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The SAIL-Thermique model was developed to simulate land surface emissivity. It is adapted from the original SAIL model. A specific experiment was set-up over a soybean canopy for evaluating spectral emissivity simulations. Multispectral data were obtained thanks to a CIMEL CE 312-2 radiometer and emissivities calculated using the TES method. Comparison of multispectral emissivity simulations and measurements at various leaf area index levels were comparable in terms of emissivity values and spectral behavior.

INTRODUCTION

Spectral Land Surface Emissivity (LSE) is required for deriving surface temperature from thermal infrared (TIR) radiances as acquired by space sensors such as MODIS, ASTER or the sensors on board of the LANDSAT platforms. Surface temperature is an essential input to surface energy balance analysis, for example to map evapotranspiration [START_REF] Olioso | Estimation of evapotranspiration and photosynthesis by assimilation of remote sensing data into SVAT models[END_REF][2][3] [START_REF] Lagouarde | Energy Balance of Continental Surfaces and the Use of Surface Temperature[END_REF]. The determination of emissivity from remote sensing data is not straightforward, while accurate values are required for surface temperature estimation procedures. [START_REF] Olioso | Estimating the difference between brightness and surface temperatures for a vegetal canopy[END_REF] showed that an error of +/-0.01 in spectral emissivity resulted in surface temperature error between 0.5 K and 1 K depending on the atmospheric conditions and the temperature level.

It is recognized that LSE varies according to many factors such as soil type, surface soil moisture and roughness, amount of vegetation cover and plant species. There is no exhaustive knowledge of the variations of LSE because in situ measurements of LSE are complex to implement. There are also only very few modelling studies [START_REF] Olioso | Simulating the relationship between thermal emissivity and the normalized difference vegetation index[END_REF] [7] [START_REF] Verhoef | Unified Optical-Thermal Four-Stream Radiative Transfer Theory for Homogeneous Vegetation Canopies[END_REF] and almost no evaluation of LSE model against LSE measurements [START_REF] Olioso | SAIL-thermique, a model to simulate land surface emissivity[END_REF]. In this study we present the evaluation of multispectral simulation with the SAIL -Thermique model [START_REF] Olioso | Simulating the relationship between thermal emissivity and the normalized difference vegetation index[END_REF] of LSE against multispectral measurements over a soybean canopy. LSE measurements were performed using a multispectral radiometer and the TES method (see [START_REF] Mira | Comparison of Thermal Infrared Emissivities Retrieved With the Two-Lid Box and the TES Methods With Laboratory Spectra[END_REF]).

MATERIEL ET METHODE

The SAIL-Thermique model

The SAIL model was originally developed by [START_REF] Verhoef | Light scattering by leaf layers with application to canopy reflectance modeling: The SAIL model[END_REF] for simulating bi-directional spectral reflectances in the solar domain. It was adapted for simulating radiative transfers in the thermal infrared, and particularly for simulating land surface emissivity by [START_REF] Olioso | Estimation of evapotranspiration and photosynthesis by assimilation of remote sensing data into SVAT models[END_REF] [START_REF] Olioso | Simulating the relationship between thermal emissivity and the normalized difference vegetation index[END_REF]. Considering the Kirchhoff's relation, the LSE in the direction of the measurement is calculated as the absorptivity of an incident directional radiation. Specific values of model parameters have to be prescribed including leaf reflectance, leaf transmittance, soil reflectance, Leaf Area Index (LAI) and Leaf Angle Distribution (LAD). The geometry of the measurement is set by considering a direction of observation equivalent to the direction of incident radiation (azimuth and zenith) and a diffuse fraction in the incident radiation set to zero.

A first evaluation of the model against broadband LSE data compiled from various databases was given by [START_REF] Olioso | SAIL-thermique, a model to simulate land surface emissivity[END_REF]. Compiled land surface emissivities for the 8-14 μm spectral band ranged between 0.92 and 0.99. A root mean square error around 0.006 was obtained. When considering only herbaceous species, the root mean square error was 0.004.

Experimental setup

An irrigated soybean crop was grown on the 'Flux and Remote Sensing' experimental site at INRA Avignon (South East France) during summer 2007. When the crop reached the flowering phenological stage it was almost fully covering the ground with a Leaf Area Index (LAI) close to 4. A part of the crop (10 m2) was progressively thinned out in order to generate a spatial gradient of LAI from bare soil to maximum LAI value.

Radiances were measured at nadir using the multispectral TIR radiometer CIMEL Electronique CE 312-2 [START_REF] Brogniez | A high-accuracy multiwavelength radiometer for in situ measurements in the thermal infrared. Part II: Behavior in field experiments[END_REF] in 5 channels equivalent to the channels of the ASTER sensor (on board of the TERRA platform) and one broad channel between 8 and 14 μm (Table 1). The radiometer had a field of view of 10°. It was calibrated before the field measurements. The measurement in each channel lasts for around 20 s, so that the full acquisition takes 2 min. The measurements were performed in order to cover the full LAI gradient with around 10 measurements. Every two or three measurements, a set of measurements was performed over an Infragold reference plate in order to characterize atmospheric downwelling irradiance in each channel. The acquisitions were performed under cloudless sky starting half an hour after solar noon so that time variations in temperature were limited. The full measurement sequence was repeated 3 times in order to control the residual temperature variations.

Table 1. Effective wavelengths (λeff) and full width at half-maximum (Δλ) for the bands of the CE 312-2 radiometer ([10])

Emissivity calculation from radiance measurements

Emissivities in the five ASTER channels were retrieved on the basis of the Temperature-Emissivity Separation (TES) algorithm proposed for ASTER by [13][14]. It can be applied to any multispectral sensors as far as at least 3 TIR channels are available [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 determination of emissivity requires additional information as radiances depends on surface temperature and emissivity. For a multispectral TIR sensor with n-channels, there are n + 1 unknowns (n spectral emissivities plus one surface temperature) but only n available radiance measurements. TES uses the spectral contrast between the different channels to provide an additional equation that relates the minimum emissivity εmin to the Maximum-Minimum Difference (MMD) calculated over the n channels. MMD is the ratio of the difference between the maximum and the minimum emissivity values (εmax -εmin) to the mean emissivity value εmean. The equation that was derived empirically from laboratory measurements of spectra from rocks, soils, vegetation, snow and water samples by [START_REF] Gillespie | A temperature and emissivity separation algorithm for Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) images[END_REF][14] is expressed as:

The TES algorithm requires the sky irradiance in each channel in order to account for the reflected radiation. We used the average of the two closest sky irradiance measurements obtained over the reference plate before and after each radiance measurements over the soybean canopy.

Simulations

Simulations of LSE with the SAIL-Thermique model were done by considering similar conditions as the experimental conditions. LAI was varied between 0 and 4 and the LAD set to planophile. Leaf reflectance spectrum (Figure 1) was obtained from measurements done using a SOC400T portable FTIR reflectometer [START_REF] Jaworske | Portable Infrared Reflectometer for Evaluating Emittance[END_REF] on soybean leaves harvested in the experimental field (3 leaf samples). An experimental protocol similar to [START_REF] Fabre | Influence of water content on spectral reflectance of leaves in the in the 0.4 -15 μm domain[END_REF] was used. Leaf transmittance was assumed equal to zero as [START_REF] Gerber | Modeling directional-hemispherical reflectance and transmittance of fresh and dry leaves from 0.4 μm to 5.7 μm with the PROSPECT-VISIR model[END_REF] showed that leaf transmittance is usually very low for fresh herbaceous plant leaves. Soil reflectance spectra (Figure 1) were obtained on soil samples from the experimental field by [START_REF] Lesaignoux | Influence of soil moisture content on spectral reflectance of bare soils in the 0.4-14 μm domain[END_REF]. LSE in the five radiometer channels were obtained by convoluting simulated LSE spectra by the spectral response function of each channel. Simulated emissivities were eventually compared to measured emissivities by considering measurements obtained over LAI close to the one used for the simulation.

Figure 1. Soybean leaf (mean and 3 samples) and soil reflectance spectra acquired in Avignon, together with the soil reflectances derived in the CE 312-2 channels from TES emissivity estimates.

RESULTS AND DISCUSSION

Soil reflectances retrieved using TES were slightly different from the values obtained in the laboratory by [START_REF] Lesaignoux | Influence of soil moisture content on spectral reflectance of bare soils in the 0.4-14 μm domain[END_REF] over soil samples (Figure 1). However, the differences were not too large as compared to other studies (e.g. [START_REF] Mira | Comparison of Thermal Infrared Emissivities Retrieved With the Two-Lid Box and the TES Methods With Laboratory Spectra[END_REF]) and the spectral behavior was globally respected. The difference might be explained by several factors as spatial variations in soil composition, differences in soil aspect between laboratory measurements (powder), and/or uncertainties associated to the TES method.

Simulations of LSE spectra at LAI 0.125, 0.25, 0.5, 1, 2 and 4 are presented in Figure 2 and the simulated values obtained in the five radiometer channels in Figure 3. These last simulations were performed assuming soil reflectance equivalent to the measurements obtained over bare soil with TES. Figure 4 shows the LSE obtained from the CIMEL measurements and the TES method over the in situ LAI gradient (~10 points with LAI increasing from 0 to 4). Spectra simulations in Fig. 2 show a rapid increase with LAI from bare soil values to saturation values obtained for LAI about 2 or 3. This is in general agreement with previous modelling [START_REF] Olioso | Simulating the relationship between thermal emissivity and the normalized difference vegetation index[END_REF][7][8] [START_REF] Olioso | SAIL-thermique, a model to simulate land surface emissivity[END_REF] and experimental [START_REF] Van De Griend | On the relationship between thermal emissivity and the normalized difference vegetation index for natural surfaces[END_REF][21] studies. Spectra at LAI above 2 present features in accordance with soybean leaf spectra (e.g., leaf reflectance bump at 9.85 μm resulting in emissivity decrease) with no more visible impact of soil spectra features (e.g. soil absorption peak at 10.7 μm and high soil reflectivity at 8.2 μm).

When considering simulated LSE in the radiometer channels (Fig 3 .), the saturation of LSE at the higher LAI is of course still visible, but spectral features appeared only partially. The spectral behavior of soil surface is well captured by the 5 channels: impact of high soil reflectance in the first channel at 8.4 μm; local minimum values at 9.1 μm and 11.3 μm; higher values at 8.7 μm and 10.6 μm. Conversely, the main spectral feature of vegetation, around 9.9 μm is not seen as no channel covers this part of the spectra.

Simulations show a general agreement with LSE measurements (comparing Figures 3 and4). The spectral behavior related to soil and vegetation properties is globally similar even if TES estimates appeared more variable and slightly higher than SAIL-Thermique simulations (e.g., see saturated values between 0.985 and 0.990 in the simulation and between 0.990 and 0.992 in the TES estimates). This may be related to the uncertainties related to the TES methods and its application to the CIMEL Electronique CE 312-2 radiometer. The sensitivity analysis performed in [START_REF] Mira | Comparison of Thermal Infrared Emissivities Retrieved With the Two-Lid Box and the TES Methods With Laboratory Spectra[END_REF] showed that the uncertainty in TES results may be larger than 0.01 while the uncertainties related to the non-simultaneity of the measurements in each channel was significantly lower (less than 0.2%). However, this may depend on meteorological conditions at the time of the measurements. The difference between simulations and measurements may be also related to the representativity of the leaf reflectance spectrum used for the simulation (average of only 3 leaf samples with a standard deviation close to 0.005). Model hypothesis as considering isothermal and homogeneous plant canopies may also be in cause. 

CONCLUSION

We presented a preliminary evaluation of multispectral simulations of emissivity with the SAIL-Thermique model. The results are encouraging as simulations are globally in agreement with the measurements. However, we still have to provide a more exhaustive evaluation, including numerical evaluation of the differences between simulations and measurements, over a larger number of situations and plant canopies. We also have to keep in mind that emissivity simulations considered isothermal canopies while the variation of temperature within plant canopies can be large and can generate large directional effects [START_REF] Luquet | Using directional TIR measurements and 3D simulations to assess the limitations and opportunities of water stress indices[END_REF][23].
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Figure 2 .

 2 Figure 2. LSE spectra between 8 and 14 μm simulated with SAIL-Thermique at LAI values of 0, 0.125, 0.25, 0.5, 1, 2 and 4.

Figure 3 .

 3 Figure 3. LSE in the 5 radiometer channels simulated with SAIL-Thermique at LAI values of 0, 0.125, 0.25, 0.5, 1, 2 and 4. LSE values are given at the central wavelength of each channel.

Figure 4 .

 4 Figure 4. LSE obtained from the application of the TES method to the radiance measurements in the 5 radiometer channels. LSE values are given at the central wavelength of each channel. Each line corresponds to measurements obtained at specific position over the 0 to 4 LAI gradient.
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