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Abstract. High-accuracy measurements of snow Bidirec- 1 Introduction

tional Reflectance Distribution Function (BRDF) were per-

formed for four natural snow samples with a spectrogonio-snow covered areas on earth reflect more solar radiation than

radiometer in the 500-2600 nm wavelength range. Thes@ny other surfaces. Snow albedo is an important parameter to

measurements are one of the first sets of direct snow BRDRccurately compute the radiation budget of regions covered

values over a wide range of lighting and viewing geometry. by seasonal or permanent snow and thus has a significant

They were compared to BRDF calculated with two optical influence on the earth radiation budgdin(et al, 2008.

models. Variations of the snow anisotropy factor With light- An accurate retrieval of this variable and a better under-

ing geometry, wavelength and snow physical properties wery ing of its variations with zenith angle, wavelength and

investigated. Results show that at wavelengths with small, .\, nhysical parameters is required to study the influence

penetration depth, scattering mainly occurs in the very 0Py snow cover changes on climat¢i¢ et al, 2006).

layers and the anisotropy factor is controlled by the phase S . . N
Considering the high spatial and temporal variability of

function. In this condition, forward scattering peak or dou- Ibedo and the fact that most snow covered ar re dif
ble scattering peak is observed. In contrast at shorter wavea Pedo a € Tact that most show covered areas are

lengths, the penetration of the radiation is much deeper antgcuIt place_s to_ reach (o perfqrm field measureme_nts, re-
k?note sensing is the most suitable tool to determine spa-

the number of scattering events increases. The anisotro o
g P lal and temporal variability of snow albedo. Nevertheless,

factor is thus nearly constant and decreases at grazing o . .
servation angles. The whole dataset is available on demangjdcésr: ?r:t;er;cf)te(\a,vs\?vr;iggnsgiﬂsg;sngegilérz tBZr'[ii ng:e:ng?g"
from the corresponding author. (bi-conical reflectancelNicodemus et al.1977) instead of

the albedo. Since snow is not a Lambertian refledtga{
pustin et al. 2009 Li et al., 2007 Warren 1982, the con-
version from bi-conical reflectance, so measured by satel-
lites, to spectral albedo is not straigthforward. To convert
the bi-conical reflectance into a spectral albedo useful for ra-
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radiance,l (0;,¢;,6,,¢,,1), in an infinitesimal solid angle
z in the direction(9,, ¢,) to the incident irradiance of a colli-
L mated beamF (0;,¢;,A), coming from a direction®;, ¢;)
Lighting (adapted fromSchaepman-Strub et a006 Nicodemus

‘ Opserver etal, 1977,
3 - é I(0i7¢ia9va¢va)¥)

pOi, i, 00, v, 1) Fr. 6.0 (2)

Figurel shows the various angles. Zenith angleando,
vary from 0 to 90. Azimuth angleg; and¢, vary from O to
360.

This study considers flat surfaces and snow grains are as-
sumed to be randomly oriented. Hence the BDRF is sym-
metric with respect to the principal plane which contains the
Fig. 1. Lighting and viewing configuration. incident beam and the normal to the surface, BRDF only de-

pends on the relative azimuth—=|¢; —¢,|. Consequently

in the following the incident beam azimuth angle is 0 and
lighting and viewing solid angles are infinitesimal, the bi- ¢<[90°; 27C] defines the forward part of the hemisphere.
conical reflectance is named bidirectional reflectance and its The spectral albede(6;, 1), or directional-hemispherical
angular distribution over the upper hemisphere the Bidirecreflectance Nicodemus et aJ.1977, is the ratio of the re-
tional Reflectance Distribution Function (BRDR)liCode-  flected radiation in the whole upper hemisphere over the in-
mus et al, 1977. This angular distribution is described by cident collimated irradiance at a given wavelength.
the anisotropy factor, the BRDF normalized by the spectral oy oz
albedo Warren et al.199§ Li et al., 2007. «(6.3) 2/ /2,o(ei,¢>,9U,A)cos(@v)sin(ev)devd¢> @

The intent of this study is to present highly accurate mea- o Jo
surements of snow BRDF performed in a cold room using
a spectrogonio-radiometer and to compare them with previ
ous field measurements. Definitions related to albedo an
reflectance are given in Se@t.Previous field measurements
and modelling studies are quoted in S&:t.Four different p6i,¢,0,,1)
types of snow are sampled in order to study the sensivity ofR(Qi’¢’9”’)“) =7 a6, 1)
BRDF to snow grain size, shape and impurity content. A
wide range of lighting and viewing geometries are explored. :
These measurements are one of the first sets of direct, i.e. ng{erfectly La?mbe”'ar.‘ surface. .
under natural illumination, snow BRDF values over a large In most field s_tudles, BRDF. vaIu_es are noft accessmle_by
spectral range. They are also one of the first investigationg‘easurement since natural light is not collimated but in-

over a large range of incident lighting configurations with in- clude§ bOth. dirgct solar and diffuse raqiiations. The Hemi-
cident zenith angle varying from nadir tos(Bects4, 5 and spherical Directional Reflectance Function (HDRE)s the

6). We compare these measurements with modelled BRDF ir,];\ccesslble parameter, which means that the incident beam is

order to investigate the accuracy of radiative transfer model ntegra_lted over the whple 'r_‘c'de”‘ hemisphere and includes
th direct and diffuse irradiances.

and to understand the scattering phenomena observed in t
measurements. In this study two different radiative transfer; . 4. 9, ¢, 1) )
models are applied: the SnowRAT (photon tracing) model 10;,i,60, b, )

(Picard et al. 2008 and Mishchenko modelMishchenko = P _ )
et al, 1999 (Sect.7). Finally, Sect8 provides a discussion o Jo© F(6i.¢i.2)cos06;)sin(0;)do; de;

and Sect9 conclusions. adapted fronNicodemus et al1977).

In order to isolate the angular dependence of snow surface
reflection, the anisotropy factoN{codemus et a).1977),
;,9,0,,1), anormalized BRDF value, is often used .

®3)

R(6;,9,0,,2) is constant and equal to unity in the case of a

2 Definitions 3 State of the art

This section gives precise definitions of albedo and related3.1 Field studies

parameters used in the next sections. The study refers

to surface reflectance and not top of atmosphere. TheéMany field studies of snow reflectance properties have been
Bidirectional Reflectance Distribution Function (BRDF), performed. To our knowledge, only a limited number of di-
p0;,¢i,0,,¢0,,1), is defined as the ratio of the reflected rect snow BRDF measurements are available since natural
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light is not collimated. Indeed most of the studies referenceda collection of independent spheres of same total volume-to-
below give access to HDRF and not BRDF. The latter allowssurface-area ratio leads to accurate retrieval of single scatter-
to calculate reflected radiance for any given incident sky ra-ing parametersMishchenko et al(1999 presented a model
diance distribution while HDRF is applicable to the specific for the computation of snow BRDF based on an analytic so-
conditions of illumination during the observation. Neverthe- lution of the radiative transfer equation and an approxima-
less HDRF is close to BRDF in the infrared part of the spec-tion of the phase function. This model is applicable for any
trum under natural condition&i(and Zhoy 2004). shapes of particleokhanovsky and Zeg@004) presented
Warren (1982 gave an overview of previous measure- an asymptotic solution of radiative transfer theory adapted
ments of snow reflectancelLeroux et al.(1999 and Ser-  to snow and able to deal with fractal and spherical particles.
gent et al.(1999 investigated the influence of snow grain They concluded that fractal particles are more appropriated
shape and size on HDRF in both cold laboratory and field.for simulating snow BRDF than spherd®khanovsky et al.
Warren et al.(1998 and Grenfell et al.(1994 studied the (2009 compared the results of their asymptotic model with
effect of macroscale roughness on snow HDRF using meai situ measurements and concluded that the accuracy is re-
surements at South Pole Station at 3 different wavelengthsduced in the principal plane and at high observation angles.
They concluded that macroscale roughness significantly inXie et al. (20069 compared three different radiative transfer
fluences HDRF patterng\oki et al. (2000 measured in the models (DISORT, adding-doubling and Mishchenko model)
field HDRF from 350 to 2500 nm and analysed the effectsand two truncation methods of the forward pegefdington
of grain size and impurities on it. Several studies presentednds-fit). They concluded that only an accurate computa-
different field measurements of HDRF over several partstion of single scattering albedo, ratio of scattering efficiency
of the solar spectrum: [350-2500] niRginter and Dozier  to total light extinction i.e. scattering and absorption, is es-
2004, [350-1050] nm (i and Zhoy 2004 Bourgeois et aJ.  sential to account for the influence of grain size on BRDF.
2006 and [390-1070] nmReltoniemi et a].2005 and stud-  Besides, in order to account for the influence of grain shape,
ied the influence of solar zenith angle and various snow propboth single scattering albedo and phase function should be
erties (grain size and shape, wetness, impurity, depth, deraccurately simulatedRicard et al(2008 used a photon trac-
sity). Hudson et al(2006 described measurements of HDRF ing model to compute snow albedo for several grain shapes
at Dome C, Antarctica at solar zenith angles fron? 5d in the near IR. Additionallyin et al.(2008 used a coupled
87°. Kaasalainen et a{2006 performed accurate measure- snow-atmosphere model to generate anisotropy factor and
ments of the backscattering peak on numerous snow sanspectral albedo for layered snowpack and validated their ap-
ples. These field studies illustrate the main patterns of thgproach with measurementsidtidson et al(2009. All these
snow anisotropy factor and of its variations with the physi- studies lead to the conclusion that spectral albedo can be ac-
cal properties of snow and with viewing and lighting angles, curately modelled but that theoreticals difficulties linked with
but remain limited by the accessible zenith angles and unthe non sphericity of snow grains still remain and limit accu-
collimated incident radiation under natural conditions. rate modelling of snow BRDF.

3.2 Modelling studies .
4 Experimental set-up

Wiscombe and Warre(iL980 first introduced a model for 41  Spectrogonio-radiometer

the computation of spectral albedo based on Mie theory and” P 9

the §-eddington method.Leroux et al.(1998 1999 used  The BRDF has been measured using the spectrogonio-

adding-doubling method to calculate snow HDRF and specygqiometer developed at the Laboratoire de Blalogie de

tral albedo.Warren et al(1998 underlingd the importance  granoble. France. A comprehensive description of the de-
of an accurately modelled phase function for the computas e is given byBrissaud et al(2004 andBonnefoy(2002).

tion of snow BRDF.Painter and Dozie(2004 andLi and  1he sample is illuminated by a monochromatic light with a
Zhou (2004 used respectively DiScrete Ordinates Radia-gpectral width from 0.2nm to 0.6nm. The incident zenith

tive Transfer (DISORT) gtamnes et 311988 and adding-  4nqie varies from 0 to 80with a beam resolution a£0.1°.
doubling method with equivalent spheres of equal volume-rq \iewing zenith angle varies in the same range and the
to-surface-area ratio as snow grains. They noticed that &+ th angle takes any value from O to 180

precise computation of single scattering parameters (i.e. Sin-- A nadir incidence, the illumination pattern at the sample
gle scattering albedo and the phase function) is essential tg,,tace is circular, with a 200 mm diameter. The spatial vari-
simulate accurate BRDRoki et al. (2000 compared Mie  44ions of the light intensity inside the area viewed by the de-
theory and Henyey-Greenstein semi-empirical phase funCeector are typically less than 1% at nadir. The detectors have
tion to model single-scattering parameters and concluded,, p4¢ angle field-of-view of 2.05and a circular observa-

that spectral albedo can be accurately simulated using equivo pattern of 20 mm diameter at nadir, but a larger elliptic
alent spheres whereas BRDF cann@renfell and Warren pattern at other incident angles.

(1999 showed that simulating one non-spherical particle by

www.atmos-chem-phys.net/10/2507/2010/ Atmos. Chem. Phys., 10, 252@-2010
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Table 1. Summary of physical properties of snow samples.

Sample Place Initi§IFinal state of snow Initial density
S1 Lognan Nearly new snow 0.19

(Mont Blanc, Weak cohesion/

French Alps) Surface:dendritic fragments

1960 ma.s.l. Depth: Stellar crystals

and fragmented particles

S2 Argentére Wet crusted snow 0.31

(Mont Blanc, Lots of impurity/

French Alps) Surface Clustered (melt-freeze)

1250ma.s.| rounded grains

Depth: Mixed forms
(rounded and faceted)
SSAP=12.6nf kg1

S3 Col de Porte New wet snow/ Not measured
(Chartreuse, France) Surface:Melt-freeze crusted grains
1300ma.s.l. Depth: Rounded particles
(developping facets)
S4 Col de Porte New wet snow/ Not measured
(Chartreuse, France) Surface:Recognizable particles
1300ma.s.l. (melt-freeze)

Depth: Recognizable particles

& nitial means measurement as the sample is collected i.e. before storage in cold rooms.
b Specific Surface Area (total surface of ice crystals accessible to gas, per unit mass of ice) was measured for S2 using methan absorptiol
method [egagneux et gl2002.

As noticed inSchaepman-Strub et #2006, BRDF as de- The samples, except S4 dedicated to test the temporal evo-
fined in Eq.1 cannot be directly measured since it requires lution of snow during measurements, were stored H°C
an infinitesimal solid angle of observation. Thus the quantityduring at least one week before being measured in order to al-
measured by the spectrogonio-radiometer is the directionallow thermal stabilization and to avoid metamorphism during
conical reflectanceSchaepman-Strub et a200§. Never-  the measurements. During the first hours in the cold room,
theless, since the detectors fields of view are small we conthe wet snow samples (S2, S3 and S4) refroze.
sider in the following that our measurement are very close to Digital pictures have been taken in order to characterize

BRDF. the grain shape and size for each sample. No impurities con-
The device is located in a cold room afl0°C to allow  tent measurements were performed and only S2 contains a
measurements on snow. high quantity of impurities visible by eye. Actually, S2 was
taken near Argengire village (Mont-Blanc valley). Tabl&
4.2 Snow samples shows the sample characteristics. Grains digital photogra-

phies show that(S1yr(S3)<r(S4)<r(S2) wherer repre-

Four samples of various types of snow (S1, S2, S3, S4) havgg s the effective radius of the sample.

been collected at various locations in the French Alps in
January 2008. The samples are cylindrical (30cm diame4 3 BRDFE measurements

ter, 12 cm deep) and large enough to minimize edge effects

even at visible wavelengths. Test experiments have beefor each sample (except S4), a complete set of radiance mea-
conducted at 630 nm on a transparent cubic sample holdesurements has been performed as follow. The spectral range
(29.5x29.5x 16.5 cn¥) filled with artificial snow. The results  covered is 500 to 2600 nm with a 20 nm step.

show that side losses are less than 0.5% and bottom losses Three different incident angles;, have been chosen0

less than 1% at<incident zenith angle. Consequently pho- 30° and 60) in order to study the effect of lighting zenith
ton losses in the 2cm observation pattern are estimated tangle on BRDF. For each incident angle, the viewing zenith
be less than 0.1%. The reflecting sides of the sample holdesingle, 6,, takes different values: °0 3¢°, 60° and 70 and
further decrease these losses. the relative azimuthg, is ®, 45°, 9¢°, 135 and 180.

Atmos. Chem. Phys., 10, 2502520 2010 www.atmos-chem-phys.net/10/2507/2010/
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Measurements at larger incident or observation zenith angles
were not performed since edge effects due to the size of the
sample holder are too significant for these configurations.

Radiance measurements on S4 were limited to a single ge-
ometry but repeated for 24 h to investigate the stability of the
measurements.
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5 Raw measurement processing and error estimation

Spectral albedo
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5.1 Reference measurements
03f

To convert spectrogonio-radiometer measurements of the re- ,|
flected flux into reflectance values, we divide the snow mea-
surements by the flux reflected by reference surfaces for
which spectral albedo and BRDF are known. For visible and
near-IR wavelengths, the reference surface is a Spec@alon

a nearly perfect Lambertian reflector. For IR wavelengths,

longer than 2440 nm, an Infrag(@dsample is taken as refer- ments for three incident zenith angles. Vertical lines are located at

ence since Spectral8his unsuitable at these wavelengths. spectral albedo minima. Gray areas represent an estimation of the

The relative accuracy of the reflectance measurements igncertainties of albedo values due to interpolation and extrapolation

better than 1% using fully calibrated referencBsrinefoy over the measurements of the whole hemisphere. The uncertain-

2001). ties have been evaluated using SnowRRIcard et al.2008 and
Mishchenko’s modelsMishchenko et a].1999.

0.11

I
0.8

0.5 1.03 1.26 15 2

Wavelength, pm

Fig. 2. S3 spectral albede(1,6;) calculated from BRDF measure-

5.2 Shadow and geometric limitations

Due to the size of the detectors, no measurement can be pereflectances (not presented here), we can notice that the ab-
formed in the backscattering direction (i.e. in the nearly samesolute difference in reflectance is smaller than 0.01 for wave-
direction as the incident bean®; £6,, ¢~0)). lengths shorter than 1 um. For longer wavelengths, the abso-
In order to convert the BRDF measurements into spectralute difference is larger and reaches 0.025 at 1.4um. This
albedo and anisotropy factor, we assume that the BRDF isater wavelength corresponds to an absorption secondary

symmetric with respect to the principal plardudson et al.
20069 (for azimuths from 180to 360°) and perform a linear
interpolation in co&,) and¢ for our measurements over the

mimimum where the reflectance sensitivity to grain type is
maximum Wiscombe and Warreri980.
As a conclusion and since fresh snow is more subject to

whole observation hemisphere. Extrapolation of the meaimetamorphism than aged snow, metamorphism has only a

surements has also been performed firstly frorh {0090

moderate effect during the 33 h of our measurements.

observation zenith angle for all the incident zenith angle and

secondly to fill the blanks due to shadows of detectors.
Results of simulation with Mishchenko's model
(Mishchenko et a). 1999 and SnowRat modelP{card

6 Results

et al, 2008 have shown that the uncertainties on the spectraf-1 General patterns of snow spectral albedo, BRDF

albedo values resulting from interpolation and extrapola-
tion is less than 2% except at very high absorption value
i.e. spectral albedo smaller than 0.01. An estimation of the

resulting uncertainties has been plotted in FAg.Spectral
albedo values used iR charts are indicated in the legend of
each figure.

5.3 Temporal evolution of the sample during
measurements

and anisotropy factor

Only S3 measurements are presented in this section as they
are representative for the other samples.

Spectral albeday(r, 6;), for the three incident angles are
plotted in Fig.2. It takes the highest values in the visible
and decreases at longer wavelengths with 4 remarkable local
maxima and 4 secondary minima due to ice absorption bands
(1.03, 1.26, 1.5 and 2 um). This plot also shows that spectral
albedo increases at all wavelengths with incident zenith an-

The measurements for one sample lasted approximately 33 lgle.

To check that the snow structure did not change during the Figure3 shows the spectral anisotropy factB(a, 6;, 6,),
acquisition we performed reflectance measurements on freshs a function of wavelength, for three different obser-
snow immediately after being collected (S4) and we re-vation angles, with a fixed illumination angle;€30°,
peated the same measurements 24 h later. Comparing both=0°). Anisotropy angular variations are anti-correlated with

www.atmos-chem-phys.net/10/2507/2010/
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the supplementhttp://www.atmos-chem-phys.net/10/2507/
2010/acp-10-2507-2010-supplement)pdf several wave-
lengths and for three incident zenith angles.

Figure5 shows that theR ratio varies by less than 10% at
wavelengths shorter than 1 um whatever the incident angle is.
However at wavelengths greater than 1 um, both magnitude
and angular patterns & change significantly as a function
of wavelength. As an example, at 1.5 pm; 30cident an-
gle and ¢,=30C, ¢=180), S1 anisotropy factor is 1.5 times
higher than S3 anisotropy factor. At 1.5um, the variability
of % seems to be larger at §Cespecially in the side and
backward directions. As for the forward direction, the maxi-
mum value is larger at 3(ut the ratio migth be larger at 60
if observations were extended at°8@lewing angle. More-

Anisotropy Factor

| \

1_\_,:_,><{ over, concernin Rgg, the variability of the ratio increases

= Y);f’”gw with incident zenith angle and seems to indicate that for small
°sr and elongated grains, the forward scattering peak is higher in
magnitude than for large rounded grains. As a conclusion,
e PR g 2 ’ Fig. 5 shows that snow grains shape and size have little im-
pact on the shape of the BRDF in the visible and up to 1 um
Fig. 3. S3 Anisotropy factorR(x) for different viewing angles in  whereas for longer wavelengths the effect is much stronger.
the principal plane. Incident angle is 30 Vertical lines are the This point is reinforced by Figs which presents for the
same as in Fig2. Gray areas correspond to wavelengths wherethree snow samples at 1.5 um (one of the absorption max-
photometric accuracy is reduced due to absorption p@ Mapor ima) at 30 incident angle. The shape and magnitude of
or.inf.iccurate calik?ration of the referencg. Two polar plots in thethe forward scattering peak clearly depends on grain size
principal plane, with all the measured viewing angles have been "
added at 0.7 and 1.7 um above the chart. and shape. Indeed for S1 (_broken dendritic crystafs),
presents two separated maxima &i=30°, ¢=180C") and
(6,=7C, $=180"). Only one maximum is observed for

spectral albedo. A low spectral albedo corresponds to larg3- For S2, we are not able to assume whether there
variations ofR with observation angles. In the visible and up iS only one maximum or whether the angular sampling
to 1.2 um,R is nearly constant and close to unity. At longer Of the measurements does not allow observing two sepa-
wavelengthsR strongly diverges from unity. rated maxima even if the measurements at 2.5 um in Fig. 5
Figure4 showsR values at two wavelengths selected for in the suppplement:http://www.atmos-chem-phys.net/10/
their differences in absorption. It underlines the increase 0f2207/2010/acp-10-2507-2010-supplement.geém to val-
anisotropy with absorption and shows three important scatidate the hypothesis of two separated maxima. However, for
tering features with respect to incident angle. (1) At nadir S3 composed of rounded grains and mixed forms, the for-
lighting, snow reflectance is nearly Lambertian. However,Ward scattering peak is confined at grazing observation an-
the anisotropy factor is not fully circularly (varying only with 9les. The magnitude ok maximum also varies with grain
0,), as it should be for perfectly horizontal sample. (2) At Shape and size and is much greater (2.2) for S3 and S1 than
30° incident angle, and 0.6 unR shows a forward scatter- for the other sample (1.8).
ing peak at §,=30°, ¢=180C). This feature is referred as Figure7 plots for each sample, as in the workldfidson
darkening at grazing angles in the following sinkds de- €t al.(2006, the anisotropy factor in the forward scattering
creasing at limb in the forward direction® maximum in-  peak ¢,=70°, $=180") as a function of spectral albedo a30
creases and shifts to larger viewing angles as wavelength irand 60 incident angles. It shows th&andax accurately fol-
creases. (3) At higher incident angle {§ahe forward scat-  low a power law relationship which depends on sample and

tering peak becomes sharper and stronger and is observabliimination angle. This relationship only sligthly degrades
at both wavelengths. at very low albedo values.

6.2 Influence of snow physical properties on the
anisotropy factor 7 Comparison between measurements and modelling
results
To investigate the influence of snow physical properties
(size and shape of grains and impurity content) on snowThis modelling study aims at testing the consistency of the

anisotropy factor, we compute the ratio &ffor two dif- measurements and at understanding the physical processes
ferent samples: 533 in Fig. 5 and §g (Fig. 1 in  determining the angular location and intensity variations of

Atmos. Chem. Phys., 10, 2502520 2010 www.atmos-chem-phys.net/10/2507/2010/
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270
() a=0.905 (b) a=0.0232
%

180; - - i 0

270
(e) a=0.992 (d) a=0.0277

270

(c) a=0.935 (f) «=0.0504

Fig. 4. S3 anisotropy factorR(9,,¢), at 0.6 and 1.5 um for zenith incident angl€s 80° and 60. The polar angle corresponds to the
relative azimuthg, between the viewing and the incident azimuth and the polar radius to the viewing @nglée incident beam comes
from the right and the forward direction is toward left. The three circles inside each plot represent viewing zenith angle8®Bf8al 70.
The crosses show the measurements used to generate the isolines. The spectral albedo used t8 calndiatdéed below each chart.

R maximum that appears in Figé.and6. The mean grain model. The complementarity of both models allows to under-
sizes used as inputs are set to 0.1, 0.4 and 1 mm, typical vaktand the various phenomena observed in our measurements.
ues for our samples. However we used empirical grain size

distributions as our grain size measurements are too rough t6-1  Results with Mishchenko model

be suitable as inputs of the models.

We consider two models for the calculation of snow
BRDF: a model that uses an analytic solution of the radia-
tive transfer equatiorMishchenko et a).1999 and a photon
tracing model, SnowRATRicard et al.2008. SnowRAT is
a discrete model whereas Mishchenko model is a continuum

Mishchenko model Nlishchenko et a).1999 accuracy is
maximum at wavelengths associated with low or intermedi-
ate values of absorption.

www.atmos-chem-phys.net/10/2507/2010/ Atmos. Chem. Phys., 10, 252@-2010
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270 270

(€) ag,=0.975 () ag,=0.0504

Fig. 5. Ratio of the anisotropy factak between samples S1 and é gg) at 0, 30 and 6Dincident beam and for two wavelengths. The
spectral albedo used to calcula@dor S1 is indicated below each chart. S3 spectral albedo is indicated id.Fig.

To limit the computation time, we only performed simu- same geometry at 1.02 um. In comparison in the measure-
lation for spheres. Figur@ presents the results of the simu- ments, the corresponding decreas® @fre respectively 0.10
lations for a power law distribution of sphere radius with an and 0.05.
effective radius of 100 um (Eq. 2Rlishchenko et a).1999. One can also notice in Fi§.the crescent centered around
General patterns oR are very similar with the measure- the incident direction that appears in the backward direction
ments. Calculate increased at longer wavelengths and at all wavelengths.
reaches 2.5 at 1.5 um in comparison with 2.2 in the measure-
ments in Fig.6. The darkening at grazing angles is visible 7.2 Results of the photon tracing model
at 0.6 and 1.02um. The effect is however stronger in the
model. In Fig.8, the decrease at from its maximum value  SnowRAT icard et al. 2008 computes the reflection and
to (6,=70°, »=18C") value is 0.2 at 0.6 um and 0.1 for the refraction each time a photon intercepts the surface of a snow
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Fig. 7. Anisotropy factor R(6,=70°, ¢=180) versus spectral
albedo (log-log plot) for the three samples and two incident angles
(30° and 60). Each point on the chart belongs to a wavelength for
one sample and one incident zenith angle.

variations and range of anisotropy factor, the same crescent
predicted in the backward direction). The results obtained
(b) S2, a,=0.0144 for random cylinders are presented in F&y.for two radii
(0.4mm and 1 mm). Most of the main characteristics of the
measurements (Fig) are well reproduced i.e. the anisotropy
generally increases with increasing wavelengths; darkening
at grazing angles appears at 0.9, 1 and 1.3Rmat 0,=70,
¢=180), at 1 um, differs by 0.2 from its primary maximum
and for the secondary maximum of absorption at 1.5 pm,
two R maxima appear abv(=30°, »=180") and at ¢,=7C,
¢=180), as for S1 (Figba).

In summary, anisotropy factors obtained by measure-
ments, radiative transfer and photon tracing models show
strong similarities: forward scattering, darkening at grazing

210 angles and double maxima of the anisotropy factor. How-
(c)S3, ag,=0.0504 ever slight differences between measurements and models
still exist. As an example, the photon tracing model pre-
dicts that the anisotropy for 0.4 mm radius is globally smaller
than for greater radii (1 mm). The measurements (B)g.
present more contrasteRl for small particles (S1) than for
large grains (S2).

08 1 12 14 16 18 2

Fig. 6. Anisotropy factorR(6,,¢) at 1.5 um and;=30° for three
snow samples.

grain. Computation time is reasonable when the absorptior8 Discussion
is significant (wavelengtk=0.9 pm). It is most suitable for

understanding phenomena that occur in the very top layer§-1 General variations of spectral albedo and
of the snow-pack. anisotropy factor

SnowRAT can predict BRDF for any grain shapes. In
this study we have performed computation for spheres andésnow spectral albedo increases with incident zenith angle
for cylinders that best represent our grain shapes. The comiFig. 2) as explained byVarren(1982. At near nadir in-
parison of SnowRAT with Mishchenko’s model for spheres cident illumination, photons escape the snowpack with a
shows very good agreements (e.g. similar values of spectrdbwer probability than at grazing incident angle. The spectral
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(a) A=0.6 pm (b) A=1.02 pm

270

Fig. 8. Anisotropy factorR(6,,¢) (Mishchenko modelMishchenko et a).1999 for spheres with power law distribution of size. Incident
angle is 30. Effective radius is 0.1 mm and effective variance of grain size distribution is 0.2 um. Circlel #08@&nd 70 viewing angles
are drawn on each polar chart.

albedo is thus lower. This allow to distinguish two cases: Thus, spectral albedo decreases and most photons which are
in the first cased;>60°), photons stay near the surface and reflected have only undergone a limited number of scatter-
single scattering prevails with respect to multiple scattering;ing events near the surface. Consequently, as absorption
in the second cas#;&0°), photons penetrate deep into the increases, the number of scattering events decrea®es.
snow-pack and the number of scattering events is high bethen mostly controlled by single scattering parameters of in-
fore escaping or absorption. Furthermore, as noticed earliedividual snow grains which are strong forward scatter¥is (
spectral albedo increases with incident zenith angle at alet al, 2006 and R increases. Furthermore, Fig.corrobo-
wavelengths including visible wavelengths. This quite un-rates the fact thak is physically related to the absorption as
sual feature is most probably due to the fact that snow samexplained byHudson et al(2006.

ple contains impurities. Thus visible wavelengths present We now propose some interpretations on the angular vari-
the same pattern as more absorbing wavelentghs due to altions of the maximum oR as a function of wavelength
sorption caused by impurities. It largely differs from the be- and incident angle. Two phenomena are mainly observed
haviour of pure snow which is highly transparent at visible (1) darkening at grazing angles and (2) forward scattering
wavelengths. peak.

Besides, in Figs2 and 3, snow spectral albedo and (1) At wavelengths shorter than 1 prR, patterns show
anisotropy are anti-correlated; spectral albedo is globally dedarkening at grazing angles in situations of near-nadir inci-
creasing with wavelength and the angular distributiorRof dence (0, 30°) (Fig. 4). Darkening at grazing angles also
is globally more contrasted? variations are correlated with appears on model results (Figsand9) whatever the shape
absorption which is proportional to the imaginary part of ice of the grains is. This effect is as well noticeable in Fig. 3a in
refraction index presented Warren et al.(2008. In ad- Hudson et al(2006 but only at non-forward directions. The
dition anisotropy presents maxima in the absorption bandsibsorption is small at these wavelengths and the number of
where spectral albedo presents minima. While absorption inscattering events that a photon undergoes before escaping or
creases, the probability for a photon to be absorbed is higheabsorption is high.
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radius= 0.4 mm, length=0.8mm radius=1.00 mm, length= 2.00 mm
90

A=09pum__

A=1.3 pm
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A=15pm

15

0.5

Fig. 9. Anisotropy factorR(6,,¢) computed with SnowRATRicard et al.2008 for cylinders with random orientation. Incident angle is
30°. Circles at 30, 60° and 70 viewing angles are drawn on each polar chart.
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To understand this effect, the source functrs a use- In addition the strong correlation observed in the log-log
ful tool. S is the potential related to the emergent intensity plot betweenr (6,=70°) anda (Fig. 7) results in an analytic
along the optical paths at any depth is the result of scatter- relationship of the typeR=Aa®, whereA and B both vary
ing, both upward and downward, out of an infinitesimal vol- with grain shape and size and incident angle. In practice, this
ume at that depth. The source function generally decrease®lationship can be a useful tool to parametrzéHudson
from the surface to depth, except in the uppermost layerst al, 2006. In a more theoretical way, the meaning of the
where it increases with depth because downward diffuse rarelationship should be investigated further.
diation approaches zero very close to the surface. Thus the As a conclusion, two cases can be distinguished: (1) low
source function initially increases with depth from the sur- value of absorption or near nadir incident angle, photons pen-
face, reaches a maximum just below the surface and themtrate deep into the snowpack aRds mostly controlled by
steadily decreases. Consequently at grazing observation amultiple scattering; (2) strong absorption or/and high inci-
gles, the energy emerges from the region located above thdent angle, photons are scattered near the surfac&kdad
maximum in the source function. Thus radiance is lower thanmainly determined by the particle phase function.
at near vertical observation angles in which case the energy
emerges from the region located deeper in the snowpack, in8.2 Effect of grain size and shape on snow anisotropy
cluding the maximum of the source function. This explana- factor
tion is independent of the phase function which depicts the
density of probability for a photon that impacts the grain to Section7.2 points that photon tracing simulations and mea-
be deviated of a given scattering angle from its original direc-surements give contradictory results concerringariations
tion. Measurement and model results confirm this assumpwith grain size and shape. Figubeshows almost no varia-
tion. Darkening at grazing angles is due to multiple scatter-tion of R between samples at wavelengths smaller than 1 pm.
ing and occurs whatever are the size and shape of grains bds explained byPainter and Dozief2004, at these wave-
solely for incident angles close to nadir and at wavelengthdengths the influence of grain size and shape is limited due
with low to moderate absorption. to low absorption and the large number of scattering events.

Another explanation to darkening at grazing angles is pro-Consequently we believe that the slight differences observed
posed based on the photon concept. This effect implies thaior the ratio% might be due to different impurity con-
the highest probable outgoing direction for a photon that istents. At wavelengths larger than 1 um, the ratio of measured
scattered out of the snow-pack is near vertical. This is ex-anisotropy factors markedly differs from unity. Variations of
plained as follow: considering a photon, at a given depth inR for S1 and S3 are higher than for S2 (the coarsest grains).
the snowpack, known to escape the snowpack in the futureThe anisotropy simulated with SnowRAT (F#@).is, in con-

The most probable trajectory is the one for which it will be trast, greater for larger grains and the forward scattering peak
least scattered. This trajectory is the shortest way. Conseis stronger. The two results disagree. In addition, HDRF
quently for a nearly isotropic photon flux inside the snow- measurements byainter and Dozief2004) indicate thatR
pack (multiple scattering), if it escapes at the surface, thds greater for large grains than for fresh snow.Blourgeois
most probable path, is a near vertical path. et al. (2009 the forward scattering peak is also larger for

(2) At wavelengths larger than 1 pm or at large incidentlarge grains.
zenith angle,R patterns show a strong forward scattering A careful study of the results presentedXig et al.(2009
peak. This appears both in measurements (Figsnd 6) underlines the fact that single-scattering albedo decreases as
and in model results (Fig& and9). At these wavelengths, grains size increases whatever is the shape of grains. Conse-
the ice absorption is significant and scattering mainly occurgjuently, R becomes larger with increasing grain size as long
close to the surface. ConsequentRy,patterns are mostly as grain shape does not change. However, the phase func-
controlled by single scattering properties of grains and estions in Fig. 5 inXie et al. (200§ vary significantly with
pecially the phase function. The phase functions for differ-grain size. This change does not take the same direction de-
ent grain shapes (spheres, random particles, columjrare  pending on the shape of the grains.
characterized by a maximum arourfds@attering angleXie At constant grain shapeR increases with grains size.
et al, 2006 Warren 1982 Mishchenko et a).1999. This However the intrinsic influence of grain shapesRmight
means that the most probable direction of emergence for #e more difficult to understand given that natural variations
photon that intersects an ice particle is the straight directionin shape are generally coupled with changes in grain size. No
Since in case of strong absorption, a photon that escapes thgeneral trend is obvious with our limited set of samples and
snowpack has only undergone a limited number of scatteringhis point should be studied further.
events, it will most probably escape at viewing angle close The double peak that appears #®1in the 1.5 um absorp-
to 9C° in the forward direction when the incident angle is tion band for S1 (dendritic crystals) in Fi@a, also appears
large enough*30°). This explains the forward scattering in the SnowRAT simulations for randomly oriented cylinders
peak that appears at high viewing angle$@°) on R(6,,®) (Fig. 9). Both observations indicate that the double peak may
charts. be caused by elongated forms or faceted crystals (dendritic
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crystals, cylinders, columns.). Simulations have been done anisotropy factor is mostly controlled by the phase function.
to investigate the origin of this double peak using cylinders.Grain size and shape have a great influence. However, their
Even with artificial increase of the imaginary refraction index respective effect on the anisotropy factor are difficult to pre-
of ice, the two maxima in the BRDF (at limb and a;€30°, dict at near IR wavelengths. For a given shape, the anisotropy
¢=180)) remain. This indicates that the double peak mayincreases with increasing size but comparison between snow
solely involve single or multiple reflections at the surface of grains with different shapes and sizes are more complicated.
the grains without transmission through the grains. For elongated or faceted shapes such as dendritic crystals,
The double peak has rarely been measured in the past sin@®lumns or cylinders, two maxima appear on the anisotropy
angular field of view of the sensors is typically too large. In factor patterns.
addition, the incident zenith angles are generally higher than Photon tracing and radiative transfer models predict

40°. anisotropy factors in general close to measurements. Us-
ing non-spherical shapes allows to simulate feature as
8.3 Model/measurements discrepancies the double peak, avoid artefact such as rainbow that ap-

pears for spheres and probably contribute to better agree-

The rainbow that appears in Figis due to the fact that per- ments between models and measurements &t iBO-
fect spheres are used for this simulation. The phase functionent zenith angle for 1.0 and 1.03um (Fig. 8, sup-
of spheres (Fig. 2Wlishchenko et a).1999 presents a local plement: http://www.atmos-chem-phys.net/10/2507/2010/
maximum at 138scattering angle due to internal reflections. acp-10-2507-2010-supplement.pdf Some discrepancies
This explains the rainbow when the sun illuminates droplets.still exists most likely due to the complex mix of different
The higher the absorption is, the more contrasted the rainbowrystal shapes and to the surface roughness of natural snow-
is; this point is confirmed in Fig8. This crescent or rainbow pack.
— which is not observed for natural snowpacks, is absent for These results allow to estimate the error implied while
any other grain shape used in the simulations. considering snow as a Lambertian surface for processing re-

Some other discrepancies still remain between the modmote sensing data. Furthermore, these results make accute
els and the measurements. The darkening at grazing anglestrieval of snow surface spectral albedo from remote sens-
is stronger in the model results than in our measurementsng reflectance data possible.
It is partly due to the fact that forward scattering is usually
overestimated using spheres in models especially at near irficknowledgementsThe authors are grateful to Stephen G. War-
frared wavelengthsJ{n et al, 2009. At wavelengths shorter €N Michael Mishchenko and Sylvain Déutor their help on the
than 1 um, the discrepancies are mainly explained by the fadperpretation of the measurements.
that a real snowpack (sample) has surface roughness wheredey also want to acknowledge Laurent Arnaud and Flo-
models assume a smooth surfadia €t al, 2008. At wave- rer_1t Do_miré for discussion on snow metamorphism and Del-
lengths longer than 1 um, a possible explanation of the slighPhine Six for her comments.
differences between measured and modekes that our  We are also very grateful to Stephen Hudson for its review which
samples are a complex mix of shapes and sizes while théllow greatly improving the paper.

model considers only one single shape with power law size _
distribution. Edited by: A. Hofzumahaus

9 Conclusions

This paper presents a large set of direct measurements «

BRDF for different types of snow. The comparison with

modelled BRDF and results in literature allow to explain the

main BRDF variations as a function of viewing and lighting o S

angles, wavelength, size and shape of grain. The publication of this article is financed by CNRS-INSU.
The first point to underline is that the variations of the

anisotropy factor with wavelength are controlled by the ice

absorption coefficient. For wavelengths shorter than 1 um,

the most noteworthy effect at near vertical incidence is the

darkening at grazing angles. This effect is a consequence

of dominant multiple scattering within the snowpack. In

contrast, for wavelengths longer than 1 um and/or large in-

cident zenith angles, forward scattering is stronger because

absorption is high and single scattering prevails and thus the
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