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[1] We have measured the bidirectional reflectance of analogs of dry, wet, and frozen
Martian soils over a wide range of phase angles in the visible spectral range. All samples
were produced from two geologic samples: the standard JSC Mars-1 soil simulant and
Hawaiian basaltic sand. In a first step, experiments were conducted with the dry samples to
investigate the effects of surface texture. Comparisons with results independently obtained
by different teams with similar samples showed a satisfying reproducibility of the
photometric measurements as well as a noticeable influence of surface textures resulting
from different sample preparation procedures. In a second step, water was introduced to
produce wet and frozen samples and their photometry investigated. Optical microscope
images of the samples provided information about their microtexture. Liquid water, even in
relatively low amount, resulted in the disappearance of the backscattering peak and the
appearance of a forward-scattering peak whose intensity increases with the amount of water.
Specular reflections only appeared when water was present in an amount large enough to
allow water to form a film at the surface of the sample. Icy samples showed a wide
variability of photometric properties depending on the physical properties of the water ice.
We discuss the implications of these measurements in terms of the expected photometric
behavior of the Martian surface, from equatorial to circum-polar regions. In particular, we
propose some simple photometric criteria to improve the identification of wet and/or icy
soils from multiple observations under different geometries.

Citation: Pommerol, A., N. Thomas, B. Jost, P. Beck, C. Okubo, and A. S. McEwen (2013), Photometric properties of Mars
soils analogs, J. Geophys. Res. Planets, 118, 2045–2072, doi:10.1002/jgre.20158.

1. Introduction

[2] A number of space-borne passive remote-sensing
methods rely on the interaction of the solar radiation with
planetary surfaces. The relative levels of absorption and re-
flection of the solar light by the surface materials are the main
parameters investigated. The study of the spatial variability
of the surface reflectivity (imaging) reveals topographic and
some compositional information. The study of the spectral
variability of the surface reflectivity (reflectance spectros-
copy) provides compositional information. The study of the
angular variability of the reflectivity of surfaces, i.e., the
dependence of the observed reflectance to the positions of
the Sun and the instrument (observer), can also provide addi-
tional constraints on the physical state and composition of the
surface materials. Because of the complexity of the physics

of light scattering in particulate media and the need for
multiple images of each surface, this information has proba-
bly been the least commonly used in past and current remote-
sensing missions.
[3] Models have been designed to link the bidirectional

reflectance (r) of a sample to the macroscopic properties of
its surface (roughness, density) and to the microscopic
properties of its components (optical properties, size, and
shape of the grains…) [Hapke, 1993; Mishchenko et al.,
1996; Shkuratov et al., 1999]. These models can be used to in-
vert photometric measurements of planetary surfaces in order
to retrieve the modeled properties. However, because of the
large number of free parameters and the intrinsic limitations
of the models, careful verification of the accuracy of the
inversion process is necessary to acquire confidence in the
retrieved parameters. Laboratory measurements on well-
characterized samples are crucial for that purpose [e.g.,
McGuire and Hapke, 1995; Nelson et al., 2002; Shkuratov
et al., 2002; Kaasalainen, 2003; Piatek et al., 2004; Cord
et al., 2005; Gunderson et al., 2006; Shepard and Helfenstein,
2007; Pommerol and Schmitt, 2008; Hapke et al., 2009;
Souchon et al., 2011].
[4] In the particular case of Mars, the study of surface pho-

tometry is complicated by the presence of a dusty atmosphere
[Ceamanos et al., 2013]. Any measurement of the Martian
surface from orbit is thus a combination of surface and atmo-
spheric effects. The amount of suspended aerosols in the
atmosphere is highly variable, both temporally and spatially
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[Clancy et al., 2003; Vincendon et al., 2009]. In addition,
fine-grained aerosols scatter the solar light in a strongly
anisotropic way and with a strong wavelength dependence
[Clancy et al., 2003]. As a result, scattering of light by aero-
sols in the atmosphere can dominate the bidirectional signal
at various wavelengths and in different scattering geometries,
with maximal effects at shorter wavelength and around the
forward-scattering direction.
[5] However, the presence of aerosols in the atmosphere

has also promoted the use of multiangular observations
because of their potential to estimate the amount and proper-
ties of aerosols [e.g., Clancy and Lee, 1991]. The CRISM
imaging spectrometer has in particular been designed to ac-
quire systematically multiangular observations, with emis-
sion angles varying between �70° and +70° by steps of
10°, for each high-resolution scene. The inversion of such
data sets in terms of both surface and atmosphere properties
is challenging but significant progress has already been
made, paving the way to a global data set of surface phase
functions in the visible and near-infrared spectral ranges
[Ceamanos et al., 2013; Fernando et al., 2013; Vincendon,
2013]. Because they show different levels of sensitivity to
the various compositional and textural parameters, visible-
near-infrared spectroscopy and multiangular photometry
complement each other and the combination of these tech-
niques is likely to provide better constraints on important
surface parameters.
[6] Orbital determinations of the surface reflectance can be

locally tested by comparing the retrieved photometric param-
eters with observations obtained at the surface by landers and
rovers [Fernando et al., 2013]. Images obtained by the Mars
Pathfinder camera have been used to assemble phase curves
of rocks and soils at the landing site [Johnson et al., 1999].
Results show a dominantly backscattering photometric func-
tion for all observed materials and forward scattering at high
phase angle (> 140°) in the case of dark grey rock surfaces.
Extensive surveys of the photometric properties of the vari-
ous soils and rocks observed by the MERs confirm this trend
[Johnson et al., 2006a, 2006b]. Reflectance values measured
over wide ranges of phase angle (0–150°) were fitted by the
Hapke model [Hapke, 1993] to retrieve a set of Hapke param-
eters for each of these targets. Undisturbed soils and red
rocks (assumed to be coated by red dust) show a predominant
broad backscattering behavior whereas grey rock surfaces as
well as compressed soils in the wheel tracks show a more
forward-scattering behavior. Interpretation of the observed
behavior relies on both modeling and comparison with the
results of laboratory measurements on well-characterized
samples [McGuire and Hapke, 1995; Johnson et al., 2013].
[7] Good laboratory measurements of the bidirectional

reflectance distribution function (BRDF) of some plausible
Mars analogs already exist but are mostly restricted to vola-
tile-free geologic samples. Nelson et al. [2002], Shkuratov
et al. [2002], Cord et al. [2003, 2005], Georgiev and Butler
[2005], Johnson et al. [2013], Shepard and Helfenstein
[2007], Pommerol and Schmitt [2008], Souchon et al.
[2011], and Johnson et al. [2013] all measured the photomet-
ric properties of geologic samples, including some plausible
analogs for the surface of Mars, over various geometries
and wavelengths. The comparison of these results shows
significant differences of photometric behavior between
samples. The interpretation of these differences in terms of

physical parameters appears highly challenging from visible
photometry alone, in the absence of complementary informa-
tion on the sample [e.g., Shepard and Helfenstein, 2007;
Gunderson et al., 2006].
[8] Gunderson et al. [2007] investigated the case of a wet

regolith simulant. The objective of this study was to assess
the possibility of detecting liquid water in the Martian rego-
lith from orbital visible images. Liquid water was sprayed
over a sample of JSC Mars-1 while its reflectance was
measured. The reflectance was affected by the addition of
water over a wide range of phase angle and at different wave-
lengths. These results demonstrate the strong effect of liquid
water on the sample reflectance, both in terms of overall
albedo and shape of the phase function. These measurements
have recently proven to be relevant for the interpretation of
some of the most intriguing present-day processes on Mars:
dark markings appearing each year in spring and disappearing
in winter on slopes favorably exposed to sunlight, referred to
as Recurring Slope Linae (RSLs) [McEwen et al., 2011;
Chevrier and Rivera-Valentin, 2012; Levy, 2012]. The tran-
sient presence of minute amounts of salty liquid water in the
Martian regolith, considered as the most plausible hypothesis
to explain the RSLs, has also been suggested by in situ mea-
surements at the Phoenix landing site [Stillman and Grimm,
2011] and by spectral interpretations [Cull et al., 2010]
reinforcing the interest for its detectability by remote-sensing
techniques. This work is also relevant to the study of
“hypersaline wet patches” in Antarctica’s dry valleys, which
appear as dark soil patches during spring, in the absence of
snow melt. Chemical analyses of these soils [Levy et al.,
2012] show that they are enriched in hygroscopic salts as
well as in water, pointing to deliquescence of salts as the
darkening process.
[9] Extensive bidirectional reflectance measurements of

wet terrestrial sediments have been published by Zhang and
Voss [2006]. Although most of the samples and processes
used in this study have little relevance for the case of the
Martian surface, the discussion of the observed photometric
behaviors in terms of the physical mechanisms that could
explain the darkening effect is of general significance. In par-
ticular, Zhang and Voss [2006] use the measured reflectance
data to test two different physical models of wetting-induced
darkening [Twomey et al., 1986; Lekner and Dorf, 1988] and
conclude that neither of these two models can accurately
predict the photometric effects of introducing fluids in partic-
ulate media. This conclusion reinforces the need for addi-
tional theoretical and experimental studies to address this
question. One of the six samples studied by [Zhang and
Voss, 2006], described as “volcanic black beach sand from
the big Island, Hawaii (Volcanic)” is potentially relatively
similar to the Hawaiian basaltic sand used in this study.
[10] The purpose of this paper is to report extensive mea-

surements of the bidirectional reflectance functions of both
volatile-free and volatile-rich analogs of Martian soils. In
the case of dry samples, we have acquired newmeasurements
of the photometry of surfaces prepared from JSC Mars-1
soil simulant using different procedures. This material, a
Hawaiian palagonitic soil [Allen et al., 1997; Morris et al.,
2000; Hamilton et al., 2008], is without doubt the most
widely used laboratory analog for the surface of Mars. Its
reflectance properties were already measured by a number
of investigators allowing us to assess the reproducibility of
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photometric laboratory measurements using different instru-
ments and procedures. To understand the relative variability
of observed phase functions, we also prepared surfaces with
different textures, starting from the same initial material. In
addition to the JSC Mars-1 sample, we also acquired photo-
metric measurements on two particle size fractions of the more
pristine Hawaiian basaltic sand, which is probably a better
analog than palagonitic soil for the dark regions of Mars.
[11] All these samples were later wetted in order to com-

plement the work of Gunderson et al. [2007]. Samples were
measured with variable amounts of liquid water over wider
ranges of incidence, emission, and azimuth angles. We also
report for the first time on the photometry of ice-bearing an-
alogs of Martian soils. A large amount of water ice is known
to be present in the Martian surface/subsurface at depths that
strongly depend on latitude [e.g., Feldman et al., 2004; Smith
et al., 2009; Byrne et al., 2009]. Smaller quantities of seasonal
water frost have also been detected over a range of latitudes
[i.e., Vincendon et al., 2010; Pommerol et al., 2011a, 2013].
Because of the importance of the detection and quantification
of ice for the current inventory of Martian water and for the
understanding of present-day climate, we want to investigate
the possibility of detecting low amounts of ice at the surface
from visible multiangular observations.
[12] For most of the reflectance measurements presented in

this paper, we provide series of Hapke coefficients obtained by
fitting the Hapke photometric model [Hapke, 1993, 2002]
to our experimental data. The qualities and limitations of

this model and in particular the physical interpretation of
the retrieved coefficients have been extensively discussed in
the literature [e.g., Gunderson et al., 2006; Shepard and
Helfenstein, 2007; Helfenstein and Shepard, 2011; Souchon
et al., 2011; Hapke, 2012; Shkuratov et al., 2012; Hapke,
2013]. It is not an objective of this study to further test the pho-
tometric model. Hapke parameters are essentially provided
here to allow reproducing our data and facilitate the compari-
sons with other laboratory or planetary data sets, interpolating
and/or extrapolating them to nonmeasured geometries and
integrating the bidirectional reflectance values to calculate
integrated photometric properties such as physical albedos or
integral phase functions. Because the physical meaning of
these parameters is still unclear, their values will not be exten-
sively discussed in this article. We provide, however, ranges
of uncertainties for the determination of all parameters and
the classical “hockey stick” plot (see [Hapke 2012]), so that
these parameters can be analyzed in more details and com-
pared to other studies by interested readers.
[13] The PHIRE-2 (PHysikalisches Institut Radiometric

Experiment - 2) instrument, which has been used to acquire
all photometric measurements reported in this paper, as well
as the calibration procedure and estimates of uncertainties are
presented in the Methods Section together with the numerical
methods used to fit the data and retrieve the Hapke parame-
ters. The Results Section then presents the photometric mea-
surements together with microscopic images of the samples
that are invaluable for the interpretation of the observed
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Figure 1. Optical microscope pictures (6 × 5 millimeters) of the four surfaces prepared with the JSC
Mars-1 regolith simulant and for which bidirectional reflectance data were acquired with the PHIRE-2
instrument. Each of the four surfaces was prepared using a different method. (A): the sample holder was
initially overfilled and the excess of powder later removed with the edge of a steel spatula to produce a flat
surface. (B): powder was sprinkled with a sieve into the holder. (C): a surface composed of sprayed powder
was slightly compressed with a smooth and flat surface. (D): the powder was distributed horizontally by
shaking the sample holder in a circular manner.
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photometric behavior. The implications of the results for
analyses of the state and composition of the Martian surface
by optical remote sensing are the subject of the Discussion
Section. The main results are finally summarized in the
Conclusion Section where potential perspectives for future
studies are also discussed.

2. Samples and Methods

2.1. Samples

2.1.1. Nature of Geologic Samples
[14] Two types of geologic samples were used in this

study: the JSC Mars-1 regolith simulant [Allen et al., 1997;
Morris et al., 2000; Hamilton et al., 2008] and a Hawaiian
basaltic sand sample.
[15] JSC Mars-1: The JSC Mars-1 sample is a common

analog for Mars surface distributed by the NASA Johnson
Space Center. It consists of the< 1mm size fraction of a soil
collected on the Pu’uNene Cinder cone in Hawaii [Allen et al.,
1997] and is described as a palagonitic tephra [Morris et al.,
2000; Hamilton et al., 2008]. This natural terrestrial material
closely matches the visible and near-infrared reflectance of
the bright regions of Mars. Close-up views of four surfaces
prepared using this material are shown in Figure 1. The chem-
ical composition of JSCMars-1 shares properties with the one
measured at the Viking-1 landing site. In addition to its intrin-
sic qualities as a Mars soil analog, a strong advantage of this
material is that large quantities were made available to the
community, which led to the acquisition of comparable or
complementary measurements in different facilities. It is there-
fore a good sample to check for the reproducibility and consis-
tency of measurements.
[16] Hawaii Basalt: Whereas JSC Mars-1 is a good photo-

metric and spectral analog for intermediate to high albedo red
regions of Mars, many other regions of Mars show a much

lower albedo and a dark grey color. This is in particular the
case of terrains where RSLs are observed and the North polar
erg where Phoenix landed. Infrared spectral analyses of
Martian dark terrains [Bandfield, 2002; Poulet et al., 2007]
indicate a basaltic composition. As plausible analog for the
low-albedo regions, we have thus acquired photometric mea-
surements on a more pristine basaltic sample. The sample of
basalt used in this study has been collected from active dunes
in the Ka’u Desert region along the southwest flank of Kīlauea
volcano, Hawai’i by C. Okubo. It is a mixture of tephra and
basalt that has been eroded and transported by fluvial and
eolian processes. The sand was dry sieved to separate two
particle size fractions: less than 109μm (“fine fraction”) and
between 109μm and 1mm (“coarse fraction”). Figure 2 shows
optical microscope pictures of grains from the two particle size
fractions (Figures 2B and 2D) as well as smooth surfaces
prepared with these particles (Figures 2A and 2C) by slightly
compacting sprayed powder with a flat Teflon surface. Despite
the fact that the sample was sieved dry, visual inspection under
the microscope did not reveal the presence of fine particles
clinging to the surfaces of larger ones.
2.1.2. Preparation of Dry Samples
[17] In order to measure their photometric properties, a few

grams to tens of grams of the sample powder were placed in
round sample holders. We have developed different proce-
dures that can result in significant differences in the surface
texture of the resulting samples. Optical microscope pictures
(Figure 1) show the surfaces of four samples prepared from
the same JSCMars-1 powder using four different preparation
procedures. Sample (A) was produced by overfilling the
sample holder, then removing the excess of material with
the edge of a steel spatula; sample (B) by sprinkling powder
directly into the sample holder with a sieve; sample (C)
by flattening the sprayed powder, slightly compressing it
with a smooth Teflon surface. Sample (D) was produced by

2 mm

2 mm

500 µm

500 µm

A

C

B

D

Figure 2. Optical microscope pictures (6 × 5 millimeters) of the two size fractions of Hawaiian basaltic
sand used in this work: fine (sieved< 109μm, pictures A and B) and coarse (109μm–1mm, pictures
C and D). Pictures A (fine: <109μm) and C (coarse: 109μm–1mm) on the left show the surfaces of the
samples from which the photometric measurements were acquired while pictures B (fine) and D (coarse)
on the right show the individual grains observed in transmission mode.
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depositing a large amount of material in the center of the
sample holder, then spraying it horizontally by shaking the
sample holder in a circular manner. This last preparation pro-
cedure results in a strong radial segregation of the grains of
different sizes. As is clearly visible in Figure 1D, the center
of the sample holder from which the photometric measure-
ments were acquired is occupied by the largest grains. In a
similar manner, two types of surfaces were prepared with
each particle size fraction of the basaltic sand. We prepared
“sprinkled” surfaces using the same procedure as the one
described to produce surface type B with the JSC Mars-1 and
“smooth” surfaces similar to surface type C for JSC Mars-1.
2.1.3. Preparation of Wet Samples
[18] We used the same technique as Gunderson et al.

[2007] to wet the samples. Water was added to the dry sam-
ple by spraying an aerosol of very fine droplets over its sur-
face. Before and after each addition of water, the total mass
of the sample was accurately measured to determine its bulk
water content. Most of the time, this bulk value is of little im-
portance for the photometric measurements presented below.
Because of the slow diffusion of liquid water from top to bot-
tom in the samples and constant drying at the surface, vertical
gradients in the sample are likely to result in different values
of water content at the surface (which influences the photom-
etry) and at depth. Optical microscope pictures, taken at each
step shortly before and after the photometric measurements,
provide more relevant, albeit purely qualitative, information
on the surface of the sample and the state of water.
[19] We have conducted a single long-term drying experi-

ment in which a sample of JSCMars-1 was initially saturated
in liquid water and then left to dry while photometric
measurements were regularly acquired. The sample was also
regularly moved from the photo-goniometer to the optical
microscope to acquire pictures of its surface. This experiment
was conducted until the sample completely dried out, after
several weeks, in order to compare the initial and final
dry states.
[20] In order to test the effect of brine crystallization on the

photometric properties of the dried samples, we have also
wetted a basalt sample with water in which sodium chloride
had previously been dissolved until saturation. The sample
was then left to dry until all liquid water had completely
evaporated resulting in the formation of a crust of salt at the
surface. Microscope pictures and bidirectional reflectance
data of this surface were then acquired.
[21] For all the wetting and drying experiments described

here, the initial dry material was prepared by spraying pow-
der into the sample holder with a sieve, which corresponds
to surface B for the JSC Mars-1 material (Figure 1) and to
the surfaces referred to as “sprinkled” for the coarse and fine
basalt samples.
2.1.4. Preparation of Icy Samples
[22] Several procedures were tested to produce different

types of “icy” samples. First, wet samples produced according
to the procedure detailed in section 2.2.3 were placed in a
freezer at a temperature of 243K. This systematically resulted
in the formation of a matrix of ice around the grains in the bulk
of the sample whereas the upper parts of the grains at the
surface of the sample remained completely free of ice.
Pictures of one of the samples prepared in such a way (“frozen
A”), as well as other icy samples described in the following
paragraphs, are presented in the Result Section, together with

the corresponding photometric measurements. The thickness
of the desiccated upper layer was variable, depending on the
initial amount of water and the nature of the geologic sample.
[23] In order to cover completely the surface of the samples

with ice, liquid water was sprayed onto the icy samples. The
immediate freezing of the water at the contact with the cold
grains results in the formation of a continuous, conformal,
and transparent thin film of water ice over the surface. By
spraying the liquid water with different durations, one can
easily vary the thickness of the ice film. Sample “frozen B”
was prepared in order to obtain a very thin ice film on
top of the grains. Sample “frozen C” was prepared in order
to obtain a much thicker film of water ice that fills the
gaps between grains and thus hides the topography of the
underlying surface.
[24] Finally, in order to test the influence of frost deposi-

tion on the grains, icy samples previously stored at 243K
in the freezer were exposed for a few minutes to the ambient
laboratory atmosphere while their surface was continuously
observed under the microscope. Large amounts of frost
condense over the grains by cold trapping of the ambient
water vapor. The sample was then carefully transported to
the photo-goniometer where photometric measurements
were conducted. In the dry atmosphere of the freezer and at
a constant temperature of 253K, the surface frost was
observed to steadily sublime, allowing us to study the tempo-
ral evolution of photometry induced by the disappearance
of frost. Because the sublimation of ice was taking place
rapidly, we limited the number of different geometries mea-
sured to increase the temporal resolution. In this configuration,
the entire sequence of measurements could be repeated every
3min.

2.2. Reflectance Measurements

2.2.1. Instrument
[25] All the new measurements reported here have been

acquired with the PHIRE-2 instrument at the University of
Bern, a photo-goniometer installed in a large freezer and
designed to operate within +/� 35K of freezing point. A com-
plete description of this instrument is provided by Pommerol
et al. [2011b]. Only the information that is fully relevant for
this work is provided in the following paragraphs.
[26] The PHIRE-2 instrument permits the measurement of

the photometric properties of cm-sized samples in separated
broad wavelength bands in the visible and near-infrared spec-
tral range (400–1100 nm). At the time when these measure-
ments were obtained, the instrument was equipped with six
band-pass filters with central wavelengths at 450, 550, 650,
750, 905, and 1064 nm. The Full Width Half Maximum
(FWHM) bandwidth was 70 nm for the first four filters and
10 nm for the last two (905 and 1064 nm).
[27] The incident light onto the sample is a collimated

beam with a diameter of 20mm. The length of the illumi-
nated area on the sample varies proportionally to the cosine
of the incidence angle. The size of the sample is thus limiting
the maximum achievable incidence angle. The sample
holders used for most of the measurements reported here
were plastic Petri dishes, 10mm thick and 100mm diameter.
Using such sample holders, the maximum achievable inci-
dence angle is 70°. By design of the instrument, reflectance
measurements are also restricted to phase angles larger
than 5°. The field of view of the detector is set so that it
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encompasses the entire illuminated area of the sample. The
angular field of view of the detector corresponding to this
illuminated area, which defines the angular resolution of the
system, depends on the incidence, emission, and azimuth
angles. For the sets of geometries used in this paper (see
section 2.2.4), the full solid angle varies between 0.5° and
6° and thus only rarely and very slightly exceeds the finest
angular sampling used during measurements (5°).
2.2.2. Calibration
[28] We calibrate all measurements by normalizing the raw

voltage signals to a single reflectance measurement of the ref-
erence surface Spectralon (Labsphere) obtained at a vertical
incidence: i = 0° and emission: e = 55°. This calibration pro-
cedure was first described by Gunderson et al. [2007] and
has already proven its robustness by comparison with similar
measurements performed on other facilities [Pommerol et al.,
2011b]. Using this method, the reflectance data are calibrated
in units of bidirectional reflectance (r) and can then be
converted in units of radiance factor (RADF), bidirectional
reflectance distribution function (BRDF) or reflectance factor
(REEF) using equations 10.1, 10.3, and 10.5 in Hapke
[1993]. All measured and calculated values of reflectance
presented in this article are in units of “reflectance factor”
(REFF), the ratio between the actual reflectance of the sample
measured in a particular geometry and the one of a hypothetical
perfect Lambertian diffuser measured in the same geometry.
In this unit, a prefect Lambertian diffuser would have a reflec-
tance factor of one in any geometry. The reflectance factor
(REFF) is related to the bidirectional reflectance (r) by the
relation: REFF= r * π / cos i, to the bidirectional reflectance
distribution function (BRDF) by the relation: REFF=BRDF
* π, and to the radiance factor (RADF) by the relation:
REFF=RADF / cos i.
[29] The surface of the samples, despite careful preparation

procedures, can never be made perfectly flat and horizontal.
In practice, sample preparation often results in surface tilts
of a few tenths of a degree and up to 1° or 2° in some extreme
cases. Because the calibration procedure involves divisions
of raw values by the cosines of the incidence and emission
angles, small errors in the determination of the angles (which
are defined relative to the local normal to the surface) will
have a nonnegligible effect at high incidence and emission
angles. We have thus developed a method to correct at first
order the effects of sample tilt. We assume that the surface
of the sample is flat but tilted relative to the horizontal plane.
The orientation of the surface can be described by two tilt an-
gles, one in the principal plane (i.e., vertical plane containing
the incidence direction, azimuth = 0° and 180°) and one in the
perpendicular plane (azimuth = 90° and 270°), which result
from the projection of the total surface tilt vector on these
two planes. These two angles can be accurately determined
from measurements performed at vertical incidence for
multiple emission (30 to 80°) and azimuth (0, 90, and 180°)
angles. For a vertical incidence, the values of reflectance
factor should display a radial geometry around the vertical
and any observed discrepancy to this symmetry is assumed
to originate from the sample tilt. The tilt in the principal
plane is determined from the comparison of the reflectance
values measured for azimuth = 0° and 180°, respectively,
by searching the optimal angle to correct the dissymmetry.
The same procedure is then repeated in the perpendicular
plane, by comparing the values of reflectance obtained for

azimuth = 90° with values obtained for azimuth = 0°. Once
both the principal plane and the perpendicular plane tilts have
been determined, the entire coordinate system can be rotated
by the determined rotation vector and the reflectance factor
values recalculated using the corrected values of incidence
and emission angles.
2.2.3. Measurements Uncertainties
[30] The stability, repeatability, and signal to noise ratio of

the instrument were carefully characterized and allowed us to
derive relative uncertainties of ± 2 % on the measured reflec-
tance values, maximal at high emission angle due to slight
mechanical imperfections and optical misalignments (see
[Jost et al., 2013], for more details). This high stability results
from a series of technical improvements, which significantly
improved the performance of the instrument since the first
measurements were acquired [Pommerol et al., 2011b]. In
addition to instrumental characterizations, we can assess the
accuracy of the measurements from the data themselves, by
comparing the reflectance of couples of points corresponding
to alternate positions of the light source and the detector.
Because the values of reflectance in these two positions
should by definition be identical: REFF(i,e,g) =REFF(e,i,g)
(“Reciprocity principle”, equation 10.9b in [Hapke 1993]),
these comparisons offer a robust way to evaluate the errors
resulting from a number of different sources, including ins-
trumental errors and the effects of the spatial inhomogeneity
of the sample. We typically observe standard deviations
between 1 and 2% (depending on the sample texture), in
good agreement with independent estimates of instrumental
accuracy. A 1-σ relative error of 2% is thus considered for
all data presented in this paper.
2.2.4. Data Sets and Data Display
[31] We have measured the reflectance factors of all sam-

ples at incidence angles of 0° and 30°. Depending on the
sample, additional measurements were obtained at various
incidence angles between 10° and 70°. For each incidence
angle, reflectance was measured for emission angles varying
between 0° and 80° in steps of 5° and for azimuth angles
varying between 0° and 165° in steps of 15°. This represents
a total of 192 data points in one half of the upper hemisphere
for each incidence angle. This set of 192 points in spherical
coordinates is then linearly interpolated to Cartesian coordi-
nates on a regular 180 × 90 pixels matrix using Delaunay trian-
gulation. For reasons of symmetry, the other half-hemisphere
can be obtained by mirroring the measured half-hemisphere
relative to the principal plane. The entire sequence of mea-
surements was then repeated for each of the different band-
pass filters.
[32] Most of the reflectance data in the Results Section are

presented in the form of color-coded polar plots. Each of
these plots displays the values of reflectance factor as a func-
tion of emission and azimuth angles, for a fixed incidence
angle, following a rainbow color scale shown on the left.
We systematically use here a double colorbar to easily visu-
alize both the absolute level of reflectance of the sample (left
colorbar, fixed scale from 0 to 1) and the relative variations
of reflectance inside a single plot (right colorbar, stretched
between the minimum and maximum values of reflectance
displayed in the polar plot). Faint dashed circles are iso-lines
of emission angle, from 0° at the center, to 90° on the external
circle. The direction of incident light is always on the
right side of the diagrams, and apparent as a white “hole”
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corresponding to the area where measurements are not possi-
ble with the setup used (i.e., phase angles lower than 5°). The
principal plane is the median horizontal line which separates
the plot in two vertically mirrored half-disks.
[33] The measurement of each of the reflectance factor data

sets represented in the polar plots lasts about 20min. This
duration has to be multiplied by the number of desired
incidence angles and by the number of desired wavelengths.
Thus, the measurement of a typical complete data set (three
different incidence angles, six different wavelengths) lasts
about 6 h. While this is acceptable for stable samples, it can
become problematic for samples that evolve with time such
as wet and frozen soils. In cases of fast evolving samples,
we have either restricted our measurements to the principal
plane (azimuth = 0°) or have only acquired measurements at
one given incidence angle (i = 30°) and with a single filter
(λ = 650 nm). In the former case, results are represented as
classical 2D plots, where reflectance factor is plotted as a
function of emission angle for a fixed incidence angle. This
way of representing data was also adopted for the compari-
son of measurements of JSC Mars-1 samples on different
instruments, as data out of the principal plane were not avail-
able in all data sets.

2.3. Data Fitting

[34] The Hapke model [Hapke, 1993, 2002] is certainly the
most used photometric model in the planetary remote-sensing
community. It relates the optical properties of individual parti-
cles (single scattering albedo and single scattering phase func-
tion) to the bidirectional reflectance of a surface composed of
these particles by modeling the scattering of light between the
particles and the influence of macroscopic surface parameters
such as surface roughness or density.
[35] Various versions of this model have been published,

which differ by the level of accuracy of analytical approxima-
tions to complex physical processes and the use of empirical
functions to represent photometric behaviors observed exper-
imentally. The simplest version [Hapke, 1993] is known
as Isotropic Multiple Scattering Approximation (IMSA) in
which only the first scattering is considered anisotropic
whereas multiple scattering of light between grains is treated
as isotropic. The 2002 version of the model [Hapke,
2002] allows calculating anisotropic multiple scattering, an
improvement thought to be necessary to analyze the reflec-
tance of bright surfaces composed of anisotropic scatterers
such as icy surfaces. Another difference between various
versions of the model is the analytic approximation of the
Ambartsumian–Chandrasekhar H-functions, which impacts
both the accuracy of the model and the calculation time. We
have extensively tested the different formulations of the
Hapke model when fitting the model to our experimental
data. We concluded that the assumption of isotropic multiple
scattering is perfectly appropriate in the case of our geologic
samples as no difference could be observed in modeled
reflectance curves when considering or not the multiple scat-
tering as anisotropic. This result is expected for samples with
a low single scattering albedo. Similarly, we observed that the
definition of the H function had a negligible impact on the
results. Because the increase in calculation time induced by
the choice of the most accurate approximation ([Hapke,
2002]) was not significant, we decided to always use this
version for data fitting.

[36] The scattering of light by individual particles is param-
eterized by the single scattering albedo, ω, and an empirical
single particle scattering function, which describes the phase
dependence of the scattering by isolated particles. Henyey-
Greenstein (HG) functions [Henyey and Greenstein, 1941]
are traditionally used for that purpose. These functions can
use one, two, or three independent parameters to describe the
forward to backward scattering ratio and the width of the scat-
tering lobes. Note that different versions of the HG functions
with confusing naming of the parameters can be found in the
literature. Here, we follow the definitions of Hapke [2012]
for the two-term HG function:

p gð Þ ¼ 1þ cð Þ=2* 1-b2
� �

= 1-2*b*cos gþ b2
� �3=2

þ 1-cð Þ=2* 1-b2
� �

= 1þ 2*b*cos gþ b2
� �3=2

(1)

where g is the phase angle, b is the shape parameter that
describes the width of the scattering lobes, and c is the backscat-
tering parameter. The first term in equation 1 describes the
backscattering lobe and the second term the forward-scattering
lobe. The particle is mostly backscattering when c> 0 and
mostly forward scattering when c< 0. For data fitted using a
two-term HG function, it seems that the b and c parameters
are strongly correlated. The empirical relationship between these
two parameters is described by Hapke [2012] as the “Hockey-
stick relationship” and possible physical causes are proposed.
[37] After experimenting with different versions of the

Henyey-Greenstein functions, we have decided to only pro-
vide one set of parameters using a two-term HG function.
The use of a three-term HG sometimes resulted in better
fits in terms of the final difference between data and model
but at the price of having most parameters completely un-
constrained. The use of a one-term HG function resulted in
a significantly degraded quality of the fits.
[38] Note also that the Hapke model is not relevant for

some of the samples presented in this paper, as the inclusion
of a fluid (water) or a solid matrix (ice) between particles
violates one of the fundamental hypotheses of the model,
which is that the scatterers behave as independent individual
particles. In some cases, it is still possible to fit the data
accurately enough (i.e., the model correctly reproduces the
general trends observed on measured data) and the values
of Hapke parameters are thus reported (wet samples with low
to intermediate amounts of water). In other cases (presence
of a specular peak in particular), the data simply cannot be
fitted by the Hapke model and no parameters are reported.
[39] One of the Hapke parameters defining the amplitude

of the opposition effect, the parameter Bs, is theoretically
limited to a maximum value of 1. However, some authors
decided to leave it free, as it provides better fits to data (for
example [Gunderson et al., 2007]) whereas other authors
did not notice significant improvement when leaving it free
to reach values higher than 1 (for examples [Johnson et al.,
2013]) and argue that keeping it limited to 1 results in better
constrained sets of Hapke parameters. This was also the case
for most of our samples, except the powders covered by fine
water frost for which the curves are only fitted correctly by
the Hapke model when leaving Bs free to reach values as high
as 5. We have thus decided to limit Bs to 1 for all dry and wet
samples and left it free to reach higher values for samples
covered with H2O frost.
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[40] Fitting the Hapke photometric model to large experi-
mental data sets becomes computationally challenging as
the angular sampling and ranges increase in the three dimen-
sions of the spherical coordinates system. While a variety of
fitting techniques has already been employed in previous
studies [Helfenstein and Shepard, 2011; Cord et al., 2003;
Gunderson et al., 2006; Johnson et al., 2006a, 2006b], we
have decided, after experimenting with various algorithms,
to use another fitting method combining the Particle Swarm
Optimization (PSO) technique [Kennedy and Eberhard, 2001]
with the Levenberg-Marquart (LM) [Marquardt, 1963; Moré,
1978, Markwardt, 2009] algorithm. These two methods have
indeed complementary advantages that make their joint use
for photometric data fitting particularly efficient. The PSO
technique has the advantage of being able to find a solution
for the problem without any initial guess on the parameters
while the LM algorithm can quickly refine the approximate

solution found by the PSO to provide the final set of para-
meters. The optimal solution for a data set containing two thou-
sands reflectance values can typically be found in a few seconds
with this technique. The goodness of fit is classically expressed
by the total and reduced chi-square, χ2 and χ2red, respectively:

χred
2 ¼ 1

ν
χ2 ¼ 1

ν
∑
N

Measure�Modelð Þ
σ2

2

(2)

[41] Where σ is the standard deviation of the measurements
and ν is the degree of freedom of the problem, equal to the
difference between the number of points measured and the
number of parameters fitted. A value of χ2red = 1 indicates
the best possible fit (i.e., the difference between the data
and the best fit is consistent with the measurement error).
Values of χ2red larger than 1 indicate discrepancies between

Figure 3. Reflectance factors (symbols) in the principal plane measured for seven different samples
prepared with the JSC Mars-1 regolith simulant, with four different instruments. Left column: comparison
of reflectance data measured with the PHIRE-2 (Bern, this work), BUG (Bloomsburg, Shepard and
Helfenstein, [2007]; Johnson et al. [2013]), Goddard (Washington, Georgiev and Butler [2005]), and
IPAG (Grenoble, Brissaud et al. [2004], this work). All measurements were acquired in the wavelength
range: 650 – 680 nm. Right column: comparison of reflectance data of samples prepared in four different
ways, all measured with the PHIRE-2 instrument. Top row: incidence: i = 0°, middle row: i = 30°, bottom
row: i = 60°. The solid curves are calculated from the Hapke coefficients (provided in Tables 1 and 2)
obtained by fitting the Hapke photometric model to the measured data.
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the model and the data whereas values of χ2red lower than 1
indicate an overfitting of the data by the model.
[42] It is well known that many parameters of the Hapke

model are correlated. As a result, the measure of the good-
ness of the fit cannot be simply used to retrieve ranges of
uncertainties for Hapke parameters. Various techniques have
been used to estimate these ranges of uncertainties, some-
times leading to contrasted results [Gunderson et al., 2006;
Johnson et al., 2006a, 2006b; Shepard and Helfenstein,
2007]. We follow here the method proposed by Gunderson
et al. [2006], where all parameters are successively shifted
from their optimal values and other parameters left free to
compensate the perturbation to provide a new set of Hapke
parameters and a corresponding new χ2. Then, for each para-
meter, a range of uncertainty is defined as the range where
solutions could be found with a χ2 smaller than the χ2 for the
optimal solution plus a confidence threshold: χ2 < χ2best +Δχ2.
The 1-σ confidence threshold for the Hapke model with six
free parameters is calculated by [Gunderson et al., 2007]:
Δχ2 =7.034.

3. Results

3.1. Volatile-Free Analogs

[43] The JSC Mars-1 regolith simulant is the most widely
used analog for Martian soils. Prior to this study, photometric
and spectral properties of this material were reported by differ-
ent teams using different instruments. The direct comparison
of four of these data sets (Figure 3) provides invaluable in-
sights into the reproducibility of photometric measurements.
The three left plots in Figure 3 show measurements obtained
at Bloomsburg University with the Bloomsburg University
Goniometer (BUG) instrument [Shepard and Helfenstein,
2007; Johnson et al., 2013] and archived on the PDS (http://
pds-geosciences.wustl.edu/missions/labdata/marsbug.htm),
at NASA Goddard Center [Georgiev and Butler, 2005], at
Institut de Planétologie et d’Astrophysique de Grenoble (IPAG)
with the spectro-radio-goniometer [Brissaud et al., 2004], and
at Bern University with the PHIRE-2 instrument [Pommerol
et al., 2011b]. In addition, the JSC Mars-1 sample measured
with the PHIRE-2 instrument was also measured in the ex-
act same conditions with the PHIRE instrument [Gunderson
et al., 2006] and both measurements gave nearly indistinguish-
able results, as previously reported by Pommerol et al. [2011b].

Note that all measurements compared here were performed
on the unprocessed <1 mm diameter fraction, as distributed
by NASA JSC, whereas measurements of different size frac-
tions have also been published (<45 microns in [Johnson
et al., 2013]).
[44] The wavelength ranges at which these measurements

were obtained are slightly different: 650 nm (FWHM:
70 nm) for measurements in Bern, 680 nm (FWHM: 10 nm
for measurements in Grenoble, 650 nm (FWHM: 12 nm) for
measurements in Goddard, and 670 nm (FWHM: 50 nm for
measurements in Bloomsburg). These differences of wave-
length ranges can result in minor vertical shifts of the curves
but are unlikely to affect their shapes.
[45] The consistency between the photometric data obtained

by four different teams using five different instruments and
four different procedures for sample preparation is satisfac-
tory, with maximum discrepancies of the order of 10–15%
and very similar general trends. All measured data are also
satisfactorily fitted by the Hapke photometric model [Hapke,
1993;2002] and the resulting Hapke coefficients are presented
in Table 1. As already noted in previous studies, the JSC
Mars-1 soil simulant scatters light anisotropically with a max-
imum of reflectance at low phase angle (backscattering peak).
There is more than a factor of two between the values of
reflectance factor measured at phase angles of 5° and 80° at
the incidence angle i = 60°. Contrary to many other geologic
samples, the JSC Mars-1 only shows a very limited increase
of reflectance at phase angle> 100° (forward-scattering peak).
The behavior of the curves in this region is one of the main
sources of discrepancies between the measurements acquired
with the four different instruments.
[46] The surface texture of the measured samples (rough-

ness, compression, alignment of the grains…) is known to
significantly affect their photometry [Hapke, 1993]. In order
to assess the possible origin of the differences observed
between measurements in Bloomsburg, Goddard, Grenoble,
and Bern, we have measured with the PHIRE-2 instrument
the photometry of four samples prepared from the same ini-
tial material but with four different preparation procedures
(see Figure 1 and section 2.2).
[47] The three plots on the right of Figure 3 and the plots in

Figure 4 show comparisons of the photometric properties
measured for each of these four surfaces. While data plotted
in Figure 3 are restricted to the principal plane to facilitate

Table 1. Hapke Parameters Calculated From PHIRE-2 Reflectance Measurements of the Four Surfaces Prepared With the JSC Mars-1
Sample, Performed at the Wavelength: 650 nm (Figures 3 and 4)a

ω hs Bs θ (°) b c χ2red

JSC Mars-1, Surface A 0.526 0.083 1.0 13.3 0.187 0.273 1.4
(0.52, 0.53) (0.07, 0.10) (>0.95) (13, 14) (0.18, 0.19) (0.23, 0.31)

JSC Mars-1, Surface B 0.549 0.056 0.921 16.3 0.179 0.806 2.0
(0.54, 0.55) (0.04, 0.08) (>0.83) (16, 17) (0.17, 0.19) (0.76, 0.86)

JSC Mars-1, Surface C 0.603 0.043 0.936 14.1 0.189 0.452 1.9
(0.60, 0.61) (0.04, 0.06) (>0.80) (14, 15) (0.18, 0.19) (0.41, 0.49)

JSC Mars-1, Surface D 0.499 0.071 0.962 17.4 0.167 1.282 2.6
(0.49, 0.50) (0.05, 0.10) (>0.89) (17, 18) (0.15, 0.18) (1.21, 1.38)

aThe parameters were retrieved by fitting the isotropic multiple scattering version of the Hapke model to data using a two-terms Henyey-Greenstein
function. ω is the single scattering albedo. hs and Bs the width and intensity of the shadow hiding opposition effect (SHOE), respectively. θ is the mean slope
angle (in degrees) that defines the macroscopic roughness of the sample. b and c are the two Henyey Greenstein parameters that define the shape of the single
particle scattering function. See Hapke [1993] for additional descriptions of these parameters. Ranges of uncertainty on the determination of each parameter
are provided below the best fit values, with a resolution of 0.01 for all dimensionless parameters and a resolution of 1° forθ. The methods used to determine the
best fit values and the ranges of uncertainty are described in section 2.3.
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Surface A

Surface B

Surface C

Surface D

Figure 4. Left: reflectance factors measured with PHIRE-2 at a fixed wavelength: λ = 650 nm for the
four different surfaces prepared with the JSC Mars-1 regolith simulant shown in Figure 1. Each of these
plots displays the values of reflectance factor as a function of emission and azimuth angles, for a fixed
incidence angle (i = 30°), following a rainbow color scale shown on the left. A double-colorbar is used
to easily visualize both the absolute level of reflectance of the sample (left colorbar, fixed scale from
0 to 1) and the relative variations of reflectance inside a single plot (right colorbar, stretched between
the minimum and maximum values of reflectance displayed in the polar plot). Faint dashed circles are
iso-lines of emission angle, from 0° at the center, to 90° on the external circle. The direction of incident
light is always on the right side of the diagrams, and apparent as a white “hole” corresponding to the
area where measurements are not possible with the setup used (i.e., phase angles lower than 5°). The
principal plane is the median horizontal line which separates the plot in two vertically mirrored half-
disks. Right: corresponding reflectance values calculated from the Hapke coefficients obtained by fitting
the Hapke photometric model to the measured data (provided in Table 1). Whereas data were only
measured for emission angles between 5 and 80°, values can be calculated from the Hapke coefficients
for any value of incidence, emission, and azimuth angle and complete (e = 0–90°) surfaces of reflectance
factors are displayed.
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the quantitative comparison with data measured on the other
instruments, Figure 4 also presents measurements obtained
out of the principal plane, for a fixed incidence angle: i = 30°
and a fixed wavelength: λ =650 nm. Differences observed
between samples A, B, C, and D (Figure 3, right column)
are larger than between the four measurements obtained on
different instruments (Figure 3, left column). It is striking that
samples A and C on the one hand and B and D on the other
hand show similar evolutions of the reflectance factor as a
function of measurement geometry. However, there is a signif-
icant overall shift between values measured for samples A and
C. Both samples A and C are smooth whereas samples B and
D show significant roughness at the scale of the individual
grain size. Smooth samples (A, C) show more pronounced
increases of reflectance when the phase angle increases than
rougher samples (B, D). We also note that the contrast in over-
all reflectance factor between the samples is more significant
at low incidence angle (i = 0°, i = 30°) than at higher incidence
(i = 60°). Tables 1 and 2 provide sets of Hapke parameters
that allow reproducing all reflectance curves and surfaces
displayed in Figures 3 and 4.

[48] If the JSC Mars-1 sample can be considered as a good
analog for intermediate to high albedo red regions of Mars,
many other regions show a much lower albedo and a
dark grey color that, together with complementary spectral
data sets [Bandfield, 2002; Poulet et al., 2007], indicate a ba-
saltic composition. As plausible analogs for the low-albedo
regions, we have acquired photometric measurements on
a more pristine basaltic sample, sorted in two different clas-
ses of particle size: 0–109μm (“fine”) and 109–1000μm
(“coarse”). Surfaces made out of these samples and individ-
ual grains for both size fractions are shown in Figure 2. The
most notable difference when compared to the particles of
JSCMars-1 (Figure 1) is that many of the individual particles
of the basalt sample appear relatively transparent when
observed under the microscope whereas the particles of
JSC Mars-1 appear opaque. This results in significant dif-
ferences in the way the materials scatter visible light. In
particular, Figure 5 shows that in addition to a pronounced
backscattering peak, basalt samples also show a strong for-
ward scattering. As a consequence and contrary to the JSC
Mars-1 sample, the maximum of reflectance is observed in

Table 2. Same as Table 1 for Dry JSC Mars-1 Samples Measured on the BUG, Goddard, and IPAG Instruments (Figure 3)a

ω hs Bs θ (°) b c χ2red

BUG 0.593 0.017 1.0 17.8 0.274 0.131 1.2
(670 nm) (0.59, 0.60) (0.01, 0.02) (>0.77) (17, 18) (0.26, 0.28) (0.08, 0.19)
Goddard 0.542 0.062 0.932 12.1 0.168 1.109 1.3
(650 nm) (0.52, 0.55) (0.04, 0.21) (>0.71) (<15) (0.12, 0.19) (>0.93)
IPAG 0.611 0.044 1.000 16.2 0.215 0.283 0.9
(680 nm) (0.57, 0.63) (0.01, 0.34) (>0.17) (12, 20) (0.13, 0.28) (�0.02, 0.66)

aThe wavelength ranges at which these measurements were obtained are slightly different: 670 nm (FWHM: 50 nm) for measurements in Bloomsburg
(BUG), 650 nm (FWHM: 12 nm) for measurements in Goddard, and 680 nm (FWHM: 10 nm) for measurements in Grenoble. Measurements in Bern
(PHIRE-2) for which Hapke parameters are reported in other tables were performed at a central wavelength of 650 nm (FWHM: 70 nm). These differences
of wavelength ranges can result in minor vertical shifts of the curves but are unlikely to affect their shapes.

a) Coarse, smooth b) Coarse, sprinkled

c) Fine, smooth d) Fine, sprinkled

Figure 5. Comparison of the bidirectional reflectance factors of smooth (left column) and sprinkled (right
column) surfaces prepared from (top row) coarse and (bottom row) fine fractions of the Hawaiian basaltic
sand. All reflectance factors presented here weremeasured at a fixed incidence angle: i = 30° and a fixed wave-
length: λ =650 nm. See Figure 4 caption for additional explanations on how reflectance data are represented.
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the forward-scattering direction for basalt samples. The
microtexture of the samples also appears very different.
Whereas the basalt grains appear “clean” under the micro-
scope, large grains of JSC Mars-1 sometimes seem to be
covered by a material with finer grains and different color
(Figure 1). It is thus probable that the size distribution of
scatterrers in JSC Mars-1 is shifted toward smaller scales
compared to basaltic samples.
[49] We also note that the effects of particle size and sur-

face texture (smooth versus sprinkled, see section 2.2.2) are
very limited, consisting mostly in a general shift of the
reflectance values by about 15% and contrasting with the
behavior of JSC Mars-1 from which strong effects of the
size of the particles and surface texture were observed.
The transparency of the individual grains seems to be the
prime parameter to explain the difference of observed
behaviors between basalt samples and JSC Mars-1.
Table 3 provides sets of Hapke parameters that allow re-
producing all reflectance curves and surfaces displayed
in Figure 5.
[50] Comparisons of reflectance measurements at differ-

ent wavelengths reveal that the phase functions of all dry
samples show a spectral dependence. Figure 6 illustrates
this wavelength dependence by showing how spectral
ratios calculated between near-infrared (905 and 750 for
JSC Mars-1 and basalt, respectively) and short visible
(450 nm) wavelengths vary with phase angle. The choice
of a different wavelength (750 or 905 nm) for the near-
infrared reflectance point was dictated by the observed
difference in the spectra of the two samples, as the red
slope extends further toward longer wavelength for JSC
Mars-1 than for basalts.
[51] For all samples, the near-infrared / visible spectral

ratios increase with phase angle up to about 80°. This be-
havior, observed for a variety of samples in the laboratory
and a majority of rocky planetary surfaces, is known as
phase reddening [e.g., Schroder et al., 2011, Beck et al.,
2012; Hapke et al., 2012; Johnson et al., 2013]. At higher
values of phase angle, the spectral ratio decreases for all
JSC Mars-1 surfaces as well as the fine basalt surface but
continues to increase for the coarse basalt surface. Similar
behaviors were reported by Johnson et al. [2013] for sur-
faces prepared from JSCMars-1 and surfaces prepared from
analogs for lunar surfaces composed of crushed basalt. The
same difference of behavior as the one reported here
between the coarse and fine fractions of the Hawaii basalt
is observed between the coarse (JSC-1 and JSC-1A) and
fine (JSC-1AF) lunar simulant particle size fractions. The
ratio phase curves for JSC Mars-1 (< 1mm) reported by
Johnson et al. [2013] are similar to the average phase curve

for all four surfaces prepared from JSC Mars-1 shown in
Figure 6. Johnson et al. [2013] study in detail the spectral
dependence of the Hapke parameters extracted from reflec-
tance measurements of a variety of Martian and Lunar soil
analogs. As our own results point to similar spectral behav-
ior, we do not repeat this exercise here.

Table 3. Same as Table 1 for the Dry Basalts (Figure 5)

ω hs Bs θ (°) b C χ2red

Fine, smooth 0.474 0.029 1.0 15.7 0.30 �0.655 5.6
(0.47, 0.48) (0.02, 0.03) (>0.98) (15, 16) (0.30, 0.31) (�0.66, �0.65)

Fine, sprinkled 0.478 0.026 1.0 15.2 0.295 �0.621 4.9
(0.47, 0.48) (0.02, 0.03) (>0.97) (15, 16) (0.29, 0.30) (�0.63, �0.62)

Coarse, smooth 0.367 0.067 1.0 18.8 0.267 �0.60 3.0
(0.36, 0.37) (0.06, 0.08) (>0.96) (18, 19) (0.26, 0.27) (�0.61, �0.59)

Coarse, sprinkled 0.368 0.077 1.0 18.8 0.244 �0.585 3.0
(0.36, 0.37) (0.07, 0.09) (>0.98) (18, 19) (0.24, 0.25) (�0.060, �0.058)

a)

b)

Figure 6. Near-infrared / visible spectral ratios plotted as a
function of phase angle for (a) four different surfaces made
of JSC Mars-1 and (b) two different surfaces (smooth) made
of the coarse and fine fractions of basalt. The spectral ratios
are calculated between wavelengths: 905 and 450 nm for the
JSC Mars-1 samples and 750 and 450 nm for the basaltic
sand samples.
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3.2. Wet Soils

[52] We conducted two types of experiments on three
different samples to complement the pioneering study of
Gunderson et al. [2007]. In the first type of experiments, in-
creasing amounts of liquid water were sprayed incrementally
onto samples initially prepared as surface B (Figure 1) until
full water saturation (i.e., the entire pore space of the sample
is filled by water, which starts to form a continuous thin film
at the surface of the sample). At each step, the reflectance
factor was measured for a single incidence angle: i = 30° at

a single wavelength: 650 nm. Microscope pictures were
acquired before and after each of the photometric mea-
surements. The mass of the sample was also systematically
measured before and after each photometric measurement
to calculate the bulk water content in weight percents (H2O
wt.%). However, because of vertical gradients of water con-
centration inside the thick samples, the value of bulk water
content is likely to differ strongly from the value at the sur-
face. This procedure was applied to the JSC Mars-1 sample
and the two size fractions of the Hawaii basalt. Results are
presented in Figures 7, 8, and 9, respectively.

F  
39 wt. %

E
34 wt. %

D
32 wt. %

C
28 wt. %

B
8 wt. %

A
0 wt. %

2 mm

Figure 7. Left: Bidirectional reflectance factor at a fixed incidence angle of 30° and a fixed wavelength:
λ = 650 nm plotted for dry and wet samples of JSC Mars-1 with different amounts of water. Right: optical
microscope images of the samples surface. See Figure 4 caption for additional explanations on how reflec-
tance data are represented. The colorbar on top corresponds to the dry surface (A) whereas the one on the
bottom corresponds to all wet samples (B to F).
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[53] The addition of liquid water results in similar evolution
of the scattering properties for all samples. The backscattering
peak rapidly decreases in amplitude when water is introduced
and a strong forward-scattering peak progressively develops
as the amount of water increases. The water first forms thin
films around the grains. When meniscuses appear between
the grains, the backscattering peak completely disappears and
the forward-scattering peak becomes both extremely intense
and very broad in emission and azimuth. When meniscuses
join to produce a continuous film above surface grains, a very
broad specular peak appears, superposed onto the forward-

scattering peak. When the level of water is high enough to pro-
duce a horizontal film of water hiding the topography of the
surface grains, the specular peak becomes much narrower
and the forward-scattering peak disappears. The photometric
behaviors described here appear similar to the ones reported
by Zhang and Voss [2006] for most of their samples. They also
observed a strong decrease of reflectance in the backscattering
direction associated with an increase of reflectance in the for-
ward-scattering direction for different types of artificial and
natural samples, including Hawaiian dark beach sand that is
potentially very similar to the Hawaiian sand we used.

2 mm

F
27 wt. %
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D
23 wt. %
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B
2 wt. %
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Figure 8. Left: Bidirectional reflectance factor at a fixed incidence angle of 30° and a fixed wavelength:
λ = 650 nm plotted for dry and wet samples of the fine fraction of the Hawaiian basaltic sand with varying
amounts of water. Right: optical microscope images of the samples surface. See Figure 4 caption for
additional explanations on how reflectance data are represented. The colorbar on top corresponds to the
dry surface (A) whereas the one on the bottom corresponds to all wet samples (B to F).
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[54] Tables 4, 5, and 6 contain the Hapke coefficients
obtained by fitting the photometric model to the measured
data. In the case of JSC Mars-1, the reflectance data could
be satisfactorily fitted by the model for the first three steps
of wetting. For both the fine and coarse fraction of basalt,
only the measurements for the two first steps could be fitted.
When adding more water into the sample, the model was not

able anymore to simulate the observed photometric behav-
iors, even before the appearance of the specular peak. Note
than even if the model can be fitted to the data and Hapke
parameters retrieved, one has to keep in mind that the wet
surfaces studied here do not satisfy some of the hypotheses
on which the model is based (independent scatterers). As
a result, one should not try to interpret the coefficients

2 mm

D

29 wt. %

C

22 wt. %

B

1 wt. %

A

0 wt. %

Figure 9. Left: Bidirectional reflectance factor at a fixed incidence angle of 30° and a fixed wavelength:
λ = 650 nm plotted for dry and wet samples of the coarse fraction of the Hawaiian basaltic sand with varying
amounts of water. Right: optical microscope images of the samples surface. See Figure 4 caption for addi-
tional explanations on how reflectance data are represented. The colorbar on top corresponds to the dry sur-
face (A) whereas the one on the bottom corresponds to all wet samples (B to D).

Table 4. Same as Table 1 for Three Wet JSC Mars-1 Samples as Well as the Initial Dry Surface (Figure 7)

ω hs Bs θ (°) b C χ2red

Dry 0.567 0.029 1.0 20.5 0.235 0.413 0.7
(0.56, 0.57) (0.02, 0.09) (>0.63) (20, 21) (0.21, 0.25) (0.34, 0.50)

Wet0 0.364 0.013 1.0 21.6 0.301 �0.508 0.9
(0.36, 0.37) (0.01, 0.05) (>0.41) (21, 22) (0.29, 0.31) (�0.53, �0.48)

Wet1 0.382 0.006 1.0 24.4 0.330 �0.604 3.1
(0.38, 0.39) (<0.05) (>0.19) (24–25) (0.32, 0.34) (�0.63, �0.58)

Wet2 0.412 0.001 0.558 26.6 0.346 �0.682 5.8
(0.41, 0.42) (-) (-) (26, 27) (0.33, 0.36) (�0.70, �0.66)
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provided in Tables 4, 5, and 6 in terms of physical properties
but only use them to reproduce the measured behaviors or
extrapolate them to other geometries.
[55] A second type of experiment was carried out with the

JSC Mars-1 sample only. The sample was first saturated with
water and then left to dry while photometric measurements
were acquired. The sample was removed from the PHIRE-2
instrument between successive sequences of measurements
to take pictures of the surface with the microscope. Because
the sample was drying very slowly, it was possible to obtain
more complete measurements. In addition to the incidence
angle i = 30° as in previous experiments, the reflectance fac-
tors have also been measured at incidence angles of i = 0°
and i = 60°. Measurements in the principal plane were also
acquired at six different wavelengths: 450, 550, 650, 750,
905, and 1064 nm.
[56] Figure 10 shows the reflectance factors measured in

the principal plane for the drying JSC Mars-1 at the three dif-
ferent incidence angles: i = 0°, 30°, and 60°. The forward-
scattering peak is much more intense and narrower at
i = 60° than at i = 30°. At i = 0°, a moderate increase of reflec-
tance toward low phase angle might be caused by specular
reflection from water as no backscattering is observed at
i = 30°and i = 60°.
[57] A comparison of the visible spectra of the various wet

JSC Mars-1 surfaces as well as the dry surfaces before and
after the experiment is shown in Figure 11. All spectra were
produced from values of reflectance factor measured at i = 0°
and e = 30° for each wavelength. At such a low spectral reso-
lution, the only prominent spectral feature is the very steep
red slope between 450 and 750 nm. This slope is strongly
reduced by the introduction of water into the sample. This
causes the loss of the red color in the wet sample that is also
observable by eye. It is also interesting to note that in this
low-phase angle geometry, the values of reflectance factors
for the wet samples only show very limited evolution with
time. In other words, the sample appears as dark at the end
of the drying sequence, just before the last thin films of water
disappear, as they appear at the beginning of the drying
sequence, when the sample is completely saturated with
water, and about three times darker than the dry samples.

The wet samples even appear slightly darker when they are
not saturated in water anymore because of the disappearance
of the broad specular peak that shows its influence up to
phase angles of about 30°.
[58] Ratios between values of reflectance factors measured

in different geometries (“spectral ratios”) show significant
evolution with measurement geometry, as illustrated in
Figure 12. The visible spectral ratio (Figure 12a), calculated
as: VIS =REFF(750 nm) / REFF(450 nm), where REFF(λ)
is the reflectance factor at the wavelength λ, is a measure of
the steepness of the red slope. The near-infrared spectral
ratio (Figure 12b), calculated as: NIR =REFF(750 nm) /
REFF(1064 nm), is potentially affected by the weak absorp-
tion of H2O above 1μm.
[59] The VIS spectral ratio is strongly affected by the

amount of water in the sample, in a way that is highly depen-
dent on the measurement geometry. While this spectral
criterion is nearly constant, between 4 and 5, for the dry sam-
ple, it shows a strong evolution with emission angle for all
wet samples with a strong decrease at large positive emission
angles and a strong increase at large negative emission
angles. This evolution of the VIS spectral ratio for wet sam-
ples mimics the one of reflectance in general: the spectral
slope is steeper where the overall reflectance is low and is
shallower where the reflectance is high (forward-scattering
direction or specular position).
[60] The NIR ratio shows less dependence to the measure-

ment geometry than the VIS ratio. It slightly increases in the
specular position for samples that show a specular reflection
as a result of absorption by water at 1064 nm. In the case of
the dry sample, the linear decrease of the NIR ratio when
the emission angle increases is the expression of the phase
reddening (see section 3.1 and [Johnson et al., 2013]).
[61] We compare in Figure 13 the reflectance factors of dry

JSC Mars-1 surfaces, before spraying water on it and after it
has completely dried out. The Hapke coefficients retrieved
by fitting the photometric model to the measured reflectance
data for the dried JSCMars-1 surface are provided in Table 7.
After drying, the surface shows an overall higher reflec-
tance in all geometries than in its initial state. In addition,
a significant forward-scattering peak has developed, which

Table 5. Same as Table 1 for Two Wet Fine Basalt Samples as Well as the Initial Dry Surface (Figure 8)

ω hs Bs θ (°) b c χ2red

Dry 0.416 0.092 0.904 25.8 0.218 �0.581 3.5
(0.40, 0.43) (0.04, 0.18) (>0.72) (25, 26) (0.19, 0.24) (�0.66, �0.52)

Wet0 0.274 0.053 0.603 26.6 0.301 �0.741 5.2
(0.26, 0.28) (0.02, 0.17) (>0.42) (26, 27) (0.28, 0.32) (�0.79, �0.72)

Wet1 0.305 0.014 0.818 26.3 0.366 �0.834 4.2
(0.30, 0.31) (0.01, 0.13) (>0.27) (26, 27) (0.35, 0.38) (�0.85, �0.82)

Table 6. Same as Table 1 for Two Wet Coarse Basalt Samples as Well as the Initial Dry Surface (Figure 9)

ω hs Bs θ (°) b c χ2red

Dry 0.363 0.056 0.772 24.2 0.252 �0.557 1.8
(0.35, 0.37) (0.02, 0.15) (>0.58) (24, 25) (0.23, 0.27) (�0.63, �0.52)

Wet0 0.327 1.0 0.001 23.7 0.576 �0.946 2.8
(0.22, 0.34) (-) (-) (23, 24) (0.56, 0.60) (�0.95, �0.94)

Wet1 0.334 1.0 0.001 23.2 0.582 �0.947 2.3
(0.33, 0.34) (-) (-) (23, 24) (0.55, 0.59) (�0.95, �0.94)
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was completely absent in the initial sample. Close exami-
nation of the microscope pictures reveals the origin of the
observed photometric variability. While the initial sample,
produced by spraying the powder, shows a high micro-
scopic roughness and a random orientation of the grains,
the sample that has been wet shows a much smoother sur-
face as a result of a preferential horizontal orientation of

the grains. The first layer of grains at the surface even shows
some cohesion. It forms a very thin crust that is locally
disrupted to reveal underlying “cavities” with the dimension
of a few grains, which appear dark on the images. Two exam-
ples of such features can be seen on the right picture in
Figure 13.
[62] It is interesting to compare the result of this experi-

ment with the results reported in section 3.1 for dry samples
prepared with different procedures. In particular, Figure 4
shows the same variability of photometry between samples
A and C on the one hand and B and D on the other hand as
for the JSC Mars-1 sample before and after spraying water
on it. Samples A and C were prepared with smooth surfaces
whereas samples B and D where rough. This confirms the
influence of the microscopic roughness on the photometric
properties of the dried sample.
[63] In the context of possible current emissions of liquid

water at Mars surface, another factor that might have a strong
influence on the photometry has to be considered: the
presence of dissolved salts in the water. We have conducted
a single simple experiment to study the effects of the crystal-
lization of sodium chloride salt on the reflectance of a dried
coarse basalt sample. Figure 14 shows a microscope picture
of the dried basalt sample, with an incomplete crust of salt
at its surface. The Hapke coefficients retrieved by fitting the
photometric model to the measured reflectance data for this
surface are provided in Table 7. The development of the salt
crust results in significant photometric changes, compared to
the initial dry state (Figure 5). The most drastic effect is the
strong increase of the reflectance at all geometries caused
by the much higher single scattering albedo of the sodium
chloride crystals compared to basalt grains. However, the
general shape of the scattering function is also considerably
modified: the significant forward-scattering peak shown by
the pure basalt samples is largely reduced and maxima of
reflectance are observed at moderate phase angle, on the
backward scattering side.

Figure 10. Bidirectional reflectance factors in the principal
plane measured during drying of the JSC Mars-1 sample.
Incidence angle = (top) 0°, (middle) 30°, and (bottom) 60°.
Wavelength: λ =650 nm. Measurements were performed for
five successive steps of a drying sequence (step #1 to step #5)
in addition to the dry states before and after the wetting and
drying sequence (step #1 corresponds to the maximum of
water in the sample).
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Figure 11. Visible – NIR bidirectional reflectance spectra
of the drying JSC Mars-1 sample at different time steps mea-
sured for vertical incidence: i = 0° and emission: e = 30°.
Measurements were performed for five successive steps of
a drying sequence (step #1 to step #5) in addition to the
dry states before and after the wetting and drying sequence
(step #1 corresponds to the maximum of water in the sample).
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3.3. Ground Ice and Frost on Ground

[64] The different procedures used to prepare “icy soils”
(see Methods Section) produced samples that show strongly
contrasted photometric behaviors. The reflectance factors
measured at a single incidence angle i = 30° for three differ-
ent samples of ice-bearing JSC Mars-1 (samples: “frozen”
A, B, and C) and for the dry initial state are compared in
Figure 15. As for dry and wet samples, microscope images
of the icy samples provide clues to understand their macro-
scopic photometric behaviors.
[65] Most of the icy samples that we prepared show a specu-

lar reflection of variable intensity. Sample “frozen A,” prepared
by leaving a wet JSC Mars-1 sample to freeze at �30°C, con-
sists of a matrix of ice around the grains in the bulk of the
samples. However, at the surface, the upper parts of the
top grains appear free of ice. As in the ice-free sample, no
forward-scattering peak can be observed. However, the maxi-
mum of reflectance is no longer in the backward direction but

at higher emission angle on the backward scattering side, sim-
ilar to what was observed for the basalt sample with a crust of
salt (Figure 14). A weak specular reflection is also observed.
[66] Albeit the bulk of sample “frozen B” is similar to the

one of “frozen A,” a thin layer of ice covers the entire surface,
following the topography of the underlying grains (Figure 15).
The presence of this conformal film of water ice on the sur-
faces results in a pronounced forward-scattering behavior
and the presence of a specular peak of a lower intensity. This
behavior was also observed for wet samples. However, the
photometry of sample “frozen B” strongly differs from the
one of wet samples at high emission angle, in the backward
and sideward directions. Indeed, sample “frozen B” shows
increasing reflectance with emission angle in these directions,
contrary to all wet samples. Increasing the thickness of the
transparent ice film results in a loss of the surface roughness
which causes the disappearance of the forward-scattering peak
and the development of an intense and narrow specular peak
(sample “frozen C” prepared from JSC Mars-1 in Figure 15).
These drastic changes in the shape of the phase function result
in the fact that frozen samples appear darker than dry samples
at low to intermediate phase angles and brighter than dry
samples around the specular geometry as well as at high phase
angles as long as the ice film remains thin enough to preserve
the topography of the underlying grains.
[67] The photometric effect of fine frost deposited on the

surface of the grains (example of JSC Mars-1 in Figure 16)
strongly differs from all cases of icy samples described
before. Because the sublimation was taking place very rap-
idly at a temperature of 253K, we had to restrict our measure-
ments to the principal plane for one fixed incidence angle and
one fixed wavelength to capture the temporal evolution with
a time resolution of about 3min. The effect of frost on the
reflectance factors measured at an incidence angle: i = 30° is
presented in Figure 17 and Table 7 provides the Hapke
parameters obtained by fitting the photometric model to all
curves shown in Figure 17. The presence of frost on the
surface of the grains moderately increases the reflectance
factor at all geometries but its most prominent effect is to
produce an intense forward-scattering peak.

4. Discussion

4.1. Results of Data Fitting by the Hapke Model

[68] Most of the measurements presented in the Results
section were satisfactorily fitted by the Hapke photometric
model and sets of parameters corresponding to data shown
in the figures were provided in Tables 1 to 8. It is particularly
interesting to note the good agreement between the sets of
Hapke coefficients that we have obtained using the BUG data
for the JSC Mars-1 sample and that Johnson et al. [2013]
have obtained from the same data but using a different fitting
procedure, both in terms of best fit values and ranges of un-
certainties. Albeit our initial objective with data fitting was
to provide sets of coefficients that can be used to easily repro-
duce, extrapolate, and compare our data, we also determined
the ranges of uncertainty on the determination of each of
these parameters to allow interested readers to go further in
the interpretation of these coefficients. Not surprisingly,
the parameters are better constraint when the number and
diversity of measurement geometries are the highest (for
dry samples) and can be severely under-constraint when
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Figure 12. Relationships between spectral ratios and emis-
sion angle for the drying JSCMars-1 sample at different time
steps. (a) The VIS ratio (750/450 nm) represents the steep-
ness of the visible ref slope between 450 and 750 nm. (b)
The NIR ratio (750/1064 nm) is affected by the water absorp-
tion at 1μm. Measurements were performed for five succes-
sive steps of a drying sequence (step #1 to step #5) in addition
to the dry state before wetting (step #1 corresponds to the
maximum of water in the sample).
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measurements had to be restricted to one unique incidence
angle and/or the principal plane.
[69] Figure 18 offers a good summary of some of the Hapke

parameters retrieved, in the form of the classical “Hockey
stick” plot in which values of the b coefficient (width of the
scattering lobe) are plotted as a function of the c coefficient
values (backscattering fraction). Error bars corresponding to
the uncertainty ranges reported in Tables 1 to 8 are displayed
to help visualizing the significance of the observed differ-
ences between points. The “Hockey stick” empirical relation,
established by Hapke [2012] on the basis of many measured
data sets, is shown as a dashed line. Note that this relation is
not a single line but has a certain width around the central line.
The significance of the shape of the central line and the width
of the distribution are both discussed by Hapke [2012] and
physical interpretations of these observations are proposed.
The dry and wet samples measured in this study (Figure 18a)
fall close to the central line, slightly shifted to the left for points
with negative values of the c coefficient.
[70] Some of the well-known weaknesses in using the

Hapke photometric model to interpret measured reflectance
data are immediately visible on Figure 18. The most obvious
is the wide spread in c values (and to a lower extent in b values)

for the various surfaces prepared from similar JSC Mars-1
powder. As b and c are describing the scattering behaviors
of the individual particles that compose the surface, they
should not be influenced by macroscopic parameters such as
roughness and compaction. Note that surfaces B and D, pre-
pared as rougher surfaces, also show slightly higher values
of θ than surfaces A and C (16–18° vs. 13–15°, respectively).
Part of the difference of roughness was thus correctly ascribed
to the macroscopic roughness parameter θ but another signif-
icant part was incorrectly ascribed to the scattering properties
of individual particles. One could also wonder about the phys-
ical significance of the Hockey stick relation after noticing that
the wet samples apparently lie on the same Hockey stick line
as the dry samples, although the physics of light scattering
by wet samples is not supposed to be reproduced correctly
by the model.
[71] The Hapke photometric model is an invaluable tool

for the analysis and interpretation of measured reflectance
data. Unfortunately, the ability of the model to invert mea-
sured data to retrieve physical properties of the samples
seems to remain limited, not necessarily because of deficien-
cies in the model itself but because of the complexity of
the particulate medium and the light scattering process, in
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Figure 13. Comparison of the surface of the JSC Mars-1 sample (left column) before and (right column)
after a wetting and drying sequence as observed under the (top) optical microscope and by bidirectional re-
flectance measurements at a fixed incidence angle: i = 30° and a fixed wavelength: λ = 650 nm. See Figure 4
caption for additional explanations on how reflectance data are represented.

Table 7. Same as Table 1 for the Dried Surface of JSCMars-1 Shown in Figure 13 (After Wetting/Drying) and the Dried Surface of Coarse
Basalt Covered by a Crust of Salt Shown in Figure 14

ω hs Bs θ (°) b c χ2red

Dried JSC Mars-1 0.641 0.024 1.0 18.8 0.197 0.449 4.9
(0.64, 0.65) (0.02, 0.03) (>0.87) (18, 19) (0.19, 0.20) (0.42, 0.49)

Basalt + saltcrust 0.633 0.293 1.0 0 0.002 1.256 2.3
(0.63, 0.64) (0.29, 0.34) (>0.99) (<4) (<0.04) (-)
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particular the fact that different properties of a surface might
have similar influences on its reflectance. Because the phys-
ical interpretation of the different coefficients retrieved from
fitting the model to the data currently remains elusive, the
rest of the discussion will use direct descriptions of the reflec-
tance curves and surfaces and avoid direct comparisons
between Hapke’s coefficients. Figure 19 summarizes all the
photometric behaviors described in the Results Section by
showing how different properties of the sample influence dif-
ferent areas of the surface defined by the bidirectional reflec-
tance values. The trends illustrated in Figure 19 will be
discussed in the following subsection with a particular
emphasis on their implications for optical observations of
the Martian surface.

4.2. On the Photometry of Dry Surfaces on Mars

[72] The comparison of photometric measurements acquired
on dry Martian analogs in this work and in previous studies
allows us to draw conclusions about what we can expect for

the surface of Mars. A dominant backward scattering behavior
is observed for all plausible geologic analogs, independent of
the method used to prepare the surface. A backscattering
behavior should thus be dominant everywhere on the surface
of Mars, both in bright and dark regions. This has significant
implications for the calibration of remote-sensing data sets as
results show that relative differences of up to 25% are
expected between measurements of reflectance at near-zero
phase angles and at phase angles of a few tens of degrees.
Mosaicking of data with the assumption of a Lambertian
behavior of the surface would thus result in significant photo-
metric mismatches. Time series consisting of observations
of a fixed region observed at different seasons, and thus differ-
ent solar incidence angles, can also be biased by this non-
Lambertian behavior. Numerous evidences for this non-
Lambertian behavior have been collected during the calibra-
tion and mosaicking of different imaging data sets [Kirk
et al., 1999; Geissler, 2005; Johnson et al., 2008].
[73] In addition to the dominant backscattering behavior,

we can expect a slight forward-scattering peak to be present
on different types of terrains. In particular, it seems that dark
basaltic surfaces show a significant forward scattering, even
with relatively coarse grains. It should thus be possible to
observe forward scattering over surfaces covered by basaltic
sand onMars. Contamination of these surfaces by fine red dust
might result in a strong decrease of the forward-scattering
peak. As a consequence, the intensity of the forward-scattering
peak could be used as a qualitative indicator of dust contami-
nation. This forward scattering will only be significant at high
phase angles (> 100°) that are rarely reached in standard
remote-sensing observations from orbit, but readily seen from
the ground.
[74] There are other conditions in which a forward-scattering

peak can be observed, even with a large amount of fine red
material. Comparison of the photometry of various samples
prepared in different ways with JSCMars-1 clearly shows that
a forward-scattering peak at high phase angle can be observed
with smooth surfaces but is inhibited when the surface is rough
at the millimeter or submillimeter scale. Johnson et al. [2013]
and Pommerol and Schmitt [2008] had previously shown
similar effects with other materials. The presence of boulders
on the surface, unresolved on the images, will result in the
appearance of shadows that will also reduce the apparent
reflectance measured at high phase angles. As a result, it
should be possible to observe forward-scattering peaks on
Mars, over terrains that are smooth at all spatial scales, from
submillimeter to meters.
[75] In situ and orbital optical observations of the Martian

surface have already been analyzed by a number of re-
searchers in order to determine the bidirectional reflectance
properties of various types of terrain. A global average phase
curve of Mars surface was recently derived by Vincendon
[2013] using orbital OMEGA and CRISM data. Fernando
et al. [2013] have also retrieved the bidirectional reflectance of
a number of regions of interest at both Spirit and Opportunity
landing sites from CRISM observations. At the surface, in situ
observations by the Spirit and Opportunity rovers have
been analyzed to retrieve bidirectional reflectance properties.
Hapke coefficients have been computed for each of these
observations. Rather than directly comparing the values
of these coefficients, we used them to calculate reflectance
values in the same geometries as our lab measurements. We

2 mm

Figure 14. Top: optical microscope picture of the surface of
a sample resulting from the drying of coarse basalt previously
wetted by a saturated solution of NaCl. A crust of salt has
formed at the surface of the sample. The size of the salt grains
is comparable to the size of the basalt grains. Bottom: bidirec-
tional reflectance measurements of the surface shown on top
at a fixed incidence angle: i = 30° and a fixed wavelength:
λ =650 nm. See Figure 4 caption for additional explanations
on how reflectance data are represented.
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calculated “surfaces” or reflectance factors for an incidence
angle of 30°, similar to the ones shown in Figures 4 and 5, 7
to 9, and 13 to 15. For both Mars observations and laboratory
measurements, we have calculated and averaged different
reflectance values from different sets of Hapke parameters
corresponding to similar regions of interest (CRISM orbital
observations), classes of terrain or features (PANCAM in situ
observations), or material (laboratory experiments). Averaging
reflectance factor values corresponds to simulating a geo-
graphic (subpixel) mixture.

[76] The contrast of average photometric behaviors observed
in situ on Mars between soils and grey rocks is reproduced to
some extent by the contrast of behaviors between JSC Mars-1
and basalt samples evidenced in laboratory measurements.
Grey rocks in Gusev show maxima of reflectance at high
phase angle in the forward-scattering direction, as basalt sam-
ples measured in the laboratory, whereas soils in Gusev and
Meridiani show clear maxima of reflectance in the backscatter-
ing direction, as the JSC Mars-1 samples. Soils in Gusev and,
to a lower extent, in Meridiani also show an increase of

2 mm

Frozen A

Dry

Frozen B

Frozen C

Figure 15. (Left) Microscope pictures and (right) photometric measurements at the incidence angle: i = 30°
and wavelength: λ =650 nm for three different samples of ice-bearing JSC Mars-1 (“Frozen A,” “Frozen B,”
“Frozen C”) and one sample of ice-free JSCMars-1 (“dry,” surface type B, see Figure 4). See Figure 4 caption
for additional explanations on how reflectance data are represented and section 2.2.4 for descriptions of the
samples preparation.
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reflectance in the forward-scattering direction, which looks
closer to what is observed with the smoother JSC Mars-1 sur-
faces (A and C, Figure 4) than with the rougher surfaces
(B and D). The orbital observations, however, show an
opposite trend with more pronounced scattering in the
forward direction in Meridiani than in Gusev. Finally, the
global average photometric behavior derived by Vincendon
[2013] from both OMEGA and CRISM data looks relatively
similar to the average JSC Mars-1 behavior shown in
Figure 20. Because the relative areal fractions of the different
types of terrains observed in situ and averaged in a single
CRISM or OMEGA pixel are not known, it remains difficult
to establish relation between in situ and orbital observations
and even more challenging between laboratory samples and
orbital observations. Future multi-instrumental analyses
combining multiangular observations, high-resolution imag-
ing, and high-resolution topography will be necessary to make
the link between observations and measurements at such
different spatial scales.
[77] The spectral dependence of bidirectional phase curves

of size-sorted geologic samples was recently analyzed by
Schröder et al. [2011] and the spectral behavior of the
retrieved Hapke parameters was described in detail by
Johnson et al. [2013]. Our own observations, in particular
the shape of the spectral ratio curves seen on Figure 6, are
entirely consistent with these results and, as such, will not
be the subject of a detailed discussion here. Johnson et al.
[2013] summarize and discuss some explanations proposed
in the literature for the spectral dependence of bidirectional
properties. Most of explanations for phase reddening can be
formulated in terms of spectral evolutions of the optical path
length and resulting evolution of the volume / surface scatter-
ing ratio (i.e., the relative contribution of multiple reflections
versus surface scattering) with phase angle. The reddening
observed when phase angle increases from 0° to about 70–80°
is attributed to the increasing contribution of multiple scattering

with increasing phase angle. The “arch” shape of the ratio
curves caused by the falloff of the ratio values beyond 80° of
phase angle (“phase bluing”) could be due to the opposite
effect, i.e., a relative increase of surface scattering versus
volume scattering when phase angle increases beyond 80°.
Schroder et al. [2011] show that geometric optics simulations
can indeed correctly reproduce this arch shape, at least for
some of the samples investigated.

4.3. On the Characterization of Wet and Icy Soils
by Visible Photometry

[78] Results of our measurements of wet and icy soils ana-
logs reveal that their distinct photometric properties can be
used as signatures to identify and characterize such soils on
Mars. The general darkening of the sample as liquid water
is added is a well-known effect, previously quantitatively
described by Gunderson et al. [2007]. New measurements
reported in this study provide additional details about this
photometric effect. Wetting and drying experiments show
in particular that, at low phase angle, the decrease of reflec-
tance caused by liquid water is not strongly dependent on
the amount of water until a thick film of water forms and a
specular peak appears. The situation is different at high phase
angle as the intensity of the forward-scattering peak shows a
strong dependence on the amount of water. In addition to be-
ing relatively independent of water content, the ratio between
the reflectance of the wet and dry samples at low phase angle
seems relatively constant from one sample to another, in the
range of 0.35 to 0.45 at a wavelength of 650 nm. As a conse-
quence, a simple quantification of the ratio of reflectance

2 mm

Figure 16. Microscope picture (6× 5 mm) of a frosted JSC
Mars-1 sample, prior to its introduction in the freezer for pho-
tometric measurements. The JSC Mars-1 sample, which also
contains water ice in its bulkwhich is not visible on the picture,
was previously kept at a temperature of 243K for hours, then
exposed to ambient laboratory conditions (293K), resulting in
a condensation of fine water frost at the surface of the grains
from atmospheric water vapor.
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Figure 17. Temporal evolution of the bidirectional reflec-
tance factor of a JSC Mars-1 sample (top group of curves)
and a coarse basalt sample (bottom group of curves) covered
by decreasing amounts of fine H2O frost. All measurements
(symbols) were acquired at the wavelength: λ = 650 nm in
the principal plane. The solid curves are calculated from the
Hapke coefficients (provided in Table 8) obtained by fitting
the Hapke photometric model to the measured data. The frost
was directly condensed at the surface of the grains (Figure 16)
from atmospheric water vapor at ambient temperature (293K)
and is slowly subliming in the dry environment of the freezer,
resulting in a rapid decrease of the reflectance factor in the
forward-scattering direction.
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between a dry soil and a putative wet soil on Mars could
already provide a strong indication for the presence or ab-
sence of liquid water in the soil. The situation might be
complicated, however, by subpixel mixtures between dry
and wet areas and by local variations of composition and
texture that will strongly affect the measured ratio.
[79] A major difficulty in this study is the quantification of

liquid water in the top layer of the soil simulants. Because of
the diffusion of water through the sample and the constant
drying at the surface exposed to the atmosphere, mass mea-
surements only provide values of the bulk average amount
of water and this is likely to be different from the one at the
very surface that influences the light reflection. As a conse-
quence, the amount of water can only be described here in
qualitative terms by describing the aspect of the surface
observed under the optical microscope. It could be useful in
the future to redo these experiments while accurately quanti-
fying the amount of water in the surface layer of the sample.
Near-infrared or dielectric spectroscopies would be appropri-
ate tools for such measurements.
[80] In addition to the overall decrease of reflectance, the

strong reduction of the backscattering peak intensity and
the strong increase of the forward-scattering peak intensities
are clear photometric signatures of liquid water. As a conse-
quence, the acquisition of high-resolution images in two or
three carefully chosen geometries, one close to zero phase
angle, one at moderate (30–60°) and one at high (>100°)
phase angle, would definitely help in firmly identifying liquid
water and ice in the Martian soils. On the other hand, the

search for specular reflections is certainly not the best strategy
to look for liquid water as a specular peak is only observed
when a large amount of water is present at the surface of the
sample, a situation that is unlikely on present-day Mars given
the current atmospheric conditions. Regarding the contamina-
tion of surface photometric signatures by atmospheric aerosols,

Table 8. Hapke Parameters Calculated for Seven Steps of the Defrosting Sequences of the JSC Mars-1 and Coarse Basalt Surfaces. These
Coefficients Correspond to the Principal Plane Curves Shown in Figure 17a

ω hs Bs θ (°) b c χ2red

JSC Mars-1
Step 1 0.391 0.506 5.0 0 0.248 �0.832 1.1

(0.35, 0.45) (0.35, 0.84) (>3.8) (<10) (0.18, 0.30) (�0.95, �0.75)
Step 2 0.386 0.477 5.0 0 0.235 �0.815 1.2

(0.35, 0.44) (0.34, 0.77) (>3.8) (<10) (0.16, 0.29) (�0.93, �0.76)
Step 3 0.396 0.382 5.0 0 0.205 �0.913 0.5

(0.36, 0.50) (0.37, 0.56) (>4.9) (<11) (0.14, 0.22) (�0.92, �0.78)
Step 4 0.458 0.324 2.9 3.7 0.202 �0.748 0.3

(0.33, 0.57) (0.31, 0.54) (-) (<12) (0.11, 0.25) (<�0.48)
Step 5 0.496 0.248 1.18 0 0.198 �0.247 0.4

(0.49, 0.56) (<0.49) (-) (<7) (0.08, 0.34) (<0.1)
Step 6 0.505 0.061 0.74 6.5 0.182 0.479 0.1

(0.41, 0.54) (<0.35) (0.46, 1.86) (<15) (0.02, 0.27) (>0.03)
Step 7 0.496 0.056 0.659 13.0 0.166 0.871 0.1

(0.39, 0.54) (<0.44) (0.36, 1.91) (<19) (0.03, 0.26) (>0.21)

Coarse Basalt
Step 1 0.256 0.741 5.0 0 0.379 �0.940 2.7

(0.22, 0.31) (>0.42) (>3.9) (<9) (0.33, 0.41) (�0.99, �0.90)
Step 2 0.268 0.469 5.0 0 0.344 �0.975 1.7

(0.23, 0.31) (0.34, 0.91) (>3.7) (<9) (0.29, 0.39) (<�0.92)
Step 3 0.268 0.431 5.0 0 0.334 �0.982 1.5

(0.23, 0.31) (0.31, 0.79) (>3.6) (<9) (0.29, 0.39) (<�0.93)
Step 4 0.266 0.421 5.0 0 0.329 �0.983 1.5

(0.23, 0.31) (0.31, 0.76) (>3.6) (<9) (0.28, 0.38) (<�0.93)
Step 5 0.404 0.178 2.32 0 0.358 �0.977 0.5

(0.32, 0.47) (<0.37) (>1.1) (<15) (0.26, 0.66) (<�0.87)
Step 6 0.297 0.271 3.0 1.3 0.263 �1.0 0.3

(0.22, 0.41) (<0.48) (-) (<13) (0.19, 0.32) (<�0.77)
Step 7 0.455 0.016 1.17 21 0.438 �0.876 0.2

(0.27, 0.51) (<0.70) (-) (18, 28) (0.30, 0.59) (<�0.79)

aContrary to all other samples, the parameter Bs was allowed to reach values larger than 1 and up to 5 for these two samples, as constraining this parameter
values to a maximum of 1 prevented any good fitting of the data.
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Figure 18. Relation between the b and c parameters obtained
by fitting the Hapke model to measured data for dry and wet
samples. The dashed line represents the empirical “hockey
stick” relation as proposed by Hapke [2012]. Note that this
relation, as defined by Hapke, also has a certain width across
the central line, not shown here for clarity.
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photometric criteria based on measurements at low to moder-
ate phase angles are more suitable as atmospheric aerosols
show a strong forward scattering. As a result, the disappear-
ance of the ubiquitous backscattering peak in wet soils is a less
ambiguous visible photometric criterion to look for liquid
water in the upper Martian soil from orbit.
[81] An interesting potential implication of these results is

the case of the “RSL” (Recurring Slope Lineae) features
[McEwen et al., 2011; Chevrier and Rivera-Valentin, 2012;
Levy, 2012]. The RSLs observed in 2007 were the ones
showing the highest contrast with the surroundings soils,
being darker by about 40% (in units of I/F after an atmospheric
correction) in the broad RED band pass (550–850 nm), as
well as in the BG (400–600 nm) and IR (800–1000 nm) color
bands. This is the result of the planet-encircling dust storm
that had deposited a thin coating of bright dust on all
terrains. This bright coating was later affected by RSL activ-
ity, causing high photometric contrast. The contrast of
reflectance between RSL and surrounding soils is generally
lower in subsequent years, but poorly quantified as the
atmospheric correction of HiRISE images has not yet
been performed.
[82] According to our photometric measurements of wet

soils, this darkening appears too low to be interpreted by
the effect of liquid water, as even minute amount of liquid
water should lower the reflectance by more than a factor of
two in the wide RED band pass of HiRISE. It is, however
possible, as already briefly mentioned, that the RSLs areas
are not homogeneous. A subpixel geographic mixture with
70% of the RSL area being wet and 60% darker than the sur-
rounding soil could account for the observed decrease of
reflectance of 40% on HiRISE images. However, no infrared
spectral signature of water was identified by the CRISM
near-infrared spectrometer. Reasons for the absence of detec-
tion of water might be the spatial resolution of the instrument

that is insufficient to resolve the dark features and/or the
weakness of H2O absorptions due to the expected small
quantities of water by midafternoon when the CRISM data
were acquired [Massé et al., 2012]. This work suggests a
variety of tests or consistency checks for a soil wetting origin
of RSL based on color and photometric behaviors, when
quantitative photometric analyses of HiRISE data, atmo-
spheric correction and refined radiometric calibration, have
been completed. Observations at low phase angles are also
clearly useful to distinguish wet and dry surfaces—the RSL
contrast should be greatest at low phase angles if the darken-
ing is due to wetting. Observation in the early morning is by
far the best time to detect brines on Mars, given the deliques-
cence and efflorescence observed in laboratory experiments
[Gough et al., 2011] but that is not currently possible with
Mars Reconnaissance Orbiter.
[83] After drying out, the samples usually display photo-

metric properties that are different from their initial dry state.
Two possible reasons for this are (1) the modification of
the surface texture as a result of alignment and flattening
of the grains and (2) the crystallization of previously
dissolved salts. It is difficult to distinguish between these
two processes by their bidirectional reflectance signature,
as they appear relatively similar. As a consequence, the
observation of a brighter surface after drying cannot be
uniquely interpreted in terms of the crystallization of salts
but could also be attributed to a change in the microtexture
of the surface.
[84] In a similar way, icy soils could be recognized by their

bidirectional photometric signature, which is clearly distinct
from the ones of both dry and wet soils. The presence of a
fine water frost condensed from atmospheric water vapor at
the surface of the grains will inhibit the specular reflection
and cause strong forward scattering. Because the photometric
properties of icy soils are so strongly dependent on the
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Figure 19. Schematic summary of most of the photometric effects reported and discussed in this paper.
The 3D surface and the color contour lines on top represent a “standard” bidirectional reflectance plot at
a fixed incidence angle: i = 30° and a fixed wavelength: λ = 650 nm, in this case a dry surface prepared from
JSC Mars-1 (calculated using the Hapke coefficients provided in Table 1). The various arrows show which
regions of the bidirectional phase function are affected by different parameters.
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physical state of the ice, multiangular observations have
potential for refining the mapping of surface ice on Mars.
The contrast of reflectance between interstitial ground ice
and surface frost deposited from atmospheric water vapor
has already been used to distinguish these two types of ices
in images obtained by the Phoenix lander at high Northern
latitude on Mars [Smith et al., 2009]. However, because of
the multitude of possible associations between soils and
water ice, more experiments should be conducted in the
future to investigate alternative textures of icy soils. In partic-
ular, future studies should address the case of Martian snow-
falls, as Vincendon et al. [2010] suggest that precipitation of
atmospheric water ice contributes greater to surface frost than
direct condensation of water vapor at the surface.

4.4. Spectral and Bidirectional Effects
[85] As illustrated here and in multiple previous articles,

retrieving information on the physical and chemical proper-
ties of the surface from multiangular observations and visible
/ near-infrared reflectance spectroscopy is challenging as dif-
ferent properties of the sample can affect its optical properties
in indistinguishable ways. However, information retrieved
by comparing the reflectance in different geometries and at
different wavelengths can be ideally combined to better con-
strain the state of the surface. For example, we have shown
here that the near-infrared spectral signature of H2O at
1μm appears stronger in the fraction of light scattered in
the forward and specular directions whereas the red color of
the sample is attenuated in these same directions.

Figure 20. Comparison between the photometric behaviors of the JSC Mars-1 and basaltic sand analogs
(bottom), the Martian surface at MERs landing sites, as determined from in situ PANCAM observations
(middle) and CRISM orbital observations (top) and an average global photometric behavior (“global”,
top). All reflectance factors values were calculated from sets of Hapke parameters published by Johnson
et al. [2006a] for Gusev grey rocks and Gusev soils, Johnson et al. [2006b] for Meridiani soils,
Fernando et al. [2013] for Gusev and Meridiani regions from CRISM, and Vincendon [2013] for the
average global behavior. Most of reflectance values shown here were averaged from data sets acquired
for similar samples or surfaces (all JSC Mars-1 surfaces for which Hapke coefficients are reported in
Tables 1 and 2; All basalt surfaces for which Hapke coefficients are reported in Table 3; all soils and grey
rocks in Gusev and all soils in Meridiani for PANCAM data; all regions of interest in Gusev for CRISM
data). The reflectance values are displayed in a similar way as for the laboratory measurements presented
in previous figures, for a fixed incidence angle: i = 30°. Note the different wavelengths at which mea-
surements were obtained that could result in differences between the data sets, especially in terms of the
absolute values of the reflectance factors.
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[86] Combining color and multidirectional observations of
the surface of Mars could as well provide more confidence in
identifying liquid water from its photometric properties. Color
stereo imaging is regularly used to obtain digital elevation
models of the surface at meters to decameters spatial scales
and new instruments are currently being designed for missions
to Mars and other Solar System targets. In addition to the pair
of images required for digital terrain model extraction, the
acquisition of a color image at a phase angle close to 0 would
be extremely valuable to assess various properties of the
surface and in particular to obtain robust indications of the pres-
ence of small amounts of liquid water in the regolith. High-
resolution (5m/pixel) color observations that vary with time
of day during season, as expected from the ESA Trace Gas
Orbiter CASSIS instrument, could be particularly valuable.

5. Conclusion

[87] We have measured in the laboratory the visible bidi-
rectional reflectance factors of Mars surface analogs under
a large variety of geometries. Measurements of volatile-free
samples allowed us to investigate the influence of surface
texture on the photometric properties. This influence is sig-
nificant for samples with opaque particles but is considerably
reduced in the case of samples with transparent particles. The
comparison of four independent measurements of samples of
JSC Mars-1 soil simulant conducted by four different teams
with five different instruments shows differences that can
be attributed to differences in the surface texture of the
samples, resulting from different preparation procedures.
Despite these minor discrepancies, the reproducibility of
bidirectional reflectance measurements is satisfactory.
[88] The comparison between the photometric behaviors of

the JSCMars-1 sample and the Hawaiian basaltic sand shows
interesting similarities with photometric observations at the
surface of Mars. The pronounced broad backscattering peak,
present for all our dry samples, has been observed in situ for
all Martian materials by the Pathfinder Lander and Mars
Exploration Rovers. In addition, these observations show a
contrast of behaviors at high phase angle with the presence
of a limited forward-scattering peak in the case of less dusty
rocks and compacted soils. Our experiments reproduce this
photometric contrast, as forward-scattering peak is observed
for both the fine and coarse particle size fractions of basalt
and for the smoothest surfaces made of the JSC Mars-1
soil simulant.
[89] Photometric measurements of wet samples show the

strong influence of the presence of liquid water on the photo-
metric properties of soils, both in terms of absolute level of
reflectance and shape of the reflectance distribution function.
Introduction of liquid water, even in relatively low amount,
results in the disappearance of the backscattering peak and
the appearance of a forward-scattering peak whose intensity
increases with the amount of water introduced. Specular
reflections only appear when water is present in an amount
large enough to allow water to form a film at the surface of
the sample. When there is enough water to form a thick and
flat film, the specular peak is very narrow. When the amount
of water is lower, the liquid film conforms to the topography
of the underlying grains, which results in a very broad spec-
ular peak, which coexists and can partially merge with the
forward-scattering peak. Because of the strong contrast of

photometric behavior between all dry materials at Mars
surface and putative wet soils, imaging of dark soils under
two or three different geometric conditions could provide
supporting evidence for liquid water in the Martian regolith
by its photometric signature. The set of measurements would
ideally include one image at a phase angle as low as possible
(10° or less), one at a moderate phase angle (20–60°) and, if
possible, one at high phase angle (>90°).
[90] The presence of water ice at the soil surface can vari-

ably affect the photometry of the soil, depending on the form
of association between water and minerals. Mapping of pho-
tometric criteria of the surface in Mars polar regions could
thus be used to decipher the presence and state of water in
the ground. More extensive laboratory work involving addi-
tional procedures to prepare various types of icy soils in a
reproducible way will first be necessary to establish firm
relationships between photometric parameters and the prop-
erties of the icy soils.
[91] Multiangular observations have significant potential

to better constrain the composition and physical state of
material at the surface of Mars. Orbital remote-sensing deter-
mination of the surface photometric properties has for long
been prevented by difficulties to distinguish contributions
from the surface and the atmosphere. Recent progress on the
correction of atmospheric effects using CRISM multiangular
observations now pave the way to an accurate retrieval of
the surface bidirectional reflectance properties. Laboratory
measurements of the photometry of close analogs for Mars
surface materials will be crucial to test the accuracy of their
inversion procedure. Systematic and nearly simultaneous
measurements of a selected target under multiple geometries
would be a significant addition to the capabilities of future
high-resolution imaging systems for Mars.
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