
Effect of Snow Grain Shape on Snow Albedo

CHENG DANG, QIANG FU, AND STEPHEN G. WARREN

Department of Atmospheric Sciences, University of Washington, Seattle, Washington

(Manuscript received 14 September 2015, in final form 8 June 2016)

ABSTRACT

Radiative transfer models of snow albedo have usually assumed a spherical shape for the snow grains, using

Mie theory to compute single-scattering properties. The scattering by more realistic nonspherical snow grains

is less in the forward direction and more to the sides, resulting in a smaller asymmetry factor g (the mean

cosine of the scattering angle). Compared to a snowpack of spherical grains with the same area-to-mass

ratio, a snowpack of nonspherical grains will have a higher albedo, thin snowpacks of nonspherical grains will

more effectively hide the underlying surface, and light-absorbing particles in the snowpack will be exposed to

less sunlight. These effects are examined here for nonspherical snow grains with aspect ratios from 0.1 to 10.

The albedo of an opaque snowpack with equidimensional (i.e., aspect ratio 1) nonspherical snow grains is

higher than that with spherical snow grains by 0.032 and 0.050, for effective grain radii of 100 and 1000mm,

respectively. For an effective radius of 100mm, the albedo reduction caused by 100 ng g21 of black carbon is

0.019 for spherical snow grains but only 0.012 for equidimensional nonspherical snow grains. The albedo of a

snowpack consisting of nonspherical snow grains can be mimicked by using a smaller grain of spherical shape;

this is why radiative transfer models using spherical grains were able to match measurements of spectral

albedo. The scaling factor for snow grain radius is different for nonspherical grains with different aspect ratios

and is about 2.4 for equidimensional snow grains.

1. Introduction

The albedo of snow is higher than that of any other

natural surface on Earth, but it varies greatly with

wavelength, snow condition, and the amount of light-

absorbing particles (LAPs) in snow (Wiscombe and

Warren 1980; Warren andWiscombe 1980; Warren 1982;

Aoki et al. 2000; Carmagnola et al. 2013). A change of

snow albedo directly affects the solar energy absorbed by

a snowpack, influencing climate (Hansen and Nazarenko

2004; Flanner et al. 2007; Bond et al. 2013), hydrology

through determining the melting rate (Painter et al.

2007, 2012; Qian et al. 2009), and snow photochemistry

(Grannas et al. 2007; Zatko et al. 2013). Therefore, an

accurate calculation of snow albedo is crucial for mod-

eling environmental processes involving snow.

In current climate and hydrology models, snow al-

bedo is calculated using either a coupled radiative

transfer model or a parameterization developed based

on radiative transfer calculations. Models calculating

the spectral albedo of snow were developed in 1980 for

pure snow by Wiscombe and Warren (1980) and for

snow containing black carbon (BC) by Warren and

Wiscombe (1980). Their work was adapted later by

Flanner and his colleagues, who developed a multilayer

radiative transfer model called the Snow, Ice, and

Aerosol Radiative (SNICAR) model, which allows one

to simulate snow albedo for different snow conditions and

different contents of LAPs (Flanner et al. 2007, Flanner

and Zender 2006). The SNICAR model has been incor-

porated as a subroutine in the standard implementation

of National Center for Atmospheric Research’s

(NCAR’s) Community Earth System Model (Lawrence

et al. 2011). For climate studies with longer time scales, a

parameterization of snow albedo for a few bands, instead

of a spectral radiative transfer model, is more practical.

Various parameterizations have been developed to cal-

culate the broadband and narrowband albedo of snow
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(e.g., Marshall and Warren 1987; Gardner and Sharp

2010; Aoki et al. 2011; Dang et al. 2015). Those authors

used radiative transfer models to calculate the snow al-

bedo for different snow conditions andLAP contents and

then fitted the snow albedo to analytical functions that

can be used in climate models. These models and pa-

rameterizations have considered many factors that in-

fluence the snow albedo, including snow grain size, snow

depth, solar zenith angle, underlying surface albedo,

cloud optical thickness, and content of LAPs. However,

they share one fundamental assumption—namely, that a

snowpack can be represented by a collection of ice

spheres. That assumption is questionable.

The shapes of snow grains (ice crystals) in nature vary

significantly depending on the snow age and meteoro-

logical conditions during and after snowfall and are

usually nonspherical and irregular in shape (LaChapelle

1969). To calculate the snow albedo using a radiative

transfer model, one needs to know a priori the single-

scattering properties of ice crystals: extinction efficiency,

single-scattering albedo -, and asymmetry factor g.

Physically based methods (e.g., geometric optics, ray

tracing, and Monte Carlo) to calculate these properties

are available for various shapes of crystals (e.g., Yang

and Liou 1995, 1996; Macke et al. 1996; Sun et al. 1999),

but computationally efficient and well-established ana-

lytical methods are available only for spheres, by use of

Mie theory (e.g., Wiscombe 1980). Resorting to Mie

theory, it is therefore common practice to represent a

nonspherical ice crystal by an effective spherical ice

crystal with the same volume or the same surface area

or a collection of effective spherical ice crystals with the

same volume-to-area ratio (we adopt this definition

when referring to effective snow grain radius in this

paper). The effective radius re is then defined by the

specific surface area b as

r
e
[ 3/r

i
b , (1)

where ri is the density of pure ice (917 kgm23), and b is

the area-to-mass ratio of the bulk snowpack (m2kg21).

The accuracy of ice optical properties obtained by using

such effective spheres is critical when performing the

snow albedo calculation.

Beginning in the 1990s, a series of papers was pub-

lished to evaluate the equal-volume-to-area represen-

tation for different shapes of ice crystals in clouds and

snow, including circular cylinders (Grenfell and Warren

1999), hexagonal prisms (Fu et al. 1999; Neshyba et al.

2003), and hollow prisms (Grenfell et al. 2005). These

studies show that the equal-volume-to-area prescription

works well to compute the extinction efficiency and

single-scattering albedo [as had also been shown in Fig. 1

of Fu et al. (1998)] but is less accurate for the asymmetry

factor. The error in g is largest if the aspect ratio of the

nonspherical ice crystal is equal to 1 (equidimensional).

For example, at wavelength l5 0.5mm, a sphere has g5
0.89 but a solid equidimensional hexagonal prism has

g 5 0.77 [Neshyba et al. (2003), their Fig. 7]. The cal-

culated visible albedo of an ice cloud can therefore be

quite inaccurate, despite the accurate extinction effi-

ciency and single-scattering albedo.

Experimental evidence for how nonsphericity causes

reduction of the asymmetry factor was shown in mea-

surements on firn (old snow) and glacier ice in East

Antarctica. In the case of ice, the scattering is by air

bubbles in ice rather than ice grains in air, but the ef-

fects of nonsphericity may be similar. From measure-

ments of spectral albedo, Dadic et al. (2013) inferred

the specific surface area, which in the case of ice is the

ratio of the area of bubbles and cracks to the mass of

ice. This inference was made with a radiative transfer

model using a spectral asymmetry factor g for a

spherical air bubble in ice, which is 0.86 at l 5 0.5mm

(Mullen andWarren 1988). But the bubble shapes were

not spherical, and direct measurements of b, obtained

by x-ray tomography of the firn and ice samples, was

;50% lower than the value inferred from the albedo

measurement. Dadic et al. (2013) pointed out that, if

they used the b as obtained from measurement in the

modeling, g used in radiative transfer model needs to

be reduced by factors ranging from 0.78 to 0.94 to

match the measured albedo. For firn the average factor

was 0.82, implying g ’ 0.71. In other words, the mea-

sured b and inferred b could be brought into agreement

if the radiative transfer model used g ’ 0.71 instead of

g 5 0.86 at l 5 0.5mm.

Experimental evidence also comes from measure-

ments of ice crystals in clouds. The asymmetry factors

of cirrus clouds derived from observation are 0.7 from

Stephens et al. (1990), 0.75 from Garrett et al. (2001),

and 0.8 from Francis et al. (1994). In the most recent

MODIS retrieval algorithm (http://modis-atmos.gsfc.

nasa.gov/products_C006update.html), a single habit

of severely roughened aggregated columns with an

asymmetry factor of 0.75 is assumed, which led to

much improved agreement with the ice cloud optical

depth retrieved from an independent method using

the infrared channel (Holz et al. 2016). Therefore,

both theory and observations, along with the knowl-

edge that snow grains are nonspherical, indicate that

the value of g used to compute snow albedo is too

large.

Many parameterizations of single-scattering proper-

ties of nonspherical ice crystals are available, aiming

mainly for the application in retrieving and computing
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the optical properties of ice clouds (e.g., Fu 1996, 2007;

Yang et al. 2000; Key et al. 2002; Baum et al. 2011; van

Diedenhoven et al. 2014). Fewer have been developed

for optical properties of nonspherical snow grains.

Libois et al. (2013, 2014) studied the influence of snow

grain shape on vertical profiles of solar irradiance and

introduced two parameters (i.e., enhancement parame-

ter and geometry asymmetry factor) to represent the

snow grain shape. Very recently, Räisänen et al. (2015)

developed a parameterization of the single-scattering

properties of nonspherical snow grains based on the

retrieved snow grain shape. The shape of snow grain

they used is a combination of droxtals, plates, and Koch

fractals, which they selected by matching the measured

phase function of blowing snow. The calculated asym-

metry factor of nonspherical grains using their param-

eterization is lower than that of spheres. Despite the

complex shapes of snow grains, the asymmetry factor

of a nonspherical ice crystal mainly depends on the as-

pect ratio and distortion of its constituent units, for

which hexagonal prisms have been demonstrated to be

valid optical proxies (Fu 2007; Yang and Fu 2009; van

Diedenhoven et al. 2012). Retrievals obtained by ap-

plying this assumption to airborne polarimetric mea-

surements of snow have been presented by Ottaviani

et al. (2015).

A hexagonal prism is described by its aspect ratio

(AR), the ratio of the diameter 2a of the basal plane to

the length c (AR5 2a/c). Snow crystals in the atmosphere

often have very large or very small AR (plates or col-

umns, respectively), but within a day or so after falling to

the ground, processes of snowmetamorphism (mainly by

vapor transfer from convex to concave surfaces) cause

the crystals to lose their intricate shapes and become

more equidimensional (AR approaches 1) (LaChapelle

1969). Equidimensional nonspherical grains may appear

similar to spheres, but their asymmetry factors actually

show the greatest deviation from that of spherical grains.

For a large range of AR (0.1, AR, 1), g of hexagonal

prisms is smaller than g of spheres with the same

effective radius.

A smaller g means that a photon is (on average) de-

flected through a larger angle in each scattering event, so

it can reemerge from the top of the snowpack after fewer

scattering events. This will cause the albedo of pure deep

snow to be greater and will allow a thin snowpack to

more effectively hide the underlying surface. As a con-

sequence, a photon entering the snowpack is less likely

to encounter LAPs (dust and BC) before reemerging. In

this paper, we aim to make a comprehensive survey of

the effects of the asymmetry factor on snow albedo

calculations under various conditions for both pure

snow and snow containing LAPs.

2. Method

a. Single-scattering properties of ice and BC

For spherical ice crystals, we calculated the extinction

efficiency, single-scattering albedo, and asymmetry fac-

tor using Mie theory (Wiscombe 1980), with spectral

optical constants of ice fromWarren and Brandt (2008),

for 29 grain radii r from 20 to 2500mm. For nonspherical

ice crystals, we used the extinction efficiency and single-

scattering albedo of spheres obtained from the Mie

calculation and calculated their asymmetry factors using

the parameterization developed by Fu (2007), assuming

crystals with rough surfaces (light beams passing

through the parallel planes of the ice crystals removed).

Fu (2007) parameterized the asymmetry factor of

nonspherical ice crystals using the crystal mean aspect

ratio and single-scattering albedo, for wavelength

l ranging from 0.25 to 4mm, and for ice crystals with

both smooth and rough surfaces. We chose the param-

eterization for crystals with rough surfaces as it is more

representative of ice crystals in natural snowpacks. Fu’s

parameterization was developed based on the asym-

metry factor of hexagonal prisms, but it reproduced the

asymmetry factor of other nonspherical ice crystals in-

cluding bullet rosettes, aggregates with rough surfaces,

and fractals, and its results agree with observations

made by Garrett et al. (2001). Thus, in this work, we

adopt Fu’s parameterization to calculate the asymmetry

factor of nonspherical ice crystals in general. The results

obtained in this paper are expected to be applicable to a

large variety of nonspherical crystal shapes.

The calculated g of nonspherical ice crystals at

wavelength l5 0.5mm is shown in Fig. 1a. As was shown

in Fig. 2a of Fu (2007), and similarly in Fig. 7 of Neshyba

et al. (2003), the asymmetry factor of a nonspherical ice

particle decreases as AR increases from 0.1 to 1, then

increases as AR increases from 1 to 10, with minimum

g ’ 0.74. For comparison, g 5 0.89 at l 5 0.5mm for a

spherical ice crystal (Wiscombe andWarren 1980). Note

that g ’ 0.74 is close to that suggested for firn based on

observations (Dadic et al. 2013), as well as that used by

the MODIS cloud optical depth retrieval (Holz et al.

2016), and that derived from in situ aircraft observations

in ice clouds (Garrett et al. 2001).

The variation of g with wavelength is shown in Fig. 1b

for spherical ice crystals and for nonspherical ice crystals

[data from Fu (1996), based on the geometric ray tracing

given by Yang and Liou (1995)]. At visible wavelengths,

the absorption of light by ice is so weak that the asym-

metry factor is mainly determined by the shape of ice

crystals, with little dependence on size. Spherical ice

crystals with different effective radii have similar g, and

g of nonspherical ice crystals (0.1 , AR , 1) is much

SEPTEMBER 2016 DANG ET AL . 3575



smaller than that of spherical ice crystals with the same

area-to-mass ratio. For l . 1.4mm, the asymmetry fac-

tor depends on both particle shape and size. At these

wavelengths, the absorption by ice becomes critical

and a larger snow grain has a larger asymmetry factor.

This is because the light intercepted by the larger grain is

more likely to be absorbed, so the asymmetry factor is

more dominated by the forward diffracted light [see Eq.

(2.2) of Fu (2007)]. Within the very strong absorption

band around l 5 3mm, ice particles with different sizes

and shapes all have g’ 1. Since 80% of the solar energy

is at l , 1.4mm where ice is weakly absorptive, the big

discrepancy of g between spherical and nonspherical ice

crystals is especially crucial in determining the albedo

of a snowpack. Jin et al. (2008) show a similar depen-

dence of the asymmetry factor on wavelength for grains

with various shapes.

For BC, we use the same specifications as Dang et al.

(2015). The density of BC is 1.8 g cm23, with lognormal

size distribution of geometric width 1.3 and mass mean

diameter 0.13mm (Clarke et al. 1967). The complex re-

fractive index of BC is m 5 1.95–0.79i, independent of

wavelength. We assume that the BC particles are

spheres (so we use Mie theory to calculate their single-

scattering properties) and that they are externally mixed

with the ice crystals. The single-scattering properties of

the mixture are therefore a combination of single-

scattering properties of BC and ice crystals (Dang

et al. 2015). The absorption will be enhanced if the BC is

internally mixed with ice crystals (Flanner et al. 2012;

Liou et al. 2014).

b. Radiative transfer calculation

Given single-scattering properties of snow, the spectral

albedo of a snowpack is calculated using the delta-

Eddington approximation (Joseph et al. 1976; Wiscombe

and Warren 1980). The spectral albedo is then used to

calculate the broadband albedo (l 5 0.2–4mm), using

the incident solar spectrummeasured at the sea surface

in the Arctic Ocean during summer under clear sky by

Grenfell and Perovich (2008). Considering a snow density

of 300kgm23, we perform these calculations for snow-

pack of several thicknesses (2, 5, 30, 100, and 99999cm;

the latter, for this value of density, can be considered as

‘‘optically semi-infinite’’ for any grain size). We con-

sider snow consisting of spherical snow grains and

nonspherical snow grains of different AR, containing

BC mass fractions varying from 0 (pure snow) to 1

(pure BC), and for four solar zenith angles (SZA): 08,
308, 49.58, and 758. We assume the underlying ground is

black (i.e., its albedo is 0).

Because the asymmetry factor of nonspherical ice

crystals is roughly symmetric about AR5 1 (Fig. 1a), we

show the results only for AR$ 1. For AR, 1, the results

are the same as the case of AR . 1 that has the same

asymmetry factor. Moreover, we will show the results for

SZA 5 49.58 unless otherwise stated, since the cosine of

this angle (0.65) is close to that of the insolation-weighted

solar zenith cosine for the sunlit hemisphere of Earth.

3. Results

a. Spectral albedo

The spectral albedo al of opaque deep snow is shown

in Fig. 2 for both spherical grains and nonspherical

grains with effective radii of 100 (new snow) and

FIG. 1. (a) Asymmetry factor g of a nonspherical ice crystal as

a function of the aspect ratio (diameter/length) at wavelength

l 5 0.5mm. The values of g are calculated using the parameteri-

zation given by Fu (2007) for ice crystals with rough surface. The

asymmetry factor of a spherical ice crystal (dashed line; g’ 0.89) is

plotted as a reference. The effective radius of all ice crystals is

100mm. (b) Asymmetry factor as a function of wavelength. The

values of g for spheres are computed using complex indices of re-

fraction as given by Warren and Brandt (2008) for ice crystal radii

r5 1000, 100, and 20mm. The values of g for nonspheres are given

byFu (1996) for icewith effective radius r’ 20mmandaspect ratio’ 1

(Fu’s ice crystal size spectra 5, with rough surface).
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1000mm (old snow). Recall from Fig. 1 that the asym-

metry factor of nonspherical grains is smaller than that

of spherical grains, so the light is less likely to be scat-

tered forward and more likely to emerge out of the

snowpack after fewer reflection and refraction events. If

the absorption of light by opaque snow is very weak, the

incident photons will eventually emerge out of the

snowpack in both cases, so that at visible and ultraviolet

wavelengths, the albedo of nonspherical snow and

spherical snow are similar and close to 1 (top panel of

Fig. 2). At near-IR wavelengths, where the snowpack is

moderately absorptive, the photons traveling shorter

distances in the snowpack are less likely to be absorbed;

therefore, the albedo of nonspherical grains is larger

than that of spherical grains.

The situation is different if the snow contains BC. For

BC amounts up to 104 ng g21, higher BC concentration

results in a larger albedo difference between non-

spherical and spherical snow in the visible, while in the

near IR, the albedo difference is almost independent of

BC concentration, since ice dominates the light ab-

sorption at these wavelengths (bottom panels of Fig. 2).

After weighting the albedo difference by the incident

solar spectrum, we find that for pure snow only 10% of

the albedo difference is due to the visible band (l ,
0.7mm); as the BC concentration increases to 100 and

1000ng g21, this fraction increases to 25% and 55%,

respectively. The rest of the albedo difference is asso-

ciated with the near-IR contribution. For shallow snow,

the spectral albedo will also depend on the snow thick-

ness and the albedo of the underlying surface, as will be

shown later.

b. Broadband albedo

1) DEEP SNOW

For pure deep snow, the broadband albedo a of

nonspherical grains is always larger than that of spher-

ical grains (Fig. 3), as the asymmetry factor of non-

spherical grains is smaller. The enhancement of snow

FIG. 2. (top) Spectral albedo al of opaque snow consisting of spherical grains and nonspherical grains, for dif-

ferent BC contents, and for snow grain radii of 100 and 1000mm. (bottom) Increase of spectral albedo if snow grains

were nonspherical. The aspect ratio of the nonspherical snow grains is 1. Here and in subsequent figures, subscripts

n and s denote snow consisting of ‘‘nonspheres’’ and ‘‘spheres,’’ respectively.
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albedo increases as the snow grain size increases: the

coarse-grained snow is more sensitive to the change of

asymmetry factor. For each grain size, an equidimensional

nonspherical grain (AR 5 1, lowest asymmetry factor)

shows the largest albedo increase. For snow with grain

radii of 100 and 1000mm, the albedo of equidimensional

snow is higher by 0.032 and 0.050, respectively.

For both nonspherical and spherical snow grains, the

albedo reduction caused by adding BC Da is shown in

Fig. 4. The reduction is smaller if the snowpack consists of

nonspherical grains. For new snow (r 5 100mm) con-

taining 100ngg21 BC, the albedo reduction is about 0.019

for spherical grains and 0.012 for nonspherical equi-

dimensional grains, so that the difference in albedo re-

duction is 0.007 (Fig. 4b). For old nonspherical (r 5
1000mm) equidimensional snow grains containing the

same BC mass, the reduction is about 0.038 for spherical

versus 0.056 for nonspherical grains, so that the difference

in albedo reduction is 0.018 (Fig. 4b). The difference in

albedo reduction increases as BC mass increases until a

maximum is reached, then starts to drop, and becomes

insensitive to nonsphericity at large BC amounts as the

albedo of snowpack approaches that of pure BC [Fig. 9a

in Dang et al. (2015)]. Therefore, the impact of non-

sphericity may be different for different regions. For ex-

ample, the typical BC mass fractions observed in snow

are on the order of 1028 in the Arctic (Doherty et al.

2010) and North America (Doherty et al. 2014) and 1027

in China (Wang et al. 2013). In clean regions like the

Arctic, andmost ofNorthAmerica, theBCconcentration

is low enough that the albedo reduction caused by BC is

similar regardless of snow grain shapes. In highly polluted

regions like China, the albedo reduction caused by BC is

smaller if the snow grain shapes are nonspherical.

The impact of nonsphericity on snow albedo and albedo

reduction caused by BC also depends on the SZA (Fig. 5).

For snow containing small amounts of BC, if we impose

nonsphericity, the albedo enhancement (Fig. 5a) and

differences in the albedo reduction caused byBC (Fig. 5b)

FIG. 3. (a) Broadband albedo a of pure snow as a function of

snow grain radius. Solid curves show nonspherical ice crystals with

aspect ratios AR 5 1, 2, 5, and 10. The dashed curve is for

a snowpack with spherical snow grains. (b) Increase of pure-snow

albedo caused by nonsphericity.

FIG. 4. (a) Reduction of broadband albedo caused by BC Da as

a function of BC mass fraction. The value of Da for a snowpack of

nonspherical and spherical snow grains is calculated relative to the

pure snowpack with nonspherical and spherical snow grains, re-

spectively. (b) The reduction of Da if the snow grains were

nonspherical.
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increase as SZA decreases. This behavior is inverted at

BC concentrations greater than;1025, but such high BC

concentrations are rarely observed (Bond et al. 2013).

2) SHALLOW SNOW

The broadband albedo of shallow snowpacks is shown

in Fig. 6. The topmost curves are the overlap of three

curves for new snow with different snow thicknesses

(semi-infinite, 1m, and 0.3m), which illustrate that new

snowpack thicker than 0.3m is effectively semi-infinite.

For old snow (r 5 1000mm), light penetrates deeper

(Wiscombe and Warren 1980), and the albedo shows

greater differences for different snow thicknesses. The

albedo decreases as the snow thickness decreases, be-

cause light has a greater chance to penetrate through the

snowpack and be absorbed by the underlying black

surface. For snowpacks of the same thickness, the al-

bedo is always higher at AR 5 1 compared to other

nonspherical cases. As we reduce the snow thickness,

the albedo reduction is also smaller at AR5 1. Thus, for

shallow snowpack of any thickness, a higher asymmetry

factor yields a lower albedo.

The albedo of shallow snow containing BC is shown in

Fig. 7. Increasing mass fractions of BC cause even thin

snowpacks to become opaque, until the albedo becomes

independent of snow depth.

4. Comparison to measurements of spectral albedo

Given the significant effect of nonsphericity on al-

bedo, we need to ask why radiative transfer models for

snowpacks of spherical snow grains were able to match

field measurements of spectral albedo with high accu-

racy [Fig. 4 of Grenfell et al. (1994); Fig. 5 of Brandt

et al. (2011)]. The answer is that the grain radius r was a

free parameter in the modeling. For a semi-infinite pure

snowpack, the albedo is insensitive to g at visible and

near-ultraviolet wavelengths because ice is essentially

nonabsorptive. At wavelengths where ice absorbs, the

asymmetry factor g works together with the single-

scattering coalbedo (1 2 -) to determine the albedo,

and (12-) is proportional to r [e.g., Eq. (14) of Warren

et al. (2006)]. The grain radius was not measured in-

dependently in those field experiments; it was inferred

by matching the model to the measurements. For ex-

ample, as demonstrated in Fig. 8, given ameasured snow

albedo of 0.59 at wavelength l5 1.3mm, modeling pure

snow as composed of nonspherical grains withAR5 1, a

model would yield r’ 144 versus r’ 60mm if the grains

are modeled as spherical, corresponding to a scaling

factor of 2.4. This scaling factor for grain radius would be

different from 2.4 if the nonspherical grains have an

aspect ratio different from AR 5 1 (Fig. 1).

FIG. 5. For different SZA and BCmass fractions, (a) the increase

of broadband albedo a and (b) the change in albedo reduction

caused by BC Da if the snow grains were nonspherical. The aspect

ratio of the nonspherical grains is 1.

FIG. 6. Broadband albedo a of pure nonspherical snow with

different snow thicknesses for snow grain radii of 100 (solid) and

1000mm (dashed), as a function of ice crystal aspect ratio. The

underlying surface is black (i.e., underlying surface albedo is zero).

Snow density is 300 kgm23.
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For each aspect ratio and snow grain radius, we

computed the scaling factor for six cases: thick and thin

snowpack (semi-infinite and 2 cm), each containing 0,

100, or 1000 ng g21 of BC. The mean and standard

deviation of the scaling factor for all six cases are

shown in Fig. 9a, for AR5 1, 2, 5, and 10, as a function

of snow grain radius. At any given AR, the scaling

factor is almost constant for r . 200mm, regardless of

snow depth and BC concentration. For r, 200mm, the

scaling factor increases with grain radius, and the

variation with depth and BC is relatively larger but still

negligible.

These results suggest that snow radii inferred from

measurements of snow albedo can be scaled to obtain

the effective radius of nonspherical grains (example

shown in Fig. 8). Conversely, if the specific surface area

is measured in a snowpack (e.g., via methane absorp-

tion) and converted to effective radius via Eq. (1), this

radius would need to be divided by the same scaling

factor before computing snow albedo by means of Mie

theory and radiative transfer. For example, at anyAR, if

we use the mean scaling factor for r 5 200mm (Fig. 9b)

to scale the snow grain radii, and then calculate the snow

albedo assuming spherical snow grains, the error in

computed albedo is within 60.004 for a semi-infinite

snowpack or 60.006 for a 2-cm snowpack (supplemen-

tary Fig. 1), when compared to the albedo of a snowpack

composed of nonspherical snow grains with nonscaled

radius. If we take into account the dependence of the

scaling factor on grain radius (Fig. 9a), this error is

further reduced to 60.001 for all six cases (supplemen-

tary Fig. 2). Of course, if the radiative transfer calcula-

tion has already employed the single-scattering

properties of nonspherical ice crystals (e.g., Jin et al.

2008; Ottaviani et al. 2015), such an adjustment to the

snow grain radius is unnecessary.

The mean scaling factor (Fig. 9a) is fitted to a poly-

nomial function of snow grain radius for each of nine

aspect ratios (supplementary Fig. 3). The functions and

coefficients are given in the supplementary Table 1.

Again, we remind the reader that the use and in-

terpretation of a scaling factor for snow grain radius

depends on the research focus. The scaling procedure

has been tested only for albedo, not other radiative

quantities. For example, it would not work to compute

bidirectional reflectance, which has a much greater de-

pendence on grain shape (Xie et al. 2006).

5. Discussion and conclusions

In this work, we have calculated the albedo of snow

for various snow grain sizes, snow depths, BC mass

fractions, and for a range of aspect ratios of snow grains.

FIG. 8. Spectral albedoal (l5 1.3mm) of semi-infinite snowpack

with nonspherical (AR5 1) and spherical snow grains. Ameasured

albedo of 0.59 would cause effective radius to be inferred as r5 60

or 144mm depending on whether the grains are assumed to be

spherical or not.

FIG. 7. Broadband albedoa of thin snow containing BC, for snow

grain radii 100 and 1000mm, as a function of BC mass fraction.

Results are for snow grains with aspect ratio of (a) 1 and (b) 10,

assuming the underlying surface is black (i.e., underlying surface

albedo is zero). Snow density is 300 kgm23.
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The asymmetry factor of snow grains is sensitive to

the grain shape. At l 5 0.5mm, g 5 0.89 for spherical

snow grains; while for nonspherical snow grains, it is a

function of the particle aspect ratio, with the lowest

value g ’ 0.74 at AR 5 1. Though the sphere and

equidimensional nonsphere both have AR 5 1, their

asymmetry factors are very different. For all aspect

ratios between 0.1 and 10, the asymmetry factor of a

nonspherical ice particle is always smaller than or equal

to that of a sphere. Compared with the albedo of

spherical grains, a snowpack of equidimensional non-

spheres has higher albedo for all snow depths and BC

mass fractions. For pure deep snow, the increases of

snow albedo are 0.032 and 0.050 for new snow and old

snow, respectively. For snow containing 100 ng g21 BC,

the increase of snow albedo is 0.039 for new snow and

0.069 for old snow. A smaller asymmetry factor results

in a smaller albedo reduction caused by BC; 100 ng g21

of BC can reduce the albedo of spherical new snow by

0.019, but only by 0.012 in the case of nonspherical

snow. For larger grain sizes this difference is larger.

The computed effect of BC may therefore be over-

estimated when using spherical grains in radiative

transfer models, unless the grain size in the model is

chosen to match the measurements of albedo.

In terms of climatological impacts, an increase of snow

albedo due to nonsphericity will reduce the energy

absorbed by snowpack. For a typical daily average solar

irradiance of 400Wm22 in the Arctic late spring and

early summer, an enhancement of broadband albedo of

0.01 will reduce the energy by 4Wm22 locally. This

forcing will be different for different latitudes and times.

Imposing an albedo reduction (e.g., due to BC) for snow

and ice by 0.015 in the Arctic and 0.030 in the mid-

latitude Northern Hemisphere caused a hemispheric-

average climate forcing of 0.3Wm22 (Hansen and

Nazarenko 2004). These amounts of albedo reduction

would be smaller if we consider the nonsphericity of

snow grains, unless these models chose the grain size to

match the albedo measurements.

Radiative transfer models for snowpacks of spherical

snow grains were able to match field measurements of

spectral albedo to high accuracy by varying the snow

grain radius in the model. In the same situation,

a snowpack of nonspherical grains would imply smaller

specific surface area (larger effective radius) by a factor

of up to 2.4.

As snow ages, the snow grains become more rounded

and are often connected more or less to each other. The

definition of a snow ‘‘grain’’ is therefore ambiguous, but

the specific surface area (and therefore the corre-

sponding ‘‘effective radius’’) is not ambiguous, because

the specific surface area is just the area-to-mass ratio in

bulk snow and has a 1:1 relation to effective radius [Eq.

(1)]. In climate models, it is hard if not impossible to

predict the natural snow crystal shape for different snow

age and meteorological conditions, let alone to assign

different asymmetry factors to different snowpacks

based on snow grain shape. To bridge this gap, more

measurements of phase function of natural/artificial

snowpacks are needed. Such measurements (e.g.,

Räisänen et al. 2015; Ottaviani et al. 2015) are useful to

evaluate the asymmetry factor used in current radiative

transfer models and also for their implications to the

snow grain shape.
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FIG. 9. Scaling factors for different grain radii and aspect ratios,

so that the spectral albedo computed by a model of spheres can

match the spectrum of a snowpack of nonspherical grains. (a)Mean

scaling factor of six cases for each AR (varying snow depth and BC

content); blue shading shows plus or minus one standard deviation.

(b) Mean and standard deviation of scaling factor for snow grains

with radius 200mm.
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