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Abstract

This study describes a method to retrieve snow specific surface area (SSA) from satel-
lite radiance reasurements in mountainous terrain. It aims at comparing different re-
trieval methods and at addressing topographic corrections of reflectance, namely slope
and aspect of terrain and multiple reflections on neighbouring slopes. We use an itera-
tive algorithm to compute reflectance from radiance of the MODerate resolution Imag-
ing Spectrometer (MODIS) with a comprehensive correction of local illumination with
regards to topography. The retrieved SSA is compared to the results of the snowpack
model Crocus, fed by driving data from the SAFRAN meteorological analysis, over
a large domain in the French Alps. We compared SSA retrievals with and without topo-
graphic or anisotropy correction, and with a spherical or non-spherical snow reflectance
model. The topographic correction enables SSA to be retrieved in better agreement
with those from SAFRAN-Crocus. The root mean square deviation is 10.0 m? kg‘1 and
the bias is —0.6 m? kg‘1, over 3829 pixels representing seven different dates and snow
conditions. The standard deviation of MODIS retrieved data, larger than the one of
SAFRAN-Crocus estimates, is responsible for half this RMSD. It is due to the topo-
graphic classes used by SAFRAN-Crocus. In addition, MODIS retrieved data show
SSA gradients with elevation and solar exposition, physically consistent and in good
agreement with SAFRAN-Crocus.

1 Introduction

Snow covers a large part of the Earth surface. Since it is among the most reflective
materials on Earth, snow covered areas have a strong impact on the Earth radiative
budget. Therefore, monitoring their physical properties is crucial to understand the
complex feedbacks between snow and climate (Armstrong and Brun, 2008), as well
as their consequences on alpine hydrology or avalanche forecasting.
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The snow grain size is an essential property of the snowpack as it greatly controls
the reflectance of snow in the near infrared (NIR) wavelengths (Warren, 1982). How-
ever, numerous and sometimes ambiguous definitions of snow grain size can be found
in the literature that make it an impractical parameter to measure (Wiscombe and War-
ren, 1980; Aoki et al., 2000; Fierz et al., 2009). This has been mitigated in the recent
years by the increasing use of the snow Specific Surface Area (SSA) to characterize
a physical property for snow that can be reduced to a characteristic snow grain size
(Legagneux et al., 2002; Domine et al., 2007; Kerbrat et al., 2008; Gallet et al., 2011).
The snow specific surface area is defined as the ratio between the area of the air/snow
interface and the mass of the snow sample, i.e., SSA =S/M = S/(p;V), where S and
M are the surface area and mass of a snow sample, respectively, V the volume of the
ice particles in the sample, and p; is the ice density (917 kg m~° at 0°C). SSA values
range from 2 m? kg‘1 for large refrozen crust grains to 160 m? kg'1 for fresh dendritic
snow (Domine et al., 2007). In turn, the SSA is linked to the optical radius Fopts which
represents the radius of a collection of monodisperse spheres that would have the
same SSA, by the simple formula:

3

SSA = :
Pi ropt

(1)

This relationship between SSA and the optical properties of snow, and thus the en-
ergy budget of the snowpack, makes it a crucial parameter towards understanding and
modelling the snowpack.

SSA measurements can be made using several methods such as stereology, chemi-
cal adsorption, X-ray tomography, or optical methods. Because most of these methods
are time consuming and inadequate for field measurements, a new optical method was
recently developed by Gallet et al. (2009) to allow fast measurements of SSA to be ob-
tained in the field. Nevertheless, such field measurements remain punctual and more
systematic measurements both in space and time are needed. In this context, the rela-
tionship between the reflectance of snow in NIR wavelengths and SSA makes optical
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space borne imagers a suitable tool to monitor the spatial and temporal variations of
SSA over relatively large areas.

Numerous studies and reviews exist on the retrieval of grain size and other prop-
erties of the snowpack from space borne imagers (e.g., Painter et al., 2009; Negi and
Kokhanovsky, 2011b; Zege et al., 2011). Many of them take advantage of data from the
MODerate resolution Imaging Spectrometer (MODIS). Its high temporal and spectral
resolution (daily coverage and about 20-30 nm wide bands) along with its moderate
spatial resolution (i.e., 500 m for the NIR bands) makes the MODIS imagers on board
TERRA and AQUA platforms a good candidate to retrieve SSA and optical radius of
the snowpack.

Different methods have been tested and implemented for grain size retrieval
(Tedesco and Kokhanovsky, 2007). Recently, Painter et al. (2009) introduced the MOD-
SCAG algorithm to retrieve subpixel snow covered area, grain size and albedo on
a sub-pixel basis from MODIS data. This method is based on the spectral unmix-
ing of MODIS ground reflectance product (MxD09) whereby a range of snow spectra
with various grain sizes is considered as potential end-members. However, although
MxDO09 data product addresses atmospheric effects (Vermote and Vermeulen, 1999;
King et al., 2004), topographic effects, such as the illumination angle or the reflected
terrain irradiance, are ignored despite their importance in mountainous terrain (Proy
et al., 1989; Fily et al., 2000; Sirguey, 2009). In addition, the snow end-members used
in MODSCAG are based on theoretical spectra whereby snow grains are assumed to
be spherical, the effect of soot on reflectance is ignored, as well as the effect of the
anisotropy of snow reflection (Dumont et al., 2010).

Alternatively, the semi-analytical snow retrieval algorithm (ART) developed by
Kokhanovsky and Zege (2004) was applied to MODIS data (Tedesco and
Kokhanovsky, 2007; Lyapustin et al., 2009; Negi and Kokhanovsky, 2011a,b; Zege
et al., 2011). The various applications differ in the way the ART model was used, al-
though all assume the grains shape distribution to be a mix of plates and columns
instead of solely spherical (Zege et al., 2011). Each study departs regarding the num-
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ber of MODIS spectral bands that were used to retrieve grain size (see Negi and
Kokhanovsky, 2011a), as well as in terms of addressing atmospheric correction. For
example, Tedesco and Kokhanovsky (2007) relied on the standard correction associ-
ated with the MxDQ09 data product, while custom corrections are used by Lyapustin
et al. (2009) or Zege et al. (2011). Only Zege et al. (2011) accounted for the effect of
soot on the snowpack. Yet, none of these studies addressed the impact of multiple re-
flections in mountainous areas, and few addressed that of the local illumination change
due to the slope and the aspect of the studied surface.

This study aims at evaluating the effect of (1) the local topography, (2) the anisotropy
of snow and ice reflection, (3) the shape of snow grains, to retrieve snow SSA from
MODIS data in mountainous areas. The method described in this paper accounts for
two main steps: (i) MODIS raw radiance data are corrected for atmospheric and topo-
graphic effects; (ii) the relationship between the ground reflectance and SSA is inverted
using the radiative transfer model DISORT (Stamnes et al., 1988). The same inversion
technique is then applied to MODO9 reflectance values to evaluate the contribution of
the topographic correction. We also assessed a series of scenarios that could affect
the reflectance calculation and SSA inversion, such as the correction for anisotropic
reflectance, the use of ratio of visible/NIR reflectance values, and taking account of the
grain shape with the sophisticated inversion technique ART (Kokhanovsky and Zege,
2004). The SSA retrieved by the different methods are then compared to the surface
SSA values simulated by the snowpack model Crocus (Brun et al., 1992) fed by the
SAFRAN meteorological downscaling tool (Durand et al., 1993). This model brings
a complementary and independent evaluation data to be compared to the results of
the various retrieval methods.
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2 Data
2.1 Application site

We carried out our study on an Alpine domain located in the centre of the French Alps
(45°09'N, 06° 10’ E), East from Grenoble, covering an area of 46 x 50km (see Fig. 1).
The terrain is highly rugged with an elevation ranging from 224 to 3983 m a.s.l. The
mean elevation is 1860 m a.s.l. The area is covered by the Météo-France operational
snowpack system SAFRAN-Crocus (Durand et al., 1999), which provides us with es-
timates of the snowpack relevant parameters throughout the area. The domain also
includes several meteorological stations, two of which providing daily reports of precip-
itations, temperature, cloudiness, wind and snow depth, useful for the understanding
of the snow characteristics at a given date.

Seven cloud-free MODIS/Terra images of the area were processed: 9 Januar, 25 Jan-
uar, 26 Februar, 21 March, 22 April, 6 May 2009 and 12 Januar 2010. This dataset
enabled our method to be tested for various conditions of snow at several steps of the
seasonal evolution of the snowpack.

2.2 Satellite data

The MODIS sensor was chosen given the fact that:

— it has a suitable spectral resolution (see Table 1), including a detection channel
(band 5) centred at 1.24 um, which is highly sensitive to SSA and barely affected
by impurities content (Warren, 1982; Kokhanovsky et al., 2011).

— it offers a good compromise between spatial and spectral resolution (respectively
500 m and 0.02 um for band 5).

— it provides daily coverage of the area of interest.

The region of interest is then represented by 92 x 100 pixels at 500 m resolution.
1921
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The Goddard Space Flight Center’ provides several products processed from raw
sensor acquisitions. For this study, two products were used in order to evaluate the im-
pact of the topographic correction on the retrieved SSA: the MODO02 swath data product
(level 1B, obtained with MODO3 geolocation file for reprojection), which contains cal-
ibrated Top Of Atmosphere (TOA) radiances; and the MODOQ9 data product (level 2),
which readily provides atmospherically corrected ground reflectances computed by the
LSRSCF? (Vermote and Vermeulen, 1999).

2.3 Digital Elevation Model

The DEM used for computing topographic parameters originates from the Shuttle
Radar Topography Mission (SRTM, Farr et al., 2007). This 3arc-sec DEM was pro-
jected and downgraded from 90 to 125 m (for shadows computation) and 500 m spatial
resolution to match the extent of the area of interest. It is illustrated on Fig. 1. SRTM
data were assessed by Rodriguez et al. (2005) that the absolute geolocation error is
lower than 8.8 m and the relative elevation error is lower than 8.7 m over Europe.

2.4 The SAFRAN-Crocus dataset

Crocus is a 1-D detailed snowpack model simulating the energy and mass balance
of the snowpack including a detailed description of internal processes such as snow
settling, liquid water percolation and snow metamorphism (Brun et al., 1989, 1992).
For each of the layers of its modelled stratigraphy, it simulates the evolution of grain
characteristics, thickness, density, liquid water content and temperature.

Crocus runs with meteorological forcing accounting for parameters such as air tem-
perature and humidity, wind speed, cloud cover, precipitation and radiation. Assessing
such meteorological conditions on mountain slopes is challenging due to the scarcity of

'MODIS project, http://modis.gsfc.nasa.gov/.
2| .and Surface Reflectance Science Computing Facility: http://modis-sr.ltdri.org/.
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ground-based measurements and the coarse resolution of numerical weather predic-
tion models (NWP) assimilating them. To mitigate this issue and provide relevant mete-
orological forcing to the snowpack model Crocus, we used meteorological driving data
from the SAFRAN system (Durand et al., 1993), which combines ground-based and ra-
diosondes observations with an a priori estimate of meteorological conditions obtained
from the ARPEGE NWP model (Courtier et al., 1991). This assimilation scheme is per-
formed at the massif scale (ca. 400 km2), assumed meteorologically homogeneous,
accounting for topographic effects through the use of 300 m thick altitudinal bands. This
meteorological forcing is then provided to the Crocus snowpack model which performs
numerical simulations of the physical state of the snowpack for six aspects (N, E, SE,
S, SW, W) and for three slope angle values (0, 20 and 40°). This lumped approach min-
imizes computational times while providing relevant information on the physical state
of the snowpack for each mountain range. A fully distributed simulation of the physi-
cal state of the snowpack using distributed SAFRAN forcing on the topography of the
DEM used for the MODIS retrieval algorithms is technically feasible, but would add
little meteorological added value given the very nature of the SAFRAN meteorologi-
cal fields, for significantly higher computational and memory costs. The outputs of the
SAFRAN-Crocus model are given according to four topographic parameters defining
a class: geographical zone (called “massif”), altitude, aspect, and slope. Table 2 details
the discretisation of these parameters in our study area. The three massifs included in
our study area are called Belledonne (Be.), Grandes-Rousses (Gd. Ro.), and Oisans
(Oi.).

Variables in Crocus related to snow grain, namely sphericity, dendricity, and size,
are semi-quantitative and function of the snow metamorphism history. The sphericity
represents the ratio of rounded grains to faceted grains. The dendricity is equal to 1.0
for fresh snow and then decreases to zero as the snow ages. From both grain shape
variables, the Crocus model diagnoses an optical diameter (Brun et al., 1992; Vionnet
et al., 2012) that we converted to an SSA value according to Eq. (1). Although the
SSA modelled by Crocus cannot be considered as ground truth, Morin et al. (2012)
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demonstrated that they were in very good agreement with field measurements carried
out at the research station Col de Porte over the course of one snow year (2009-2010),
with a root mean square deviation (RMSD) found to be on the order of 6 m? kg‘1.

To compare the SSA values modelled by SAFRAN-Crocus with those retrieved from
MODIS data, we integrated the SSA of the surface layers simulated by Crocus over the
first centimeters of the snowpack. Although not essential, this average was performed
to avoid possible artifacts of the (sometimes very) small upper layers of the model. This
was done considering an exponential decay to accomodate the attenuation of the solar

radiation through the snowpack (Warren, 1982) as:
S _Z
SSA(z)e 7dz
SSAg = Jo — , (2)
[pe"@dz

where s is a truncation of the penetration depth, and d the e-folding depth. The
e-folding depth varies with changing SSA, density, and wavelength (Warren, 1982).
However, the sensitivity study conducted by Kokhanovsky et al. (2011) reveals that
NIR wavelengths are only sensitive to optical radius on the very first centimeters of
the snowpack. Additional testing showed us less than 1.9 m? kg'1 standard deviation
between taking d =1 and d =4cm. This corroborated the use of a single value of
d =2cm and s = 4cm for the whole study.

We used the operational outputs of the SAFRAN-Crocus model corresponding to
the seven acquisition dates of MODIS data to allow comparison between the modelled
and MODIS-derived SSA at the snow surface. The modelled SSA for each topographic
class were gridded throughout the area of interest using topographic derivatives of the
DEM.

2.5 Ice optical indices

In order to compute the quantitative relationship between snow reflectance and SSA,
a precise knowledge of the ice refractive index is required. The absorption is indeed
1924
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controlled by the value of the imaginary part of the optical index, for which a recent
compilation has been made by Warren and Brandt (2008).3

3 Methods

3.1 Atmospheric and topographic correction: computation of ground re-
flectance from MODO02 radiance data

The radiance detected by a satellite sensor (L1o) at a given waveleng’[h4 is the sum
of several contributions including (Fig. 2): the ground radiance L 1 (i.e. the radiance of
the ground target) modulated by the ground-to-sensor atmospheric transmittance 7,
the path radiance L, (i.e. the radiance emitted by the column of atmosphere between
the sensor and the target) and the background radiance L, (i.e. the radiance emitted by
pixels surrounding the target and diffused towards the sensor) (Sirguey et al., 2009a).
Consequently, the ground radiance in the direction® defined by the zenith angle 8, and
the azimuth @, can be written as (Dumont et al., 2011):

LTOA(GV’ ¢v) - Lp(ev’ ¢v) - Lk(ew d)v)
T

4

Lg 1(6,,0,) = 3)

IR

2n
0

3Dataset available at http://www.atmos.washington.edu/ice_optical_constants/.

*For more clarity, the wavelength dependence of all radiative quantities will be omitted in the
following equations.

5Considering that the distance between earth and satellite is far longer than the sensor
size, we assume the conical radiance is very close to directional radiance, and we make no
difference in the following between directional and conical radiance or reflectance.

L4605, @) 0(6;,0,, d; - @,) cos(6;) sin(6;)d 6;d ¢,

o—__
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where L is the incident radiance received by the target, p is the bidirectionnal re-
flectance distribution function (BRDF), and (8,,¢;) the zenith and azimuth angles of
the illumination, respectively. The radiance L, can be written as the sum of several
components (Fig. 2) related to the direct solar irradiance Eg, the diffuse solar irradi-
ance Ey, the diffuse environmental irradiance E,,, and the reflected terrain irradiance
E;. For simplicity, it is assumed that the diffuse irradiances E4 and E,, are isotropic
(Schaepman-Strub et al., 2006), as well as E;. As such, all three components can be
accounted for as a single diffuse irradiance component, E 4. It follows that

NIE)

[\

T

L4(6;, @) sin(6;) cos(6,)d 6, ¢; = E5cos(65) + E i, (4)

o—__
o—__

where 6, is the solar illumination angle on the tilted target defined as cos(d;) =
cos(f,)cos(6,)+sin(8;)sin(6,) cos(ds—@,), where ; is the solar zenith, @y is the solar
azimuth, and (6,,,®,) are the slope and aspect of the ground tilted pixel, respectively.
The isotropic assumption of E 4 allows Eq. (4) to be written as

Ly(6i,d) = Es~ 62 (@@i)"'%, )
’ sin(@,) %+° T

where 6? O(Qi, @) is the two-dimensional Dirac delta distribution defined by
65 (6,0)=0  if(6-65)"+p*#0
2T |z 6§S’O(G,¢)d9d¢ =1

Combining Egs. (3) and (5) yields

Lg 1(6,,9,) = Escos(és)p(és’ew -¢,) + %O’(QV), (6)
1926
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where a is the hemispherical-directional reflectance in the direction 8,. The Helmoltz
reciprocity principle p(6,6,,® - ¢,) = p(6,,0,®, — @) enables us to inverse Eq. (6) so
that

L,T(8,,0,
a(@,) = e AL ’
Escos(6)R(6,,0s, D) + Egi

where R, the anisotropy factor, is defined as the ratio of the BRDF to the hemispherical-
directional reflectance (see Dumont et al., 2010).

While allowing the topographic effects to be addressed, this formulation also enables
the SSA to be retrieved under two scenarios: (1) snow is a lambertian surface (R = 1);
(2) snow has a marked anisotropic reflectance function measured by the anisotropy
factor R.

Under the first scenario, Eq. (7) identifies to Eq. (5) in Sirguey et al. (2009a):

- T(Ltoa—Lp —Ly) @®)
T, (TsbEgd=2cos(6y) + Eq+ Ep + E;)

(7)

where b varies between 0 if the pixel is considered shaded to 1 if it is entirely illumi-
nated. 7, and T are respectively the ground-to-sensor and sun-to-ground atmospheric
transmittances. d is the Earth-Sun distance, and E,, the extraterrestrial irradiance, both
provided within MODO3 products. The hemispherical-directional reflectance, a, is com-
puted using Eq. (8) with the MODImLab algorithm (Sirguey et al., 2009a; Dumont et al.,
2011). It calculates E;, E,, and a using an iterative method. The quantities £y, Eg, T,
Ts, Erp, Lp, and L, are obtained using the SPCTRALZ2 radiative transfer model (Bird
and Riordan, 1986). The shadowing factor b is computed within MODImLab using the
125m DEM based on an implementation of the horizon line algorithm of Dozier et al.
(1981).

Under the second scenario, the SSA was retrieved using a correction of the
anisotropic reflectance of snow. In other words, measured values of the anisotropy
factor R given by Dumont et al. (2010) were used in Eq. (7).
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3.2 Computation of ground reflectance in MOD09 products

Ground reflectance provided in the MOD0O9GA V005 data product are computed using
the atmospheric radiative transfer model 6S (Vermote et al., 1997; Vermote and Ver-
meulen, 1999). Although anisotropic surface reflectance behaviour are addressed in
the MODO09 product, the effects of topography are ignored, i.e. b=1, E, =E; =L, =0,
and &, is replaced by 6.

3.3 Modelling of the snow reflectance

We used the DIScrete Ordinate Radiative Transfer (DISORT) model to establish a re-
lationship between SSA and reflectance (Stamnes et al., 1988). Grains were assumed
to be spherical and their single scattering parameters were computed using the Mie
theory. This assumption deserves clarifications since the grain shape has an effect on
the reflectance (Picard et al., 2009). However, the grain shape is not known a priori,
so that we assume spherical particles at first approximation. Reflectance values were
computed for a set of incident angles ranging from 2 to 88°, SSA values ranging from 2
to 160m?kg ™", and wavelengths corresponding to MODIS bands 1 to 7. The presence
of impurities in the snow was ignored because they are not expected to affect substan-
tially the reflectance in the wavelengths available that are sensitive to SSA (Warren,
1982). A Look-Up Table (LUT) was formed to allow SSA to be retrieved, knowing the
spectral reflectance, the viewing angle, and the wavelength.

3.4 From reflectance to SSA

Maps of ground reflectance were obtained with MODImLab from MODO02 data (cor-
rected for topographic effects, and corrected or not for anisotropic reflectance effects),
or readily available from MODOQ9 data products.

The retrieval of SSA values was then performed only for pixels which are both non-
shaded and fully covered with snow (snow cover fraction = 1). Shaded pixels were ig-

1928

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

TCD
6, 1915-1961, 2012

Mountain snow SSA
from MODIS

A. Mary et al.

: “““ I““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/1915/2012/tcd-6-1915-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/1915/2012/tcd-6-1915-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

nored because limited signal to noise ratio introduced too large uncertainties. Sub-pixel
snow cover fraction was determined based on its linear relationship with the Normal-
ized Difference Snow Index (NDSI) (Salomonson and Appel, 2006; Hall and Riggs,
2007).

In order to retrieve SSA, we considered several processing options:

1. using MODIS band 5 only or using all SSA-sensitive MODIS bands (i.e., bands 2,
5,6, and 7)

2. relying on absolute reflectance values or on the relative shape of the snow’s spec-
trum (i.e., the ratio between SSA-sensitive bands and band 4, e.g., Painter et al.,
2009; Negi and Kokhanovsky, 2011a,b; Zege et al., 2011).

Combining correction scenarios for the ground reflectance (i.e., topographic and
anisotropy), and the above processing options resulted in a comparison of several
retrieval methods, four of them being summarized in Table 3.

For each pixel to be processed, the algorithm searches the LUT and selects the SSA
whose theoretical reflectance spectrum resembles most that of the image according to
the spectral distance D defined as

D(SSA) = > rz(/)[aM(i)—aD(SSA,A(/))]Z, 9)
i={2,5,6,7}

where ay, is the observed reflectance vector from MODIS and ap is the theoret-
ical reflectance vector from DISORT. (/) are weighting coefficients quantifying the
theoretical sensitivity of each band to SSA. They are established by evaluating
Pp(SSA =5,b)-pp(SSA = 160, b). This yielded n(2) = 0.2, n(5) = 0.7, n(6) = 0.05, and
n(7) = 0.05 when using four bands, or simply n(5) = 1 when only band 5 is used. The
SSA value for a pixel is rejected when D, > 0.1.
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3.5 Grain shape modelling

One additional method for obtaining SSA was considered that took into account the
grain shape. SSA retrieval was performed based on the ART theory (Kokhanovsky and
Zege, 2004), whereby snow grains are considered to be fractal rather than spherical
as described in Negi and Kokhanovsky (2011a,b). The method relies on one visible
(band 4) and one NIR (band 5) channels. It accounts for the effect of slope on the
incidence and viewing angles, as well as for the anisotropy of snow reflection. The
method was applied only to MODQ9 products for pixel whose NDSI exceeded 0.6,
reflectance on band 4 exceeded 0.6 and incidence angle was lower than 70°.

4 Results and discussions

According to Eq. (1), the SSA is inversely proportional to the optical radius. Although
studies reporting on the retrieval of snow properties from satellite data generally refer
to grain optical radius (Fily et al., 1999; Painter et al., 2009; Negi and Kokhanovsky,
2011b), applications such as mass balance modelling tend to refer to SSA (Dumont
et al., 2012). It worth noting that SSA emphasizes the representation of small grains,
which have a high albedo. Indeed, high and low albedo corresponds, respectively, to
little and large amounts of energy absorbed. Therefore, a given variation of albedo in-
duces a larger relative variation of energy absorption for a high albedo than for a low
albedo. Conversely, using optical radius would emphasize the part of large grains.
Thus, it may be better to report on optical radius rather than SSA for microwave appli-
cations. The results of this study are reported in terms of both SSA and optical radius.

Figure 3 describes the daily mean air temperature issued from SAFRAN at 2100 m,
and snow height simulated by SAFRAN-Crocus at 1800 m and 2100 m on flat terrain
for the season 2009, on the Grandes-Rousses massif. We located on this figure the six
dates of MODIS acquisitions in 2009, in order to visualize their meteorological back-
ground. Briefly, we can identify recent snowfalls for 9 Januar, 25 Januar (along with
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12 Januar 2010, not shown), settling periods for 26 Februar and 21 March, a recent
snowfall only above 2000 m for 22 April, and a melting period for 6 May. Figure 4 illus-
trates the SSA obtained from DTA retrievals for all dates (cf. Table 3 for the acronyms
used to refer to the various retrieval methods).

In this section, values retrieved from MODIS are compared with the estimates from
the SAFRAN-Crocus snow model. Although simulated values are not to be considered
as ground truth, SAFRAN-Crocus estimates have been reported as accurate in terms
of SSA (Morin et al., 2012). The use of SAFRAN-Crocus spatialized output is further
justified by the fact that distributed modelling allowed the spatial variability of SSA to be
captured over large areas. Figure 5 illustrates and compares the SSA maps obtained
with SAFRAN-Crocus and the DTA method for 21 March 2009, on the three SAFRAN
massifs.

Tables 4 and 5 summarize the SSA and optical radius results obtained with each
method on the seven dates. Four statistics were used, applied to both SSA and optical
radius, to report on and assess the performance of each method:

1. the mean and standard deviation of the variable over the whole area provided
an indication about the overall magnitude and variance of the SSA/optical radius
value.

2. the Root Mean Square Deviation (RMSD) and bias® associated with the difference
map between each method’s output and the SAFRAN-Crocus estimates (see for
example Fig. 5¢) provided a measure of the accuracy of each retrieval method.

All statistics were computed based on pixel values whereby all methods successfully
provided an estimate.

Figure 6 illustrates how the mean SSA and optical radius values compare with
SAFRAN-Crocus estimates for each method. Figure 7 summarizes the RMSD per-
formance of all methods for both SSA and optical radius.

6AIthough SAFRAN-Crocus is not ground truth, the term “bias” is extensively used in this
work, for more convenience.
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4.1 Methods comparison
4.1.1 Influence of selected spectral bands

Whether SSA was processed from MODO02 or MODO09 data, we observed that using
the four bands 2, 5, 6, 7 (see Table 1) only allowed SSA to be estimated for about half
the number of pixels obtained with the band 5 (1240 nm) only. This is due to the fact
that the fixed threshold applied to the spectral distance D is more restrictive when more
bands are used. It could be loosened to obtain more pixels, but with potentially larger
uncertainties. Nevertheless, on this subset, the RMSD between the MODIS-derived
and SAFRAN-Crocus values compared well whether four or a single band were used,
with respectively 14.2 and 13.7m?kg™". The overall SSA bias on the subset was only
reduced from 3.5m? kg'1 when using band 5 alone to 2.3 m? kg‘1 with four bands.
Using four bands thus gives smaller SSA values: this result is consistent with Li et al.
(2001) who reported the fact that the SSA usually decreases with depth in the first
centimeters, which was also observed by Morin et al. (2012) in the field, and the fact
that band 2 (860 nm) penetrates deeper in the snowpack.

Despite the slightly smaller overall bias when retrieval is processed using four bands,
the substantially larger retrieval success rate when using only band 5 justified that this
spectral method was preferred here to report the results.

4.1.2 Influence of topographic correction

Figure 6a shows that DTA and SAFRAN-Crocus were in good agreement for relatively
small SSA values, while higher SSA exhibited more dispersion. The overall bias asso-
ciated with the DTA method over the seven dates was —0.6 m? kg'1, with the largest
bias being —-8.8 m? kg‘1 = 24 % relative bias (Table 5). The RMSD ranged from 2.5 to
26.2m? kg_1 with lower RMSD associated with lower SSA. The average RMSD for the
DTA method over the seven dates was the smallest of all methods with 10.0 m? kg'1.
However, over the seven dates 59 % of pixels had an absolute difference lower than
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5m? kg_1, so that the RMSD s largely due to a relatively little number of large devi-
ations to SAFRAN-Crocus. In terms of optical radius estimates, the DTA method per-
formed second best after the ART method with an overall bias of 19.4 um and RMSD
of 112 um (see Table 5).

It appeared that the retrieval methods ignoring topographic correction (i.e., DA and
DR) yielded higher SSA (smaller optical radius) estimates compared to DTA and
SAFRAN-Crocus. This was largely marked for dates with high SSA/small optical ra-
dius (Table 5). The biases and RMSD in terms of SSA and optical radius were also
significantly higher for DA and DR than for any other method (Table 5).

Therefore, this comparison suggested that the correction of topographic effects in
the reflectance calculation results in smaller SSA (higher optical radius) with better
agreement to those simulated by SAFRAN-Crocus.

This observation finds an analytical explanation by studying the sensitivity of Eq. (8)
to topographic effects. Introducing TE a function measuring globally the topographic ef-
fects, it becomes possible to derive partially the reflectance with respect to TE yielding

da _0a 0L, _ 9a  OEw+E) da 06 (10)
dTE 0L OTE O(E,+E,)_ OTE 90 OTE
N ) e, S Ny
<0 >0 <0 >0 variable

This comes from the fact that L,, E,,, and E, increase with topographic effects, result-
ing in a decrease of the reflectance. The dependence to the illumination angle 678 in
fact depends on the sign of 4 — 0, whose distribution can be assumed uniform since
the study area has no preferential aspect. Thus, the latter can be neglected, leading
to % < 0. This confirms that including topographic effects in reflectance calculation
results in lower reflectance, interpreted as smaller SSA. In addition, E,, E;, and L,
increase with reflectance and SSA, and hence so do |d(;';‘E|' The impact of correcting
topographic effects is therefore more pronounced on dates with relatively higher SSA
dates.
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4.1.3 Influence of normalization

The use of band ratios instead of absolute reflectance values proved to have an impact
on the retrieved optical radius and SSA. When considering topographically corrected
data only, the use of band ratios yielded generally higher SSA. SSA (respectively op-
tical radius) mean values were twice higher (resp. lower) and largely departed from
SAFRAN-Crocus estimates.

Band ratioing involves a division by the reflectance in a visible band (typically high
for snow). In fact, reflectances at visible wavelengths can be contaminated by other
influences, such as impurities, which can result in reflectances lower than theoretical
ones. This underestimation of visible reflectances induce overestimated ratios, hence
the overestimated SSA obtained with band ratioing.

When considering data ignoring topographic effects, the impact of band ratios dif-
fer whether looking at SSA or optical radius. SSA figures still show higher SSA for
band ratioing (DR) than for absolute reflectance method (DA) on small SSA dates, but
smaller SSA on small SSA dates (Table 4). Optical radius figures always show smaller
grains for band ratio method, except on 12 January 2010 where both methods give
very similar radii (Table 4).

Painter et al. (2009) suggested the use of band ratio in order to overcome the error
on absolute reflectance, largely due to ignoring topographic effects. Since all spectral
bands are similarly affected by local illumination angle, using a band ratio is a form
of topographic normalization. However, the amplitude of topographic effects remains
dependent on wavelength due to the importance of other topographic contribution such
as L, E,,, and E;. We demonstrated in Sect. 4.1.2 that d% < 0. Calling a the MOD09
reflectance (i.e., without topographic correction) and a* the topographically corrected
(or theoretical) reflectance, it comes that @ = " + 6, with §a > 0. This overestimated
reflectance would lead to overestimates of SSA as revealed by higher bias for DTA than
for DA in Table 5. Alternatively, comparing the DR reflectance ratio to the theoretical
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reflectance ratio can be formulated as

* * *
A= iy~ Ay _ a, 0y - anir6av (11)
- -5 = * * .
a, a, a,(a, +6a,)

where a,,;, and a, are respectively NIR and visible reflectances. Since visible wave-
lengths are barely sensitive to SSA, @, and §a, can be assumed independent of
SSA. Conversely, a,;, varies with more than a factor three when SSA varies from 5
to 60 m? kg‘1. Over the same range, 6a,,, varies as a first order of a,,;, with SSA. Thus,
the second term a;, 8, of the numerator has larger variance than the first term, mak-
ing A >0 when SSA and a, are small, and A <0 when SSA and a, are large. This
explains why DR overestimates SSA when the SSA is small, and underestimates it
when the SSA is high. This compounded with overestimations due to impurities can

explain the relative comparison discrepancies between DR and DA.
4.1.4 Influence of grain shape and anisotropy

Figure 6a reveals that the use of a non-neutral anisotropy factor in DTAA method re-
trievals leads to higher mean SSA on high SSA dates (about +50 %), whereas it has
very little impact on small SSA. The RMSD to SAFRAN-Crocus, along with bias, is
higher for DTAA than for DTA, so that this anisotropy correction overestimates SSA with
regards to SAFRAN-Crocus. However, this correction has very little impact in terms of
optical radius (Figs. 6b and 7), as DTA, DTAA and SAFRAN-Crocus are more close
one to the other and the two methods have similar RMSD and biases.

The anisotropy correction implemented here is quite raw, as it simply uses the
anisotropy factor measured by Dumont et al. (2010) for a single type of small SSA
snow. This correction seems to be too strong for high SSA snow, whose anisotropy
is less sided than small SSA snow. This is also the reason why the correction has
a significant effect in SSA but not in optical radius.

DTAA and ART have similar behaviours. The ART method also gives SSA mean val-
ues significantly higher than SAFRAN-Crocus on high SSA dates, and values close to
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the model on small SSA dates (Fig. 6a). The ART method gives output in SSA at in-
termediate mean values between methods DA/DR and SAFRAN-Crocus, and reduced
bias and RMSD.

This demonstrates that the impact of taking into account the grain shape/anisotropy
is at least as much significant as the impact of addressing multiple reflections on the
retrieved SSA values. It also shows that taking into account grain shape is valuable
for SSA retrievals. Again, the differences with DTA fade in terms of optical radius, with
equivalent statistics.

4.2 Detailed Comparison with SAFRAN-Crocus model

In this section we selected the SSA obtained from DTA retrievals (MODO02 band 5
topographically corrected radiances, using absolute reflectance) for comparison with
estimates from SAFRAN-Crocus. As shown in Sect. 4.1 this method performed best in
terms of SSA as revealed by RMSD. The analysis takes into account pixels for which
estimates existed both for DTA and SAFRAN-Crocus. Many more pixels were available
for this method (more than 2000 in average) than in the subset where all methods over-
lapped, thus making the statistics reported below slightly different than those presented
earlier.

4.2.1 Distribution

In the Crocus model, the parameterization of grain variables makes the SSA bounded
between 1 and 65 m? kg'1 . The SSA retrieved from MODIS data are possible between 2
and 160 m? kg'1 as modelled using DISORT according to values found in the literature
(Domine et al., 2007). This discrepancy introduces an asymmetry between the two
SSA supports. Although this asymmetry has little importance on grain type as SSA
exceeding 65 m? kg‘1 always represents fresh snow, it will contribute to the RMSD
when SSA is relatively high, despite the limited number of pixels for which the SSA
was estimated to exceed 65 m? kg'1 in MODIS maps.
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Figure 8 shows the standard deviations of SSA values from SAFRAN-Crocus and
MODIS data on the seven dates. The standard deviation is systematically higher
for satellite-retrieved data. Maps of SSA illustrated in Fig. 5 also exhibit this greater
dispersion for DTA. However, both data sources have very different signal entropy.
While SAFRAN-Crocus provides estimates based on a discrete subset of topographic
parameters (classes defined by Massif, Elevation, Aspect and Slope) representing
(8+9+10) x (6 x2+ 1) =351 different classes (Table 2), each MODIS pixel is con-
sidered independant from each other, with a potentially large radiometric range thus
increasing the entropy of the signal.

In fact, the mean standard deviation for DTA within classes represented by at least
10 pixels is 10.4 m? kg_1 (whereas this standard deviation is, by definition, zero for
SAFRAN-Crocus). “Smoothed” SSA maps were computed, whereby the SSA on each
pixel was replaced by the mean SSA of all pixels corresponding to the same SAFRAN-
Crocus class. The standard deviation of the resulting map was significantly reduced
as shown in Fig. 8. It demonstrates that most of the difference of variability between
SAFRAN-Crocus and DTA originates from the inherent variability of DTA estimates
within the same SAFRAN-Crocus class, that could not be captured by the model.
Based on the “smoothed” SSA map, RMSD between DTA and SAFRAN-Crocus de-
creased from 12.0 to 6.9 m? kg'1. This suggests that nearly half the RMSD between
MODIS and SAFRAN-Crocus SSA originates from the variability of the SSA retrieved
from satellite measurements at constant altitude, slope and aspect.

The remaining part of variability due to topography (massif, elevation, aspect, slope)
is investigated on the following section.

4.2.2 Topographic variability

We analyse here the variability of SAFRAN-Crocus and DTA retrievals by means of
a multiple linear regression of log(SSA) linked to topographic parameters and date.
We used log(SSA) rather than SSA because of the asymmetry of SSA distribution,
for the linear regression to be more efficient. Predictors are date, elevation, slope, as-
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pect, and massif. We also included predictor interactions because topography effects
tend to be very date-dependent, and since sun incidence is related to a combination
of slope and aspect, for instance. For DTA, standard regression techniques (not shown
here) show the significance of all predictors, as well as of the interactions between date
and massif, and date, slope and aspect. This means that influence of elevation, mas-
sif, slope and aspect varies significantly from date to date. All listed factors, variables
and interactions are found significant at 0.05 level. For SAFRAN-Crocus, all predictors
are found significant, except slope whose influence appears only through interactions.
Percentage of variance explained by those models reaches 68 % for DTA. It raises to
88 % for “smoothed” DTA, which shows that the signal retrieved from the sensor is
deeply linked to topographic parameters once smoothed from inter-pixel variability. For
SAFRAN-Crocus, percentage of variance explained reaches 95 %: SAFRAN-Crocus
simulations are explicitly linked to these predictors.

The influence of date is predominent on two items: the mean SSA, as we can see on
Table 4, and the magnitude of topographic gradients. Indeed, topographic parameters
have more or less influence on SSA depending on the date. This result is consistent
with the meteorological background: just after a snow fall, or late in the season, the
snowpack becomes more homogeneous so that gradients tend to vanish.

DTA and SAFRAN-Crocus data show a significant increase of SSA with elevation
(Fig. 9). The gradient intensity varies from date to date, with smaller gradients shortly
after a snowfall or late in the season. This result is consistent with usual temperature
gradients w /r to elevation: the snow grains grow faster at higher temperature. However,
the gradient is often more pronounced for DTA retrievals than for SAFRAN-Crocus es-
timates. For the lowest elevations and lowest SSA values, we can link this observation
to the fact that SAFRAN-Crocus seems to underestimate the grains growth at low SSA
(Morin et al., 2012). For the highest elevations and the highest SSA values, the differ-
ence of support between Crocus and DTA, and especially the SSA limit at 65m?kg ™"
for Crocus, can explain the lower SSA observed for SAFRAN-Crocus.
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Figure 10 plots SSA from DTA and SAFRAN-Crocus with regards to aspect for the
seven studied dates. It illustrates both for SAFRAN-Crocus and DTA the variations for
each date upon the global influence of the aspect on SSA. The highest SSA are lo-
cated on northern slopes, then western, eastern, and the smallest SSA on southern
faces. This result is consistent with the amount of solar radiation received by these
slopes. Again, it is noticeable on Fig. 10 that the variability due to the aspect is more
pronounced for DTA than for SAFRAN-Crocus. This difference may come from the ide-
alized relief of SAFRAN-Crocus, which ignores the possible presence of neighbouring
slopes, bringing either shade during part of the day or additional illumination by reflec-
tion.

The influence of slope is less visible than the one of aspect. SSA tends to decrease
when the slope increases, but the influence of slope actually depends on the aspect
and date. We can indeed observe an inverse influence of slope on northern faces, for
certain dates. The influence of slope is complementary to the one of aspect, as the
local solar incidence angle is a combination of both parameters (see Sect. 3.1). For
sun facing slopes and when the sun elevation is low in winter, the solar illumination
angle decreases as the slope increases. Hence, the SSA decreases faster with higher
slopes, which explains the negative impact of slope. Though, this parameter has less
influence than aspect on the SSA, as the slope range is smaller than the aspect range.
Once again, this effect is more pronounced for DTA than for SAFRAN-Crocus.

The general — over the statistically small set of seven dates — tendency of DTA
and SAFRAN-Crocus SSA regarding the geographical massif is actually different: the
Belledonne massif has for instance the lowest SSA for DTA, but the highest SSA for
SAFRAN-Crocus. However, these trends are not monotonous and actually dependent
on the date, but SAFRAN-Crocus and DTA also often differ in their daily trends. This
is the only parameter where the retrievals and the model disagree on the trends of
variability. This behaviour may need a larger dataset to be analysed. A first possible
explanation may lie in the fact that the meteorological inputs of Crocus are given by
SAFRAN by massif. Hence the error of these inputs are discontinuous.
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These results strengthen our confidence in MODIS data retrievals, as the technique
show physically consistent behaviors of retrieved SSA. The relative differences be-
tween retrievals and SAFRAN-Crocus — mainly, gradient intensity or massifs hetero-
geneities — suggest further comparative research. A larger set of data over a whole
snhowy season, and confrontation to field measurements of SSA, are considered.

5 Conclusions

In this work, we assessed the effect of accounting for (1) the local topography and mul-
tiple reflections, (2) the anisotropy of snow and ice reflection, (3) the shape of snow
grains, in snow grain size retrievals from MODIS data in mountainous areas. We eval-
uated different methods (with combinations of these effects) on 7 dates spread among
various meteorological situations, on a large area located in the French Alps.

It appears that in terms of SSA, the method using a topographic correction on ab-
solute reflectance (though assuming lambertian surface and spherical particles) gives
the best agreement with the SSA given by SAFRAN-Crocus. The overall RMSD is
10.0m? kg_1 and the bias is 0.6 m? kg_1. The differences with the other methods are
emphasized on high SSA (high reflectance), where the other methods (including band
ratioing) tend to give higher SSA than SAFRAN-Crocus.

Furthermore, the method shows significative SSA trends linked with topography.
Mainly, for a given date, the retrieved SSA increases with elevation, and decreases
with the incidence of the solar radiation. The comparison of these SSA gradients to
SAFRAN-Crocus reveals that they are consistent, although the MODIS retrieved val-
ues show more variability linked with topography than SAFRAN-Crocus estimates.

The results expressed in optical optical radius are less sided. They still show a pos-
itive influence of the topographic correction, but with as much benefit as when only
assuming non-spherical particles and correcting for the anisotropy. The respective im-
provements of using either topographic correction or non-spherical particles incites to
combine the two methods in further work.
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However, despite SAFRAN-Crocus modelled SSA seems to be very close to field
measured values (Morin et al., 2012), a complete evaluation of the MODIS retrieved
SSA would require numerous field measurements. Such acquisitions have begun this
winter using the field optical instrument developped by Gallet et al. (2009). This work
is to be pursued this way, working with a larger sample of dates and concentrating field
measurements on the meteorological situations where SAFRAN-Crocus and retrievals
diverge.
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Table 1. Spectral definition of the seven MODIS channels at 500 m resolution.

Band No.

Bandwidth (nm)

NO O owN =

620-670
841-876
459-479
545-565
1230-1250
1628-1652
2105-2155
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Table 2. Discretisation of the SAFRAN-Crocus topographic parameters on our study area.

Parameter

Discretisation

Massifs (3)

Elevation

Aspect
Slope

polygons

900 m to 3000 m by 300 m (Be.)
900 m to 3300 m by 300m (Gd. Ro.)
900 m to 3600 m by 300 m (Oi.)

NW + N +NE, E, SE, S, SW, W ( +flat)
20°, 40°( +flat)
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Table 3. Nomenclature of the retrieval methods.

Abbrev.  Meaning: Reflectance Topographic Data Ratio
modelling correction

D.T.A. Disort with Topographic DISORT Yes MODO02 No
correction on MODO02 data and
Absolute reflectance.

D.T.A.A. Disort with Topographic and DISORT Yes MODO02 No
Anisotropy correction
on MODO02 data and Absolute
reflectance.

D.A. Disort on MODO09 data with DISORT No MOD09 No
Absolute reflectance

D.R. Disort on MODO09 data with DISORT No MODO09 Yes
band Ratio

ART ART theory on MODO09 data ART No MODQ09 Yes
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Table 4. Mean grain size (and standard deviation in parenthesis) of the methods over the seven

studied dates. SSA on first line (m2 kg‘1 ), optical radius italicized on second line (um).

Date SAFRAN-Crocus DTA DTAA DA DR ART # Pixels

9 Jan 2009 37.0(4.5) 28.2(13.9) 40.4(26.5) 65.1(39.0) 53.4(20.5) 49.9(36.2) 507
90 (14) 148 (96) 119 (95) 81 (115) 74 (101) 106 (75)

25 Jan 2009 35.1(8.2) 42.6(23.3) 69.0(43.2) 73.9(47.0) 62.9(20.3) 59.1(37.8) 124
98 (25) 105 (80) 82 (83) 91 (159) 69 (142) 87 (62)

26 Feb 2009 145(3.4) 16.3(9.6) 20.3(17.7) 24.8(16.0) 29.3(14.5) 16.5(11.7) 997
239 (56) 258 (135) 250 (159) 181 (135) 137 (118) 270 (141)

21 Mar 2009 99(1.5) 114@3.7) 121(5.7) 17.0(15.0) 22.8(19.9) 12.3(13.0) 908
338 (52) 318(121) 319 (129) 240 (90) 177 (56) 336 (109)

22 Apr 2009 12.9(6.0)0 13.6(9.1) 14.0(122) 15.7(9.2) 24.2(15.00 12.8(7.3) 386
297 (101)  332(190) 347 (212) 283(188) 195(173) 337 (167)

6 May 2009 8.0 (0.9) 8.0 (2.5) 7.8 (2.5) 9.2(8.7) 15.9(12.9) 3(5.6) 248
414 (36) 439 (106) 452 (108) 424 (185) 263 (173) 503 (130)

12 Jan 2010 36.9 (5.6) 33.5(17.0) 50.3(34.6) 76.3(42.6) 54.9(20.0) 57.4 (37 5) 659
92 (21) 127 (76) 104 (82) 65 (58) 67 (25) 90 (66)
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Table 5. Root mean square deviation (and bias in parenthesis) of the methods over the seven

studied dates. SSA on first line (m2 kg'1 ), optical radius italicized on second line (um).

RMSD (Bias) DTA DTAA DA DR ART
9 Jan 2009 16.5(-8.8)  26.2(3.4)  487(28.1)  27.1(16.4) 39.2(12.9)
111 (57) 99 (29) 115 (-9) 101 (-16) 79 (15)

25 Jan 2009 26.2(75) 555(33.9)  62.8(38.8)  35.0(27.8) 45.4(24.0)
85 (7) 87 (-16) 163 (-7) 147 (-29) 65 (—12)

26 Febr 2009 9.4(1.9)  18.1(5.8) 19.0 (10.3)  20.7 (14.8)  12.1(2.1)
126 (20) 149 (11) 149 (-57) 161 (-102) 137 (31)

21 Mar 2009 3.5 (1.5) 5.5 (2.1) 16.6 (7.1)  23.7(12.9)  13.2(2.4)
112 (=20) 115 (-19) 137 (-98) 174 (-161) 108 (-2)

22 Apr 2009 7.2(0.7) 9.7 (1.0) 8.6 (2.8) 17.1(11.2) 6.3 (=0.1)
154 (35) 178 (50) 166 (-14) 191 (-102) 129 (40)

6 May 2009 25(0.0) 25(-0.2) 8.8(1.2) 152(7.9) 5.6 (=0.7)
105 (25) 111 (38) 187 (10) 232 (=151) 157 (89)

12Jan2010  16.0 (-3.4) 35.3(13.4)  57.8(39.4)  27.5(18.0) 42.7(20.5)
78 (35) 76 (13) 64 (-26) 41 (-25) 68 (-2)

Average 10.0(-0.6)  185(6.0) 28.8(165)  232(147)  21.3(7.1)
112.6 (19.4) 1202 (11.4) 131.7 (-44.7) 1427 (-92.2) 108.7 (18.6)
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Fig. 1. Geographical location of the studied domain (small black rectangle), with elevation as
background from SRTM DEM. Corner coordinates are in UTM 32T projection.
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Fig. 4. SSA maps obtained from DTA on: (a) 9 January 2009, (b) 25 January 2009, (c) 26 Febru-
ary 2009, (d) 21 March 2009, (e) 22 April 2009, (f) 6 May 2009. Elevation lines are 1000 m
spaced. Grey pixels are shaded areas. White pixels are not detected as snow.
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Fig. 5. SSA maps obtained from SAFRAN-Crocus (a), DTA (b), and difference DTA minus
SAFRAN-Crocus (c), for 21 March 2009. Elevation lines are 1000 m spaced. Grey pixels are
shaded areas. White pixels are not detected as snow. Delimitation of the SAFRAN massifs
Belledonne (Be.), Grandes-Rousses (Gd. Ro.) and Qisans (Oi.) are also drawn.
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Fig. 6. Mean SSA (a) and optical radius (b) obtained from satellite retrievals versus SAFRAN-
Crocus mean value, with linear regressions, over the seven studied dates. DTA in blue, DTAA
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Fig. 8. SSA Standard deviations of SAFRAN-Crocus (black), DTA (blue) and smoothed DTA

(light blue), over the seven studied dates.
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Fig. 9. Repartition of log(SSA) with regards to elevation for SAFRAN-Crocus (in black) and DTA
(in blue), with linear regressions, on 22 April 2009.
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Fig. 10. Mean log(SSA) with regards to aspect, for the seven studied dates. DTA (left), and

SAFRAN-Crocus (right).
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