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Abstract

:

The characterization of sands detailed in this paper has been performed in order to support the in-flight radiometric performance assessment of space-borne optical sensors over the so-called Pseudo-Invariant Calibration Sites (PICS). Although the physical properties of PICS surface are fairly stable in time, the signal measured from space varies with the illumination and the viewing geometries. Thus, there is a need to characterize the spectro-directional properties of PICS. This could be done on a broad scale, thanks to multi-spectral multi-directional space-borne sensors such as the POLDER instrument (with old data). However, interpolating or extrapolating the spectro-directional reflectance measured from space to spectral bands of another sensor is not straightforward. The hyperspectral characterization of sand samples collected within or nearby PICS could contribute to a solution. In this context, a set of 31 sand samples was compiled. The BiConical Reflectance Factor (BCRF), linked to Bidirectional Reflectance Distribution Function (BRDF), was measured between 0.4 and 2.5 µm, over a half hemisphere when the amount of sand in the sample was large enough and for only a single fixed angular configuration for small samples. These optical measurements were complemented by grain size distribution measurements and mineralogical analysis and compiled together with previously published measurements in the so-called PICSAND database, freely available online.






Keywords:


sand properties; PICS; spectral BRDF; spectral reflectance; calibration; database












1. Introduction


Some sandy desert sites known for their temporal stability and their spatial uniformity have been used for a long time to radiometrically calibrate and monitor optical space-borne sensors [1]. Thus, the better the knowledge about these sites, the better the calibration and the monitoring.



Regular acquisitions over these sites also referred to as Pseudo-Invariant Calibration Sites (PICS) provide time series as well as opportunities of cross-comparison between sensors.



Although it is believed that the physical properties of their surface are fairly stable in time, the signal measured from space still varies with the illumination and the viewing geometries. Thus, there is a need to characterize the spectro-directional properties of PICS in order to remove the directional effects from the measured radiometric signal. The characterization of PICS directional signature could be achieved, at a kilometric scale, and in narrow spectral bands thanks to multi-spectral multi-directional space-borne sensors such as the POLDER (POLarization and Directionality of Earth Reflectances) instrument [2] (with old data). This characterization enables, in the first instance, to compare calibration sites in terms of the magnitude of directional effects, considering that the lower, the better for instrument drift assessment [3]. However, the interpolation/extrapolation of the directional properties found at a limited number of spectral bands (e.g., for POLDER: 490, 565, 670, 765, 865, 1020 nm) to other spectral channels is not straight forward and can be achieved only through hyperspectral sensor measurements or modeling assumptions on the atmosphere and surface optical properties (e.g., [4]).



Even when similar illumination and viewing geometries are selected for cross-comparison between sensors, the spectral response differences between sensors induce differences in radiometric measurements that should be distinguished from radiometric calibration differences [5]. The upcoming generation of hyperspectral space-borne sensors will probably alleviate this issue.



As access to most PICS for the large-scale optical characterization of their surface remains difficult even to airborne instruments, the hyperspectral characterization in the reflective range (0.4–2.5µm) of a limited number of sand samples collected at the PICS can provide an alternative means to understand and model the large scale optical behavior of the selected site [6].



In this context, the hyperspectral directional signatures of a set of sand samples were measured over the 350–2500 nm spectral range, and over the nearly full half of the hemisphere, several of these samples coming from identified areas near or inside PICS. The measurements of the BiConical Reflectance Factor (BCRF), linked to the Bidirectional Reflectance Distribution Function (BRDF) as explained in Section 2, were performed in the laboratory with “Banc de BRDF Grands Echantillons” (BBGE) for 16 samples having a sufficient amount of sand. The representativeness of a few BRDF models for our laboratory measurements was investigated. For 15 smaller samples, we measured their hyperspectral BCRF at a single viewing and illumination geometry. The characterization of the optical properties of the sand samples was completed by the determination of their mineralogical composition and grain size distribution. A database including the sand optical properties measured from these sand samples, as well as other measurements of sand spectro-directional properties available in the literature, was built and made available to the scientific community. The dataset can be downloaded from the dedicated web portal https://picsand.noveltis.fr.



The next section defines the measured optical quantities. The third section deals with the material, including a description of the selected sites, the collected sand samples and the laboratory devices used for the measurements. The fourth section describes the methods for BCRF measurements, mineralogy determination, and grain size distribution assessment. The fifth section presents the results and illustrates them with the case of an Arabian sand sample. This section also presents the parametric BRDF models to fit the laboratory measurements. It ends with the description of the PICSAND database. A discussion of the results is provided in section six before the conclusion.




2. Definition and Nomenclature of the Measured Physical Quantities


The relevant optical property for remote sensing optical sensors is reflectance. It is defined by the ratio of the radiation reaching the sensor looking at a target to the incident radiation on the target. In order to mathematically describe the optical signal propagation from the ground surface to the sensor entrance lens, other definitions, such as stated in Nicodemus et al. [7], need to be introduced. Indeed, for the characterization of the surface optical properties using space-borne measurements, the relevant quantities are the directional-directional reflectance factor and the hemispherical-directional reflectance factor (ρdd and ρhd of Table 1).



In the laboratory, the measured quantity is the bi-conical Reflectance Factor (BCRF) corresponding to the conical-conical case (ρcc) of Table 1.



BCRF is, by definition, the ratio of the reflected flux to the flux that would be reflected by an ideal perfectly diffuse standard surface illuminated by a collimated source. For small conical angles (which is the case for the measurement devices used in this study) and for smooth directional variations of the Bidirectional Reflectance Factor (BRF), which is the case for sand, the BCRF is a good approximation of the BRF.



As BRF (unitless) is just equal to BRDF (sr−1) multiplied by π, for the measurements made, we consider that:


BCRF ≈ BRF = π · BRDF



(1)








3. Materials


As this work was motivated by contributing to PICS characterization most commonly used, the priority was given to sand samples from the six PICS endorsed by the Comity of Earth Observation Satellites (CEOS) (Algeria3, Algeria5, Libya1, Libya4, Mauritania1, and Mauritania2) and then to the other PICS defined by Cosnefroy et al. in 1998 [1] and new ones proposed by Bacour et al. in 2019 (Arabia_PICSAND1 and Namibia_PICSAND1, PICSAND being the name of the database presented in Section 5.5) [3]. Collecting sand samples from these sites has been a challenging task. Indeed, most of the sites are located in remote places with difficult access from a logistic point of view. Moreover, geopolitical contexts (as in Libya or Mauritania) enhance the accessibility issue. Therefore, samples were collected for only a few of these PICS.



Two Algerian samples were collected by Hélène Cosnefroy in 1993 and archived at ONERA (Office National d’Etudes et de Recherches Aérospatiales), one is very close to Algeria3, and the other comes from Algeria4. Professor Charles Bristow from Birkbeck University of London (UK) kindly provided three samples (SPL) from Algeria5.



A campaign was organized by Malika Kheireddine, Mustapha Ouhssain, and Ramzi Idoughi, working at the King Abdullah University of Science and Technology (KAUST) in order to collect samples from Arabia_PICSAND1. Six sand samples were collected in December 2017.



Although we could not obtain sand samples from the region identified in Namibia [3], Laurent Poutier from ONERA was able to collect a sand sample from a dune close to Gobabeb, which is approximately located 160 km north to the site (collection performed in July 2017).



Moreover, a number of sand samples were kindly provided by several investigators. The list of sand samples that were characterized in this study, is presented in Table 2. These samples originate from other areas of potential interest for Calibration/Validation (Cal/Val) activities: five samples from Namibia [9,10] and among them one coming from the RADiometric CALibration NETwork of automated instruments (RadCalNet) [11], six samples from the Pinnacles desert in Australia [12], two samples of bays in Australia which are used as Standard for laboratory measurements [13], two samples from Libya, one sample from Morocco, one sample from Niger, and two samples from well-known Cal/Val sites from United States of America [14,15].




4. Methods


The methods depend on the sample and on the kind of measurement.



4.1. BCRF Measurement


Two devices were used depending on the amount of sand available. They cover the 0.35–2.5 µm spectral range with a spectral resolution of 3 nm in the visible to near-infrared (VNIR: 0.35–1 µm) and 10 nm in the shortwave infrared (SWIR: 1–2.5 µm) spectral ranges thanks to an ASD Fieldspec spectroradiometer. For samples heavier than 600 g, the “Banc de BRDF grands échantillons” (BBGE) device, shown in Figure 1a, was used. The zenith angles of the source (SZA) and of the spectrometer collection optics (VZA) can vary between 0° and 60° with an accuracy of 1°. The azimuthal angle of the spectrometer collection optics (VAA) could vary between 0° and 180° with an accuracy of 1°. Thus, the set-up enables to record a spectral radiance for a sequence of angular configurations over nearly a full quarter of a sphere. However, due to the occultation of the source by the collection optics, measurements were not possible in the backscattering direction ±10°.



For BCRF assessment, the set up enables us to measure the radiance for the sample for various illumination and observation angles. Just before and just after, the sample is replaced by a reference panel (Spectralon©), and the corresponding radiance is measured for one angular configuration.



With this experimental set-up configuration, the source remaining the same and just moving along the device arm, the bi-conical reflectance factor of a sample, noted   B C R  F s   , could be expressed as follows:


  B C R  F s   (  S Z A , V Z A , V A A , λ , t  )  =    L s   (  S Z A , V Z A , V A A , λ , t  )     L  r e f    (  S Z A 0 , V Z A 0 , V A A 0 , λ , t 0  )  ×   c o s  (  S Z A  )    c o s  (  S Z A 0  )      × B C R  F  r e f    (  S Z A 0 , V Z A 0 , V A A 0 , λ  )  ×   L  (  S Z A 0 , V Z A 0 ,   V A A 0 ,   λ , t 0  )    L  (  S Z A 0 , V Z A 0 ,   V A A 0 ,   λ , t  )     



(2)




where




	
SZA is the Source Zenith Angle,



	
VZA is the View Zenith Angle,



	
VAA is the View Azimuthal Angle,



	
λ is the wavelength,



	
t is the measurement time,



	
Ls is the measured radiance for the sample,



	
Lref is the measured radiance for the reference panel,



	
BCRFref is the BCRF of the reference panel,



	
SZA0, VZA0 and VAA0 are the chosen angles for the radiance measurement of the reference panel,



	
t0 is the reference panel measurement time.








The various steps of the measurement protocol are listed hereafter:




	
Put the samples in the laboratory the day before the measurements and open the boxes or bags,



	
Put the sand in the plate and level it when switching the device on,



	
Switch the temperature and humidity monitoring on,



	
Warm up during 1 hour,



	
Perform radiance measurement with the reference panel (SZA = 40 to 50°, step = 5°; VZA = 0°; VAA = 0° and 180°),



	
Perform radiance measurement with the sand sample (SZA = 10 to 60°, step = 10°; VZA = 0° to 50°, step = 10°; VAA = 0° to 180°, step = 20°),



	
Rotate the sample plate of 90° and perform a new radiance measurement,



	
Rotate the sample plate of another 90° and perform another new radiance measurement,



	
Perform another measurement with the reference panel (SZA = 40 to 50°, step = 5°; VZA = 0°; VAA = 0° and 180°),



	
Switch all off,



	
Collect between 9 and 35 g of the center sand surface for physical analysis.








Measurements are repeated for three positions of the sample: initial (pos0), after a rotation of 90° (pos90) and after the second rotation of 90° leading to a 180° rotation (pos180) in order to assess the reproducibility of the directional measurements for a given sample.



For the smaller samples, a BCRF measurement was performed for only one angular configuration (illumination and view zenith angles of respectively 12° and 35°) using the ASD Fieldspec contact probe. It is an ASD spectroradiometer device that enables us to measure a bi-conical radiance for small samples (with a diameter at least equal to the contact probe (3 cm) and depth of about 1 cm, which corresponds to about 50 g of sand). Figure 1b shows the experiment: the sample is put on a horizontal table with up and down translation to ensure good contact between the probe and the sample.



An uncertainty budget has been established. The various contributors to this budget are not correlated, but there might be a correlation for the same contributor for two measurements. For instance, the uncertainties on Ls and Lref due to spectrometer accuracy might be partially correlated. As this information is not available, we will consider that they are independent, which may lead to overestimating the global uncertainty. Thus, the square of the relative uncertainty will be computed as the sum of the square of relative uncertainty of each term of equation (2):


     (    u  (  R  F s   )    R  F s     )   2  =    (    u  (   L s   )     L s     )   2  +    (    u  (   L  r e f    )     L  r e f      )   2  +    (    u  (  B C R  F  r e f    )    B C R  F  r e f      )   2  +    (    u  (  L  ( t )  / L  (  t 0  )   )    L  ( t )  / L  (  t 0  )     )   2   



(3)








4.2. Mineralogy


The French geological survey named BRGM (Bureau de Recherches Géologiques et Minières) has established the mineralogy of the main samples. The fraction of the crystalline phase of the samples has been determined by X-ray diffractometry after reducing a small fraction of each sample into powder. The diffractometer used is a Bruker D8 Advance, and the diagrams were analyzed using the DIFFRAC software. The quantitative analysis was carried out with the SiroQuant V4. Software (using the Rietveld refinement method).




4.3. Grain Size Distribution


The grain size distribution has been measured by GEOPS (GEOsciences Paris Sud), a French research laboratory, using a laser granulometer (Malvern 2000 Hydro-G).





5. Results


5.1. BCRF Spectral Behavior


The spectral behavior of BCRF measured by the BBGE is presented for an intermediate source zenithal angle, 40°, and a nadir viewing.



5.1.1. Consistency of the BCRF for the Different Sample Positions


First, the three measurements performed for each sample (depending on the orientation of the sample) are compared. Globally, the estimated BCRF (SZA = 40°, VZA = 0°) remains similar across the three sample positions (0°, 90°, 180°). The only exception concerns the Namibia_RadCalNet sample. Indeed, this sand sample appears more heterogeneous (Figure 2a), with a higher granularity as compared to the other ones (as depicted in Figure 2b for the illustrative sample of the Arabia_PICSAND1_SPL5). The reflectance for the three sample positions over the spectral range 350–2500 nm is given in Figure 3 for the Arabia_PICSAND1_SPL5 sample. Uncertainty bars corresponding to ± standard deviation computed according to equation (3) are added to the BCRF pos0 curve. It shows that the discrepancy between various positions of the sample is below the uncertainty associated with a measurement. The Namibia_RadCalNet sample case is presented in Figure 4.



Due to the weak radiance of the BBGE source between 350 and 450 nm and between 2350 and 2500 nm, the measurements are quite noisy in these spectral ranges. The BCRF uncertainty is about 0.02 between 450 nm and 1000 nm and about 0.025 between 1000 and 1800 nm. The main contributors to the uncertainty are the noise and the ASD Fieldspec spectroradiometer calibration accuracy.




5.1.2. Intra-Site Variability of BCRF


The comparison of the optical properties between the various samples collected at a given site is performed regarding the mean reflectance factor over the measurements performed with the BBGE for the three positions (0°, 90°, and 180°). For the smaller samples, such as the Pinnacles, only one measurement is available and taken into account.



The bi-conical reflectance factors for the various samples collected at Algeria5, Arabia_PICSAND1, and the Pinnacles site are presented in Figure 5, Figure 6 and Figure 7, respectively. It shows that the BCRF discrepancy for the three Algeria5_PICSCEOS samples is below the measurement uncertainty, whereas the discrepancy for the five Arabia_PICSAND1 samples is equivalent or slightly above the uncertainty.



For the Pinnacles desert samples, the discrepancy between samples is higher. This fairly high variability in the spectral signature is in agreement with the clear visual differences observed between the Pinnacles desert samples.




5.1.3. Inter-Site Variability of BCRF


The optical properties between samples at various sites are compared relative to their mean reflectance factor over the three measurements for a given sample. When several samples, for a given site are available, the BCRF is averaged.



The bi-conical reflectance factors for various sites are presented in Figure 8. Two groups of sites could be distinguished—one with higher reflectance factors (typically above 0.5 in the near-infrared), including Algerian, Libyan, Moroccan, and Arabian samples and a second with lower reflectance factors including Namibian and Nigerian samples.



Figure 9 illustrates the wide variation of spectral shape for the samples from Libya, Namibia, and United States of America, which were characterized by the contact probe.




5.1.4. Results for the Internal Soil Standard


The sand samples from Australian bays are Internal Soil Standard (ISS). Including ISS measurements offers the ability to align measurements to others if necessary [13]. The measurements performed for these two ISS samples are presented in Figure 10 and are in agreement with the BCRF presented in [13].





5.2. BCRF Directional Behavior


5.2.1. Analysis in the Principal Plane


For the directional behavior analysis, an arbitrary wavelength, 600 nm, is chosen to display the directional signatures. Measurements at this wavelength benefit from high signal to noise ratio.



Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15 compare, in the principal plane, the measurements performed for the three sample orientations for a sample from each site. The BCRF curves for the minimum (10°) and the maximum (60°) solar zenithal angles are presented for each case. The results show that differences in the directional variations of BCRF are not always seen between the three positions of a sample. We, therefore, conclude that these differences are not related to the measurement set-up but originate from the sample itself—little ripples or inhomogeneity, as for the Namibia_RadCalNet sample in Figure 2a.




5.2.2. Reproducibility of Directional Signatures with BRDF Models


A set of BRDF models were fitted to the measurements (omitting the π factor) in order to know if a given model performs better than the others for the majority of the sand samples or if the best model varies a lot with the sample considered.



The selected models are those found adequate for reproducing sand directional signature [16,17]. The list of the models, as well as their main features, are given in Table 3.



The optimization of the BRDF model parameters using the measured BCRF were achieved thanks to the Simplex method [21]. In order to overcome possible issues of convergence into local minima, the optimization is run starting from twenty different initial conditions generated randomly. Among the corresponding twenty solutions, the one giving the lowest Root Mean Square Difference (RMSD) between model and data is selected as the optimal one. The models are fitted on the whole set of BCRF values corresponding to the whole range of observation geometries described in Section 4.1.



For each sample, the fitting performance (corresponding to the RMSD) is measured independently for each of the six POLDER wavelengths (490, 565, 670, 765, 865, and 1020 nm) plus two wavelengths in the SWIR domain: 1600 and 2200 nm, and for the three rotating positions.



The relative fitting performance between the BRDF models is fairly similar, whatever the sample. The Snyder and the RPV (Rahman, Pinty, Verstraete) models generally provide the best fitting performances for all studied wavelengths. They are also models with the largest numbers of fitting parameters. The results are illustrated through the Arabia_PICSAND_SPL5 case in Figure 16.



The behavior of each model compared to the BCRF, in the principal plane, is shown in Figure 17 for the Arabia_PICSAND_SPL5 case. The curves correspond to:




	
the position 0° (pos0) of the samples,



	
two wavelengths: 670 and 875 nm,



	
two solar zenith angles (SZA): 10 and 60°.










5.3. Mineralogy


The results for the sample Arabia_PICSAND_SPL5 are given in Table 4. The results for the other samples are available in the PICSAND database described in Section 5.5.




5.4. Grain Size Distribution


The whole results can be found in the database (cf. Section 5.5). For the various samples, Table 5 lists the diameters corresponding to the maximum of the grain size distribution. Note that due to grain diameters below 50 µm, the Rail Road Valley sample cannot be considered as pure sand. The distribution for the Arabia_PICSAND_SPL5 case is given in Figure 18 as an illustration.




5.5. Overview of the PICSAND Database


The measurements for the samples presented in Table 2 have been complemented with other available optical measurements over sand (performed either in situ or in the laboratory) and available in the literature. They are described in Table 6 for spectro-directional datasets and in Table 7 for spectral datasets. The different datasets have been merged into the so-called PICSAND database.



The PICSAND database is freely accessible at https://picsand.noveltis.fr. It is also referenced from the CEOS/IVOS portal: http://calvalportal.ceos.org. The database can be accessed to and explored thanks to a user-friendly interface enabling display (for some predefined conditions for the spectral/spectro-directional figures of the reflectance) and downloaded. A search tool is available in order to filter datasets depending on a few predefined criteria (i.e., spectro-directional vs. spectral data, data associated with the PICS sites or not, in situ measurements vs. laboratory measurements). An example of the polar plot is shown in Figure 19 for the Arabia_PICSAND_SPL5 sample at 600 nm.



The different datasets were processed in order to generate homogenized data files. The processing was performed so that the output data are as close as possible to the original ones, keeping only three significant digits for the reflectance data and removing abnormal reflectance values. In situ measurements can be strongly contaminated by atmospheric absorption in specific absorption bands (water vapor and carbon dioxide mainly). We chose to keep the corresponding measurements, even if very noisy, and hence, likely non-usable. However, we added a ‘quality’ flag (determined empirically based on the reflectance spectral variations), enabling to screen the corresponding measurements, depending on the user’s choice.





6. Discussion


In the previous section, optical, and physical properties of sands were presented. In this section, we discuss the relationship between the spectral shape and the directional behavior and the physical properties of the samples. The section also deals with the relationship between laboratory and space-borne measurements.



6.1. Spectral Shape


Looking at the mineral composition, the paper written by J. E. Bullard and K. White [35] explains the origin of the main features of the spectral reflectance by the chemical composition. The Fe3+–O ultraviolet charge transfer band is at the origin of the low reflectance before 550 nm, and Hematite, as a Fe oxide has a broad crystal field transition around 900 nm. An explanation for the feature around 1400 nm is given in [36] and comes from the hydroxide ion trapped in the silicates.



Besides these specific features, the spectral signature depends on iron oxide coatings of grains, and on grain size and shape. The visual color of the sand is highly correlated with the amount of iron oxide [35].



Regarding the impact of grain size, for a given material, a paper written by G. S. Okin et al. [37] deals with its relationship with reflectance. The reflectance increases between the beginning and the end of the studied sand plume. This is explained by the evolution of the sand grain size along the line of the plume. The smaller grains are transported farther than the bigger ones. Sand samples are taken at different distances to the fields in the line of the plume and analyzed. The analysis confirms that the grain size decreases with an increasing distance. Based on this analysis, the reflectance is computed using a radiative transfer model for various quartz grain sizes µm with a rind of montmorillonite and Hematite. These computations lead to an increasing reflectance with decreasing grain size. It is mentioned that the reflectance depends strongly on the thickness of the grain coating as well as the quartz grain size itself.



Still, regarding the impact of the grain size, G. V. G. Baranoski et al. in 2013 [38] show that the sensitivity of the optical properties varies a lot with the sand and its mineral composition. This study presents the sensitivity of reflectance to grain roundness and sphericity in the visible domain, for three sand samples (one from Australia, one from Peru and one from California). Reflectance computed thanks to the Spectral LIgtht Transfer model for Sand (SPLITS) being in agreement with the measured reflectance, the authors have modified the roundness and sphericity parameters and observed the impact on the reflectance. For these three cases, the impact of the roundness is fairly weak. The impact of sphericity differs from one type of sand to another depending on the way iron oxides are distributed, mixed with the parent material (quartz in these cases) for the Australian sample, half pure and half coated grains for the two other samples.



All this seems to indicate that the spectral shape is mainly driven by the mineralogy of the sample. Table 5 shows the samples ranked according to the grain diameter corresponding to the maximum of the distribution. The order of the samples does not reflect the similarity of the spectral signature. This is in agreement with the previous indications.




6.2. Directional Effects


As any small particle infers scattering effects, the grain size is expected to impact BCRF directional behavior. For the sand sample, Zhongqiu Sun et al. [28] indicates that the larger the grain size, the larger the directional effects. Moreover, it mentions that the BRF difference due to grain size difference is maximum for the forward direction and minimum for the backscattering direction. In order to try to highlight the relation between grain size and impact of directional effect, the BCRF measured in this study has been normalized by dividing the BCRF by its value for VZA = 0°. In Figure 20, the corresponding normalized BCRF are plotted in the principal plane for two sites with different grain sizes (diameter of 0.13 mm for Algeria4 and 0.32 mm for Libya_Erg_Ubari) for an illumination angle of 40° and at 1600 nm. No clear difference appears between the two curves, which could illustrate the grain size impact on the directional effect.



A paper written by Doctor K. Z. [39] analyzes the dependency of the BCRF on wavelengths for beach sands. The principal component analysis (PCA) of the measurements shows that, when the sand surface is smooth with uniform and fine grain size, the directional signature does not depend on the wavelength (there is just one wavelength cluster in the correlation matrix). When the sand has a visually rough surface, there are three-wavelength clusters in the correlation matrix associated with PCA, and this enables to identify three spectral domains for the BRF directional effects. The general conclusion is that the BRDF of beach sands has weak wavelength dependence, and this dependence increases with the surface visual roughness.




6.3. Relationship between Laboratory and Space-Borne Measurements


Analysis of the spectral and directional signature at the ground sample level allows to some extent to test BRDF modeling assumptions made when trying to retrieve the PICS surface BRDF from space as in [4]. In this paper, the RPV model is retrieved from a time series of the Medium Resolution Imaging Spectrometer (MERIS) measurements in narrow spectral bands, spectrally interpolated and used as a hyperspectral BRDF model for Top Of Atmosphere (TOA) simulations.



Thanks to our measurements of various sand samples, the RPV and the Snyder models are found to be the most representative whatever the sample. The same result was obtained over multi-spectral and multi-directional surface reflectance observations from the POLDER instrument [3], which implies a much larger scale than for a sample. Given the fewer number of parameters to be optimized along with the performance, the RPV model seems to be a better choice than the Snyder one.



Thus coming back to the method described in [4], future work could compare the directional behavior of the RPV surface model retrieved from MERIS measurements and the directional behavior of the RPV model fitted from the laboratory sand sample measurements.



Considering spectral behavior, the spectral variation of the parameters of the RPV model fitted on the samples could be compared to the ones obtained with the fit on MERIS data for the spline spectral interpolation case. If the agreement is good enough, which means that the sample is representative of the mean behavior of the whole site, it could be used to constrain the spectral interpolation. It could also be interesting to compare the spectral reconstruction obtained, either with the database originally used in [2] or with a new database constituted with our measurements, to the spectral behavior of a chosen sample.





7. Conclusions


The presented work results in a database giving access to an unprecedented set of optical and physical properties of various sand samples. This database can be used to check assumptions and enhance radiometric calibration methodology based on PICS. One of the key and practical results of the study concerns the modeling of the BRDF properties of sandy sites. Ignoring the peculiarities of the backscattering direction, the RPV and the Snyder BRDF models provide the highest fitting performances, whatever the site, the tested wavelength, and the observational case: spectro-directional properties derived from satellite measurements or measurements on sand sample carried out in the laboratory.



Although the spatial scale of the sample measured in laboratory (or in-situ) measurement is different from the kilometric spatial resolution of medium resolution space-borne sensor, the sand spectral characteristics stored in the database should be useful to spectrally interpolate the PICS surface BRDF models retrieved from space for some narrow spectral bands. It would allow a more accurate radiometric comparison of sensors as per [4] or [5].



The wealth of the information collected and produced opens large future prospects not only for calibration of earth observation sensors but also for spectro-directional signature analysis aiming at characterizing and understanding the relationship between sample BCRF, grain size, and mineralogy.



We aim in the future at maintaining PICSAND as a living database: anyone willing to contribute to the database is invited to send a first contact email to picsand@noveltis.fr.
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Figure 1. Measurement devices: (a) ONERA BCRF measurement device named “Banc de BRDF grands échantillons”; (b) 1 geometry BCRF measurement set up using a contact probe. 
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Figure 2. Examples of sand samples: (a) Namibia_RadCalNet; (b) Arabia_PICSAND1_SPL5. 
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Figure 3. Measurements discrepancy for the three positions compared to one measurement (pos0) uncertainty for Arabia_PICSAND1_SPL5. 
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Figure 4. Spectral variation of BCRF for the Namibia_RadCalNet sample for the three positions. 
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Figure 5. Algeria5_PICSCEOS BCRF discrepancy between samples compared to one measurement uncertainty. 
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Figure 6. Arabia_PICSAND1 BCRF discrepancy between samples compared to one measurement uncertainty. 
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Figure 7. Spectral variation of BCRF for the Australian Pinnacles Desert sand samples. 
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Figure 8. Spectral comparison between various sites. 
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Figure 9. Spectral variation of BCRF for some of the small sand samples. 
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Figure 10. Spectral variation of BCRF for the Australian Internal Soil Standard (ISS) samples. 
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Figure 11. BCRF for the minimum (10°) and the maximum (60°) solar zenith angles, in the principal plane, for Algerian samples: (a) Algeria3;(b) Algeria4; (c) Algeria5 sample 1; (d) Algeria5 sample 2; (e) Algeria5 sample 3. 
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Figure 12. BCRF for the minimum (10°) and the maximum (60°) solar zenith angles, in the principal plane, for Arabian samples: (a) sample 1; (b) sample 2; (c) sample 3; (d) sample 4; (e) sample 5; (f) sample 6. 
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Figure 13. BCRF for the minimum (10°) and the maximum (60°) solar zenith angles, in the principal plane, for: (a) Libya; (b) Morocco. 
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Figure 14. BCRF for the minimum (10°) and the maximum (60°) solar zenith angles, in the principal plane, for Namibian sites near Gobabeb: (a) dunes; (b) RadCalNet. 
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Figure 15. BCRF for the minimum (10°) and the maximum (60°) solar zenith angles, in the principal plane, for Nigerian site near Niamey. 
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Figure 16. Arabia_PICSAND1 _SPL1 residual RMSD between the measured BCRF in the six POLDER wavelengths plus two wavelengths in the SWIR (1600 and 2200 nm) for the three rotating positions, and the four fitted BRDF models. 
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Figure 17. Arabia_PICSAND1_SPL5 measured (cross) and modeled (dot) BCRF for SZA = 10 and VZA = 60°, wavelength = 670 (in blue) and 875 nm (in red). 
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Figure 18. Grain size distribution for the Arabia_PICSAND_SPL5 sample. 
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Figure 19. Polar diagram of the BCRF measured with BBGE for the Arabia_PICSAND1_SPL5 sand sample (position at 0°) and for an illumination angle (SZA) of 40°. 
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Figure 20. Normalized BCRF for Algeria4 (a) and Libya Erg Ubari (b) in the principal plane. 
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Table 1. Illustration of various kinds of reflectance (extracted from [8]).
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	Incidence (In Blue)\Reflection (In Red)
	Directional
	Conical
	Hemispherical





	Directional
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	Conical
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	Hemispherical
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Table 2. Overview of the sand samples. Samples coming from a PICS of the CEOS list appear in the green cells. Samples coming from a site identified as a potential PICS by [3] appear in the purple cells and are referred to as PICSAND (the name of the database). Samples close to a PICS or a PICSAND site appear in the orange cells.
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	Sample ID
	Provider
	Latitude/Longitude
	Site Nearby
	Measurement





	ONERA_Algeria3_PICSCEOS
	ONERA
	29.34 N/7.33 E
	Algeria3
	BCRF



	ONERA_Algeria4_PICSCEOS
	ONERA
	29.84 N/5.78 E
	Algeria4
	BCRF



	ONERA-Bristow_Algeria5_PICSCEOS_SPL1
	C. Bristow
	30.5783 N/2.3468 E
	Algeria5
	BCRF



	ONERA-Bristow_Algeria5_PICSCEOS_SPL2
	C. Bristow
	30.5920 N/2.1012 E
	Algeria5
	BCRF



	ONERA-Bristow_Algeria5_PICSCEOS_SPL3
	C. Bristow
	30.7344 N/2.7814 E
	Algeria5
	BCRF



	ONERA-ESA_Arabia_PICSAND1_SPL1
	M. Kheireddine
	29.4823 N/41.1445 E
	Arabia_PICSAND1
	BCRF



	ONERA-ESA_Arabia_PICSAND1_SPL2
	M. Kheireddine
	29.4791 N/41.1401 E
	Arabia_PICSAND1
	BCRF



	ONERA-ESA_Arabia_PICSAND1_SPL3
	M. Kheireddine
	29.4404 N/41.1710 E
	Arabia_PICSAND1
	BCRF



	ONERA-ESA_Arabia_PICSAND1_SPL4
	M. Kheireddine
	29.4403 N/41.1708 E
	Arabia_PICSAND1
	BCRF



	ONERA-ESA_Arabia_PICSAND1_SPL5
	M. Kheireddine
	29.4394 N/41.1700 E
	Arabia_PICSAND1
	BCRF



	ONERA-ESA_Arabia_PICSAND1_SPL6
	M. Kheireddine
	29.33475 N/41.3207 E
	Arabia_PICSAND1
	BCRF



	ONERA-White_Namibia_LUD1
	K. White
	-26.6849 N/15.2071 E
	Namibia_PICSAND1
	1 geometry BCRF



	ONERA-White_Namibia_LUD3
	K. White
	−26.7245 N/15.3104 E
	Namibia_PICSAND1
	1 geometry BCRF



	ONERA-White_Namibia_SOSS2
	K. White
	−24.7234 N/15.3174 E
	Namibia_PICSAND1
	1 geometry BCRF



	ONERA-White_Namibia_SOSS10
	K. White
	−24.4578 N/15.7765 E
	Namibia_PICSAND1
	1 geometry BCRF



	ONERA_Namibia_Gobabeb_Dunes
	L. Poutier
	−23.5699 N/15.0434 E
	
	BCRF



	ONERA-CNES_Namibia_RadCalNet
	S. Marq
	
	
	BCRF



	ONERA-Lau_Australia_PIN01
	I. Lau
	−30.5900 N/115.15675 E
	
	1 geometry BCRF



	ONERA-Lau_Australia_PIN02
	I. Lau
	−30.5846 N/115.1496 E
	
	1 geometry BCRF



	ONERA-Lau_Australia_PIN03
	I. Lau
	−30.5844 N/115.1492 E
	
	1 geometry BCRF



	ONERA-Lau_Australia_PIN04
	I. Lau
	−30.5824 N/115.1468 E
	
	1 geometry BCRF



	ONERA-Lau_Australia_PIN05
	I. Lau
	−30.5810 N/115.1452 E
	
	1 geometry BCRF



	ONERA-Lau_Australia_PIN06
	I. Lau
	−30.5829 N/115.1472 E
	
	1 geometry BCRF



	ONERA-Lau_Australia_Lucky_Bay
	I. Lau
	−33.9877 N/122.2308 E
	
	1 geometry BCRF



	ONERA-Lau_Australia_Wylie_Bay
	I. Lau
	−33.8247 N/121.9975 E
	
	1 geometry BCRF



	ONERA-Schaepman_Libya_Erg_Ubari
	M. Schaepman
	
	
	BCRF



	ONERA-Bristow_Libya_Fezzan_Fezz
	C. Bristow
	
	
	1 geometry BCRF



	ONERA-Bristow_Morocco_Erg_Chebbi
	C. Bristow
	
	
	BCRF



	ONERA_Niger_Niamey
	French Defence Forces
	
	
	BCRF



	ONERA-Thome_USA_Railroad_Valley
	K. Thome
	
	
	1 geometry BCRF



	ONERA-Thome_USA_White_Sands
	K. Thome
	
	
	1 geometry BCRF
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Table 3. List of the BRDF models and their characteristics.
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	Model Name
	Number of Fitting Parameters
	Parameter Dependency
	Reference





	Ross–Li–Maignan
	3
	linear
	[17]



	Roujean
	3
	linear
	[18]



	RPV
	4
	nonlinear
	[19]



	Snyder
	7
	nonlinear
	[20]
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Table 4. Mineralogy of sample ONERA-ESA_ArabiaPICS2_PICSAND_SPL5.






Table 4. Mineralogy of sample ONERA-ESA_ArabiaPICS2_PICSAND_SPL5.





	
Phases

	
Weight %

	
Error (Weight %)






	
Quartz

	
87

	
3

3

5

3




	
Potassium feldspar (microcline and orthoses)

	
10




	
Kaolinite

	
2




	
Spinel (chromite on the diffractogram)

	
1




	
Illite and micas

	
In traces




	
Ulvospinel

	
In traces




	
Plagioclase (albite on the diffractogram)

	
In traces











[image: Table] 





Table 5. Diameter corresponding to the maximum grain size distribution for the various samples.
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	Sample
	Diameter of the Maximum of Grain Size Histogram (µm)





	ONERA-Thome_USA_Rail_Road_Valley
	50.8



	ONERA_Namibia_RadCalNet
	113.8



	ONERA_Algeria4_PICSCEOS
	127.7



	ONERA-Bristow_Algeria5_PICSCEOS_SPL3
	143.3



	ONERA-White_Namibia_LUD1
	143.3



	ONERA-Thome_USA_White_Sands
	143.3



	ONERA-ESA_Arabia_PICSAND1_SPL6
	160.8



	ONERA_Algeria3_PICSCEOS
	180.4



	ONERA-White_Namibia_LUD3
	180.4



	ONERA_Namibia_Gobabeb_Dunes
	202.4



	ONERA-Lau_Australia_Wylie_Bay
	202.4



	ONERA-Bristow_Algeria5_PICSCEOS_SPL1
	227.1



	ONERA-Bristow_Algeria5_PICSCEOS_SPL2
	227.1



	ONERA-ESA_Arabia_PICSAND1_SPL4
	227.1



	ONERA-White_Namibia_SOSS2
	227.1



	ONERA-White_Namibia_SOSS10
	227.1



	ONERA-Bristow_Morocco_Erg_Chebbi
	227.1



	ONERA-ESA_Arabia_PICSAND1_SPL1
	254.8



	ONERA-ESA_Arabia_PICSAND1_SPL2
	254.8



	ONERA-ESA_Arabia_PICSAND1_SPL3
	254.8



	ONERA-ESA_Arabia_PICSAND1_SPL5
	254.8



	ONERA_Niger_Niamey
	254.8



	ONERA-Lau_Australia_PIN002
	285.9



	ONERA-Schaepman_Libya_Erg_Ubari
	320.8



	ONERA-Bristow_Libya_Fezzan_Fezz
	403.8



	ONERA-Lau_Australia_PIN005
	403.8
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Table 6. Characteristics of the datasets with spectro-directional measurements. The measured quantities are either BCRF or HCRF (Hemispherical Conical Reflectance Factor).
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	PI/Reference
	Country
	Site Characteristics
	Meas. Condition
	Measured Quantity
	Spectral Range (nm)
	Directional Range





	ONERA [22]
	France
	Algier/Narbonne
	laboratory
	BCRF
	520–910
	SZA [0,60]

VZA [0–90] (10° step)

VAA [0–180] (10° step)



	Cierniewski-Karnieli [23]
	Israel
	Negev desert
	laboratory
	HCRF/BCRF relative to nadir
	450, 550, 650, 850, 1650
	principal plane



	Coburn [24]
	USA
	Algodones Dunes
	in situ
	HCRF/BCRF
	400–900
	SZA [Diurnal set]

VZA [0,60] (10° step) and [0,30] (5° step)

VAA [0,360] (10° step)



	Peltoniemi [25,26]
	Finland
	beach, football, car park
	in situ
	HCRF/BCRF
	350–2500
	SZA (sun)

VZA [0°–62°]

VAA [0°–180°]



	Roosjen [27]
	Netherlands
	sand, sandy loam
	laboratory
	BCRF
	350–2499
	SZA [30]

Principal plane: VZA [0–65] (5° step); VAA [0–180] (180° step)

Other azimuth angles: VZA [0–60] (15° step); VAA [0–180] (30° step).

Additional measurements around the hotspot position.



	Sun [28]
	China
	Xianjiamu Sumu/3 grain sizes
	laboratory
	BCRF
	400–2500
	SZA [40,60]

VZA [0–60] (10° step)

VAA [180–360] (15° step)



	Zhang/Voss [29]
	USA
	sand beach + White sands
	laboratory
	BCRF
	475, 658
	SZA [0,5,15,25,35,45,55,65]; VZA [min 5–max 65] (5–15° step); VAA [min ±5–max ±180] (5–15° step)



	Zhang [30]
	China
	Dunhuang site
	in situ
	BCRF relative to nadir
	399–2386
	SZA [0,60] deg; VZA [0–70] (14° step); relative azimuth angles from 0° to 150° at steps of 30°










[image: Table] 





Table 7. Characteristics of the datasets with spectral only measurements. The measured quantities are either BCRF or DHRF (Directional Hemispherical Reflectance Factor).
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	PI/Reference
	Country
	Characteristics
	Meas. Condition
	Measured Quantity
	Spectral Domain (nm)





	ASTER [31]
	
	
	in situ
	DHRF
	400–14011



	USGS [32]
	USA
	
	in situ
	BCRF
	350–2500



	Hueni [33]
	Swiss
	sand (bright, coarse, fine, dark)
	in situ
	BCRF
	350–2500



	NPL [10]
	Namibia
	different soil colors
	in situ
	BCRF
	380–2500



	White, Bullard [34]
	USA
	Muleshoe Dunes
	in situ
	BCRF
	400–2500
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