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REACHING STAGE 4 OF VEGETATION PRODUCT VALIDATION BY EXPLOITING THE SYNERGY BETWEEN UAV, HR SATELLITES AND IOT MEASUREMENTS

Keywords: validation, LAI, chlorophyll, fIPAR fractional green vegetation cover, IOT, UAV

We present and discuss some recent developments to reach the ultimate validation stage as defined by the Land Product Validation group of the Committee on Earth Observation Systems (CEOS LPV) for vegetation products. We specifically focus on the complementarity between the exhaustive spatial sampling provided by Unmanned Aerial Vehicles (UAVs) or high-resolution satellite data and the exhaustive temporal sampling available with IoTs.

INTRODUCTION

Following the recommendations of the CEOS-LPV, vegetation biophysical variable products such as Leaf Area Index (LAI) and fAPAR (fraction of Absorbed Photosynthetically Active Radiation) reached validation stage 3 for medium resolution sensors. This indicates that product inter-comparisons are performed globally, validation against ground measurements is performed over a significant number of sites (more than 30), allowing the characterization of product uncertainties, and common validation practices are well established [START_REF] Fernandes | Global Leaf Area Index Product Validation Good Practices -Version 2.0[END_REF]. Up to now, these practices rely on: (i) Selecting a set of around 50 local ground measurements distributed over a given validation site, each of them having a footprint of around 10 x 10 m² . Then, the ground measurements are scaled up with at least decametric resolution satellite data over a 3 x 3 km² area, using empirical relationships established between ground measurements and multispectral reflectances and/or vegetation indices.

(ii) inter-comparing the several products existing at similar spatial resolution over a selection of sites representative of the Earth surface for different years [START_REF] Weiss | BELMANIP2: Enhancement of the CEOS-BELMANIP ensemble of sites used for the validation of land products from medium resolution sensors[END_REF]. Regarding the ground validation, the main limitations rely on the manpower and associated costs that induce a low spatial and temporal representativeness of the different biomes and environmental conditions (soil, climate, human practices). Moreover, as the scaling up of the local ground measurements is performed with ancillary decametric resolution data, the independency between the ground truth and the product is not ensured. Finally, the performances of these empirical relationships are limited by the spatial sampling strategy over the full validation area. Although the product inter-comparison at the global scale is an added value, it is also limited by the fact that these products are derived from similar data (e.g. reflectance in a selection of wavelengths) and share some similar hypothesis. In other words, the products may agree between themselves but may not represent the actual value of the biophysical variables. This has also been studied from a theoretical point of view, based on the use of 3D RTM models by Widlowski et al [START_REF] Widlowski | On the bias of instantaneous FAPAR estimates in open-canopy forests[END_REF]. Recently, the validation work was completed by several initiatives to better understand the uncertainties related to ground measurements. In particular, the CEOS-LPV has defined the concept of "super sites" that gathers several international initiatives such as NEON, TERN, or GBOV [START_REF] Bayat | Toward operational validation systems for global satellite-based terrestrial essential climate variables[END_REF][START_REF] Brown | Evaluation of global leaf area index and fraction of absorbed photosynthetically active radiation products over North America using Copernicus Ground Based Observations for Validation data[END_REF], together with the concept of Fiducial Reference Measurements (FRM) [START_REF] Thorne | Towards a global land surface climate fiducial reference measurements network[END_REF]. Thanks to a huge effort on measurement strategies including the multiplicity of devices and spatial sampling, FRMs are intended to provide very accurate measurements over the same super sites throughout the seasons and years. However, regarding the considerable efforts required for FRMs, complementary validation measurements, well disseminated over the globe, seasons and years are still needed.

We present recent developments that could contribute to perform these complementary ground measurements, by using cost-effective means to ensure better temporal and spatial samplings, and providing more independent ways to scale up ground local measurements.

EXHAUSTIVE SPATIAL SAMPLING WITH UAV AND VHR SENSORS

The recent availability of very high-resolution (VHR) data at a reasonable cost opens new facilities to support medium-resolution data validation. This includes data of different natures (RGB, multi or hyperspectral, LiDAR) acquired by sensors on board Unmanned Aerial Vehicles (UAVs) or very highresolution satellites such as PLANETSCOPE and SKYSAT. This kind of data can be used in a similar way as previously, e.g., by establishing empirical relationships between local ground measurements and VHR data to scale-up the biophysical variable values over the validation area. They present the advantages of a very good temporal resolution (few days) as well as an improved spatial resolution (few cm to 3 m). This helps solving issues related to the sensor characteristics such as the temporal sampling to allow a good consistency between the time of ground and VHR acquisitions, as well as a good matching between the footprints of the ground measurements and the sensor characteristics (e.g., spatial resolution, point spread function). Additionally to the classical empirical transfer functions, UAV can be exploited to provide more independent means of measurements. For example, structure from motion algorithms applied to RGB cameras allow deriving 3D point clouds with a sufficient accuracy to derive the fraction of intercepted PAR (fIPAR) and thus, LAI [START_REF] Che | Estimation of maize plant height and leaf area index dynamics using an unmanned aerial vehicle with oblique and nadir photography[END_REF]. RGB images can also be exploited by applying segmentation techniques to estimate the green vegetation fraction in different directions and then derive LAI or fIPAR. Moreover, the very high resolution of RGB images can be combined with the spectral information of multispectral images characterized by a lower spatial resolution to better assess the canopy vegetation variables, including LAI, fAPAR, and canopy chlorophyll content [START_REF] Jay | Exploiting the centimeter resolution of UAV multispectral imagery to improve remote-sensing estimates of canopy structure and biochemistry in sugar beet crops[END_REF]. As UAVs allow covering the whole validation area, it represents an exhaustive and independent mean of validation. Less independent but still very interesting for the spatial coverage and the resolution, the multispectral information acquired on board an UAV can also be used to estimate vegetation variables from model inversion techniques as demonstrated in [START_REF] Lelong | Assessment of Unmanned Aerial Vehicles Imagery for Quantitative Monitoring of Wheat Crop in Small Plots[END_REF][START_REF] Verger | Green area index from an unmanned aerial system over wheat and rapeseed crops[END_REF][START_REF] Xu | An integrated method for validating long-term leaf area index products using global networks of site-based measurements[END_REF].

In order to optimize UAV data performances, protocols for image acquisition and processing must be followed, especially regarding the flight configuration, the camera settings such as integration time as well as the sensor calibration and by ensuring stable illumination conditions during the flight [START_REF] Weiss | The problem of radiometric calibration for UAV observations acquired under changing illumination conditions[END_REF]. Although very effective, UAVs have some drawbacks related to manpower, weather conditions (wind, rain) and legislation (some sites cannot be flown). This may still constitute a limitation to provide a sufficient temporal monitoring of the ground measurement sites to assess the CEOS validation stage 4.

EXHAUSTIVE TEMPORAL SAMPLING WITH IOTS

Recent developments in IoTs (Internet of Things) made new autonomous devices available to measure continuously ground vegetation variables. For instance, the PASTIS-57 (PAI Autonomous System from Transmittance Instantaneous Sensed from 57°, [START_REF] Simic | Production of the high resolution maps of biophysical variables based on SPOT imagery and in-situ measurements generated by PASTIS 57 for Hyytiala[END_REF][START_REF] Brede | Monitoring Forest Phenology and Leaf Area Index with the Autonomous, Low-Cost Transmittance Sensor PASTiS-57[END_REF][START_REF] Fang | Estimation of the directional and whole apparent clumping index (ACI) from indirect optical measurements[END_REF]), the LAINet [START_REF] Yin | Derivation of temporally continuous LAI reference maps through combining the LAINet observation system with CACAO[END_REF], or DCPs [START_REF] Ryu | Continuous observation of tree leaf area index at ecosystem scale using upward-pointing digital cameras[END_REF] sensors have shown good capabilities for continuous monitoring of LAI and fAPAR. They are based on transmittance measurements in a single wavelength and processed based on the gap fraction theory to derive LAI and fAPAR. More recently, [START_REF] Li | GAI, LCC and CCC monitoring over wheat fields from continuous sub-hourly spectrometers measurements[END_REF] used continuous microspectrometer measurements to invert a radiative transfer model by exploiting the multispectral and directional information obtained with the variation of the illumination conditions throughout the day. Such devices provide the same kind of measurements as the devices used in classical validation protocols (e.g., DHPs, AccuPAR, LAI2000…) and similar accuracies are thus expected. However, processing algorithms must take into account the inevitable varying illumination conditions that may impact the estimation of the transmittance or reflectance. Furthermore, as IoTs allow estimating LAI and fAPAR every day, compositing algorithms may be required since these variables are expected to show slow and continuous variation over time if no anthropic event occurs [START_REF] Yin | Derivation of temporally continuous LAI reference maps through combining the LAINet observation system with CACAO[END_REF][START_REF] Li | GAI, LCC and CCC monitoring over wheat fields from continuous sub-hourly spectrometers measurements[END_REF].

Like for manual devices, the main limitation relies on the spatial sampling strategy that depends on the number of available devices. Therefore, similarly to manual ground measurements, auxiliary information is required for the scaling up of the data over the entire validation area. [START_REF] Yin | Derivation of temporally continuous LAI reference maps through combining the LAINet observation system with CACAO[END_REF] fitted an empirical transfer function between LANDSAT NDVI and several automatic ground measurements over an entire season, assuming that the temporal sampling will compensate for the spatial sampling as only 12 instruments were available. In the same way, [START_REF] Ryu | Continuous observation of tree leaf area index at ecosystem scale using upward-pointing digital cameras[END_REF] fitted a linear relationship between the average value of automatic ground measurements made at three locations with manual measurements over 33 locations supposed to represent the whole area made at seven dates throughout the season. However, to achieve their goal, these two studies make strong assumptions about the spatial and temporal behavior of LAI over the studied sites.

The use of IoTs therefore requires the setting up of a spatial sampling strategy regarding the different sources of heterogeneities of the vegetation variables. This heterogeneity can be characterized by acquiring images at the very beginning of the season and for previous seasons. Using either satellites such as SENTINEL-2 or PLANETSCOPE or much higher resolution of UAV, these data should help making the distinction between permanent heterogeneities (e.g., soil type) and non-permanent (land cover or management practices if they exist) to optimize the IoTs spatial sampling.

CONCLUSIONS

As briefly described in this paper, recent technological developments show high potential to reach CEOS validation stage 4 by (i) increasing the temporal and spatial representativeness of the validation site networks, (ii) and providing more independency between ground and satellite measurements. It is however required to assess their accuracy using the fiducial reference measurements of the CEOS super sites. Protocols and guidelines for these novel approaches should be elaborated by the community and contribute to the CEOS LAI validation protocol document.

Although both UAVs and IoTs reduce the manpower issue, they still represent a significant cost effort to deploy a network of medium-resolution sensor product validation sites with sufficient temporal and spatial representativeness at the global scale. Indeed, IoTs still require the use of auxiliary high-resolution data to compensate for the low spatial sampling. More developments are thus needed to better exploit the synergy between those data. Spatio-temporal fusion methods should be developed similarly to what has been done for decametric and kilometric sensors [START_REF] Gao | On the blending of the Landsat and MODIS surface reflectance: predicting daily Landsat surface reflectance[END_REF][START_REF] Li | Combining hectometric and decametric satellite observations to provide near real time decametric FAPAR product[END_REF][START_REF] Moreno-Martínez | Multispectral high resolution sensor fusion for smoothing and gap-filling in the cloud[END_REF].

Finally, these tools are much better suited for the validation of decametric resolution sensors. There is indeed a high potential in gathering a large amount of data, at least for agricultural sites where more and more farmers are equipped with IoTs or UAV for precision farming purposes. Once validated with uncertainties characterized, the decametric products could then be used as reference to infer medium sensor product accuracy.
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