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Abstract. A simple analytical equation for the snow albedo Kirchstetter (2012) found 20 % decrease in snow albedo (at
as the function of snow grain size, soot concentration, and. = 0.412um) for the soot concentratien= 1.68ugg?* at
soot mass absorption coefficient is presented. This simplehe effective radius of snow grains of 55 um and nadir illu-
equation can be used in climate models to assess the influmination of the snow layer; 10 % reduction in albedo was
ence of snow pollution on snow albedo. It is shown that theobserved at = 0.45ugg* and 5% at = 0.11pugg*. Pure
squared logarithm of the albedo (in the visible) is directly snow spectral albedo is close to unity and almost spectrally
proportional to the soot concentration. A new method of theneutral in the visible. With addition of soot, the albedo be-
determination of the soot mass absorption coefficient in snonwcomes less spectrally neutral (as compared to pristine snow)
is proposed. The equations derived are applied to a dustyith slight decrease in amount of reflected light towards
snow layer as well. 400 nm. The most pronounced decrease towards UV is ob-
served, if dust is added to the snow layer. Painter et al. (2007)
discovered that the reflectance of snow at 412 nm is reduced
by 50 % when dust witle = 0.37mgg ! was deposited on
1 Introduction a snow layer. This is due to the fact that the imaginary part
of the dust refractive indey increases towards UV, which
Snow cover and its spectral albedo are important factors injs not the case for soot. The reflectance is also reduced due
fluencing climate (Hansen and Nazarenko, 2004). Thereforeyg the presence of algae (e.g., light absorption at 0.4-0.6 pm
it is of importance to understand in what way various snow e to carotenoids and chlorophylls of snow algae). Takeuchi
pollutants (e.g., soot, dust, algae) influence snow albedqy a1, (2006) reported 25 % decrease in snow reflectance at
and, therefore, duration of snow cover. Corresponding studz12 nm due to the presence of red snow algablgmy-
ies have been performed by Warren and Wiscombe (1980)4omonat. nivalis).
Painter et al. (2001), Dozier and Painter (2004), Takeuchi The task of this paper is to present and validate a new
et al. (2006), Aoki et al. (2007), Hadley and Kirchstet- mode| of dirty snow reflectance. It is based on the asymp-
ter (2012), and Warren (2013) among others. It was foundygic radiative transfer theory valid for weakly absorbing op-
that pollutants considerably modify snow spectral reflectancqica”y thick media. Multiple light scattering effects in dirty
in the visible and near infrared (up to approximately the gnow are fully taken into account. In particular, the approx-
wavelengthh = 1um). This is due to the fact that pure snow jmate analytical equations for the global (e.g., albedo) and
belongs to the class of weakly absorbing and strongly multi-jocg) (e.g., extinction and absorption coefficients) snow op-
ply light scattering turbid media in the visible and near IR. tical properties are presented. This enables the derivation of
Therefore, even small amounts of pollutants have a drasgjrect analytical relationships between the snow reflectance
tic influence on spectral reflectance (especially in the vis-characteristics and snow microstructure parameters such as
ible). This is due to the enhancement of light absorptionthe snow grain size and concentration of various pollutants

by pollutants in response to their placement in a multi- (soot, dust, algae). The case of a semi-infinite snow layer is
ple light scattering environment. For instance, Hadley and
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1326 A. Kokhanovsky: Spectral reflectance of solar light from dirty snow

considered in detail. However, the model can be easily exwhere the parametgr depends on the process under study.
tended to the case of a finite snow layer as well as for theThe integral

cases when the solar light transmittance through a snowpack

is measured (Kokhanovsky, 2006). The model is presented in

Sect. 2. Section 3 is aimed at the validation of the model us#! = /a(m)exp(—,Bm)dm ©)

ing the experimental measurements of Painter et al. (2007), o

Brandt et al. (2011), and Hadley and Kirchstetter (2012). can be evaluated analytically (Kokhanovsky, 2002):

2 Exponential approximation A =exp(=2y/ pp). 9

. . The value ofp is found by taking into account that it follows
The snow albedod can be represented as series with re- from the radiative transfer theory @is— 0 (Kokhanovsk
spect to the single scattering albedg =1— 8, where y Y

B =kabs/ kext (kabs(ext) IS snow absorption (extinction) 2006):

coefficient). Namely, it follows: B
A=1-4 | ——, 10
V3(1-9) (10)

o0
A=) an1—p)" 1)
m=1 whereg is the average cosine of light scattering angle inside

with the normalization condition the snow layer. Therefore, it follows:

4
oo = 11
> an=1 @ "T31-g 1)
m=1 and
due to the energy conservation law £ 1 in the absence of
absorption processes). Herecan be interpreted as a scat- 4 = eXp(—a), (12)
tering event number. The expansion coefficiemisrepre- where
sent the strength of the contribution of ttmeorder scattering
event to the snow albedo. Let us use the following expansion: B
a=4 | ——. (13)
3(1-g)
m
1-p" = Z(—l)fijﬁf, (3) Equation (2) can be also used to find the plane albedo
j=0 r (W) and reflection functionR (po, 1, ¢) (Kokhanovsky,
2006):
where D,,; =m!/j!(m — j)!. The substitution of Eq.3] in )
Eq. (1) gives r (ko) = AK(Ho) | (14)
202 3(.3 )
where wherek (o) = 5 (1+24p), v = K (o) K () Ry (Ho. 1. ¢)

Mo is the cosine of the solar zenith angleis the cosine of the

. 00 ‘ observation zenith angle, agdis the relative azimuthal an-
<m >= Zamm ) () gle. Simple parameterization for the functi®p (p, Ho» ¢) =

m=1 R (W, Ho. ¢, wo = 1) was presented by Kokhanovsky (2006).

This function depends on the viewing geometry and the
shape of grains. Its dependence on the size of ice grains
can be ignored. The snow bidirectional reflection distribu-
and we assumed that(m — 1) ~ m2, m(m — 1)(m — 2) ~ tion function (BRDF) is proportional to the reflection func-
m3, ... in the derivation of Eq.4), which is a valid assump- tion R (Mo, 1. ¢): BRDF = R (W, 1. ¢) /7.
tion due to a large number of scattering events weakly The next step in our derivation is to relate the parame-
absorbing snow. The summation in E6) ¢an be performed ter (or B, g, see Eql3) with the size of snow grains and
analytically transferring to the continuous basis with respectParameters of impurities (concentration, size, etc.). We will
to the parameter and using the results of the random walk assume that snow consists of ice grains and other scatter-

o0

(exp(—pm)) = > amexp(—pm) (6)

m=1

theory (Chandrasekhar, 1943): ers (e.g., soot, dust, algae, etc.) suspended in air. The dense
media effects are ignored. Then the snow extinction coeffi-
a(m) = p/nm*?’/ 2exp(— p/m), (7 cient kext, absorption coefficientaps scattering coefficient
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ksca= kext — kabs phase functiorp (9), and average cosine ice spheres, Kokhanovsky and Zege, 2004) and the real part
of scattering angle can be presented as of the ice refractive index. This parameter characterizes the
efficiency of absorption (EA) by a particle of a given shape
fowr — jice M o 16 and refractive index and equals the rafig,s/y V, which ap-
ext = Kext + Z ext (16) proaches 1 as — 1 independently on the shape of scatterers
j=1 (van de Hulst, 1981). The dependence of EA on the size of

ice . particles can be ignored in the visible and near IR regions of
kabs= kaps+ ;kabsf’ A7 the electromagnetic spectrum.
JA; Let us introduce the effective grain size (EGS) as
ksca= kis%%"‘ stcajv (18) dof — 3_V (22)
j=1 ef = 42-
kicepice (9 + Z?ilkscajpj ) The value ofaet goincides with the radius of particles .in
p) = — i , (19)  the case of monodispersed spheres. One can then easily de-
kscat Z:J':lks‘:"i/' rive for the probability of photon absorption
Kice ice+ ZM— kscaigi
g= TSl p=ovac, (23)

K+ D1 kscaj
whereo = 2¢ /3 (=~ 0.85 for spheres).
where “ice” means that the parameter corresponds to the One derives for the parametelsee Eq. 13) in the case of
pure snow (no impurities, only ice phase) and the accounthe pure (no pollutants) snow:
for M impurities is given in the second terms of corre-
sponding expressions. The probability of photon absorptioret = /v detP, (24)

is calculated a® = kaps/ kext and the asymmetry parameter
B = kas/ kext y VP where P =4,/0/3(1— g). The parametex and, therefore,

g= %féf p (0)sing cosvdh. All local optical characteristics T X
given above can be computed using the Mie theory for spher!he grain sizezes can be derived from the snow reflectance

ical particles (Mie, 1908) or geometrical optics appro(,jlchesmeasurements. However, for this t_he assqmption on t_he value
(van de Hulst, 1981: Liou, 2002; Kokhanovsky, 2006) for of P must be made. The geometrical optics calculations for

particles of different shapes; also approximations, Iook—up—the spherical particles give = 6.3. The true value of de-

tables, and parameterizations of results of exact calculationgendS on the type of snow (the shape of ice grains). Itis dif-

are possible. The selected approximations are discussed biCUlt t0 calculate this quantity from the first principles due
low to the irregular shape of snow grains. Therefore, it is impor-

The extinction and absorption coefficients of the pure ice!@Nt 0 report both valueB andaer in outputs of correspond-

can be presented as ing retrieval algorithms. One can also introduce the optically

characteristic lengthgpt = PZ2aet. This parameter can be di-

k:ecxet: N Cext, ki;t?s= NCabs (20) _rectly derived from the ref_lectance measurements and less
influenced by the assumptions on the shape of particles. The

Here Cext and Caps are average extinction and absorption value ofaqp: can be also used to find the spectral snow albedo

cross sections of snow grains aid= c¢j/V is the number using the following simple approximation:

concentration of snow grains;(is their volumetric concen-

tration andV is the average volume of grains). It follows in A (X)) = exp{—1 % (A)aopt}. (25)

the framework of the geometrical optics approximation that

(Kokhanovsky, 2006) Let us consider the polluted snow now. We select soot as
a single pollutant. Then we may assume that light scattering

Cext=2%, Caps=§&yV (21)  and extinction (but not absorption) in snow is dominated by

] ice grains. The equation for the paramegemust be modi-
for large (as compared to the wavelength) randomly orientedigq a5

ice grains of the arbitrary shape. The expressiorCiggpre-
sented here is valid in the case of weakly absorbing larges = Bice + Bsoot (26)
particles such as ice grains in the visible and near IR regions

of the electromagnetic spectrum (Kokhanovsky and Zege, It follows (see Eq23):

2004). Herex is the average projection area of the particles

(X = S/4 for convex particles, whergis the average surface Pice = 0y ef. (27)
i Aryi) . i i . . -

area of the particles) and= 74, xi is the imaginary part Let us introduce the soot mass absorption coefficient

of the ice refractive index at the wavelengthThe parameter

£ depends on the shape of particles (being close to 1.28 fok50o'= epgcs, (28)
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where ps is the soot density ands is the volumetric con- a)
centration of soot. Taking into account th@k: = 1.5¢j/det

(Kokhanovsky, 2006), one derives e TR ——
2 PRt {rﬁ%ﬁﬁ
3| 0490-E£§§§7%%ILIF“LLLLLI‘I EEE
We will assume that ~ A~ (as for Rayleigh scatterers) and, $ oss | prpFiE T i ITEE IR A
therefore,s (A) = & (Lo) Ao/A. Taking into account the for- s %ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
mulae given below, we arrive at the following equation: 080 % FEt i
@ () = v/(Bixi(A) + Bsc)xet, (30) oS f 1
where 0'7%.40 0.35 0,;0 0.:35 0.250 0,235 0,I70 0,I75 0,;0 0,;35 0,;30
3 64& 3 16pie (A0) Ao  pscs 3 27 def (31) wavelength, micrometers
Tol-g T el-g 0 T T a

b
andp; = 0.9167gcn13 is the ice density. The functian()) )

given in Eqg. 80) can be used to find the spectral snow spher- too b LT
ical albedoA (L) = exp(—a (1)), the plane albeda (1) =

A (1)Ko and also the snow BRDF as discussed above. The
snow spectral absorptandé (for the diffuse illumination
conditions) is calculated as

T T T T T T T ]
65 micrometers

albedo

M =1 exp[ /(B () + Bsc) vet]|. (32)

All these characteristics are determined by just five main
parameters: the size of particleg, the efficiency of light
absorption by nonspherical ice graihsthe average cosine 070 S U S B T M

. . .. 040 045 050 055 060 0.65 070 0.75 0.80 0.85 0.90
of scattering anglg, and the mass absorption coefficient and wavelength, micrometers
the concentration of a pollutant.

c)

3 Validation

T T T T T T T ]
110 micrometers

The comparison of calculations according to Ed<l) @nd
(30) with experimental results for the plane albedo as pre-

sented by Hadley and Kirchstetter (2012) is given in Fig. 1. 090 -
The excellent agreement of theory with the experiment is o
found assuming thaB; = 77.02 andBs = 22.15. These pa- 8 O®EIl

rameters were derived using the minimization procedure at
the largest concentration of pollutants &t = 55um (see

lower curve in Fig. 1a). Theoretical calculations for spher- ors | ﬁﬁﬂﬁ%%ﬁﬁﬁﬁﬁ%ﬁ g
ical particles such as those created in the experiment by Hﬁﬁ ?

Hadley and Kirchstetter (2012) result in (see Bi. at 040 045 050 055 060 065 070 075 080 085 090

& =1.28, g =0.884, Kokhanovsky and Zege, 2008) = wavelength, micrometers

78.47. 1t follows that theoretical and experimental values
of Bj are in a good agreement. The theoretical valugof
cannot be derived because the values0fp) for soot in

Fig. 1. The spectral dependence of snow plane albedo at the nadir
illumination at various levels of snow pollution and effective radii

snow was not determined experimentally. The experimen- — (2) 55, (b) €5, and(c) 110um. The results of calculations at
P Y- P Bj = 77.02 andBs = 22.15 are given by lines. The dependence of

tal value of Bs =22.15 is consistent with thg a;sumptlon xi(A) was taken from Warren and Brandt (2008). Symbols repre-
thate (0.435 9.27gcnt2 (see Eq31), which is plau-

&( Hm = g q p sent laboratory measurements performed by Hadley and Kirchstet-
sible for the laboratory experiment performed by Hadley andier (2012) at concentrations 0, 0.1, 0.45, 0.86, and 1.68 figfgom
Kirchstetter (2012). Summing up, we conclude that simpletop to bottom, respectively).
equations presented here can indeed be used to simulate in-
fluence of snow pollution on albedo. Small deviations of ex-
perimental and theoretical results present in Fig. 1 could be

The Cryosphere, 7, 13253331, 2013 www.the-cryosphere.net/7/1325/2013/
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Fig. 2. The spectral dependence of snow spherical albedo=at Fig. 3. The spectral dependence of clean and dusty snow spherical
251ggt and aef = 55um. The results of calculations are given albedo at =0.22mgg andaes = 400um (for clean snowjer =

by broken lines. Solid lines represent experimental measurement450Hm (for dusty snow). The results of calculations are given by
for artificial snow composed of nearly spherical ice crystals (Brandtlines. Symbols represent experimental measurements (Painter et al.,
etal., 2011). 2007).

due to the variation of effective snow grain size for different This will produce a smaller influence of soot on snow albedo
levels of pollution. as compared to that reported in this work and also in the ex-

The results of comparisons of calculations and measureperiments of Brandt et al. (2011) and Hadley and Kirchstetter
ments for yet another experiment with an artificial snow per-(2012). Clearly, the albedo reduction is not solely the func-
formed by Brandt et al. (2011) are presented in Fig. 2 for thetion of ¢ but also the size and shape of snow grains play a role
case of spherical albedo. The exponential approximation fofsee Fig. 1).

the spherical albedo Due to its high accuracy, Eq38) can be used for the de-
termination of the soot mass absorption coefficient from the
A= eXP[—\/(BiXi (1) + Bso) Xef] (33)  measurement of snow albedo at a given concentration of soot

. . . particlesc. Namely, it follows from Eqgs.33) and @1):
was used in calculations (witB; = 78.47, Bs = 14.76). The

value of B for large spherical ice grains was calculated as I(l—g) {InZA }
— Bixi (-

described above. The dependencey@h) was taken from € (ko) = ———— (34)
16,0|)\.OC

Warren and Brandt (2008). The value B8f was derived

from Eq. @1) assuming thag = 0.884 (as for large spher- e derivations reported above have been performed for
ical ice grains) and: (0.55um = 6mPg~* as measured by 5 specific case of soot as a single pollutant. However, the
Brand et al. (2011). It was assumed that 0.25ugg " and  extension to other pollutants is easy. In particular, if light
aef = S5pm (as in the experiment). Therefore, no fitting pro- gcattering occurs predominantly on ice grains (and not on
cedure was applied. It follows that E3) can indeed be  gpow impurities), Eq.30) remains valid for other impuri-
used to m_od_el both pure snow and dirty snow albedos. Thgjeg (e.g., dust) except the value Bf must be multiplied by
small deviations of theoretical curve for pure snow from {he spectral functiorf (1), which accounts for the actual de-
the measurements are due to the fact that (as mentioned Byangence of the impurity absorption coefficient on the wave-
Brandt et al., 2011) the value aft was somewhat larger in  |ength. This function is equal to unity,éf~ A~ as discussed
case of pure snow. The <_1I|sagreement of theory with the exzpove. For impurities, which both scatter and absorb light,
periment around 0.4 um is most prot_)ably due to presence Oﬁqs. (L6)—(19) must be used. We show the application of
the small amount of brown absorber in the water supply usedtq_ (33) to the interpretation of light reflectance from dusty

Xef

to produce artificial snow (Brandt et al., 2011). snow in Fig. 3. Equatior33) can be re-written as
It should be emphasized that the valuegofn case of
irregularly shaped ice grains is close to 0.75 gnd 1.84 4 _ exp[—\/(Bixi()») +Bdf€)xef], (35)

(Kokhanovsky and Zege, 2004). Therefore, it is expected that

the value ofBs is somewhat smaller for snow composed of ir- \yhere we introduced the spectral factor

regular snow grains as compared to the case of spherical scat-

terers (even for the same soot mass absorption coefficients). = bexp(—A/Ag). (36)

www.the-cryosphere.net/7/1325/2013/ The Cryosphere, 7, 1325331, 2013
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The constant$ = 31.16 andig = 0.18 um were obtained exchange between the surface and the lowest layer of atmo-
using Eq. 86) for fitting the spectral dependence of the ra- sphere.
tio of the imaginary part of dust refractive index taken from
D’Almeida et al. (1991) (their Table 4.3) to its value at
0.7 um. The value off was assumed to be equal 1.0 at the Ack_nowledgementsThis work was supported by the BMBF
wavelengths larger than 0.6 um. It was assumed that the ef2roject CLIMSLIP and FP7 Project SIDARUS. It was conducted
fective radius of particles equal to 400 um for the clean snow?S Pt of the GCOM-C/SGLI Snow Project supported by Japan
and 450 um for the polluted snow. The valueRf was set Aerospace Exploration Agency (JAXA_)._The auth(_)r is grateful t_o

) R. E. Brandt and O. Hadley for providing experimental data in

equal to 0.11, which corresponds to the dust mass absorp; iapuiar form.
tion coefficient (MAC) 0.046 rag* (Yasunari et al., 2011),
if other settings are the same as for Fig. 2. The good fit cartdited by: F. Domig
be obtained with the value ef=0.22mgg?! (see Fig. 3).
The value ofc depends on the assumption on the dust MAC,
which was not measured for the experiment shown in Fig. 3References
For multiple impurities in snow, Eq.36) remains valid but
the value of Bqfc must be substituted bEylejfjcj,
whereM is the number of impurities.
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