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The Indian-French Trishna Mission: Earth Observation in the Thermal Infrared with High Spatio-Temporal Resolution

des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

ABSTRACT

The monitoring of the water cycle at the Earth surface which tightly interacts with the climate change processes as well as a number of practical applications (agriculture, soil and water quality assessment, irrigation and water resource management, etc…) requires surface temperature measurements at local scale. Such is the goal of the Indian-French high spatio-temporal TRISHNA mission (Thermal infraRed Imaging Satellite for High-resolution Natural resource Assessment). The scientific objectives of the mission and research work conducted to consolidate the mission specifications are presented. Progress in modelling of surface fluxes is then discussed. The main specifications of the mission such as the revisit, the spatial resolution, the overpass time, the spectral bands and the orbit are analyzed and justified. The resulting baseline of the mission is given.

Index Terms -Thermal infrared, satellite, water stress, water management, climate change

INTRODUCTION

The interactions between climate change and the pressure exerted on environment by human activities (such as agriculture, urbanization, etc… [1]) directly impact surface water and energy budgets where the land and sea surface temperatures (LST and SST) appear as key signatures. The need of space borne systems combining both high spatial resolution and high revisit frequency in thermal infrared (TIR), which do not exist today, is now largely recognized by the scientific community and end-users. After several previous advanced studies (MISTIGRI [START_REF] Lagouarde | The MISTIGRI Thermal Infrared project: scientific objectives and mission specifications[END_REF], THIRSTY [START_REF] Crebassol | THIRSTY Thermal InfraRed SpaTial System[END_REF]), a project, TRISHNA, is currently in the feasibility assessment phase, conducted by the French Space Agency (CNES) and the Indian Space Research Organization (ISRO). It is presented below.

SCIENTIFIC OBJECTIVES

Together with the absorption of solar radiation, thermal emission is a fundamental process of the Earth system and of its energy budget. No surprisingly, the measurement of thermal emission can provide insights in a variety of Earth's compartments. THRISHNA addresses six objectives, two of which being used as the drivers of the mission design.

Ecosystem stress and water use (design driver)

LST is a key information to estimate evapotranspiration (ET), a crucial component of the water cycle. For agriculture which represents about 70% of the water consumption at global scale, applications to stress detection and irrigation optimization techniques are expected for a better management of water resources, improved crop production forecast and food security assessment. As CO2 and water transfers in plants are tightly coupled, and as water is the vector of many dissolved materials within the soil, LST can help to monitor biogeochemical cycles with applications to water quality and soil pollution monitoring. Dealing with hydrology, improved estimation of ET at watershed scale should also facilitate the closure of water budgets and estimation of infiltration, runoff, river flow, etc… Other application will be found in the field of ecology (e.g. mapping of microclimates, permafrost melting etc.).

Coastal and inland waters (design driver)

A better assessment of the sub-mesoscale activity in relation with coastal ecosystems productivity and of gas fluxes (CO2, CH4) at the air-sea interfaces is expected from high spatiotemporal resolution SST. The availability of such SST data will open the way to a large number of applications: water quality, algae blooms, fish resource, fresh water resurgences, water discharges and storm surges (e.g. pollutants, thermal plumes etc.) among others. Moreover, the surface temperature of lakes has been defined as an essential climate variable by GCOS (Global Climate Observing System). The study of sea ice (extent, growth/decay of ice, feedback with climate) will also benefit from TRISHNA data.

Urban microclimates monitoring

More and more efforts are devoted to the characterization of urban heat islands (UHI) and to their possible mitigation or heat action plans for comfort of inhabitants (by 'greening' of the city, urban planning or control of air conditioning energy consumption for instance). Improved evaporation estimations should also provide better inputs for urban and peri-urban hydrology studies.

Solid Earth

TRISHNA should improve the detection of thermal anomalies with various applications: peat or coal fires mapping, geothermal exploration, possibly earthquakes precursors, among others. It could also contribute to the monitoring of volcanic activity through the early detection of lava hot spots.

Cryosphere

The feedbacks between climate and melting processes make the monitoring of snow and ice critical in polar regions. It is also particularly important for glaciers and glacial high altitude lakes in mountainous regions as the snow and glacier melt runoff represents a perennial source of water for river basins. This is crucial for India which is partly dependent on Himalayan cryosphere.

Atmosphere

Different information on atmosphere (precipitable water content) and clouds (type, height) can be derived from thermal infrared data for improving Earth radiative budgets.

RECENT RESEARCH RESULTS

Impact of atmospheric turbulence on LST

The atmospheric turbulence near the surface generates LST temporal fluctuations. It has been shown [START_REF] Lagouarde | Atmospheric turbulence induced errors on measurements of surface temperature from space[END_REF] that high frequency fluctuations which correspond to turbulent structures of a few meters typical scale propagating in the surface boundary layer under the influence of wind are smoothed out for decametric pixels (50-100 m). Low frequency structures within the planetary boundary layer, conversely, have typical scales of several hundred meters and can trigger significant fluctuations both in time and in amplitude on pixels of smaller size. It results in an uncertainty on instantaneous satellite LST measurements which has been characterized using both experimental data and Large Eddy Simulation (LES) simulation results.

TIR directional anisotropy

LST measurements are also prone to significant directional anisotropy effects (anisotropy is here defined as the difference between temperatures observed in oblique and nadir viewing angles). Experimental work based on airborne thermal imagery revealed significant hot spot effects over forest and urban canopies obtained when the surface is viewed exactly in the direction of the Sun (i.e. Sun, sensor, and surface aligned), the sunlit elements leading to an undesired spurious peak in temperature ( [5]). Different modelling approaches have been proposed to simulate anisotropy ( [5], [6], [7], [START_REF] Duffour | An evaluation of SCOPE: a tool to simulate the directional anisotropy of satellite-measured surface temperatures[END_REF]), but their complexity makes none of these approaches well suited to an operational processing of satellite data. For this purpose attempts are made to develop simpler parametric models ( [START_REF] Cesbio | UMR 5126 CESBIO[END_REF], [START_REF] Duffour | A two parameter model to simulate thermal infrared directional effects for remote sensing applications[END_REF]), but the assessment of TIR directional anisotropy still remains a concern for delivering robust operational products

Surface fluxes modelling

Different modelling approaches are developed for estimating ET. They are either based on solving the surface energy budget for one particular pixel independently from the others ('residual' or 'single pixel' methods), or on scaling ET directly from LST between min and max levels identified on the image ('contextual' methods). A review can be found in [START_REF] Lagouarde | Energy Balance of Continental Surfaces and the Use of Surface Temperature[END_REF], and many examples of satellite-derived ET maps are provided in the literature ( [START_REF] Mallick | Latent heat flux estimation in clear sky days over Indian agroecosystems using noontime satellite remote sensing data[END_REF], [13], [START_REF] Anderson | Use of Landsat thermal imagery in monitoring evapotranspiration and managing water resources Rem[END_REF]). The EVASPA platform (EVapotranspiration Assessment from SPAce) brings several algorithms all together to provide an ensemble simulation with the uncertainty on final ET products [START_REF] Gallego-Elvira | EVASPA (EVapotranspiration Assessment from SPAce) tool: An overview[END_REF]. To cope with the lack of LST data for cloudy days, research efforts are devoted to temporal gap-filling between discrete ET estimations. Significant progress is expected from alternative efficient supports, such as surface humidity or meteorological models outputs for instance, to replace evaporative fraction or stress index classically used up to now.

JUSTIFICATION OF MISSION SPECIFICATIONS

The highest possible revisit period would be desirable in order (i) to cope with the limitations of data availability due to clouds and (ii) to minimize the impact of uncertainty in LST due to atmospheric turbulence on the accuracy of final ET and water budget products. However, the requirement of global coverage severely constrains the swath angle for a single satellite mission. It results that only a 3 day-revisit can be achieved with a reasonable scan angle lower than 35°. An analysis of the size of fields in a typical agricultural landscape in the South West of France led us to recommend a resolution close to 50 m, corresponding to about a hundred meters at the swath edges. In many places of India, the very fragmented landscape makes 50 m at least mandatory [START_REF] Eswar | A simple model for spatial disaggregation of evaporative fraction: comparative study with thermal sharpened land surface temperature data over India[END_REF]. However, at lower resolution, the atmospheric turbulence may induce a too significant uncertainty on LST (see section 3.1). Technical constraints are also to be considered. In particular the size of existing/under development detectors is still a technical limitation against the swath. The final trade-off is a 50 m spatial resolution at nadir. Four reasons led us to recommend a 1pm overpass time. (1) According to models, it provides the best accuracy on ET retrievals [17]. [START_REF] Lagouarde | The MISTIGRI Thermal Infrared project: scientific objectives and mission specifications[END_REF] The lower sensitivity of time (d(LST)/dt close to 0 °C/hour at that moment) facilitates the combination with surface or meteorological models which have time steps of around half an hour. For comparison, around 10:00 (solar time), the variation of LST is about 4 °C/hour. (3) The corresponding night overpass around 1 am is best adapted to measurements over water bodies because late enough to remove possible thermal inertia effects. (4) For mid latitudes, the directional anisotropy error on LST is reduced because the hot spot is situated in a plane perpendicular to the scan line [START_REF] Duffour | A two parameter model to simulate thermal infrared directional effects for remote sensing applications[END_REF].

A detailed analysis of the 3 day orbit at 666 km selected for THIRSTY [START_REF] Lagouarde | The MISTIGRI Thermal Infrared project: scientific objectives and mission specifications[END_REF] revealed it was not suited for the intertropical zone in which data may be affected by hot spot during several months per year [START_REF] Duffour | A two parameter model to simulate thermal infrared directional effects for remote sensing applications[END_REF]. As no robust model close to the hot spot peak is available today to correct LST data, an alternative orbit with a 8 day-revisit (761 km) was retained. Its 3/2/3 sub-cycles could provide at least 2 hot spot free data out of 3 in the inter-tropical zone.

In the TIR, two bands centered on 10.3 and 11.5 µm (~1 µm bandwidth) have been selected to apply the split-window method. Two bands centered at 8.6 and 9.1 µm (~0.35 µm bandwidth) are added to perform the temperatureemissivity separation using the TES method [START_REF] Jacob | Reassessment of the temperature -emissivity separation from multispectral thermal infrared data: Introducing the impact of vegetation canopy by simulating the cavity effect with the SAIL-Thermique model[END_REF]. The exact shape of TIR spectral filters is currently being studied using an end-to-end simulator. Moreover, a study (not detailed here) has been conducted to demonstrate that it is mandatory to embark both TIR and VNIR/SWIR instruments on the same platform. In the VNIR domain, the vegetation bands at 0.650 and 0.860 µm are mandatory. A blue band (0.485 µm) with possibly a cirrus band (1.38 µm) both acquired at lower resolution (100-200 m) are required for cloud discrimination. A green band (0.555 µm) is devoted to coastal applications and snow discrimination. Finally a 1.650 µm SWIR band is added to address aerosol characterization and albedo estimation particularly.

Because of the intrinsic atmospheric turbulence induced uncertainty on LST, a NeDT of 0.3 K @ 300 K is sufficient for continental surfaces.

CONCLUSION

The summary of the baseline is as follows: Two preliminary studies of TIR instrumental concepts based on a classical scanner and a step and stare design are currently being conducted.

TRISHNA is currently in A phase (feasibilty assessment) till end 2019. It will be followed by a one-year B phase. The launch could be foreseen at 2024-2025 horizon. TRISHNA remains very original in the international context of the high spatio-temporal TIR with only the ECOSTRESS project aboard the ISS (https://ecostress.jpl.nasa.gov/), HyspIRI (https://hyspiri.jpl.nasa.gov/) in the USA, and a similar study starting at ESA in Europe (LSTM, same proceedings).



  Resolution: 50 m at nadir (<100 m edges of swath). Binned at 1000 m over oceans.  Revisit and coverage: 3 observations for any ground location per 8 days period (from the 3 subcycles of a 8 day-orbit at 761 km), global coverage.  NeDT: 0.3 K (0.1 K for ocean binned at 1 km) Spectral bands  TIR: 8.6 µm, 9.1 µm, 10.3 µm and 11.5 µm  VNIR: 0.485, 0.555, 0.650 and 0.860 µm  SWIR: 1.650 µm. 1.38 µm highly desirable.  Possible degradation of the spatial resolution for blue (0.485 µm) and cirrus (1.38 µm) bands.
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