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Abstract. The energy budget and the photochemistry of aues of B were estimated from various measurements found
snowpack depend greatly on the penetration of solar radiin the literature, leading to a wider range of values (1.0-9.9)
ation in snow. Below the snow surface, spectral irradiancewhich may be partially explained by the limited accuracy of
decreases exponentially with depth with a decay constanthe data. This work highlights the large variety of snow mi-
called the asymptotic flux extinction coefficient. As with the crostructure and experimentally demonstrates that spherical
albedo of the snowpack, the asymptotic flux extinction co-grains, withB = 1.25, are inappropriate to model irradiance
efficient depends on snow grain shape. While representingrofiles in snow, an important result that should be consid-
snow by a collection of spherical particles has been sucered in further studies dedicated to subsurface absorption of
cessful in the numerical computation of albedo, such a deshort-wave radiation and snow photochemistry.

scription poorly explains the decrease of irradiance in snow

with depth. Here we explore the limits of the spherical rep-

resentation. Under the assumption of geometric optics and ]

weak absorption by snow, the grain shape can be simply del  Introduction

scribed by two parameters: the absorption enhancement p

; % is involved in strong feedback loops in the climate sys-
rameterB and the geometric asymmetry facigdf. Theoret- NOW IS INVo i . .
ical calculations show that the albedo depends on the ratié®m (Cess et a.199%, Hall, 2004 because its optical prop-

B/(1—¢®) and the asymptotic flux extinction coefficient de- erties dep(_end. on Some Snow physical characteris_tics (grain
pends on the produd(1— g®). To understand the influence Size, Qen5|ty,_ !mpurmes) that themselves evolve with atmo-
of grain shape, the values &f and g® are calculated for a §ph§rlc condlthns(f.colbeckllls)SZ Picard et ‘?“-2013' Snow
variety of simple geometric shapes using ray tracing simu-S highly reflective in the visible and near-infrared (near-IR)
lations. The results show that and (1— ¢©) generally co- range Warren 1982 so that the amount of solar energy ab-

vary so that the asymptotic flux extinction coefficient exhibits sorbed _tl)y ths snowpackfls gmall W'thbr espeqt 0 yeg_?tatlor,
larger sensitivity to the grain shape than albedo. In particulalbé_lrhe s|,_0|horh are oce?n or |n.stanc:ej,. ut varies S|gerrvi|canty
it is found that spherical grains propagate light deeper tharV/th Slight changes of grain size and impurity cont &

any other investigated shape. In a second step, we developé;é’mb? anld V:/arrelr1198(1 Wettrr:e?tﬁnd \:Vlscombe1980.t ;
a method to estimatB from optical measurements in snow. NOW1S aiso transiucent so that the sofar énergy penetrates

A multi-layer, two-stream, radiative transfer model, with ex- within the snawpack and is Pa”'y absorb(_ed in depth below
plicit grain shape dependence, is used to retrieve values o?e s_urface.((:ollbeck hlg89. la'g;t Eenetrag;)n decpj)_ends on
the B parameter of snow by comparing the model to joint .e.nsny, gra|r|1 sizegohren a?' ark §tron1 Jan Z%Sen—
measurements of reflectance and irradiance profiles. sucfitive to very low amounts o impuritiet¥arren et al.2008.

measurements were performed in Antarctica and in the Alpéor‘]lthoggh Br_andt and V\_/arrﬁ m1|?293 r;ighll(ight tlhat ".105; of
yielding estimates oB between 8 and 20. In addition, val- the a S(_)rptlon occurs in the IR and takes p ace in t e very
top centimeters of the snowpack, the penetration of light has
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1804 Q. Libois et. al: Influence of grain shape on light penetration in snow

a crucial impact on the thermal regimagton and Winther et al, 2008 Kuipers Munneke et gl2012), as well as for
2005 Flanner 2005 Kuipers Munneke et gl2009 Picard  photochemistry applicationZ étko et al, 2013.
et al, 2012 and on the availability of photons for photo-  Quantitative studies of irradiance profiles in snow are
chemical reactions in the ultraviolet and visibleifg and  scarce compared to studies of snow reflectaBodnfen and
Simpson 2001 Domine et al.2008. The amount and ver- Barkstrom 1974 Perovich 2007). Performing accurate ir-
tical distribution of the absorbed energy are determined byradiance measurements is difficult since the introduction of
the albedo and the asymptotic flux extinction coefficient, re-sensors perturbs the mediurbunkle and Bevans1956
spectively. Both quantities are highly wavelength dependentGiddings and LaChapellel961) and repeat experiments
(Warren 1982. Modelling these quantities from given snow demonstrate uncertainties 8f20% as a result of measure-
physical properties is crucial for general circulation modelsment error and natural variability of snoviFrance et al.
(Hall and Qu 2006 Waliser et al.2011) and photochemistry 2011k France and King2012. The few attempts to repro-
models (e.gLee-Taylor and Madronigl2002. duce irradiance measurements, using radiative transfer mod-
The computation of snow optical properties from mi- els with the spherical assumption, fail&kkfgent et a] 1987,
crostructural properties (often reduced to grain size and denMeirold-Mautner and Lehnin@004. In particular,Sergent
sity) has been investigated in many studies using the radiativet al.(1987) measured asymptotic flux extinction coefficients
transfer theory (e.gokhanovsky 2004). According to this  twice greater than those predicted by a model with spheri-
theory, snow is represented by a continuous medium withcal grains (their Fig. 6)Haussener et a(2012 have com-
appropriate absorption and scattering properties. In order tpared the transmittance of snow slabs obtained by Monte
calculate these quantities from the snow physical properCarlo ray tracing performed on computed tomography im-
ties that can be measured in the field or predicted by snovages, to the transmittance calculated with the radiative trans-
evolution models Brun et al, 1989 1992 Vionnet et al, fer code DISORT $tamnes et gl1988 assuming equivalent
2012, it is necessary to assume that snow is composed ofpheres. They found that transmittance computed with DIS-
individual grains and that the grains have a particular shapeORT is always much larger than that obtained with the ray
Equivalent spheres have often been udiohfen and Bark- tracing method (their Fig. 9b and d). They attribute part of
strom 1974 Wiscombe and Warrer198Q Brandt and War-  the difference to the simplification of snow morphology in
ren 1993, firstly because Lorenz—Mie theory (expn de  DISORT.
Hulst, 1981) provides an analytical and rigorous formulation = The objective of the present paper is to investigate the per-
and, secondly, because the albedo calculated with other graiformance of the spherical assumption to compute albedo and
shapes can be close to the albedo calculated with sphereégadiance profiles. To this end, this work is based on an an-
if the grain size is appropriately chosewdgrren 1982. In alytical formulation of the radiative transfer theory, where
particular,Grenfell and Warrerf1999 emphasized that any snow grain shape is fully defined by two parameters, the ab-
grain type can be replaced by a collection of spheres of equadorption enhancement parameBeand the geometric asym-
specific surface area as for irregular grains albedo calculametry factorg® (Kokhanovsky and Zege€004). In Sect.2,
tions. However subsequent theoretical studies show that rewe derive analytical expressions of the two measurable op-
placing snow grains by spheres of equal specific surface aretical properties (the albedo and the asymptotic flux extinc-
is not entirely satisfying since single-scattering properties tion coefficient) in terms ofB, g®, specific surface area,
including single-scattering albedo and asymmetry factor, aredensity, and optical indices. These expressions show that the
different from one shape to anothédgshyba et al.2003 albedo and the asymptotic flux extinction coefficient depend
Kokhanovsky and Zege004 Grenfell et al, 2005 Picard  on grain shape in different ways. In order to quantify the im-
etal, 2009. pact of the grain shape on snow optical properties, ranges of
Also, the spherical assumption seems inadequate for theariations of B and g€ are needed. To the authors’ knowl-
prediction of the bi-directional reflectance function of snow edge, these shape parameters have never been measured for
(Sergent et al1998 Aoki et al,, 200Q Dumont et al. 2010, snow. Hence the following sections are aimed at determining
that is critical for the interpretation of remote sensing data.the values of8 and¢® for snow by using two approaches.
Negi and Kokhanovsk{2011]) use fractal particles for satel- The first approach is numerical and uses Monte Carlo ray
lite snow grain size retrievaZege et al(2008 point outthat  tracing methods (SecB) to determine the values @ and
for snow composed of dendrite or faceted crystals the snowg® for a set of simple geometric shapé&khanovsky and
grain size retrieval algorithm they use leads to errors of 50 %Macke 1997 Picard et al.2009. The second approach is ex-
if grains are assumed spherical. On the contrary, the experiperimental and uses optical measurements in snow ($ect.
mental study on metamorphosed snowGsllet et al (2009 It allows the determination a® only. Sectiorb discusses the
shows that spheres are adequate to relate bi-hemisphericahlues obtained from these two approaches.
albedo and specific surface area with#t12 %. Although
show grains are not spherical, the spherical assumption re-
mains the simplest way of representation and is largely used
for meteorological and climate purposesaif den Broeke
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wheren is the grain concentration () related to the vol-
umeV of an individual grain and to snow densjbyby

2 Atwo-stream radiative transfer model with explicit
shape dependence to compute irradiance profiles

in snow
0

- PiceV.

n

Diffusion of light in snow is modelled using the radia-

tive transfer theory. Scattering and absorbing properties of Cey; is twice the average projection ar&aof the grain
snow depend on the single-scattering properties of individ-(Zege et al.2009:
ual snow grains. The latter depend on grain size and shape

(Kokhanovsky 2004, as detailed in SecR.1 In the field,  Cext=2Z. (4)

only macroscopic optical properties of the whole snowpack ) ) )

or of individual snow layers (albedo and asymptotic flux ex- Scattering occurs each time a photon reaches the grain sur-

tinction coefficient) are measurable. The asymptotic analyti-f&c€ while absorption is due to the photon path within the

®)

cal radiative transfer theor)Kpkhanovsky and Zege004)
provides analytical expressions for the albedaand the
asymptotic flux extinction coefficieritz: of a homogeneous

snhow layer, as a function of snow grains single-scattering, o

properties (Sect2.2). As natural snowpack is usually strat-
ified, these analytical expressions are used in a multi-laye
model based on the Eddington approximatigiimgénez-
Aquino and Varela2009, to calculate the albedo and ir-
radiance profiles of a stratified snowpack (S@cB). Snow

grain. Capsis thus

Caps= By 'V, (%)
A

rey = =X is the ice absorption coefficient and the
wavelength dependent imaginary part of the ice refractive in-
Hexx can be found inWarren and Brandf2008. The co-
efficient B depends on the shape of the particle and on the
difference between the real parts of the refractive indices of
ice and air.B is called the “absorption enhancement param-

is never pure, so that light-absorbing impurities have to begq» (Kokhanovsky and Zege004) since it quantifies the

taken into account in the model in order to interpret experi-
mental data in the visible range (Se2H).

2.1 Single-scattering properties of pure snow

Diffusion of light in snow is often modelled using the radia-

tive transfer theory, which assumes that snow is a continu{1 — w) =

ous medium Bohren and Barkstronl974 Wiscombe and
Warren 1980. Each layer of the snowpack is characterized
by the phase function, extinction coefficiesg and single-
scattering albeda which are determined from snow grain
size and shape, and snow densiBofiren and Barkstrom
1974. o. is related to the scattering and absorption coef-
ficients byoe = 05+ 04 and w = os/0e. In the Two-stream
Analytical Radiative TransfEr in Snow (TARTES) model that

enhancement of absorption (compared to a straight trajec-
tory through the grain) due to lengthening of the photon paths
within the grain owing to multiple internal reflectionB. is
independent of the size of the particle. By definitionutthe
single scattering co-albedo is given by

ByV
2y ©
The average cosine of the scattering angle, determined

from the phase function, is called the asymmetry factor and
is denotedg. In the model TARTES, the phase function is
entirely characterized by, which is the average of the ge-
ometric termg® and the diffraction terny”. For particles
large compared to the wavelength, diffraction is essentially
forward so thag? ~ 1 (Kokhanovsky and Zeg2004) and

we developed, the snow grains in a particular layer have the

same size and shape and their size is much larger than the }(gGJrl).

wavelength. In such a case, calculations can be performe
with the geometric optics approximation. In addition, we

limit our study to the spectral range 300-1350 nm where ice

is globally weakly absorbing/Narren and Brandf2008, that

is 1-w « 1, even though ice is considerably more absorptive

d

at 1350 nm than at 300 nm. Snow grains are treated as inc
herent scattererd8phren and Barkstronil974 Wiscombe
and Warren1980), so that the extinction and absorption co-
efficientsoe ando, (M™~1) are proportional to the extinction
and absorption cross sectiofisy and Caps (M?) of individ-

ual snow grains:

1)
)

0e = nCext

0a=nCabs

www.the-cryosphere.net/7/1803/2013/

5 )
The geometric asymmetry factgf depends on the shape
and real part of the ice refractive index. It is independent of
the grain size, likeB. In the spectral range 300—1350 nm,
jce is weakly absorbing and the real part of the ice refrac-
tive index is nearly constant (accordingWarren and Brandt
(2008 it varies between.B0 and 133), so that variations of

B andgC® are less than 3%Kpkhanovsky 2004. Hence in
TARTES, B and g€ are assumed independent of the wave-
length.

2.2 The asymptotic analytical radiative transfer theory

The asymptotic analytical radiative transfer theory presented
in Kokhanovsky(2004 assumes that the bi-hemispherical

The Cryosphere, 7, 182848 2013
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albedoa (albedo of a semi-infinite scattering medium illu- 2.3 Extension to a multi-layer snowpack using the
minated by a diffuse source, hereafter referred as albedo) and  Eddington approximation
the asymptotic flux extinction coefficiekt are expressed in

terms ofg andw for weakly absorbing wavelengths by The two-stream formulation of the radiative transfer theory
(e.g.Choudhury 1981) has been widely used in snow optics
ke =0ey/3(1-w)(1—g) (8)  todescribe diffusion of lightin a layered plane-parallel snow-
1-w pack Dunkle and Bevan4958 Schlattey 1972 Bohren and
Q= exp<—4 /—). 9) Barkstrom 1974 Wiscombe and Warrerl98Q King and
31-9 Simpson 2001). The formulation is accurate when photons

experience a large number of scattering events before escap-
ing the snowpack or being absorbed (i.e. at weakly absorbing
wavelengths). The model TARTES uses the Eddington ap-
proximation (e.gJiménez-Aquino and Varel2005 to solve

the two-stream radiative transfer equation. In that case, the
direct irradiance’ " and the downwardlf') and upward {,)

¢ =kg' is thee-folding depth: the depth at which diffuse
irradiance has decreased by a factoSimilar expressions
have been derived or used in former studiBshren and
Barkstrom 1974 Wiscombe and Warrerl980. With the
formalism presented in Se&.1, Egs. 8) and @) become

o [3Byx G diffuse irradiance in a horizontally homogeneous layer take
ke eV TV 1-g%) (10)  the form (e.gJiménez-Aquino and Varel2005):
ByV 197(7) = [ge 7@/ Vo 16
a~expl—4 _orr = |- (11) @) = loe (16)
| 3z(1-¢% 1} (2) = Ape ™% + Byekor® 4 Gle T @0 (17)
In Egs. B)-(11) the quantitiet, anda are wavelength de- InT (2) = apAye ket 4 ﬂekenz + G,Ie‘f(”/““, (18)
pendent sinces is. From the combination of Eqsl@) and Qn

(112), the valueB of a semi-infinite homegeneous slab of
snowpack can be estimated from the albedo at wavelength

and the asymptotic flux extinction coefficient at wavelength
Mo

wherer (z) is the optical depth at depth I the direct inci-
dent irradiance andg= cosfp, with 6g the local zenith an-
gle.«, andke, are the albedo and asymptotic flux extinction

e’ coefficient of layem if the layer were infinite. The terms
piceke(hie) IN(@ (h)) proportional toe =7/t in Egs. (L7) and (L8) correspond to
Bx~-— 4y Oy ) 12) the contribution of direct light that has been scattered only

once, and quickly vanish with depth (detailed expressions of
wherei;, andi, are wavelengths in the range of validity of Gﬁ andG,T, are given inliménez-Aquino and Vare(2005).
the theory. They can be different or equal. Equations {7) and (L8) are applied to each layer of theé-
Egs. (0) and (L1) are valid for concave and convex par- layer snowpack. The continuity conditions state that the dif-

ticles. Although snow grains are partly convex and partly fyse irradiance],y and 1, be continuous at each interface at
concave, in the specific case of convex particles E¥8). (  depthL,:

and (1) can be simplified. The specific surface area SSA

(m?kg1) is the total surface area per unit mass. For convexy}(L,) = 1n¢+1(L”) (19)
particles,X is proportional to the surface ar§af the grain: 4 1

S =4% (Vouk, 1948 Zege et al.2008, so that Ly (Ln) = 1L 1 (Ln). (20)

Y piceSSA It gives AN —1) equations. The upper boundary condition
v 4 (13) is given by the diffuse incident irradiandg and the lower

one by the albeda,, of the underlying surface, which must

Hence for convex particles; and ke are eventually ex- be prescribed:

pressed in terms of, SSA, B andg® by:

257 O =1Io (21)

~ _ oG .

ko= "\/ dpee > A8 ) raw =a (K@ + 19wy, (22)

o ~exol —8 By (15) This provides 2 more equations. Theé @quations form
=exp 30iceSSA1—gC) |- a linear system with ® unknownsA, and B,,. The coef-

ficients A, and B,, are determined by solving the system,
In Egs. (L4) and (L5), (1—g®) is multiplied by SSA, which  which allows explicit calculation of the diffuse irradiance at
shows that1 — g©) cannot be optically measured, unless an any depth. The two-stream method has been extensively de-
independent measure of SSA is available (Bgmine et al. scribed Ghettle and Weinmari97Q Wiscombe 1977 Toon
200%; Flin et al, 2004). etal, 1989. The total irradiance is obtained by summing the

The Cryosphere, 7, 18034818 2013 www.the-cryosphere.net/7/1803/2013/
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diffuse and direct irradiance. The albedo is deduced as the reenergy can be determined for each layer. ¢4ielding depth
tio of the total upwelling to the total downwelling irradiance £(1) between two depths; andz, (with z» > z3) is calcu-

at the surface. lated at any wavelength as
2.4 Impurities 0 = 1 In <I¢(Zl, ?»)) (26)
2—z1 \IV(z2.1) /)’

Equations 10) and (L1) have been derived assuming pure ) ,
snow. However, light-absorbing impurities, such as black =10 €valuate TARTES, we compared it to DISORT simula-
carbon (BC) (e.gWarren and Wiscombel98Q Flanner tions run with a mqnodlspersmn of spherical paertlcréﬂs(-

et al, 2012, dust fVarren and Wiscombel98Q Painter ~ cOMPe 1980. To this end we chosB = 1.25 andg™ = 0.79

et al, 2007) and humic-like substancesi¢ffer et al, 2006 in our model. Fo.r a large set of snowpack with p!ack car-
France et al.2012), impact snow optical properties, espe- 20N content varying from 1 to 1000 ngbanq specific sur-
cially in the visible range \Warren and Wiscombel9gq  face area varying from 5 to 100?*_\9 , We imposed var-
Reay et al.2019. These impurities are taken into account °US incident light conditions, mixing diffuse light and di-

in TARTES. Whether impurities are inside or external to '€ct light with zenith angle ranging from°Go 85'. The
ice grains is critical to model their impact. However little is SPeCtral relative error between albedos and irradiance cal-

known about it Elanner et al.2012. We assume that they culated with TARTES and those predicted by DISORT was

are external to ice grains. This hypothesis has been quedOWer than 3%.

tioned in several papers (e.Ghylek et al, 1983 Bohren

1986. We also assume that these particles are small coms  Theoretical calculations ofB and G for various grain
pared to the wavelength and that they do not affect the total shapes

phase function. In contrast, they have a strong influence on

the absorption coefficient. The absorption cross sedign  In the theory described in Se@, snow grain shape is fully

of a small spherical impurity of typeis proportional to the  described by two parameter8:andg®. Values of these pa-
particle volumeV; and depends on the complex refractive rameters for geometric shapes are scarce in the literature. We

indexm; (Kokhanovsky 2004): gather values from the literature and from our calculations
(for an extended set of geometric shapes), and we analyze
i —G—HV-Im mf —1 23) the range of variations.
abs™ 5 m?42)" Monte Carlo ray tracing methods have been used by
Takano and Lioy1989; Mishchenko et al(1996; Macke
The total absorption coefficient is et al. (1996; and Xie et al. (2006 to determine single-
_ scattering properties of ice particles in clouds. These stud-
oabs= Cgpe Nsnow+ ZCébgm (24) ies showed that the phase function, single-scattering albedo
1

and asymmetry factor largely depend on grain shape. The
. . . " . 3 parameters8 and g€ were calculated for spheroids, hexag-
wheren; is the number densgly of |mpur|%ypart|cles (M) onal plates and fractal particles Bpkhanovsky and Macke
and can be expressedmgs= oV wherep;’ is the bulk den- (1997 and Kokhanovsky and Zeg&004) using ray trac-

sity andp; the impurity concentration (kgn¥). The latteris  ing. In addition, we have performed calculations for cubes,
related to the impurity content by = ps"TfM (kgkg™1). For  cuboids, cylinders and depth hoar using the ray tracing
low impurity contents, we assume that scattering is essenmodel SnowRatHicard et al.2009 as follows. Photons are
tially due to ice grains, and that is unaltered. In that case, launched from different locations on one grain and their tra-

Eq. 6) is replaced by jectories within the grain are calculated assuming geometric
optics laws with optical index of ice at 900 nm. The process is
1% 67 ci m?—1 repeated for 19photons and Tbdifferent grain orientations.
A-w)= ) By — =, Pice 2 EI m2 4 (25) ¢C is then computed by averaging the cosine of the deviation
4 1 1

angle of photons that have escaped the grais.the ratio of

Similar expressions have been usedZege et al(2008 photons that have escaped the grain with respect to the num-
andKokhanovsky(2013 to take into account analytically the Per of launched photon& andV are directly computed in
influence of impurities on snow albedo. SnowRat and3 is deduced using Eg6). We studied shapes

To summarize, TARTES takes as inputs for each layer thevith aspect ratio betweenb and 4, as defined iRicard
density, depthB, (1—g®)x/V (or SSA1—g®) ifthe parti- €t al.(2009. The values ofB and gC for these shapes are
cles are convex), the type and content of impurities. In addi-summarized in Tablé and reported in Figla. All numerical
tion, the direct and diffuse incident irradiance and the albedccalculations were performed on crystals smaller than 1 mm
of the underlying surface are required. The model compute$0 that absorption within a single grain is very low and the
the internal irradiance at any depth, from which the absorbedalculated values o andg® do not depend on grain size.

www.the-cryosphere.net/7/1803/2013/ The Cryosphere, 7, 182848 2013
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(a) (b) —— |so-albedo
10 JRUR TR TSSOSO SRR POPIPIROPORON Iso-e-folding depth ||
O Spheroids
0.5¢ +\ : * O Hexagonal Plates
o O Cuboids
H 8 O Cylinders
8 % Fractals
0.4 = Ospheroidy; 4 S 8 0
2 £ 0
- O E= o| Sphere o
© £ - -
0.3 Ogo © g @ O Spheroid,;
- o O e o]
~ (@)] < & (|
0 2, ? °
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0.2 phere = ¢ Op %
% o
oA
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)
7
> IS S U S SO SR ]
0.1} : A B , ] 2
%
% — |so-albedo <ncreasing e-folding depth]
Iso-e-folding depth
082 05 1.0 15 2.0 8.0 0.2 0.4 0.6 08 1.0
B B(1-g%) (e-folding depth)

Fig. 1. (a) The shapes presented in Tatllare displayed in &, (1— ¢g©) diagram.(b) The same shapes are presented B(a— g©),
B/(1— gG) diagram, to illustrate their characteristics in termg-d6lding depth and albedo (see E49.and11).

A —600 nm. BC=15 ng 51 - -~ Density (ke m=3) B varies from 125 to 209 and is minimum for sphereg®
e I 20302009 yaries from 050 to 080. The relative variations afl — g©)
C B=125 are larger than those d@f. For spheresg® = 0.79 andB =
#* B=15 - . . .
sl v Boio ;.25, highlighting great forward-scattering and weak absorp-
& B=20 tion enhancement. For most of the hexagonal plates they

studied,Grenfell et al.(20095 noticed that the asymmetry
factor was lower than that of spherdin et al.(2008 also
point out that the spherical assumption overestimates the
forward reflected radiances compared to measurements per-
formed in Antarctica byHudson et al(2006. They attribute

this to the forward peak of the scattering phase function of
spheres.

We examine then the influence of grain shape on snow
macroscopic optical properties. Since the albedo depends on
the quotientB/(1— ¢©) and the asymptotic flux extinction
a: @ | ®) coefficient on the producB(1— g®), Fig. 1b shows an al-
0T 10 0.5 020 025 030 035 040 ternative representation of Fitg. In this representation, two

Irradiance (W m™) —— Reflectance at 1310 nm snowpack composed of grains with shapes that have the same

Fig. 2. Measurements conducted at Col de Porte (29 Februar)fabSCiSS,a (r.espectivc_al_y ordinate) have the same asymptptic
2012). (a) The measured irradiance profile ai —600nm is  Hux extlnctu_)n coeff|_<:|ent (re_specuvely albedo). The verti-
shown with the optimal modelled profile symbolized by dark in- Cal (respectively horizontal) line shows the shapes that have
verted triangles. The other profiles have been calculated for variouhe same asymptotic flux extinction coefficient (respectively
values ofB and incident flux equal to the optim&}(600nm. All albedo) as spheres. These lines are édolding depth” and
profiles are normalized at the surfa(g). Vertical profiles of density ~ “iso-albedo” and are also plotted in Fita. Figurelb shows
and reflectance at 1310 nm used to compute the irradiance profilethat snow grains with equal specific surface area but different
in (a). shape can yield very different asymptotic flux extinction co-
efficients (given Eq.14), the relative difference is 85% be-
tween fractals and spheres of same specific surface area). As
In Fig. 1a, (1— g®) is plotted as a function of for all  for the albedo, at = 1310 nm and SSA= 20 n¥kg~* for in-
shapes (the quantit.— g©) rather tharg© is used, to reflect ~ stance, the maximum relative difference is 37 % (seelBy.
the dependence in Eq4.0) and (L1)). For the tested shapes, Therefore the spherical assumption may be adequate for
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Table 1.Values of B andg® for various geometric shapes, computed using ray tracing methods. Values for spheroids, hexagonal plates and
fractals are taken frorokhanovsky and Mackgl997) and were obtained with a complex refractive index= 1.33. The value for fractal

is from Kokhanovsky and Zege004) and was obtained at = 1.31— 10~ /i. The values for the other shapes were obtained with SnowRat
(Picard et al.2009 atm = 1.30— 4.2 x 10~/ (which is the ice refractive index at 900 nm). For hexagonal plates, cuboids and cylinders, the
aspect ratio is the ratio of the height to, the length of the hexagonal side, the length of the square side and the radius of the circle, respectively
For spheroids, it is the ratio of the largest semi-axis to the shortest one.

Shape Aspectratio  g© B Shape Aspect ratio  gC B

Sphere 1 079 125 Fractal - 050 184
Spheroid 05 0.63 2.09 Cube 1 054 156
Spheroid 0.7 0.69 1.60 Cuboid 2 059 158
Spheroid 1.5 0.70 1.36 Cuboid 4 066 1.60
Spheroid 2 071 143 Cylinder 025 080 141
Hexagonal plate 04 0.72 1.80 Cylinder 05 070 1.42
Hexagonal plate 1 057 1.60 Cylinder 1 063 144
Hexagonal plate 2 052 1.60 Cylinder 2 069 1.46
Hexagonal plate 4 059 1.80 Cylinder 4 077 1.48

Table 2. Summary of the measurements collected at Dome C and in the)&l&aandk,%e are the specific wavelengths used in the algorithm
described in Sectl.1 The retrieved values @& and black carbon contents are given.

Site Date Snow type Type of Instrument used k,%elklfe (hm) B BC(nggl)
extinction data to measurgz)

Dome C 29 Dec 2009  Depth Hoar 1408) POSSSUM 500700 20 3

Dome C 13 Jan 2010 Hard Windpack L(0) POSSSUM 500700 19 8

Col de Porte 24 Feb 2012  Rounded/faceted graingz, A) ASSSAP 600780 1.8 85

Col de Porte 29 Feb 2012  Rounded/faceted graingz, 1) ASSSAP 600780 1.9 15

Col de Porte 9 Mar 2012 Fresh snow I(z, ) DUFISSS 600780 0.8 12

Lacs Robert 13 Mar 2012 Fine/faceted grains  1(z,A) DUFISSS 600780 1.6 12

Lac Poursollet 10 May 2012 Coarse grains I(z,2) ASSSAP 600780 1.6 50

computing the albedo of a snowpack, but for the same snow4 Experimental determination of B from optical

pack may be inadequate to model irradiance profiles. Forin- measurements

stance, spheroids with aspect ratié (Jlabeled in Figla and

b) are very similar to spheres in terms of albedo, but not inIn this section we propose two methods to retrig/érom
terms ofe-folding depth. Figurelb also highlights the po- optical measurements of snow. The first method assumes
sition of spheres among all other shapes. The median valu@ single homogeneous layer. It is relevant for data from the
for B/(1—g®) is 47, in agreement with the scaling con- literature (Sect4.3.9 for which a detailed stratigraphy of
stant determined bigokhanovsky(2006 for snow (that cor-  the snowpack is absent. The second method treats the case
responds to a ratio of.@). For spheres3/(1—¢®) =5.7and  of a multi-layer snowpack and uses field measurements we
there are shapes above and below the horizontal line, sugspecifically performed for th@ determination, under exper-
gesting that spheres may be a fairly good approximation to dmental conditions chosen to maximize the quality of the re-
mixture of various geometric shapes. This might explain thetrieval method.

success of the spherical assumption for albedo calculations

(e.g.Grenfell et al, 1994. In those calculations, the quotient 4-1 Method

B/(1—g®) in snow is assumed equal to that of spheres. In

contrast, for irradiance profiles calculations, the spheres apr?thOdt kl Kno&/vtlﬁdge;bof dthe a;syrr?ptotlc flux ext|nct|or|1 co-
pear to be an extreme case, since the prodtt— ¢©) is eflicientke, and the albeda, of a homogeneous snow layer

minimum for spheres, almost two times smaller than the me—aIIOWS calculation of the value df by using Eq. {2) for pure

dian value. Although settled snow that has experienced meta> 1OW: OF Egs.§), (9) and @3) if light-absorbing impurities

morphism is unlikely to look like geometric crystaBdhren are present.

1983, this suggests that the spherical assumption is a shortMemod 2 A more advanced approach can be devel_oped for
coming to model irradiance profiles in snow. a layered snowpack, when vertical profiles of dengiiy,),
near-IR reflectance;(z, Ay ), and spectral irradiancé(z, 1),
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0r— =780 nm, BC=85 ng g~! A =780 nm, BC=12 ng g~! A =780 nm, BC=12 ng g~! A =780 nm, BC=50 ng g~
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Fig. 3. Same as Fig2a for the four other Alpine sets of measurements, except}\%aut: 780 nm (the corresponding vertical profiles of
density and reflectance at 1310 nm are not sho(@))Col de Porte (24 February 201291) Col de Porte (9 March 2012fc) Lacs Robert
(13 March 2012)(d) Lacs Poursollet (10 May 2012).

are measured. Using TARTES, an iterative procedure is comand upwelling irradiancé odel(Z A) andI! model(Zs A) within
pleted to find the values a8 and BC content that produce a plane-parallel multi-layer snowpack; is set to 1 here.

the best match between the modelled and measured irradiFhis assumption has no incidence on the irradiance calcu-
ance profiles at two different wavelengtxﬂs and)»2 (where lations for the top 40 cm (maximum depth of our measure-
AZ > At ), or similarly between the modelled and measuredments) since we simulated at least 1 m-deep snowpacks. Irra-
spectrale folding depths within a particular layer. Values of diance measurements are taken at depths greater than 3cm.
)Lle andkze are chosen so that snow optical proper“egleat At such depths irradiance is entlrely diffuse in the visible-

- direct _
are much more sensitive to impurity content thanZt The ~ "¢a! IR rangeRarkstrom 1972, so we can takéy"™" = 0,

greater the difference between ice absorptiomlatamdk2 , Idlﬂuse= lo() without IQSS O.f generalitylo(1) is. an un-
the faster the convergence of the iterative process In SecfoWn parameter. The iterative method to retrieve the op-
4.2 both wavelengths are in the range 500-780 nm. Each nu- imal Bopt, BCopt and/o(4) follows a three-step procedure:
merical layer of TARTES is 1cm thick. For each layer, the 1. The measured irradiance profile afe is used to
density, (1—¢®)=/V, B, the type and content of impuri- find a first guess foB, assuming Bg=100ngg’.

ties must be specified. Here we consider that density and For each pair &, Io(/\f )) in the range of optimiza-
reflectance ak, are given (see Sect.2 for measurements g
details, where.,=1310 nm), whileB and impurity contents
are unknown parameters. Althoughis likely to be differ-

ent from one snow layer to another since snow type varies
with depth, hereB is assumed uniform within the snowpack.
Regarding impurities, only black carbon is considered since
it is the major contributor to light absorption by impurities
above 500 nm, where optical measurements are tagen (
gent et al. 1993 France et a).20113. The optical proper-
ties of black carbon depend on the nature of its elementary

tion, (1—¢g®)=/V is deduced for each layer from
the reflectance profile using EqL1) and an irradi-
ance profile is computedB(is varied in the range
0.5-2.5 with an increment of.D and Io(Afe) is var-

ied by a factor 10 around the irradiance obtained
from exponential extrapolation of the measurements
at the surface). To measure the quality of the simula-
tion, we consider two error metrics depending on the
available measurements.

constituentsBond and Bergstron2006. Here the refractive Case 1The irradiance profile is measured. The differ-
index of black carbon is taken froBhang and Charalam- encee between the measured and modelled profiles is
popoulos(1990 and its density is assigned to 1000 kg calculated as

(Warren and Wiscomhel980. The black carbon content L )

used in TARTES is denoted BC and is also assumed uniform €10, —J ~> ('”Ur%odel(zw\fe)) —In (I(me\%e))) (27)
within the snowpack. TARTES also requires the albedo of =t

the underlying surface;, and the direct and diffuse incident wherez, is the depth where measuremenwas taken
iradiance/g"eet and 7gfUse, |t computes the downwelling and/ (z,, 1) the modelled irradiance at that depth.
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Case 2 If only the spectrak-folding depth between (45.08 N, 5.90 E; 1658 mas.l.). For each site, a 1 m-deep

two levels is available, the difference is pit was dug in a flat, horizontal and unaltered snow area. The
) ) ) spectral irradiance (z, 1) is measured with fiber optics as
€2(At,) = [€modelAr,) — L(Ag )| (28)  follows. First, 60 cm long horizontal holes with the same di-

ameter as the fibers are prepared at approximately 5 cm inter-
The pair @B, FO(}V%B)) that minimizes 61(?»138) (or vals from the surface to a maximum depth of 30 cm (a guid-
62()‘13,3)) provides a first estimate df in the snowpack. ing sup_port is usgd to ensure their horizontallity). At greater

depth, light entering the snowpack from the pit face perturbs

2. The value ofB found at step 1 is used to model the the internal radiation fieldBohren and Barkstrom1974
irradiance profile ak,%e. BC is chosen by minimizing Warren et al.2006 France et a)2011H. The holes are made
61()‘1%6) (or 62()‘12))' in the sun direction in order to avoid shading by the operator.

Then, one bare fiber optic with a 2&eld-of-view is succes-

3. The latter value of BC is then used at step 1 to refinesjyely inserted into the holes from the top to the bottom of
B and so on. lteration usingg_andA;. is performed  the snowpack. The fiber is placed 2 cm away from the hole
until the optimal pair §, BC) between two iterations  extremity to limit the perturbation due to the presence of the
does not change. In practice, less than 10 iterations ar@per. The spectral radiance is recorded at each depth with an
needed for convergence. Ocean Optics MAYA 2008 spectrophotometer with spectral

In both methods 1 and 2, the retrieved valueak sensi- _resolutjon 5 nm. The mea_lsurement in the uppermost hole

. L . S is duplicated at the beginning and at the end of the measure-
tive to the precision of the density, reflectance and irradiance : . h A L : )
measurements. In fact the derivation of Et@)(reads: ment series. Series W|t_h varlatlons_ of the incident |rr§1d|anc_e

larger than 3% were discarded. Since only the relative vari-

SB Ske(hr,) sIn(a(ry)) 5p ations of irradiance with depth are of interest, and since the

B ‘ ke + ’— . (29) theoretical framework introduced in Se2tensures that the

e(Ake) In(a (1)) P . ; . :
measurements taken with the fiber optic are directly propor-
It highlights the high sensitivity oB retrieval to the re-  tional to irradiance, the measurements are hereafter referred
flectance measurement if reflectance is close to 1. The largeas irradiance measurements. Profile of density with 5 cm ver-

Aq, the lowera(ry) and the greater the precision Bfre- tical resolution is measured using a cylindrical cutting device

trieval. Using, = 1310 nm for our measurements is thus of volume 100 crm and a 01 g precision scale. Profile of re-

more precise than using reflectance measurements in the viflectance at 1310 nm is measured at 1 cm resolution with the

ible range. instrument ASSSAP (the Alpine version of POSSSUM), ex-
. cept for the 9 March and Lacs Robert measurements where
4.2 Materials diffuse reflectance was measured with the instrument DU-

FISSS (Gallet et al, 2009 on samples extracted from the

A first set of measurements were conducted at Dome Cpit face. Method 2 (case 1) is used with = 600 nm and
(75.10 S, 123.33E; 3233mas.l.), Antarctica, during the 32 —780nm °
ke = :

summer campaign 2009/2010. Specteafolding depths
were measured in two different snowpits following the pro-
cedure detailed irFrance et al(20113. In each snowpit,
e-folding depth was measured in a layer identified visually.
Density at 3 cm resolution was measured with a rectangular

cutting device of volume 300 crand a 03 g precision scale.  The method 2 presented in Sedtl is applied to the data

Profiles of nadir-hemispherical reflectance at 1310 nm werg,g|jected at Dome C and in the Alps. Talesummarizes
obtained with the snow reflectance profiler POSSSUW (e values ofB8 and the black carbon contents retrieved for

4.3 Results

3.1 Application to measurements

naud et al.201). Following Eq. (1) ofPicard et al(2009,  each set of measurements, along with details on snow type
the conversion from nadir-hemispherical reflectangg(z) and instruments used. At Dome C, the method yiéids 1.9
to diffuse reflectance (z) is given by for the hard windpack layer anl = 2.0 for the depth-hoar

7 layer. Figure2a shows the irradiance profile at 600 nm mea-
In(a(z)) = §In(oenh(z)). (30)  sured at Col de Porte on 29 February 2012. Modelled ir-

radiance profiles using the density and reflectance profiles
Method 2 (case 2) described in Settlis applied to each  shown in Fig.2b are also plotted for various values ®fand
snowpit withx,%e =500nm and&,%e =700 nm. constant incident irradiance. FiguPa illustrates the sensi-
The second set of measurements was collected durtivity of light e-folding depth toB. At 20 cm depth, irradi-
ing the winter 2012 at three different sites in the Frenchance at 600 nm varies by more than 50 % Boranging from
Alps: Col de Porte (45.FMN, 5.46 E; 1326 mas.l.), Lacs  1.25 to 20. With B = 1.25 (spheres), irradiance at depth is
Robert (45.08N, 5.55 E; 2000 mas.l.), and Lac Poursollet overestimated. The vertical variations of irradiance are well
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Table 3. Determination ofB from data in the literature, using Ed.4). A, andi, are in nm. R, T and | stand for reflectance, transmission
and irradiance, respectively, and refer to the measurements performed in the corresponding study. The fiveB/édugsrahan 3.6 and
the corresponding values are bold. These values are questionable.

Reference Location Meas. type Snowtype p (kg m*3) ke (mfl) M @ Aa B
Grenfell and Mayku{1977 Beaufort Sea R/l Dry snow 400 44 700 0.89 800 2.8
Wet old snow 470 26 700 0.68 800 4.7
Beaglehole et a(1998 Antarctica T Fresh snow 130 50 8000.79 800 9.9
not specified 340 46 800 0.80 800 3.3
Drift snow 320 34 800 0.87 800 1.6
Drift snow 360 44 800 0.93 800 1.0
Perovich(2007) Hanover RIT Rounded grains 120 33 900 0.85 900 1.7
Rounded grains 200 25 900 0.72 900 1.6
Columns 143 26 850 0.86 850 2.3
Wet snow 373 43 850 0.70 850 3.5
France et al(20113 Dome C R/ Soft windpack 300 33 700 0.962 700 1.9
Hard windpack 380 29 700 0.945 700 1.9
Depth hoar 280 23 700 0.947 700 2.0
France et al(2011h Svalbard R/ Old windpack 400 18 700 0925 700 15
France et al(2012 Alaska R/ Inland snow 300 9 700 0.91 700 1.2
Hard snowpack 380 30 7000.83 700 6.5

reproduced by the model, in particular the changes of slope athe measured and modelledolding depths are plotted for
10 and 20 cm. For this experiment, the best match is obtaine®ome C depth-hoar layer in Fi§a, and for the upper layer
for B =1.9. Figure3 shows the measured and modelled irra- of the snowpack studied at Lacs Robert in Fsp. Mod-
diance profiles at 780 nm for the other Alpine measurementsellede-folding depths for various values &fare also shown.
The optimal modelled profile is symbolized by dark inverted For the best fit, the relative error is less than 5% for the
triangles.B = 1.8 produces the best match for the 24 Febru-whole visible spectrum. In Figa, the discrepancies between
ary 2012 measurements while= 1.6 was the best for the the model and the measurement from 400 nm to 500 nm are
measurements at Lacs Robert and Lac Poursdtlet.0.8 is probably due to the presence of other types of impurities
found for the fresh snow layer of the 9 March 2012 measure{France et a).20113.

ment. The seven values &f retrieved experimentally, rang-

ing from Q8 to 20, are shown in Table 2. This large range 4.3.2 Application to data in the literature

indicates that the asymptotic flux extinction coefficient can

vary of a factor 16 solely due to the impact of grain shape Method 1 was applied'to retrievB using published data.
onB. There have been few simultaneous measurements of asymp-

The retrieved black carbon contents vary from 12 totic flux extinction coefficient and reflectance of snow re-
to 85ngg?l for the Alpine sites, which is in agree- ported in the literature. Earlier studies dealt with broadband
ment with values between 34 and 247 ndgeported by irradiance profiles@’Neill and Gray 1972 Fukami et al. .
Sergent et a1998. Black carbon amounts retrieved for 1989 so that general features were retrieved (such as the in-
Dome C (5nggl) are consistent with the 3ng re-  crease of broadbarndfolding depth with depth) but no quan-
ported byWarren et al.(2006 for the upper 30 cm of the titative information on grain shape can be inferred. Studies
snowpack and with the values reported Byance et al. with spectrally resolved measurements include the works of
(20114. In fact, our method yields an upper limit of black Grenfell and Mayku(1977) in the Arctic, Beaglehole et al.
carbon content since all impurities absorption is attributed to(1998 in Antarctica, Perovich(2007) on mid-latitude sea-
black carbon, which is probably not realistZatko et al, ~ Sonal snowfFrance et al(20113 in Antarctica,France et al.
2013. Anyway, we do not aim here at retrieving a real black (2011h in Svalbard andfrance et a2012 in Alaska. Spec-
carbon content and this assumption does not affecBthe- tral diffuse reflectance and asymptotic flux extinction coeffi-
timation since such contents at Dome C have a negligiblecient were measured or deduced from measuremsntal-
impact on snow optical properties at 700 nm (see &ig. ues are calculated using Ed.2] for all these cases, that is

Even though the retrieval method is based only on twoimpurities are not taken into account. Experimental details
wavelengthsii and A2 for the irradiance profiles, we and B values for each study are summarized in Table
checked that modelled irradiance profiles at other wave-B values are also reported in Fig. along with the values

lengths were in good agreement with the measured onedased on our measurements and those resulting from theoret-
ical calculations. In order to minimize the uncertainty of the
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102 ‘ ‘ ‘ : : 5 Discussion

According toKoh (1989, “until the phase function of snow

is known, the use of a spherical equivalent phase function
may be the most appropriate”. Although the spherical as-
sumption has proved successful for albedo modelling, it is
much less appropriate to model irradiance profiles in the
snowpack. The following discussion will explore the failure
of the spherical grain assumption for irradiance data.

To model irradiance in snow, we developed a radiative
transfer model, called TARTES, based on the asymptotic an-
alytical radiative transfer theory. In this model snow grains
are characterized by their specific surface area, and two shape
103 ; , ; parameters? andg®. The absorption enhancement parame-
300 400 300 600 700 800 %0 ter B quantifies the lengthening of photon paths inside a snow

Wavelength (nm) . . . .
grain due to internal multiple reflections, and the geomet-

Fig. 4. Black carbon content beyond which black carbon absorp-fiC asymmetry factog® quantifies the forward-scattering of

tion represents more than 5% of the snow absorption coefficientlight by the snow grain. Theoretical calculations performed

The curve is deduced from E5). The dashed lines highlight the in Sect.3 show that spheres are highly forward-scattering

values at 600 nm and 780 nm (wavelengths used for the Alpine meaflarge ¢©) and weakly absorbing (smaB). Spheres are

surements) and the continuous lines highlight the values at 500 nnyery singular among different other geometric grain shapes,

and 700 nm (wavelengths used for Dome C measurements). explaining the difficulty to match irradiance measurements
with models using spherical grains (eSgrgent et al.1987,

ioved val @ f h _ he | i Meirold-Mautner and Lehnin@004). Qualitatively, whenB
retrieved value ol for each experiment, the largest avall- js |5r0e in a medium, photons are internally reflected sev-

able wa\{e_len_gths are gsed in EQ2). Those W§Velengths eral times in a grain before escaping, and are then likely to
are speuﬁgd n Tabl@smge they.depend on available data. g the grain in no particular direction. Conversely, wien

| A verth|de Tanlge TTB lfﬁ?t}tamzd_, frohm _’ll_)to 9. The is small, photons travel a minimal distance in the grain (i.e.
arge_st theoretical value ound in the literature was they tend to exit at the opposite point of their entry, and tend
obtained byiokhanovsky and Mack€l997 for spheroids to be scattered preferentially in the forward direction, which

with shape parametey = 0.3 and equals 36. As a con- | s 1 largez®). Thus B and (1— g®) are correlated. An

sequence, the values obtained from the literature that eXimportant consequence is that the quotiBfitL — ¢&) — that

C?ed 316 are _questionable. Intuitively, h'gB values, _i.e. determines the albedo — should be relatively constant with
high Iengt_henlng of the_photon path within the grain, are respect to grain morphology while the produgtl — g®)
o_nIy posgble with specnjc shapes that rap the light, I'k,e— that is important for the asymptotic flux extinction coef-
fiber optfmi. Un%‘?rf’m){ in the fmeasurements IIS' ‘qutﬁnt'a'ficient — varies widely. The numerical calculations presented
cause of these high values. In act,' Et2)(is applied wit in Fig. 1 confirm this analysis. This can be further explained
700nm< 34 <900nm, so thai(1,) is generally close to 1y 0 fact that in snow with a large value Bf photons
and the uncertainty of 'Fhe retrieved valueRfs large (s_ee tend (i) to travel a long way within the ice grains (which
qu.dzg).hln Tableﬁ, the ZerB ;]/aI:Jes Iargelr than#ﬁ_ are N increases likelihood of absorption) and (ii) to be scattered
: %_ T eﬁ]’ are obtained for tb e OWﬁSéva ueso IIZ MaY in all directions, including the backward direction. The pen-
indicate that Eq.12) cannot be applied to wet or old coarse gy ation gepth of the photons is limited because absorption
show with low albedo, or that impurities amouqts n theseis enhanced and because forward-scattering is reduced. Re-
studies were too large for Eq13) to be be applied. This arding the albedo, as the probability that a photon escapes
may also indicate that accurate reflectance measurements a?ﬁe snowpack before being absorbed, photons in snow with
more d'ff'c‘ﬂ" thane-folldmg depth measurement-s. The Spec- large B are scattered in all directions and are likely to es-
ral I'(.ESO.|utIOI’]. of the instruments and the quality of the dif- cape the medium after fewer scattering events than in snow
fuse incident |rrad|§1nce may glso be accounted' for. Eventuy it small . However, this is counterbalanced by the higher
a_IIy, the show physical proper_tles for those experlr_ngnts (den'probability of absorption between scattering events in snow
Sity, grain size) may be outside Fhe range of validity OT the with large B, because the path in the grains is longer. In short,
theoren_cal framework presented in Setand partly explain the increase of photons paths within the grains for la@ger
these highB values. is counterbalanced by the shortening of total path lengths in
the snowpack due to lowg®. This explains the limited sen-
sitivity of albedo to the shape of the grains. The low sensitiv-
ity was noticed experimentally byomine et al(200§ who

]0],

10() L

BC content (ng g~ 1)

1072F
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Fig. 5. (a) Spectrak-folding depth measured between 24 cm and 42 cm in the depth hoar layer at Dome C (29 Dec 2009). Modelled spectral
e-folding depths are also shown for different valuesBo{b) Spectrak-folding depth measured betweers €m and 23 cm at Lac Poursollet
(10 May 2012) in a snowpack composed of coarse grains.
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Fig. 6. Representation of all values &f determined from theoretical calculations, from measurements and from data in the literature. The
dashed bars correspond to questionable values.

studied snow samples with various crystal shapes and corably because they are composed of a mixture of rounded and
firmed later byGallet et al.(2009. They demonstrate indeed regular faces. The result for fresh snow is more surprising.
that the reflectance of snow samples of known SBénjine Indeed, the valued = 0.8 is incompatible with the defini-
et al, 200) is well reproduced using DISORT-Mie code tion of B (Kokhanovsky2004) that constrains its value to be
(Wiscombe 1980 Stamnes et 311989 (i.e. for a medium larger than 1. Until more measurements are performed, this
of independent spheres). value should not be considered as typical of fresh snow. Inac-
In this paper, we exploit the sensitivity of lightfolding curate measurements, or the small size of fresh snow crystals,
depth to grain shape to estimate the paramBtasing mea-  close to the wavelength for which geometric optics do not ap-
surements of reflectance, density and irradiance in the snowply, may be the cause of this invalid estimation. Shadowing
pack, and TARTES model. Even though the optical measureeffects and inter-particle interferenc@/iscombe and War-
ments are taken in the visible-near-IR range, the retrieveden 1980 Warren 1982 Kokhanovsky 2004, which are
values of B hold for the whole range 300-1350 nm (see not taken into account in the model, may also explain this
Sect.2). TheseB values — obtained by minimizing the dif- low value of B. Except for fresh snow, the values Bfob-
ference between measured and modelled irradiance profilestained from our measurements are coherent with the values
are generally greater than the value for spheBes:(1.25). It predicted by theoretical calculations (F&. In contrast, the
means that assuming spherical grains for these experimentslues deduced from the literature vary to a large extent. In
would lead to an overestimation of tkefolding depth.B fact, the sensitivity of the retrieval method to the measure-
values calculated for various geometric shapes and deduceadents, illustrated by Eq20), points out that measurements
from data in the literature are also essentially larger thanshould be taken carefully, and at appropriate wavelengths.
1.25, which suggests that the spherical assumption is inadeWe recommend not to consider these latBevalues in the
guate to model irradiance profiles in snow. By sampling dif- future.
ferent snow types, we found that old snow with large grains Although there is no mention of experimental determi-
has aB close to that of spheroids with aspect rati@ QB = nation of B in the literature to compare with our results,
1.6, see Tabld). Snow in Antarctica, that is faceted, has val- some studies explicitly mention the asymmetry fagtdrig-
ues around B, which is also the case of hexagonal plates.ure 4 ofBohren and Barkstror{il974 compares irradiance
Fine grains have intermediate values6(x B < 1.9), prob-  measurements dfiljequist (1956 to a two-stream model
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and shows that the-folding depth modelled with spheres from Royal Holloway Earth Sciences research strategy fund awards.
is greater than that measured, and that 0.84 (or g€ =

0.68) should be used for better agreemémirold-Mautner ~ Edited by: M. Schneebeli

and Lehning(2004 show that takingg = 0.86 instead of
0.89 (that isg® = 0.72 instead of (¥8) in their model al-
lows a better fit with measuremenkokhanovsky and Zege
(2004 suggesg® = 0.5, based on measurements on ice par-
ticles in clouds Garrett et al. 2001, Barkey et al, 2002,
and calculations on fractal particles describetarcke et al.
(1996. Under the assumption tha&t/(1— g©) is nearly in-
dependent of grain shape for snow, and equal to that for

spheres, a rough estimategf can be obtained froms val- References
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