RMSE of 0.15 in red, blue and green channels and 0.05 in near infra-red channel, as well as a CE99 error of 0.06 in red, blue and green channel, and 0.15 in near infra-red channel, for 75% of images. On NDVI, CE99 error is large: 0.25 for 75% of the images for both CARN and DDI.

If we look at the 25% highest gradient pixels for a resolution ration of 2.5, the most obvious change is CARN performing as well, or sometimes slightly better, than DDI, which means that for this resolution ratio, a properly trained super-resolution algorithm is able to extract the high frequency details from the low resolution, without any additional information.

We can turn to SSIM and structural error which are the two last lines of figures 4.27 and 4.28, which consolidate the observations made so far: a clear ordering of metrics for overall radiometric quality, linear temporal interpolation being the worst method and DDI being the best one, and a clear advantage to linear temporal interpolation and DDI regarding geometric quality for resolution ratio of 5. For a resolution ratio of 2.5, CARN offers geometric performances similar to DDI.

If we look at figure 4.26, which presents the box plots for Spectral Angle and ERGAS (which are global values across spectral bands), we can see that DDI is the best method regarding spectral signature faithfulness, on low and high gradient pixels. ERGAS shows trends similar to the metrics analysed above.

It should be noted that individual sites might exhibit different trends. For instance, FR-BIL has most of its landscape evolving very linearly with time, making linear temporal interpolation very effective in most place (but very wrong locally). MAD-AMBO is a desert site with scarce changes, and again favor linear temporal interpolation. Linear gap-filling has the best high-frequency content. This can be seen in the difference between prediction and Venµs reference image, which does not exhibit the typical gradient patterns occurring when high frequency content is different. However, linear gap-filling is also the method with the largest local errors. It completely misses some landscape changes. This is especially salient in figures 4.29a, 4.29b and 4.31, where phenology of some crops is completely missed by the algorithm.

If we look at CARN predictions, we can see that for a resolution ratio of 5, they exhibit good radiometric fidelity but strong ringing artifacts along edges.Predictions look smoother than the reference image. Those effects (ringing and smoothness) partly disappear for a resolution ratio of 2.5, for which CARN provide sharp predictions that competes with DDI-R.

Regarding the STARFM method, it never reaches the sharpness of DDI-R or CARN, for both resolution ratios. It also exhibits a loss of textures. Nevertheless it provides good radiometric fidelity and consistent results for a fair price, being less computationally intensive than those two methods.

For a resolution ratio of 5, DDI with residuals compensation offers both sharp images and radiometric fidelity, and is therefore the best method. If the resolution ratio is 2.5, it offers performances similar to CARN, or even slightly worse sometimes. Nevertheless, the ringing artifacts of CARN are still present at this resolution ratio and is absent from DDI predictions. In addition, lets remind that DDI is able to interpolate cloudy areas (if there are enough clear pixels for the target date), something CARN is not able to do.

Finally, let's focus on figure 4.31, to highlight the fact that none of the investigated achieve satisfactory results here. Circular crops exhibit spatial heterogeneity, which are not captured accurately by any of the methods. Linear temporal interpolation completely misses those heterogeneous areas, while the other methods tend to miss the sharp transitions and offer only blurry edges.

Sensitivity to mis-registration

In order to assess the sensitivity of methods to mis-registration, we added registration noise of 1-pixel magnitude to the guide series on ARM site and computed the metrics again, for a resolution ratio of 2.5 (12.5m → 5m). Metrics are presented in figure 4.32. We can see that registration noise has a very high impact on DDI without residual compensation, which aligns with the worst method for almost all metrics and bands. Adding residual compensation brings DDI back to the top group, but still worse than CARN anyway. This is expected since DDI is the method that uses the full extent of the time-series, and as such will suffer the most from spatial mis-registration across series. We must also stress that CARN is by design tolerant to registration noise in guide series at inference time, but would probably be sensitive to mis-registration between high-resolution and low-resolution patches during offline training. 

Conclusions

In this section, we investigated the possibility of deriving hybrid products by merging the foreseen Sentinel-HR time-series with Sentinel2 or Sentinel2 NG time-series, in order to get the highest spatial resolution and a better revisit time. This is important for applications that require a revisit better than 20 days, but also because of the gaps caused by the occurrence of clouds. We demonstrated that this fusion process was possible with acceptable performances, using machine-learning based methods. For a resolution ratio of 5, the DDI method really stands out, with the additional benefit of being able to interpolate partly cloudy scene (but not scenes that will be fully cloudy). For a resolution ratio of 2.5, the Single Image Super-Resolution algorithm (CARN) is a very interesting option given its simplicity: the intensive computations and large data consumption occur in the offline training phase, while only the low resolution image at target date is required). We used the CodeCarbon library to estimate energy consumption of all predictions for ARM series and resolution ratio of 2.5, and DDI indeed appears to be twice has much expensive as CARN (see figure 4.33). The results presented here, as well as the methodology, have a few limitations. First, we must stress that if CE99 performances are really good for red, green and blue bands, they are twice as worse for near-infra red channel. This can probably be explained by the wider near-infra red 10m band in Sentinel2, compared to the Venµs near infra red bandwidth. Nevertheless, if two time-series from optical satellites have to merged with those methods, it demonstrates that spectral consistency between sensors is important and should be included in the missions design if possible.

We should also stress that we used highly coherent data, with constant viewing angles, and which have been processed by the same software from L1C to L2A. Venµs has a very good multi-temporal spatial registration, and we have seen in section 4.4.4 that performances of DDI would be largely impacted by a registration noise of about 1 pixel in Sentinel-HR series. But the biggest concern is with the resolution: because of the lack of 2 meters resolution data, we worked at 5 meters resolution, and can only infer that those results would apply at the finer resolution of 2 meters. Spatial registration issues and parallax angular effects will be more important at 2 meters resolution, and those results should be consolidated at this spatial resolution, maybe by leveraging specific commercial VHR acquisitions.

The proposed DDI architecture is quite young, and we envision a lot of research activities to improve its performances, capabilities and efficiency. On the Single Image Super Resolution side, we are currently preparing the release of a data set based on VENµS and S2 data, to be used as a benchmark for the research community. It will help assessing the performances of state of the art methods and working on improving them.

Chapter 5

Conclusions

In this phase 0 study, we investigated Sentinel-HR, a 2 meter resolution optical and stereoscopic mission with a global, constant viewing angle coverage and 20 days revisit, that would serve as a companion to Sentinel2 or Sentinel2 NG depending on the launch date.

Mission design

We proposed two alternative designs for the Sentinel-HR mission. The first design is based on a pair of ad-hoc satellites flying at 780 kilometers. Though feasible, this design is highly demanding in terms of focal plane design because of the constraints of both large field of view and stereoscopic focal plane. In this case, resolution will be limited to no less than 2 meters and stereoscopic baseline ratio will be no more than 0.035. Simulations show that the expected accuracy of DEM will be well beyong 4 meters CE90 accuracy, if we account for geometric instabilities (focal plane and attitude stability). A less demanding configuration would require to use two different instruments for stereoscopic acquisitions, in which case the instrument can reach 2 meter resolution and there is no constraints on baseline ratio. This solution comes at the expense of the additional weight and volume of the second instrument. This is the solution that was retained, with parameters summarized in table 5.1. In both cases, telemetry will be huge and will require complex systems onboard and on ground.

The second design is based on the re-use of the CO3D constellation small satellites. Along with the C03D engineering team, we estimated that a 2 meters, 3D-enabled Sentinel-HR would be feasible with 12 (6 pairs) of such satellites, orbiting at an altitude of 845km instead of 580km for CO3D. Modifications of those satellites will be required on both the instrument, in order to reduce the focal length and maybe replace the detectors with push-frame matrix to meet radiometric specifications, and orbit, in order to fly at an altitude allowing required coverage. Even with those adaptations, this solution will likely be cheaper than the previous design. Additionally, if we relax the revisit constraint on the 3D part to 40 days, we can save 3 extra satellites and do the mission with only 9 satellites.

An important outcome of this preliminary mission design is that it would be difficult and costly to improve Sentinel-HR resolution to 1m.

At 2 m resolution, the Sentinel-HR mission is feasible, with costs similar to a Sentinel-expansion mission. With the CO3D solution, we could save costs and do the mission in a shorter delay, before 2028 if funding is available quickly. 

Hybrid products expected performances

We investigated the potential of combined Sentinel-HR and Sentinel2 (NG) products in order to increase the temporal resolution of high resolution observations, either to compensate for clouds induced gaps or to increase temporal resolution beyond Sentinel-HR native revisit in order to meet requirements of some applications. This study has been carried out by using Venµs and Sentinel2 time series as a proxy.

Our results show that with carefully cross-calibrated and spatially registered, constant viewing angle time series, there is a benefit in using any fusion method with respect to temporal interpolation of the Sentinel-HR series or spatial interpolation of the Sentinel 2 (NG) series. Given the 2 meter resolution outcome of the mission design study, a ratio of 5 in resolution (for Sentinel-HR vs. Sentinel2) and 2.5 in resolution (for Sentinel-HR vs. Sentinel2 NG) have been investigated.

With a resolution ratio of 5, there is a clear interest in combining both series with machine learning driven method such as DDI. This comes with the additional benefit of getting cloud removal for partly cloudy scenes. If the resolution ratio is only 2.5, Single Image Super-Resolution becomes a competitive solution, with less complexity at inference time and performances similar to machine learning fusion of series.

As a conclusion, the study of spatio-temporal fusion of Sentinel-2 and Sentinel-HR concludes on the feasibility and interest of this methodology.

User requirements

We consolidated the user requirements by setting up a Mission Advisory Group that allowed to identify 11 use cases addressing a wide range of applications, for which the target indicators were identified, along with their coverage, expected accuracy and readiness level. Benefits and limits of Sentinel-HR have been clearly identified. With the outcome of the mission design and hybrid products performances, we can revisit the expected accuracies as well as identify benefits and limitations of Sentinel-HR, summarized in table 5.2. Sentinel-HR phase 0 report -CNES We can see that most of use cases stress the great benefit of having regular nadir observations at metric resolution. In the different fields, this enables applications at global scale that are out of reach with other missions, including the foreseen Sentinel2 NG. A lot of use cases stress that synchronous DSM acquisitions is a key element of the mission which further unlocks monitoring possibilities.

Most limitations fall into one of the four following categories:

• Resolution of 2 meters might be insufficient

• Revisit of 20 days might be insufficient

• Lack of specific spectral bands (Red-Edge, SWIR)

• DSM accuracy might be too low Regarding resolution, the impact of enhancing spatial resolution to 1 meter is tremendous: in the ad-hoc satellite design, the instrument is highly constrained by the large field of view. A new study would be required, but most probably swath, resolution and in field of view stereoscopy is not feasible with a single instrument. However, if stereoscopy is achieved by using two instruments, reaching 1m resolution might be possible at the expense of weight and volume. In any case, Telemetry will be doubled, which will require even more complex communications. On the CO3D-based design, a resolution of 1 meter might be reachable but will require to at least double the number of satellites, provided the memory, step and stare frequency and telemetry allow the satellite to observe continuously during the orbit.

Regarding the increase of the revisit, and to a less extent, the absence of some specific spectral bands, even if they are not as perfect as real measurements, hybrid products are an interesting option (as mentioned in some use cases). Our study demonstrates that we might be able to generate cloud free time series combining the revisit of Sentinel2 (NG) and the spatial resolution of Sentinel-HR. The question of quality of such hybrid product with respect to requirements of a given application will need to be further investigated. It is noteworthy that some of the investigated methods would be able to estimate high resolution versions of spectral bands available on Sentinel2 (NG) but not on Sentinel-HR.

Last, regarding the DSM accuracy, even within the 4m CE90, even if our experiments showed that this specification might be reachable with a native stereoscopic instrument with baseline ratio of 0.035, this instrument is also very complex to design. This therefore pleads even more for a larger baseline ratio, and for a satellite with two monoscopic instruments in ad-hoc design, or for the design based on the re-use of C03D satellites. Note that the land-sea topography-bathymetry continuum use case relies on the capacity of using bursts of images, which will be limited to 2 images (as in the Venµs case), even in the C03D configurations (CO3D can reach 5 bursts per second), because of the absence of tasking in Sentinel-HR.

To conclude, the work of Sentinel-HR mission group confirms that there is a missing link in the available optical remote sensing chain of missions, related to systematic imagery at 1-2m resolution, producing seasonal cloud free coverage delivered as free and open data. 
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 11 Figure 1.1: Acquisitions by Pleiades 1A and 1B over France for the three first weeks of April 2021. Although all these images are great and locally useful, probably less than 20 % of the French surface is covered. (from Airbus geostore catalog).
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 1 Figure 1.2: Active user trend per mission in 2019 and 2020 (source [KC21])
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 1 Figure 1.3: Monthly summary of scene downloads from the EROS Data Center, covering the period from October 2008 (opening of the Landsat archive) to September 2011, further delineated by US Government fiscal year. (source: [WMC + 12])

  (a) Elevation changes [HRS] After co-registration of all DSMs to a unique reference DSM off glacier [NK11], volume change would be obtained using classical DSM differencing [PBK + 15] or using advanced methods for processing time series such as Gaussian Process regression [HMB + 21b]. (b) Flow velocities [HR] From well-co-registered orthorectified images, velocity maps can be obtained by applying image correlation techniques [HK12, DGG + 19]. Time series of repeat images, combined with stereoscopic view [HRS] enable development and application of novel high-precision techniques that rely on entire stacks of images, involving not only temporal redundancy but also geometric redundancy from different views to reduce the effects from elevation errors [AK17, AK20] . (c) Glacier inventories [HR] Glacier inventories form the base of all glacier-specific calculations, be it their mass balance [HMB + 21b], their flow velocities [FSM + 16a], their thickness distribution [FHF + 19] or modelling of their future evolution [HBM + 19]. Creating glacier outlines from satellite images follows a well-established semiautomated workflow but requires manual editing in the post-processing stage [PBK + 15]. A higher spatial resolution (compared to Landsat, ASTER or Sentinel-2) is particularly beneficial at this stage to achieve accurate results [PWK + 16].

Figure 2 . 1 :

 21 Figure 2.1: Winter accumulation for an Icelandic ice cap based on Pléiades and WV2 data. Panel c shows the entire winter (October to May) while panels a and b show sub-periods. From [BBM + 17].

Figure 2

 2 Figure 2.2: Sentinel-2 displacements over Aletsch Glacier, Swiss Alps. Cross-track displacements are shown in blue (with an erroneous flow direction), surface displacements in red.

  From well-co-registered orthorectified images, velocity maps can be obtained by applying image correlation techniques [FSM + 16b, HK12, MRSM17].

Figure 2

 2 Figure 2.3: Colour-shaded relief maps for a subset of DEMs. Elevation contours of 150 (black) and 100m (white) bound the approximate transition from grounded to floating ice. The letter after the date-string (DD-MM-YYYY) indicates the DEMs source (A: ASP WorldView; T: TanDEM-X; S: SETSM WorldView; and G: GLISTIN) (adapted from [JSSF20])
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 25 Figure 2.5: Water body extraction methodologies from multispectral imagery (from [YQY + 20])

Figure 2 Figure 2

 22 Figure 2.7: Comparison GSW Pekel and WBS derived from Sentinel 1 and Sentinel2 [Pas21a]

  (Bruzzone and Bovolo, 2013). Examples are the gray-level co-occurrence matrix (GLCM) (Lefebvre and Corpetti, 2017), wavelet decomposition (Celik and Ma, 2011), morphological profiles (MPs) (Falco et al., 2013; Mura et al., 2008), and edge features (Rowe and Grewe, 2001). Song et al. (2016) adopted a logical function to model the impervious surface cover change, and then extracted the change magnitude, timing, and duration over a 27-year span (Sexton et al., 2013). More recently, Li et al. (2018) developed a temporal segmentation method based on linear regression, and identified the urban land conversion sources (i.e., vegetation, water, and bare soil) during 1985-2015. These methods can characterize the urban land expansion process as three continuous stages (pre-change, change, and post-change), based on sufficiently dense time-series. Furthermore, object-based change detection, which focuses on image objects instead of individual pixels, is more effective for analyzing multi-temporal high-resolution images, due to its superiority in both facilitating the multiscale modeling of spatial information and mitigating the "salt-and-pepper" effect induced by registration errors, spectral variability, and imaging conditions (Chen et al., 2012; Hussain et al., 2013). Particularly, in the domain of high resolution urban change detection, vertical features have been increasingly studied (Che et al., 2018; Leichtle et al., 2017; Mendez Dominguez et al., 2019; Qin, 2014; Stal et al., 2013; Tian et al., 2014; Yang et al., 2017). By contrast, LiDAR can deal with this issue but they usually have a limited coverage due to the high cost. In this regard, high resolution stereo optical images hold great potential for retrieving 3D information with fine shape details at a low cost. However, time-series and multi-view highresolution optical satellite images have not yet been investigated for urban change detection. Many researchers have proposed multi-temporal or time-series change detection algorithms for moderate-to-coarse resolution images (Huang et al., 2010, Kennedy et al., 2010, Verbesselt et al., 2010) and continuous change detection and classification (Zhu and Woodcock, 2014).

Figure 2 . 9 :

 29 Figure 2.9: An example (1 km by 1 km) of the NCBAs and their change timing results for the different feature combinations in Shanghai (Huang et al 2020)

Figure 2 . 10 :

 210 Figure 2.10: Example of urban vegetation on Strasbourg and Rennes with Pléiades imagery cite:rougier2016comparison

  ii. Composition (Landscape, patch and plot scale) • Habitat type (phytosociological units, practices (grazing pressure))

Figure 2 . 11 :

 211 Figure 2.11: Spatial resolution comparison (false color composite: R = NIR, G = RED, B = GREEN) among QuickBird (A; res. spat = 0.65m), RapidEye (B; res. spat = 5m) and Landsat-8 (C; res. spat = 30m) covering a managed natural grassland conservation site in the west of Berlin, Germany (Courtesy: Dr Michael Förster) [ACD + 16]

Contributors:

  David Sheeren, UMR DYNAFOR, Toulouse INP-ENSAT / INRAE, Mathieu Fauvel, UMR CESBIO, INRAE/CNES/IRD/CNRS, Camille Lelong, UMR TETIS, Cirad/INRAE/AgroParisTech/CNRS

  1. Target indicators and excepted accuracy Key indicators for fine-scale mapping of forests and TOFs are required, some of them being integrated in the Essential Biodiversity Variable (EBVs) framework sustained by the Group on Earth Observation -Biodiversity Observation Network GEO BON [PFW + 13]. (a) Position • Position and extent of managed and natural forests, tree plantations, hedgerows and isolated trees -Planimetric accuracy expected at the individual scale (trees, hedgerows) : ± 1 meter -Planimetric accuracy expected at circular plot scale (e.g. r = 15m) : ± 1-2 meters -Planimetric accuracy expected at the stand scale : ± 5 meters • Position and identification of old-growth forest patches -Planimetric accuracy expected : ± 5 meters • Position and identification of agroforestry parcels (b) Composition • Identification of tree species at the individual level (for both forests and TOFs) • Estimation of taxonomic diversity (alpha, beta) at the forest plot/stand level + hedgerows (c) Structure

  13 [MHH + 15]. A comprehensive review can also be found in [WCW + 16].

Figure 2 . 13 :

 213 Figure 2.13: Interests and limits of the passive and active remote sensing approaches to retrieve forest parameters. Green : strongly relevant for retrieving variable; Yellow = can support variable retrieval with limitations in accuracy (Source : [MHH + 15]).

  St Onge et al. 2008, Persson and Perko 2016, Immitzer et al. 2016).

Figure 2 .

 2 Figure 2.14: Example of sediment plumes after Alex storm (Oct. 2020) in Southeast France as seen from Nasa Worldview.

1.

  Target indicators and excepted accuracy • Shoreline: 1-5 m horizontal, daily to monthly • Intertidal topography: sub-metric vertical accuracy, daily to monthly • Topography: sub-metric vertical accuracy, daily to monthly • Bathymetry: metric vertical accuracy, daily to monthly

Figure 2 . 15 :

 215 Figure 2.15: Illustration of satellite-derived shorelines (SDS) to monitor and measure 35 years of engineered coastal changes at Upham Beach located on the west coast of Florida USA, the site of multiple beach nourishments (from [THAB21]).

Figure 2 . 16 :

 216 Figure 2.16: Illustration of satellite-derived bathymetry (SDB) applied along approximately 4 km of the highly engineered Gold Coast, located in eastern Australia. For the three representative cross-shore profiles 1-3 where surveyed and SDB cross-sections are compared, vertical RMSE are 0.44 m, 0.53 m and 0.39 m, respectively (from [THAB21]).

  [Julien: même remarque ici, avec Sentinel-HR, la séquence sera de 2 frames uniquement] 2.11 Monitoring geo-hazards: volcanoes, landslides, earthquakes *Contributors: * ForM@Ter / Optical Working Group, Service National d'Observation ISDeform (CNRS-INSU), Group contact : Jean-Philippe Malet (CNRS/EOST)

1.

  Target indicators and excepted accuracy Domain-oriented indicators are: • Landslides: • Detection and mapping of landslide of size < 200 m2 • Quantifying motion of slow-moving landslides (velocity < 1-2 m.yr-1) • Increased identification of landslide pre-failures processes • Increased sensitivity to detect and measure vertical motion of > 0.5 m • Volcanoes • Quantification of lava flow volumes of > 100 x 100 m2 area x 10 m thickness = 0.1 Mm3.

Figure 2 . 18 :

 218 Figure 2.18: 3D fire impact monitoring maps are generated by using burn scar and vegetation recovery products, along with Digital Elevation Models (DEMs) to indicate potential vegetation volume losses. This work was performed during the PREFER (Space-based Information Support for Prevention and REcovery of Forest Fires Emergency in the MediteRranean Area) FP7 EU project. This work has continued in further projects and contracts [BFG + 19, MCP + 17b, CYS + 15]

Figure 2 . 19 :

 219 Figure 2.19: Estimated maximum flood extent and water depth, Copernicus Emergency Management Service (© 2016 European Union), [EMSN028] 09MONTEREAU-FAULT-YONNE
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 31 Figure 3.1: Simulated local maximum revisit time with a half Field Of View of 2.505°3

Figure 3 . 5 :

 35 Figure 3.5: Mean revisit time statistics by lattitude with a half Field Of View of 2.62°F

Figure 3

 3 Figure 3.7: DSM reconstructed by CARS for the different configuration of baseline ratio for Nanterre site

Figure 3

 3 Figure 3.8: DSM reconstructed by CARS for the different configuration of baseline ratio for Canari quary site

Figure 3

 3 Figure 3.9: DSM reconstructed by CARS for the different configuration of baseline ratio for Canari village site.

Figure 4

 4 Figure 4.1: Global spatial distribution of the average cloud cover of Sentinel-2A and Sentinel-2B Level-1C scenes acquired in the year 2017 (from [STAL20])

  (a) MAD-AMBO time series (b) FR-LQ1 time series (c) FR-BIL time series (d) ARM time series

Figure 4

 4 Figure 4.3: ESGISB-2 time seriesFigure 4.4: Temporal sampling and respective clear pixels coverage of guide, target, and reference time-series for each selected site.

Figure 4 . 5 :

 45 Figure 4.5: Taxonomy of Deep-Learning based Single Image Super-Resolution networks (from [AKB20])

Figure 4

 4 Figure 4.6: PSNR vs. number of parameters for SISR deep-learning architectures (from [AKB20])

Figure 4 . 8 :

 48 Figure 4.8: Overview of CARN architecture (from [AKS18])

Figure 4 . 10 :

 410 Figure 4.10: Understanding the PixelShuffle operation (from [QMH + 20])

Figure 4 . 11 :

 411 Figure 4.11: Training and testing loss evolution for x5 CARN training (from 25m to 5m)

Figure 4 .

 4 Figure 4.14: Global metrics evolution during the training of the x5 CARN network

Figure 4 . 16 :

 416 Figure 4.16: Examples of predictions on NDVI from validation set for x5 CARN (from 25m to 5m). First line is S2 25m with bicubic zoom to 5m, second line is x5 CARN predictions at 5m, and third line is Venµs reference image at 5m.

Figure 4 . 17 :Figure 4 . 18 :

 417418 Figure 4.17: Training and testing loss evolution for x2.5 CARN training (from 12.5m to 5m)

Figure 4 . 19 :

 419 Figure 4.19: Per band metrics evolution during the training of the x2.5 CARN network. Dashed horizontal line correspond to performance of bicubic zoom.

Figure 4 . 20 :

 420 Figure 4.20: Global metrics evolution during the training of the x2.5 CARN network

Figure 4 .

 4 Figure 4.22: Examples of predictions on NDVI from validation set for x2.5 CARN (from 25m to 5m). First line is S2 12.5m with bicubic zoom to 5m, second line is x2.5 CARN predictions at 5m, and third line is Venµs reference image at 5m.

Figure 4 .

 4 Figure 4.23: Workflow of Data Driven Interpolation. From input images with n dates and b bands, DDI predicts m new dates with b bands. Each band from each pixel of each date is linearly interpolated by a (n, m) matrix predicted by the MLP backbone. Weights corresponding to masked pixels are set to 0, and weights are renormalized. An optional translation MLP can be used if guide and target time-series are of different modalities.

Figure 4 .

 4 Figure 4.24 shows an example of weights predicted by DDI for different target dates.One can observe that cloud masking in nearest Venµs date makes the algorithm use information in dates that are further in time. One can also observe that the algorithm will use different dates set to interpolate different land-cover types. Finally, one can observe the ability of the algorithm to reconstruct parts of the target images that are covered by clouds.

Figure 4 .

 4 Figure 4.24: DDI applied to the reconstruction of Sentinel2 image of 2020.05.17 (upper part) and 2020.06.04 (lower part). For each part, first row: left, input Sentinel2 image, right, DDI prediction at 5 meters, second row: Venµs guide series at 5m, third row: weight of green band from every Venµs guide image in target green band prediction.

  (a) Average gradients stratas for ARM site (b) Average gradients stratas for FR-LQ1 site

Figure 4 .

 4 Figure 4.25: Examples of average gradient magnitude stratas for 2 different sites

Figure 4 .

 4 Figure 4.27: Box-plots of RMSE, CE99 absolute error and PSNR for 50% lowest gradients and 25% highest gradients, as well as SSIM and structural error, for Red, Green, Blue, Near Infra-Red and NDVI, on all sites, for methods linear interpolation (GF), cubic zoom (ZOOM), Single Image Super-Resolution (CARN), STARFM (STARFM), Data-Driven Interpolation (DDI) and Data-Driven Interpolation with residuals compensation (DDI-R), with a resolution ratio of 5 (25m → 5m).

Figure 4 .

 4 Figure 4.28: Box-plots of RMSE, CE99 absolute error and PSNR for 50% lowest gradients and 25% highest gradients, as well as SSIM and structural error, for Red, Green, Blue, Near Infra-Red and NDVI, on all sites, for methods linear interpolation (GF), cubic zoom (ZOOM), Single Image Super-Resolution (CARN), STARFM (STARFM), Data-Driven Interpolation (DDI) and Data-Driven Interpolation with residuals compensation (DDI-R), with a resolution ratio of 2.5 (12.5m → 5m).

Figures 4 .

 4 Figures 4.29 to 4.31 show sample predictions for all sites and methods. The conclusions from the quantitative analysis in section 4.4.2 are confirmed by the visual inspection of those samples.Linear gap-filling has the best high-frequency content. This can be seen in the difference between prediction and Venµs reference image, which does not exhibit the typical gradient patterns occurring when high frequency content is different. However, linear gap-filling is also the method with the largest local errors. It completely misses some landscape changes. This is especially salient in figures 4.29a, 4.29b and 4.31, where phenology of some crops is completely missed by the algorithm.If we look at CARN predictions, we can see that for a resolution ratio of 5, they exhibit good radiometric fidelity but strong ringing artifacts along edges.Predictions look smoother than the reference image. Those effects (ringing and smoothness) partly disappear for a resolution ratio of 2.5, for which CARN provide sharp predictions that competes with DDI-R.Regarding the STARFM method, it never reaches the sharpness of DDI-R or CARN, for both resolution ratios. It also exhibits a loss of textures. Nevertheless it provides good radiometric fidelity and consistent results for a fair price, being less computationally intensive than those two methods.For a resolution ratio of 5, DDI with residuals compensation offers both sharp images and radiometric fidelity, and is therefore the best method. If the resolution ratio is 2.5, it offers performances similar to CARN, or even slightly worse sometimes. Nevertheless, the ringing artifacts of CARN are still present at this resolution ratio and is absent from DDI predictions. In addition, lets remind that DDI is able to interpolate cloudy areas (if there are enough clear pixels for the target date), something CARN is not able to do.Finally, let's focus on figure4.31, to highlight the fact that none of the investigated achieve satisfactory results here. Circular crops exhibit spatial heterogeneity, which are not captured accurately by any of the methods. Linear temporal interpolation completely misses those heterogeneous areas, while the other methods tend to miss the sharp transitions and offer only blurry edges.

  Figure 4.29: Sample predictions for all methods on ARM and FR-LQ1 sites. 124 Sentinel-HR phase 0 report -CNES

Figure 4 .

 4 Figure 4.31: Sample predictions for all methods on FR-BIL site, resolution ratio of 5 (top) and 2.5 (bottom)

Figure 4 .

 4 Figure 4.32: Performances on ARM site with a registration noise of 1 pixel magnitude on guide series. Box-plots of RMSE, CE99 absolute error and PSNR for 50% lowest gradients and 25% highest gradients, as well as SSIM and structural error, for Red, Green, Blue, Near Infra-Red and NDVI, on all sites, for methods linear interpolation (GF), cubic zoom (ZOOM), Single Image Super-Resolution (CARN), STARFM (STARFM), Data-Driven Interpolation (DDI) and Data-Driven Interpolation with residuals compensation (DDI-R), with a resolution ratio of 2.5 (12.5m → 5m).

Figure 4 .

 4 Figure 4.33: Ernergy consumption estimations with CodeCarbon for prediction of the full ARM series with resolution ratio of 2.5

  Figure 5.1: Guide, target and reference time-series for MAD-AMBO site

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Position with respect to other foreseen missions 1.2.1 Position with respect to Sentinel2 NG

  

		days
	Spectral bands	Blue, Green, Red, Near Infra Red (similar to S2 10m bands)
	Viewing angles	Constant Nadir (at center of swath)
	Stereoscopic capability	Systematic with height accuracy better than 4m CE90
	Orbit	Sun-synchronous
	Tasking	no tasking, instrument always on
	Mission lifetime	7 years or more
	Proposed launch date	2028
	Products	Analysis Ready, free and open data
	Table 1.1: An overview of proposed specification for Sentinel-HR
	1.2	

  .2.

	Specification	Target	Goal
	Atmospheric correction bands resolution 60 m	30 m
	Other bands resolution	10 m	5 m (for 6 bands)
	Optional panchromatic band		2.5 m
	Number of bands	≈ 16	
	Revisit	2-3 days	
	Table 1.2: Extract of foreseen specifications for Sentinel2 NG

  Table 1.3: Some Very High Resolution missions that are part of Copernicus Contributing missions

		. Satellites Swath (km) MS GSD (m) Capacity/day (M.km )
	Pleiades	2	20	2.4	1
	Pleiades Neo	4	14	1.2	2
	Worldview 2 & 3	2	13	1.2	1.2
	Planet Skysat	21	6	1	0.4
	Total				4.6

Table 2

 2 

	), especially in large-scale and time

  c) Bare soil and intermediate culture outside of growing season Patterns, color and texture of bare parcel soil out of the growing season, as well as vegetation cover, is of interest to monitor agricultural practices and to estimate a lot of agro-environment impacts. It is in particular of great interest to discriminate weeds, regrowth and cover crops which growth is much more variable in space than during the growing season.

	2.7.3 Objectives
	(b) Dynamic features
	Dynamic features include :
	• Row orientation (up to a few degrees)
	• Number of rows
	• Intra-parcel phenological state
	• Intra-parcel rugosity
	• intra-parcel soil-moisture
	• Intra-parcel bare soil color
	• Intra-parcel bare soil / vegetation fraction
	• crop damages due to weeds, pests, diseases or weather
	• Abundance of weeds versus regrowth during the crop season and between two
	crops (intercrop period)

1. Target indicators and excepted accuracy (a) Structural features Objects of interest are similar to use cases 2.8, 2.6 and 2.5.

  Their protection and sustainable use are addressed since 1992 through the global framework of the Convention on Biological Diversity (CBD) with an expanded program of work initially defined at the 2002 Conference of the Parties (COP). An incentive mechanism for tropical countries also started in 2008 to reduce carbon dioxide emissions from deforestation and forest degradation (UNFCCC REDD+ program).

  Typical methods for assessing landslides locations and associated deposit areas are either based on orthoimage photointerpretation [HZOH + 05, ALDD12] or from automatic detection involving machine learning techniques. Volume can be derived from DTM either obtained from LiDAR and/or photogrammetry [HZOH + 05, SMA + 15, Lac16]. Topographic reconstruction has been also considered [KD05, SCH08, LMMB11]. Regarding the dynamic aspect, in absence of ground measurements such as optical fibre for instance, image correlation from orthoimages (aerial and satellite based) have shown excellent performance [WCDD04, SMD17].

  LULC Systematic regular VHR optical acquisitions to derive land use and land cover layers in reference and exposure mapping. Vegetation volume and volume dynamic mapping Map vegetation in X, Y and Z to obtain an idea of vegetation volume. This can help indicate vegetation losses due to fire or storm events. Building height measurement and change assessment Useful to map buildings and estimate if height variations have occurred due to seismic or other natural hazard events. Sentinel-HR should provide a valuable resource of precise, 3D enabled, VHR2 reference imagery at low incident angles. This is often needed in rapid mapping and Risk & Recovery. Widely available and accurate DEMs would greatly help in obtaining more precise mapping and advantageously replace the currently used EUDEM and SRTM. These more accurate DEMs should enable a better mapping and modelling of urban flood mapping (X, Y, Z). Moreover, more precise flood extents, maximum flood extents and water depth analyses should be facilitated.

	Ground movement indicators, vertical changes Calculate the difference between
	before and after DTMs taking into account the 3m Z error margin. Of course this
	would be linked to major land and/or mudslides
	Maximum flood water extents Model/interpret potential flooded areas from an ex-
	isting flood map, hydrological models and of course using precise Sentinel-HR
	DTMs/DEMs as input.
	Flood water depth Use the maximum water extent and the DTMs/DEMs to derive
	flood water depth classes

Colour composites in standard software packages DTM creation photogrammetric restitution to elaborate DTMs, operator validation and modification where necessary. Various software packages are available for this. Orthorectification Use of Sentinel-HR derived precise DTMs plus sensor models and possibly Ground Control Points to orthorectify imagery. Various software packages are available for this. Slope and slope length Derive VHR DTMs and/or DEMs to calculate slope and slope length for input into Revised Universal Soil Loss Equation (RUSLE) and Landslide Susceptibility Index (LSI) model calculations.

  Readiness of various indicators are presented in table 2.2. Support the CNES in its International Charter "Space and Major Disaster" work especially in relation to 24/7 rapid mapping, promotion, Charter PM, demonstration products. Recovery Observatory support for the CNES.

	tion (mega-disaster fire and flood product) and 24/7 activation management and 24/7 Sentinel-HR phase 0 report -CNES Prime: e-GEOS, ICube-SERTIT is involved in contract management, product evolu-Production Site

ICUBE / SERTIT is involved into several operational risks mapping activities: • FRAMEWORK SERVICE CONTRACT FOR COPERNICUS EMERGENCY MAN-AGEMENT SERVICE RAPID MAPPING (2019-2023) (JRC/IPR/2018/E.1/0016/OC) • FRAMEWORK SERVICE CONTRACT FOR COPERNICUS EMERGENCY MAN-AGEMENT SERVICE RISK AND RECOVERY (2020-2024) (JRC/IPR/2019/OP/1766) Lot 2 Standard Products Prime: e-GEOS, Lot 1 FLEX Products Prime: IABG. ICube-SERTIT is involved in 7/7 activation management and 7/7 Production Site • Framework contract CNES-SERTIT (rapid mapping) (2004-2024)

Table 3 .

 3 7: Optical parameters of the push-broom configuration, with a single camera or two camera spanning the field of view.

	FoV GSD (m) Focal length (m) Diameter (m) Image field (m) aperture
	6.5	1	2.45	0.52	0.28	4.7
		2.5	0.98	0.21	0.11	
	3.3	1	2.45	0.52	0.14	4.7
		2.5	0.98	0.21	0.055	

Table 3 .

 3 8: Optical parameters of the push-frame configuration, with a single camera or two camera spanning the field of view.

Table 3 .
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	Altitude	700 km
	Resolution	2 meters
	Pixel size	10 µm
	Pixel acquisition duration 2.95762e-4 s
	B/H north to south	[-0.0175, 0.0175]

11: Parameters for simulation of Sentinel-HR stereoscopic acquisition from 3D textured meshes

Table 3 .

 3 This site has a

	Slope	Max	Min Mean Std RMSE Median NMAD CE90
	All	10.87 -11.45 -0.16 2.79	2.79	-0.12	2.54	4.60
	0% -5%	10.52 -11.20 -1.08 3.23	3.40	-0.94	2.98	5.37
	5% -10%	10.64 -11.41 -1.10 3.26	3.44	-0.97	3.00	5.47
	10% -25% 10.58 -11.37 -0.43 3.02	3.05	-0.33	2.73	5.05
	25% -45% 10.85 -11.45	0.02 2.71	2.71	0.07	2.52	4.43
	45% -inf	10.87 -11.45 -0.08 2.71	2.72	-0.07	2.48	4.48
	Table 3.14: Performances of stereo-reconstruction of Canari quary site with radiometric sim-
	ulation, with a B/H of 0.035					
	Slope	Max Min Mean Std RMSE Median NMAD CE90
	All	5.28 -5.05	0.17 1.29	1.30	0.14	1.03	2.17
	0% -5%	5.22 -5.03	0.14 1.20	1.21	0.12	0.93	2.01
	5% -10%	5.26 -5.00	0.17 1.29	1.30	0.14	1.00	2.20
	10% -25% 5.27 -5.05	0.18 1.29	1.30	0.20	1.03	2.17
	25% -45% 5.25 -5.04	0.22 1.13	1.15	0.19	0.93	1.83
	45% -inf	5.28 -5.05	0.16 1.33	1.34	0.12	1.07	2.27

15

: Performances of stereo-reconstruction of Canari quary site with radiometric simulation, with a B/H of 0.2 semi-natural urban landscape, with buildings loosely spread across the scene. Simulated DSM are presented in figure

Table 3 .

 3 .18. 

	Monoscopic
	Push-frame

18

: Main parameters for final design choice. Mass is roughly estimated by extrapolating density of CO3D instrument (610x900x850 mm 3 for 83 kg).
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 4 

	.1: Corresponding spectral bands between SentineL2 and Venµs

  .3.

	Site Name	Location	Landscape	Guide Target Time range
	MAD-AMBO Madagascar Desert	17	39 2018.11 -2020.01
	FR-LQ1	France	Mixed	9	27 2020.04 -2020.10
	FR-BIL	France	Agri., urban	12	16 2020.03 -2020.11
	ARM	USA	Agri.	16	23 2019.03 -2020.01
	ESGISB-2	France	Agri., urban	10	14 2018.11 -2019.05
		Table 4.2: Main parameters for selected time series

  If we have a high resolution image, we can indeed filter it with a gaussian kernel related to the coarse resolution image Modulation Transfer Function and derive the coarse image from the high resolution image. This relaxes greatly the constraints on gathering adequates time-series, since we only need the high resolution series and intermediate coarse resolution series at prediction date. Lets decompose F (x i , y j , t k ) into a sum of its coarse version and high resolution residuals:F (x i , y j , t k ) = F C (x i , y j , t k ) + F HR (x i , y j , t k ) (4.13)If we use F C (x i , y j , t k ) in place of C(x i , y j , t k ), we get a new insight on what information is captured by S ijk and T ijk :S ijk = | F HR (x i , y j , t k )T ijk = | C(x i , y j , t 0 ) -F C (x i , y j , t k )

	|	(4.14)
	High res. details at t k	
	|	(4.15)
	Low res. changes from t 0 to t k	

Table 4 .

 4 The batch size is set to 25, and the entire training set is reshuffled between each epoch. The training and testing loss are shown in figure 4.11 while the best testing loss curve is shown in figure 4.12. We can see that after epoch 50, the testing loss does not improve anymore, while the training loss continues to fall, showing a clear sign of over-fitting. The best model is therefore selected before the over-fitting phase. In figures 4.13 and 4.14, we can see the performances 3: Number of Venµs and Sentinel2 pairs available to train CARN model metrics (briefly introduced in section 4.4.1) measured on the validation set at each epoch. Indeed, PSNR reaches a maximum of 42 to 45.5 dB in visible bands and 32 dB in the NIR band near epoch 50. Other metrics show a similar trend.

	(a) Performances of the x5 model
	The 25m to 5m instance of the network has 14 116 356 free parameters and has
	been trained for 150 epochs.

Table 4 .

 4 Table 4.4: Methods compared in the benchmarkIn order to assess the performances of the method, we compute a set of reference-based image quality summarized in table 4.5. Those metrics are computed on clear reference pixels only. As we saw in table 4.4, some methods cannot interpolate missing data at target date. In order to perform a fair assessment of performances, we therefore only compute metrics on pixels that are clear in the target image. 5: Image quality metrics used in the benchmark • Assess the ability of the different methods to preserve radiometry and spectral signatures

		target date Uses guide dates	Interpolates missing data
	Spatial interpolation			
	Spatial zoom	Yes	No	No
	SISR (CARN)	Yes	For offline training No
	Temporal interpolation			
	Temporal interpolation	No	Yes	Yes
	DDI	For training	Yes	Yes 1
	Spatio-temporal fusion			
	STARFM	Yes	Yes	No
	STAIR	Yes	Yes	No
	DDI + residual correction Yes	Yes	Yes 1
	Our interest in this benchmark is twofold:		
	• Assess the ability of different methods to reconstruct high-resolution (thus high spatial
	frequency) details			

Table 4 .

 4 6: Number of images per site considered in global metrics evaluation Figure4.27 shows box plots of main metrics, for 50% lowest gradients and 25% highest gradient, as well as the SSIM and structural error metric, for all bands and NDVI, for a

		Number of target dates considered
	ARM	14
	FR-LQ1	13
	ESGISB-2	6
	MAD-AMBO	13
	FR-BIL	8
	Total	54

Table 5

 5 

.2: Summary of Sentinel-HR benefits and limitations for all investigated use cases.
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2.2.3 Objectives1. Target indicators and expected accuracySentinel-HR phase 0 report -CNES

Provided that clear pixels are available at target date for the training of DDI Sentinel-HR phase 0 report -CNES

(a) Guide, target and reference time-series time sampling and clear pixels coverage (b) Guide time-series (c) Target and reference time-series Figure 5.5: Guide, target and reference time-series for ESGISB-2 site

Telemetry

With respect to the daily acquired data estimated in section 3.1.3, The daily amount of data for the CO3D based configuration is presented in table 3. 19. We can see that with the CO3D compression algorithm, expected bandwidth is similar to what is achieved on current CO3D with 2 transmitters using 2 different X band polarisation (1.1Gbps). No modifications of telemetry equipment will therefore be required. GSD (m) compression (bits/pixel) Daily acquisition (TB) Bandwidth (Gbps) 2 5.5 0.3 0.4 STAIR has some specifics aiming at addressing Landsat7 TM scan-line data gaps. Generic part include the separate linear gap-filling of high resolution and coarse resolution time-series.

Once this gap-filling is achieved, STAIR uses the following homogeneous pixel model between high resolution observations F and up-sampled coarse resolution image C:

Where (x i , y j , t k ) stands for all residuals between high and coarse resolution synchronous observations, which can be computed from those observations:

Note that since F and C have been gap-filled, is available at all time and locations.

If at given time t, C is observed, this model still holds:

In order to estimate F it suffices to estimate (x i , y j , t), which is done by linear temporal interpolation of the (x i , y j , t k ).

Adaptations of the STAIR algorithm

In the time-series gathered for the study, we do not have simultaneous high resolution and coarse observations. As in section 2, we will therefore use the MTF filtered version of F (x i , y j , t k ) in place of C(x i , y j , t k ) when the high resolution image is clear. With this formulation, STAIR essentially amounts to linearly interpolate high resolution details at prediction date, and add those details to the available coarse image at prediction date.

A second adaptation reside in the gap-filling of the coarse time-series, for which we will use also the coarsened high resolution observation, in order to densify the time sampling and obtain a more accurate interpolation of missing values in coarse target date.

Single Image Super Resolution

Single Image Super Resolution is a field of the computer vision domain which consist in predicting a higher resolution version of a single image without any additional input. Prior to the Deep-Learning era, Single Image Super-Resolution was mostly known as deconvolution, a process that tries to reverse the effect of the instrument Modulation Transfer Function, at the expense of increasing the level of noise [START_REF] Levin | Understanding blind deconvolution algorithms[END_REF]. More advanced techniques have been developed to solve this ill-posed problem if several aliased low resolution images were available, by exploiting the small offsets between the different views generating different aliasing pattern that could guide the inversion, and spatial regularization [START_REF] Mahmoud M Khattab | Regularization-based multi-frame super-resolution: A systematic review[END_REF].

Convolutional Neural Networks and Generative Adversial Networks changed the game entirely, and a wide range of network architectures have been proposed to tackle the Single Image Super Resolution problem [AKB20, LYD + 20], as shown in figure 4.5.

Appendices
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