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[1] Solar radiation is a key component of the energy budget of snow-covered landscapes.
Even a thin snow cover reflects most of the incident sunlight and transmits little. An
understanding of the interaction of solar radiation with snow is essential to the study of the
snow thermodynamics, chemistry, hydrology, ecology, and remote sensing. To investigate
this interaction, a microstructure-based photon-tracking algorithm is presented. The
three-dimensional snow microstructure is provided either by a discrete element model
defined by shape, size, and spatial arrangement of individual ice grains or by an X-ray
microtomography image of a snowpack. The model uses refraction, Fresnel reflection, and
absorption laws, and the only optical input parameters are the complex index of refraction
and absorption coefficient. The model follows individual photons through the
microstructure, a porous network of ice and air, applying the fundamental optics laws at
the ice-air interfaces and within the ice. By firing tens of thousands of photons a detailed
examination of the spectral radiance and irradiance above, below, and within the
snowpack is possible. The model was compared to results from a discrete ordinates model,

and its sensitivity to the microstructural representation was studied. It was applied to
investigate changes in reflected, absorbed, and transmitted light as a function of
wavelength, snow depth, grain size, and snow density, used to predict the amount and
direction of scattering within the snowpack, and used to explore the interaction of a

collimated beam with snow.

Citation: Kaempfer, T. U., M. A. Hopkins, and D. K. Perovich (2007), A three-dimensional microstructure-based photon-tracking
model of radiative transfer in snow, J. Geophys. Res., 112, D24113, doi:10.1029/2006JD008239.

1. Introduction

[2] Snow is a highly scattering particulate medium with
an intricate microstructure replete with air-ice interfaces that
scatter light. Even a thin snow cover reflects most of the
incident sunlight and transmits little. An understanding of
the interaction of solar radiation with snow is an essential
element to a diverse set of research areas including snow
thermodynamics, chemistry, hydrology, ecology, and re-
mote sensing. Solar radiation is a key component of the
energy budget of snow [Barry, 1996; Nolin and Stroeve,
1997]. Detailed snow thermodynamic models require infor-
mation on flux divergence with depth [Brandt and Warren,
1993; Beaglehole et al., 1998]. Spectral albedos and bidi-
rectional reflectance distribution functions are needed to
interpret visible and near-infrared remote sensing signatures
[Hudson et al., 2006; Jin and Simpson, 2001; Warren et al.,
1998]. The amount and spectral distribution of light trans-
mitted through snow is of biological importance in both
terrestrial and marine environments [McKenzie et al., 1998;
Thomas and Duval, 1995; Smith et al., 1992]. There are a
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host of photochemical processes that impact pollutant levels
in snowpacks and in the atmosphere [Wolff et al., 2002].

[3] At visible and near infrared wavelengths, radiative
transfer in snow is governed by two processes: absorption
and scattering. As a ray of light passes through snow some
of the light is absorbed by the ice and some of it is scattered
in different directions. Absorption by ice is well understood
and has a strong wavelength dependence [Grenfell and
Perovich, 1981; Perovich and Govoni, 1991; Warren,
1984; Warren et al., 2006]. Scattering in snow results
from differences in the real indices of refraction, n, between
ice (n ~ 1.31) and air (n ~ 1.0). The real index of refraction
of ice exhibits little wavelength dependence in the region of
interest from 350 to 1400 nm [Warren, 1984] and typical
snow grains are much larger than the wavelengths consid-
ered. Consequently, scattering does not vary appreciably with
wavelength. However, scattering depends on the intricate and
highly variable microstructure of snow. As snow is a highly
scattering material it is difficult to directly measure the
scattering coefficient and phase function. Moreover, the
complex structure confounds theoretical estimates of snow
scattering properties. Most theoretical work on scattering in
snow has used a model snowpack consisting of spheres
having the same density and specific surface area as the real
snowpack [Grenfell and Warren, 1999; Grenfell et al., 2005;
Neshyba et al., 2003].
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[4] There exists a wide array of snow radiative transfer
models ranging from simple exponential decay to layer
doubling to Monte Carlo to a detailed discrete ordinate
multi-stream treatment of the equation of radiative transfer
[Aoki et al., 2000; Bohren and Barkstrom, 1974; Dunkle
and Bevans, 1956; Leroux et al., 1998; Mishchenko et al.,
1999; Stamnes et al., 1988; Warren and Wiscombe, 1980;
Wiscombe and Warren, 1980; Warren, 1982]. For the most
part, the models take a continuum approach by assigning
bulk optical properties to the medium. The models are
usually plane-parallel and have multiple layers; that is, there
is vertical variability in optical properties, but they assume
that the layers are uniform in the horizontal direction. The
continuum models do an excellent job in many applications,
but are limited in their treatment of scattering and in the
geometries they can investigate. To study the scattering at
the individual ice crystal level, ray-tracing models are
commonly used [Clarke et al., 2006; Greenler, 1991; Hesse
and Ulanowski, 2003; Macke et al., 1996; Takano and Liou,
1995; Tape, 1994]. Such models have focused on the
interaction of a ray of light with an individual, complex
ice crystal. They use geometric optics to model reflections
and refractions. The most advanced of these ray-tracing
models also consider external diffraction by combining the
geometric optics computations with Fraunhofer diffraction
on the projected cross section of the object by explicitly
solving the diffraction integral in the far-field approximation
[e.g., Macke et al., 1996; Takano and Liou, 1995] and edge
diffraction by crystal facets using Monte Carlo techniques
based on the Heisenberg uncertainty principle [Freniere et
al., 1999] or deduced from appproximate relationships
obtained from the exact half-plane diffraction theory calcu-
lations [Hesse and Ulanowski, 2003; Clarke et al., 2006].
Snow, however, consists of a complex ice matrix of many
sintered ice crystals and air filled pore space which prevents
the direct application of single crystal models. Geometric
optics models based on ray-tracing and Monte Carlo tech-
niques have also been developed to study radiative transfer
in spherical beds [Coquard and Baillis, 2005], light prop-
agation in liquid foam represented by overlapping spherical
bubbles [Swamy et al., 2007], and fiber containing surfaces
such as paper [Granberg et al., 2003]. However, to our
knowledge, no radiative transfer models accepting a versa-
tile microstructural representation are available and have
been used to study optical properties of snow.

[5] X-ray computed micro-tomography has emerged as a
tool for snow observations at a scale relevant for the optics
in the visible and near infrared wavelengths [Coléou et al.,
2001; Schneebeli et al., 2004]. Time series of tomographic
images of snow undergoing metamorphism have become
available [Flin et al., 2003; Schneebeli et al., 2004]. In
parallel, numerical models operating at the same micro-
structural scale are being developed, ranging from discrete
element snow mechanics models [Johnson and Hopkins,
2005] to finite element heat transfer models [Kaempfer et
al., 2005] to initial approaches to model snow metamor-
phism [Flin et al., 2003].

[6] We propose a snow radiative transfer model that takes
as input a microstructural representation of snow either
simulated by a discrete element model (DEM) or based on
a tomographic image of natural snow. The model uses a
geometric optics-based Monte Carlo technique to follow the
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paths of individual photons through the porous network
formed by the ice matrix, an ensemble of sintered snow
grains, and the air filled pore space. Diffraction is neglected.
The model has the capability to investigate various snow-
pack structures and geometries, ranging from simple
spheres to cylinders with hemispherical ends for DEM
structures, to explicit three-dimensional tomographic repro-
ductions of snowpack geometry. For DEM structures, grain
sizes and shapes, or a distribution thereof, can be selected as
well as the snow density. The model is of particular value in
examining the details of radiative transfer within the snow-
pack, examining near-surface light levels, exploring com-
plex snow geometries, and deriving bulk scattering
properties.

2. Model
2.1. Snow Representation

[7] Discrete element modeling is a technique for explic-
itly modeling the dynamics of assemblies of grains. It is
particularly useful when a material undergoes large-scale
discontinuous deformations that depend on microscale con-
tact processes, internal breakage of contact bonds, and
compaction of broken fragments. The DEM approach
allows for the use of complex particle contact physics.
The DEM stores the particle shapes, velocities, and loca-
tions, finds contacts, calculates forces and moments at each
contact, calculates the conditions of contact bond formation,
growth, and rupture, and calculates the movement of each
particle within the aggregate [Johnson and Hopkins, 2005].
In particular, in the present context, by defining appropriate
collision rules, the DEM can readily handle the interactions
of a photon with the snow grains within an ice matrix. In
other words, the photon tracking is performed using a DEM
approach.

[8] The CRREL microstructural snow model (uSNOW)
is based on a DEM approach that uses axisymmetric particle
shapes such as the cylinders with spherical ends shown in
Figure 1. Various contact models are used to simulate
unfrozen and frozen contacts between pairs of grains and
to govern when and how quickly freezing occurs. In the
current work model snow samples of various densities were
created by placing particles with random orientation in a
low-density array at the nodes of a three-dimensional cubic
grid. The particles were spherical or cylindrical with hemi-
spherical ends. Each particle was given random initial
translational and rotational velocities. Following a method
developed by Cundall and Strack [1979] space was con-
tracted until the model snow reached the desired density.
Whenever a particle contacted its neighbor a small frozen
bond was instantaneously created and creep mechanisms
relieved stress concentrations [Johnson and Hopkins, 2005].
This technique produced model snow samples that have
considerable local spatial anisotropy as shown in the cross-
sectional view in Figure 1. To be able to simulate a
snowpack with infinite horizontal extent and arbitrary
thickness, periodic samples were constructed by letting
particles at one boundary interact with the particles at the
opposite boundary. Samples were constructed with porosi-
ties ranging from 85% to 45% by successive space con-
tractions. We used three sets of particles: spherical grains
with constant radius R = 0.5 mm or R = 0. mm and
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Figure 1. Cross-sectional slice through a DEM model
snow sample with cylindrical snow grains having a porosity
of 70%.

cylindrical particles with hemispherical ends with radius R =
0.5 mm and random size distribution of the cylinder length
between 0 and 4R, a cylinder with length 0 being a sphere
with radius R. The samples were cubic with edge dimen-
sions ranging from 32.9 mm at 85% porosity to 21.3 mm at
45% porosity and contained 4096 and 10200 particles for
the cylindrical and spherical grains, respectively.

[v] The DEM model snow is ideal for studying the impact
of physical properties such as mean grain size or density on
the optical properties. However, the current DEM model is
limited to regular particle shapes and it is still an open
question how to accurately represent natural snow, which is
not composed of spherical or cylindrical ice grains. For the
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radiative transfer model to be more versatile and be appli-
cable to experimentally imaged snow, a second representa-
tion of the snow microstructure was used. A universal
representation of an arbitrary three-dimensional (3-D) mi-
crostructure is a binary voxel (3-D pixel) structure, where
the voxel value is one for an ice- and zero for an air-voxel
(Figure 2 (left)). This is typically the image format produced
by an X-ray micro-tomography scan, with the voxels being
of order 10—40 pum in size. However, a voxel representation
is not well suited for optical computations due to the
staggered, orthogonal ice-air interfaces. This limitation can
be overcome by applying a Gaussian smoothing operation
to the ice-air interface. By iteratively moving each vertex
toward the geometric center of its neighboring vertices this
method flattens out jagged interfaces. The degree of
smoothness is controlled by the number of smoothing
iterations. The resulting triangulated surface still represents
the microstructural features as long as the initial voxel
resolution was fine enough (Figure 2 (right)). The triangu-
lation is defined such that each triangle has a unit normal
pointing from ice to air. This allows us to determine from
which medium a photon is approaching an interface before a
collision. Note that by mirroring the voxel image in each
direction and combining the results before the surface
extraction and smoothing, we can construct a periodic
model microstructure of the snow from a given sample.

2.2. Modeling Light Transmission Through Snow

[10] Light transmission through snow is governed by the
absorption of light within the ice and scattering at the ice-air
interfaces, the latter consisting of reflection, refraction, and
diffraction. For snow, grain sizes are considerably larger
than the wavelength in the visible and near-infrared region
that we will consider here and geometric optics represent a
reasonable approximation for solving the reflection and
refraction problem within the snow. Application of geomet-

Figure 2. (left) Voxel representation and (right) corresponding triangulated and smoothed ice matrix
surface for a tomographed snow sample. The snow consisted of small rounded grains and had a density of
170 kg m . The voxel resolution is 40 m, and the shown cube has a side length of 100 voxels or 4 mm.
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ric optics implies the assumption that no small-scale surface
structures exist. We will satisfy this criterion by considering
aged, rounded grain snow structures in the present work.
Note that this simplification also allows us to neglect edge
diffraction by faceted crystals. However, external diffraction
is still a concern since the extinction efficiency of a large
(with respect to the wavelength) sphere is of order 2 and
diffraction is thus important in contributing to forward
scattering [Bohren and Huffman, 1983]. Unfortunately, the
methods used to treat external diffraction for single crystals
are based on the equivalent projected cross-sectional area of
the particle, a concept which is at least computationally
difficult to extend to a general porous medium such as the
snow considered here. As a first step in this paper, we thus
neglect any diffraction phenomena and limit our consider-
ations to geometric optics together with absorption.

[11] There are two distinct approaches that can be used to
explicitly model light transmission through the 3-D micro-
structure of snow. The first is to use a ray-tracing approach
in which the bifurcation of a ray is modeled at each
scattering event. The bifurcation represents the fact that at
an ice-air interface part of the light is transmitted and part of
it reflected. This approach produces a cascade of bifurcated
rays that quickly grows computationally unmanageable
especially at short wavelengths having low absorption.
The obvious solution is to use some type of criteria to
prune the bifurcations. The problem is that this leaves a
significant fraction of indeterminate outcomes. The second
approach is to fire individual photons sequentially and
follow each one until it exits the top of the sample, exits
the bottom of the sample, or is absorbed and terminated
within an ice grain. This approach has the desirable feature
that all outcomes are determinate. However, it does require
a large number of photons, typically several tens of
thousands.

[12] In the simulations discussed in this work light rays
are modeled using the second approach. The discrete
photons are treated as infinitesimal point particles. Each
photon is fired with a specified direction and incidence
angle at a point on the top of the model snow sample. As the
photon travels through the snow sample it collides with
grains. When it collides with a grain there are two possible
outcomes. Either the photon is reflected or it is transmitted
through the ice-air interface depending on a set of rules
discussed below. A photon traveling through the interior of
an ice grain may be absorbed with a probability that
depends on the distance traveled and the wavelength
assigned to the photon. As mentioned above, each photon
has three possible fates: it may exit the top of the sample
and be counted as reflected, exit the bottom of the sample
and be counted as transmitted (i.e., the snow is supposed to
be above a black surface), or be absorbed and terminated
within an ice grain. Horizontally, the periodic boundary
conditions imply an infinite extent. Photon motion through
the model snow and in particular the collisions between
photons and the ice matrix are handled using the discrete
element framework, either using the snow grains (DEM
model snow) or the triangles of the ice matrix surface
(general microstructure) as collision candidates for the
photon.

[13] To derive our geometric optics algorithm we begin
by considering a ray of initial radiance /; and incident zenith
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1.0 (1000) 1.

0.019 (19)

Figure 3. Schematic of ray tracing for an incident ray on a
single grain. The real numbers refer to the radiance of the
beam (equations (4)—(8)) at each step, while the integers in
parentheses give the equivalence in whole photons at each
step assuming that 1000 photons were in the original beam.
Note that in this figure we neglected any absorption in the ice.

angle 0,. The interaction of the ray with a single snow grain
(see Figure 3) is governed by Snell’s law, Fresnel’s law, and
the Bouguer-Lambert exponential absorption law. When a
ray impinges on a snow grain some of the incident energy is
reflected and some is transmitted. The angle of the reflected
ray, 0,, is equal to the angle of incidence, 6;,

01”20[7 (1)

where the angles are measured relative to the surface normal
at the collision point. The transmitted ray enters the medium
at an angle 6, defined by Snell’s law such that

n,sin(0;) = n; sin(6;), (2)

where n is the index of refraction and the subscripts i, ¢
denote the incident medium and the medium that the photon
enters, respectively. The angle of transmission is also
measured relative to the surface normal at the collision
point. The incident direction, reflected direction, transmitted
direction, and surface normal vector are all coplanar. When
colliding with an internal wall of an ice grain, there is a
critical angle above which all the light is internally
reflected. The critical angle, 0., is given by

0, = sin~! (%) 3)

Equations (1) and (2) define the angle of the reflected and
transmitted beams. The radiance of the reflected beam, 7,, is
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Figure 4. Schematic representation of photon tracking at
470 nm (yellow, long dotted line) and 1000 nm (red, short
dotted line) through a cylindrical DEM snowpack.

determined from the incident radiance, /; by the Fresnel
equation, which in simplified form reads

1

in” i — Ut
100 =105 (S o0

sin® (6; + 6,)

tan® (0, — 6,)
tan? (6; + 0,))' “)

This applies for all angles with two exceptions. For angles
greater than the critical angle 0. we have

1(0,) = 1,(0;), V0; > 0., (5)

and for normal incidence (6; = 0) we have

(mi — ”t)2

1,(0) = I,(0) ——_. 6
©) =0 s (6
The radiance entering the other medium, /,, is given by

n2
1(0) = (1(6) = 1:(6,)) 5. (7)

by Mobley [1994]. As a beam travels through the ice, it will
be attenuated according to Beer’s law. Suppose a beam
travels a distance L during a time step A¢. Then the intensity
at the end of the transit is

I(t+ At) = I(1)e ™, (8)

where k is the absorption coefficient at the wavelength of
interest.

[14] At the level of individual photons these rules are
implemented in a probabilistic sense. Each time a photon
collides with an ice-air interface and at each time step when
a photon travels through an ice grain a Monte Carlo-based
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decision is made as to the fate of the photon. From
equations (4), (5), and (6) we deduce the probability that
a given photon that is colliding with the outer or inner
surface of an ice grain will be reflected or transmitted. If we
divide both sides of equation (4) by the incident radiance /;
the result 7,/I; determines the fraction of the beam or
incident photons that is reflected from the interface. The
fate of one incident photon at an ice-air interface is
determined by calculating /,/I; and then choosing a random
number between 0 and 1. If the random number is less than
1/, then the photon is reflected, else it is transmitted with
the appropriate refraction (equation (2)). If the photon is
reflected its new direction of travel is given by

v, =v; —2n(v; - n), 9)

where v; is the incident direction (velocity) of the photon
and n is the unit normal to the surface. If the photon is
transmitted its new direction of travel is given by

v, = |vi <cos(e,)n + sin(6;) ﬁ) , (10)

where the angle of transmission 6, is calculated from (2) and
t is perpendicular to n in the direction given by

t=v; —n(v;-n). (11)
If a photon is traveling a distance L through the interior of
an ice grain during a given time step At¢, the probability of
absorption, P,, during At is determined by dividing (8) by
1(¢) and subtracting the result from one:

6+80

Py=1- 0 —e i (12)

[15] Figure 4 schematically shows path of photons at
wavelength of 470 nm and 1000 nm superimposed on a
model snow sample. The short path length for 1000 nm is
due to the large absorption coefficient (20.4 m ™ '). At470 nm,
where the absorption coefficient is small (5.23 10> m™"), the
photon undergoes multiple scattering and usually emerges
from the snowpack. Throughout the present work a value
of 1.0 was used for the index of refraction of air and
1.30792 was used for ice. Absorption coefficients and
e-folding distances for selected wavelengths are summarized
in Table 1 [Grenfell and Perovich, 1981; Perovich and
Govoni, 1991; Warren et al., 2006].

3. Results

[16] After comparison with a four-stream radiative trans-
fer model, the photon-tracking model was used to explore
the impact of solar incidence angle, wavelength, snow
density, grain size, and snow depth on snow albedo, angular
reflectance, transmittance, and depth-dependent absorption.
In the simulations we focused primarily on thin snow
covers, where the asymptotic albedo is not yet reached.
Different snow depths were obtained by stacking multiple
cubic samples in the vertical direction, taking advantage of
the periodicity of the samples. If not otherwise noted, 20000
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Table 1. Selected Wavelengths A\ and Associated Absorption
Coefficients k and e-Folding Length

1

A\, nm k, m~ e-Fold 1, m
350 1.78 1073 561.8
390 638 107* 1567.4
410 8.18 107 1222.5
450 2581073 387.6
470 5231073 191.2
550 5231072 19.1
600 0.12 8.3
650 0.28 3.62
800 2.10 0.476
900 5.86 0.171
1000 20.4 0.049
1030 28.4 0.035
1100 19.4 0.052
1170 412 0.024
1200 70.3 0.014
1330 125 0.008
1400 178 0.006

photons were fired for a given incidence angle and wave-
length, since the albedo computations stabilized within less
than 1% for 20000 or more photons. Each incident photon
was initially placed at a given height z and random position
(x, y) above the snow sample and assigned the desired
incidence direction. Each photon had three possible fates.
Photons that exited the top surface were counted as being
reflected. Photons that exited the bottom surface were
counted as being transmitted. The remaining photons were
tracked until they were absorbed in the interior of the ice
matrix.

3.1. Comparison With Discrete Ordinates Model

[17] We compared the results from the photon-tracking
model with a four-stream discrete ordinates model (T. C.
Grenfell, personal communication, 2005) for a sample case.
While lacking in angular detail, four stream models produce
reasonable values of irradiance and consequently albedo
and transmittance [Grenfell, 1991]. For the four-stream
model, we assumed a homogeneous snow layer with density
300 kg m >, a depth of 7.8 cm, and consisting of spherical
grains with 0.5 mm radius over a black substrate. A one
parameter Henyey-Greenstein phase function was used,
with scattering parameters determined from Mie calcula-
tions. Photon-tracking model runs were performed for
spherical particles with 0.5 mm radius and for a cylindrical
particle distribution with radius R = 0.5 mm and random
length between 0 and 4R. These conditions are representa-
tive of a snowpack consisting of large, rounded grains.
Figure 5 compares spectral albedos, absorptances, and
transmittances for wavelengths varying between 400 and
1400 nm. The spectral shape between the models is in good
agreement. In particular, at longer wavelengths, where the
influence of grain size on albedo is more pronounced
[Warren, 1982], the computed albedo for the spherical
DEM particles is higher than that for cylindrical DEM
particles whose equivalent sphere radius would be larger.
The photon-tracking model computes a higher albedo and
lower transmittance, especially at shorter wavelength, by
approximately 10%. Even though this is a cumulative error
(microstructural representation, limited amout of photons,
physical model simplifications, etc.) it is consistent with the
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omission of external diffraction, since diffraction by large
particles is mainly in the forward direction [Bohren and
Huffman, 1983] and tends thus to increase transmittance and
consequently reduce the albedo.

3.2. Case Studies on Model Snow

[18] Considerable attention has been paid to the snow
albedo and reflectance [Bourgeois et al., 2006; Gerland et
al., 2000; Green et al., 2006; Grenfell and Perovich, 1981;
Grenfell et al., 1994; Hall et al., 2002; Hudson et al., 2006;
Kuhn, 1985; Nolin and Dozier, 2000; Painter et al., 2003;
Vikhamar and Solberg, 2002; Wendler and Kelley, 1988]
because of their importance to the calculation of the surface
energy budget and interpretation of remotely sensed signa-
tures. However, most of this work has focused on deep
optically thick snowpacks. Figure 6 explores the impact of
snow depth on albedo, absorptance, and transmittance for
thin snow covers. Results are shown for different wave-
lengths representing cases with small and large amounts of
absorption. In all cases the incident solar irradiance was
represented as a direct beam at a zenith angle of 60°. The
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Figure 5. Comparison of DEM photon-tracking (PT)
model to a four-stream discrete ordinates method continuum
model. PT results are shown for both cylindrical and
spherical particle shapes. The sample density was 300 kgm >,
the snowpack thickness was 7.8 cm, and the incidence angle

was 60°.
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Figure 6. Reflected, absorbed, and transmitted photon
fraction as a function of snow depth for thin snow covers.
Results are shown for a density of 270 kg m > and
cylindrical DEM particles. The incidence angle was 60°.

albedo shows a clear asymptotic increase with snow depth,
where the asymptotic value is reached faster for longer
wavelengths. The depth for a snowpack to be optically thick
is thus less at longer wavelength, directly related to the
increase of the absorption coefficient of ice with wave-
length. The transmittance follows an exponential decrease
with depth.

[19] Spectral absorptance as a function of depth is shown
in Figure 7, the y axis showing the fraction of the photons
that were absorbed in each layer. A 9.8 cm thick model
snow sample composed of cylindrical particles and density
equal to 140 kg m > was examined. The sample was
divided into 25 equal layers and the number of photons
that were absorbed in each layer was counted. Since we
counted photons at each of these depth, a larger total
number of photons, 250000, was needed for the results to
stabilize and for the shortest wavelength with the lowest
absorption coefficients even more photons would have been
beneficial. The decay of the fraction of absorbed photons is
exponential and low at 650 nm where the absorption
coefficient of ice is smallest and high at 1400 nm where
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the absorption coefficient is largest. At a given wavelength
absorption is greatest near the surface and decreases with
depth. At a wavelength of 1400 nm, 80% of the photons are
absorbed in the top 3 cm of the snowpack and at longer
wavelengths with greater absorption this fraction would be
even larger.

[20] Earlier work [Wiscombe and Warren, 1980; Warren,
1982] established a clear relationship between snow grain
size and optical properties. To investigate this relationship,
we used a model snow of density 270 kg m > consisting of
cylindrical particles. Using a simple scaling factor, varying
between 0.1 and 1, we constructed ten samples having the
same density but different grain sizes. Periodic boundary
conditions were used to simulate a 10 cm thick snowpack,
independent of the scaling factor. Reflected, absorbed, and
transmitted photon fractions for different wavelengths are
presented in Figure 8. Our results agree well with previous
findings that smaller grains result in a higher albedo and less
absorption. Moreover, the impact of grain size is greatest at
longer wavelengths where the absorption coefficient of ice
is large. Note that there is very little influence of the grain
size on transmittance for all the studied wavelengths until
the grains get large, with radius greater than approximately
0.4 mm.

[21] Less clear than the influence of grain size is the role
of density on radiative properties of snow, mainly because it
is difficult, in natural snow, to study density independently
of other snow properties like the grain size and form. Using
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Figure 7. Fraction of absorbed photons in each 4-mm
depth increment as a function of depth for a 9.8 cm thick
snowpack with a density of 140 kg m™* composed of
cylindrical particles. The incidence angle was 50°.
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Figure 8. Reflected, absorbed, and transmitted photon
fraction as a function of grain size for a thin snowpack of
10 cm height. Using a scaling of the DEM structure, the
density of the snow sample was kept constant equal to
270 kg m >, while the cylindrical grains that had initially a
radius of R = 0.5 mm and a length between 0 and 4R were
successively downscaled to have radii between 0.5 and
0.05 mm. Results are shown for an incidence angle of 60°.

model snow samples with varying densities, but all con-
structed with the same cylindrical particles, we can circum-
vent this problem and simulate a densification or settling
without grain size and form change. A model snow sample
with cylindrical grains and a density of 136 kg m > was
successively compressed in the vertical direction to reach
higher densities up to 504 kg m . Because of the com-
pression, the height of the sample (and the depth of the
simulated snowpack) diminished, keeping the water equiv-
alent constant. Figure 9 presents the evolution of the
reflected, absorbed, and transmitted photon fraction with
density, respectively height, for an initial snowpack of 10 cm
height. Our results confirm the common assumption that the
density has very little effect on snow albedo [Bohren and
Beschta, 1997]. We notice a very slight increase in trans-
mittance together with a slight decrease in albedo for the
highest densities, this effect being more pronounced at short
wavelength, where absorption is close to zero.
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[22] The photon-tracking model, with its ability to exam-
ine in detail the angular distribution of reflected light, is also
well suited for studies related to the bidirectional reflectance
distribution function (BRDF). The BRDF is formally de-
fined by Nlcodemus et al. [1977] as the ratio of the radiance,
I,[W m 2 sr '], reflected into a ]%artlcular direction, (6,, ¢,),
to the 1n01dent flux, Fp [W m all of which is coming
from a single direction, (6;, ¢,):

Ir(eiv (biﬁ 9,, (z)r) .

BRDF‘(GI7 @,‘, 0r7 (b)) = F0(0 ¢)

(13)

[23] In order to compare our results to measurements by
Hudson et al. [2006] we will, instead of the BRDF, consider
the anisotropic reflectance factor R defined as 7 times the ratio
of radiance reflected into a particular direction to the reflected
flux. R can be related to the BRDF by [Hudson et al., 2006]:

m
R(9i5¢[50r7¢r) :aBRDF(0h¢)i70r7¢r), (14)
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Figure 9. Reflected, absorbed, and transmitted photon
fraction as a function of snow den51ty for a thin snowpack
with initial density of 136 kg m > and initial depth of 10 cm
which was successively compressed to reach a density of
505 kg m > at a depth of 2.7 cm. The particles were
cylindrical, and the incidence angle was 60°.
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Figure 10. The directional-conical reflectance factor (DCRF) at 470 and 900 nm for incidence zenith
angles of zero and 65°. The model was run on a spherical DEM model snowpack with grain radius of
0.1 mm, a density of 270 kg m >, and a depth of 30 cm.

where « is the albedo. Moreover, computational reasons
impose the use of finite angular intervals rather than an
infinite number of directions and we will compute the
anisotropic directional-conical reflectance factor (DCRF)
[Nicodemus et al., 1977; Schaepman-Strub et al., 2006] over
an angular grid on the hemisphere with bin sizes of 10° in the
zenith, 0, and azimuth, ¢, directions using the definition of R
integrated over the reflected directions (6,, ¢,) within this
angular grid. In the photon-tracking model, the incident flux
Fy is equivalent to the number of photons fired, since we
consider photons per unit surface area. To compute the
radiance /,, we note that [Nicodemus et al., 1977]

d*®

L T ddcosf dw’ (1)

with ® [Wz] being the radiant flux, w [sr] the solid angle, and
Acosf [m~] the emission area A projected onto a plane
perpendicular to the viewing direction (0,¢). I. is thus
obtained by summing the number of photons reflected into an
angular bin [0 — A0/2,0 + A0/2] x [¢ — AP/2, p+APp/2],
normalizing by the area of the bin (to obtain photons per
steradian per emission area) and by cosf to obtain photons
per steradian per projected area. DCRF results are shown for
a model snow pack with spherical grains of radius 0.1 mm
and 30 cm depth for 470 nm with 200,000 photons and for
900 nm with one million photons fired, for a collimated beam
at solar zenith angles of zero and 65° (Figure 10). This case
can represent the direct solar beam on a sunny day or the
beam from a laser. A strong forward scattering peak is
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observed for the 65° incidence angle, the anisotropy being
lower at 470 nm, where the albedo is higher. This is consistent
with measurements and discrete ordinates model computa-
tions in snow [e.g., Hudson et al., 2006; Middleton and
Mungall, 1952; Painter and Dozier, 2004]. The case of 900
nm and 65° incidence angle corresponds to the measurements
and simulations of Hudson et al. [2006, Figure 14]. For this
case, our anisotropic DCRF ranges from 0.77 to 2.75 st .
The maximum value is lower by ca. 20% than the simulation
with the discrete ordinates model DISORT [Stamnes et al.,
1988], however higher than the observations for the natural
rough snow surface. One reason might be that our model
considers microstructural surface roughness in the snow
representation, lying between the rough surface observations
and the smooth surface DISORT simulation. Another source
of error could be the neglected external diffraction, which
enhances forward scattering.

3.3. Voxel Structures

[24] The present photon-tracking model is not limited to
microstructures formed by an ensemble of regular grains,
but can be applied to any triangulated surface representing a
complex matrix of ice-air interfaces in snow. If the input is
formed by regular grains, the ice-air interfaces, being the
grain surfaces, are always smooth. This is not necessarily
true for an arbitrary triangulated representation of a micro-
structure. Since the fate of the photons in the model
depends largely on the optical laws at ice-air interfaces
and in particular on the angle between the travel direction
of the photon and the interface normal, this is a critical
aspect. Starting from a versatile 3-D binary voxel represen-
tation of a given microstructure, the goal is thus to extract
the ice-air interface which represents as close as possible
the initial (smooth and nonvoxelized) ice-air interface. We
studied the influence of the surface definition on the
simulation results by applying the model to a given DEM
model snow (constructed using the usual cylindrical grains)
and using the following microstructural representations (see
Figure 11): the DEM particle representation; a smooth
triangulation of the DEM particle surfaces; and a 3-D voxel
image of the model snow. The 3-D voxel image was
obtained by overlaying the sample with a cubic grid and
determining whether the center of each cell or voxel was in
ice (inside a particle) or in air (outside all particles). The
surface of the voxel image was then triangulated and
smoothed by a Gaussian smoothing operation with a
variable number of iterations.

[25] A key parameter in the microstructural representa-
tion is the resolution of the voxel image and it is natural to
require the model to well represent the density. For our
large grained DEM snow, the difference in densities
between a voxel resolution of 150 and 200 per 2.6 cm
was less than 2%. For computational reasons we chose the
rather rough 150 resolution (175 pum voxel size). The
resolution for images of natural snow is determined by
the tomography equipment. Tomography-based numerical
simulations showed that if a microstructural feature is
resolved by four or more voxels, physical properties like
stress and strain or heat conductivity can be predicted with
an error smaller than 2% [van Rietbergen et al., 1995;
Kaempfer et al., 2005]. Note that our chosen resolutions
meet this criterion.
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Figure 11. Different three-dimensional representations of
a model snow sample: Cylindrical grains DEM representa-
tion (upper back corner), cylindrical grains with triangulated
surface (right, back), 3-D voxel representation with
triangulated ice-air interface (bottom, front), and voxel-
based triangulation after smoothing, here with 200 Gaussian
smoothing iterations (left). The DEM grains had a radius of
0.5 mm, and the side length of the whole shown cube
corresponds to 40 voxels of 175 pm side length, thus to
7 mm.

[26] The reflected, absorbed, and transmitted photon
fraction was computed for the different microstructural
representations of the model snow with cylindrical grains,
a density of 270 kg m >, and a snow depth of 2.6 cm
(Figure 12). The results for the DEM particle representation
and its smooth triangulation are nearly coincident. However,
an only slightly smoothed triangulation of the voxelized
structure significantly overestimates the albedo and under-
estimates the transmittance. This is likely due to many
nearly orthogonal planes and their preferred orientations.
As smoothing of the ice-air interface proceeds, we approach
the DEM results. For 400 smoothing iterations, the results
agree to within approximately 5% and the remaining
discrepancy might be explained by differences in the micro-
structures which are created during the voxelization such as
for example a change in bond geometry between grains or
by a slight shrinkage of the ice matrix due to the Gaussian
smoothing algorithm.

3.4. Application to Natural Snow

[27] We applied the photon-tracking model to the micro-
structure of a natural snowpack whose representation was
obtained by microtomography. The snow was collected in
the field (February 2006, Davos, Switzerland) and stored in
a30 x 30 x 30 cm® Styrofoam box at isothermal conditions
of —3°C for 17 days. A cylindrical subsample with a radius
of 33.5 mm and a height of 65 mm was extracted horizon-
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Figure 12. Reflected, absorbed, and transmitted photon
fraction for a 2.6 cm thick model snowpack with cylindrical
grains of density 270 kg m > and an incidence angle of 15°.
Shown are the computations using the DEM particle
representation, the direct triangulation of those particles,
and the voxel-based ice-air interface after Gaussian
smoothing with 100, 200, 300, and 400 smoothing
iterations.

tally and measured with an X- ray microtomograph at a
resolution of 10 pum. The images were filtered with a 3 x
3 X 3 median filter and segmented using a constant
threshold to produce a binary image of the snow microstruc-
ture (Figure 2). To reduce data size, the resolution was scaled
up to 40 pum and a subdomain of 100 x 100 x 100 voxels
(4 x 4 x 4 mm) was extracted from the image. This
subdomain was mirrored along each axis to produce an 8 x
8 x 8 mm periodic cell representing the snow microstructure.
The surface of the ice matrix was extracted, triangulated, and
smoothed by a Gaussian smoothing operation with
400 iterations. The resulting triangulation was used for the
photon-tracking computations. The periodic images created
an effectively infinite horizontal extent while the effective
thickness of the snow sample, obtained by stacking periodic
images, was 30 cm. The absorbed, reflected, and transmitted
photon fraction was computed for an incident beam at 60°
(Figure 13). The computed apparent optical properties of the
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snow sample show the expected qualitative behavior, with an
albedo very close to one at shorter wavelength.

4. Discussion

[28] Using only two fundamental optical parameters,
namely the complex index of refraction and the absorption
coefficient of ice, our microstructure-based optical model
produces consistent results with respect to available con-
ceptual models of the sensitivities of snow optical proper-
ties. The simplicity of the optical treatment based on a few
fundamental laws comes at a certain price: not only density
and grain size, but an accurate representation of the snow
microstructure at the scale of 10—100 pm is needed.
Together with the large number of photons necessary to
simulate a light source, this makes for a computationally
intensive model. Because of this it is not appropriate for
simple applications such as determining albedo for an
optically thick snow cover with uniform diameter spherical
grains. Its strengths are in treating complex geometries and
examining scattering in great detail. It is particularly effec-
tive in examining the details of the spectral radiance field
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Figure 13. Reflected, absorbed, and transmitted photon
fraction as a function of wavelength for a natural snowpack
with a density of 175 kg m> and a thickness of 30 cm
computed for an incidence angle of 60°. The computations
used the microstructural input from an X-ray microtomo-
graphy image of the snow.
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both within and outside the snowpack. Applications include
snow photochemistry studies, heat budget calculations, and
interpretation of optical remote sensing signatures.

[29] We compared the model to a four stream discrete
ordinates model and the spectral shapes are in good agree-
ment. We note that the photon-tracking results for cylindri-
cal grains (with larger equivalent sphere radius) agree better
with the four stream results at larger wavelength. The
spherical computations overestimate the albedo and under-
estimate the transmittance by approximately 10% over the
whole wavelength range. It could be that the four streams in
the discrete ordinates model were a too rough approxima-
tion for the thin snow cover considered and a more
sophisticated radiative transfer model like DISORT
[Stamnes et al., 1988] will have to be considered for a
sound model validation. Note however that the trend of the
difference between the two models is consistent with the
omission of external diffraction in the photon-tracking
model, since diffraction would contribute to forward scat-
tering, thus deeper penetration of light into the snowpack,
and consequently a lower albedo.

[30] The photon-tracking model predicts well the depen-
dencies of albedo, absorption, and transmittance on snow
depth (Figures 6 and 7) and grain size (Figure 8). Moreover,
using the DEM model snow, the influence of parameters
that are impossible to isolate in natural snow can be studied,
such as the evolution of optical properties with density at
constant grain sizes (Figure 9). For the model snow we can
confirm the hypothesis that there is very little dependence of
the albedo on snow density [Bohren and Beschta, 1997]. A
slight decrease in albedo together with an increase in
transmission becomes visible at very high densities, which
might be associated with a decrease in scattering events as
the snow approaches pure ice.

[31] An examination of the angular distribution of
reflected light is straightforward and makes the photon-
tracking model ideal for studies related to the bidirectional
reflectance distribution function (Figure 10). To produce
smooth results, a large number of photons has to be fired as
can be seen when passing from 200,000 photons at 470 nm
to one million photons at 900 nm. When comparing our
computed DCRF to published measurements and simula-
tions by Hudson et al. [2006, Figure 14], we find good
agreement for the angular distribution of the reflectance
factor, in particular the presence of a strong forward
scattering peak. Absolute DCRF values differ between the
numerical simulations by up to 20%, possibly because of
some surface roughness in the photon-tracking model or the
neglected external diffraction. Applications with respect to
the angular distribution could consist in characterizing the
photons that contribute to the forward scattering peak. For
example, using a similar model than ours, Granberg et al.
[2003] showed that in sheets of paper containing hollow
fibers, the forward scattering peak is mainly due to photons
reflected from the inner fiber surfaces.

[32] When the photon-tracking model is applied to voxel-
based microstructures, special care has to be taken with
respect to the microstructural representation (Figure 12). In
particular, a pure voxel-based treatment consists of orthog-
onal planes of the ice-air interface that distorts photon-
tracking results. Our results indicate that a Gaussian
smoothing procedure with several hundred iterations is
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sufficient to render the ice-air interfaces smooth enough
for the model to generate accurate results. More sophisti-
cated smoothing algorithms might be considered in the
future since Gaussian smoothing can lead to some shrinkage
of the structure.

[33] The application of the photon-tracking model to the
microstructure of a natural, isothermally metamorphosed
snowpack as obtained by microtomography gives apparent
optical properties qualitatively consistent with measure-
ments and shows the feasibility of our approach. The model
computes an albedo very close to one at shorter wavelength,
which is not always observed and possibly due to impurities
in natural snow. Impurities like soot particles might be
added to the model by placing small black spheres with
high absorption coefficients inside the microstructural rep-
resentation. Another model extension could be the inclusion
of liquid water.

[34] So far, the photon-tracking model uses geometric
optics and neglects any diffraction phenomena. The model
results are qualitatively consistent with observations or
other simulations for snow. Cumulative errors of approxi-
mately 10% for flux computations like transmission and
albedo and 20% for absolute values of reflectance factors
are observed. The trends of these errors are consistent with
the omission of external diffraction. At the moment we are
unable to determine how much of the errors are due to the
neglected physics and how much to the other numerical
approximations in the photon-tracking model such as the
microstructural snow representation or the limited number
of photons fired. In the future, a thorough validation
campaign using experimental optical measurements, togeth-
er with 3-D microstructural snow characterizations and
successive photon-tracking computations will be conducted
and improve our understanding of the link between snow
microstructure and optics.

5. Conclusion

[35] The presented snow microstructural photon-tracking
model is a powerful tool for examining radiative transfer in
snow. The strengths of the model are in treating complex
geometries and examining scattering in detail. Non-plane
parallel and irregularly shaped geometries can be investi-
gated. The three-dimensional structure of an actual snow-
pack can be assimilated into the model. A “grain by grain”
analysis of the interaction of solar radiation with snow can
be performed. Such an analysis is particularly valuable in
studies of snow photochemistry. The photon-tracking radi-
ative transfer formulation is embedded in a discrete element
model of snowpack microstructure. New capabilities are
being added to the microstructure model so that it can treat
snow metamorphism and melt water in the snowpack. With
each such addition, its radiative transfer capabilities are thus
extended implicitly. Moreover, the radiative transfer model
accepts input from modern snow microstructure observa-
tional techniques like X-ray-computed microtomography.
As time-lapse series of metamorphosing snow become
available, the radiative transfer properties and their evolu-
tion during metamorphism can be studied in detail. Future
work will consist in a thorough model validation including
assessment of diffraction phenomena, a model extension to
include diffraction, and the application of the model to
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metamorphosing snowpacks. Inclusions of impurities in the
model are also envisaged.
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