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Abstract

The current thesis work details a non-contact detection approach concerning
classification of snow with different physical properties such as grain size, den-
sity and specific surface area (SSA). In this approach, reflected light from snow
surfaces is measured as a function of wavelength and viewing geometry. Essen-
tially a detector (either a near-infrared (NIR) camera or a spectrometer) and an
illumination source are needed to measure the spectrally and angularly resolved
bidirectional reflectance from snow. Classification of snow types is performed
based on the absorption and scattering properties of a respective snow type. It
is furthermore known that snow properties can be modelled using a numerical
solver where the radiative transfer equation (RTE) for snow is solved and a
scattering phase function is estimated by expanding into a series of Legendre
coefficients. It is therefore expected to be a connection between snow charac-
teristics and the Legendre coefficients of the scattering phase function.

Results suggest that different snow types can be classified using two wave-
lengths (980 nm, 1310 nm) from the high reflectance region and one wave-
length (1550 nm) from the high absorption region. It is also observed that the
bidirectional reflectance for snow tends to increase in specular direction (anti-
illumination direction) as snow density increases. Results from the numerical
method suggest that the first coefficient of the Legendre phase function is a
relative estimate of the single scattering albedo rather than an absolute esti-
mate and that the second coefficient estimates the anisotropy of a respective
snow type. Investigations in this thesis suggest that the presented approach
can be used as a tool to classify different snow types in various applications
such as icing on wind turbine blades, winter roads maintenance and ski tracks
maintenance.
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1. Introduction

Wind turbine farms constructed and operated in cold climate regions are fre-
quently facing icing events during winter. Thus icing of the wind turbine blades
causes complete production loss [1], power reduction due to disrupted aerody-
namics [2], mechanical failures due to overloading [3] and safety issues when
large ice chunks are thrown off the blades [4]. Currently available de-icing tech-
niques have been shown to effectively de-ice the blades, however the sensors
often fail to reliably detect the ice accretion on the blades. Reliable detection
of icing gives a possibility to develop mitigation strategies to control the ice
accretion on the wind turbine blades [5, 6].

Optimisation of the de-icing system with an accurate ice detection technique
is essential in this field. There are in general two ice detection techniques clas-
sified as direct detection and indirect detection. Direct detection sensors work
based on some property change such as reflectivity, mass, conductivity and in-
ductance. Indirect detection sensors work based on weather conditions such as
humidity, temperature and power curves of a turbine. Many detection methods
and strategies have been introduced based on these techniques however an effi-
cient method for non-contact ice detection on wind turbine blades is still to be
realised. An ideal detection method may also be able to measure the thickness
of accumulated ice to manage the de-icing system further [7, 8, 9].

A method to classify different snow/ice types using angularly and spectrally
resolved bidirectional reflectance measurements is investigated in this thesis
work. Angularly resolved measurements are function of viewing geometry at a
given wavelength while spectrally resolved measurements are function of wave-
length at a given viewing zenith angle. Water, snow and ice have different ab-
sorption properties thus have distinguishable spectra in the near-infrared (NIR)
wavelength region [10, 11]. Essentially a combination of a detector and an il-
lumination source is sufficient to distinguish different phases of water based on
their individual reflective properties. In this thesis work, part of the experi-
ments were performed using a combination of a NIR camera and three infrared
laser diodes. Other part of the experiments were performed using a combina-
tion of a NIR spectrometer and a broadband light source. A Radiative transfer
solver was used to model the angularly resolved measurements for snow/ice to
investigate their single scattering properties.

Many of the previous research on snow/ice characterisation from the spec-
trally resolved bidirectional reflectance measurements [12], focus on determining
specific surface area (SSA) [13, 14, 15], ice layer thickness [16] and snow albedo
[17]. In contrast many of the previous research on snow/ice characterisation
using the angularly resolved bidirectional reflectance measurements, focus on
determining the single scattering properties such as single scattering albedo,
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asymmetry parameter and a scattering phase function [18, 19].
Pernick [16] and Sinnar [20] both describe an ice - water detection method

for aircraft wings, where the wing surface is illuminated by an infrared light
source and a camera to scan the reflected light. Gagnon et al [7] proposed a
remote ice detection method that measures thickness of glaze ice and rime ice
at distances 6.5 m to 30 m in a cold room using laser diodes, focussing assembly
and a digital camera. In addition, O’Brien and Munis [21] measured spectral
reflectance for snow of varying physical properties in the wavelength region 600
nm to 2500 nm and observed that the spectral reflectance of snow reduces as
snow ages. Casselgren et al [10, 11] presented a method to distinguish different
phases of water based on its multispectral reflectance of infrared light.

Warren [22] and Wiscombe [23] presented a two-stream radiative transfer
model for calculating the spectral albedo of snow. They reported that the sin-
gle scattering albedo decreases and the asymmetry parameter increases as snow
grain size increases. The single scattering events in snow are in most studies
modelled using Mie theory while the multiple scattering events are modelled
using δ-Eddington approximation which is essentially a two-stream approxima-
tion. The method of discrete ordinates to solve the radiative transfer equation
(RTE) for a snow/ice pack is a widely used radiative transfer model to inves-
tigate optical properties of a given medium. The method of discrete ordinates
radiative transfer (DISORT) was first introduced by Chandrasekhar [24]. Later
Stamnes et al [25, 26] implemented this method as a numerically stable com-
puter code in the programming language Fortran.

The purpose of this thesis work is to investigate the physical properties of
different snow types using spectrally and angularly resolved bidirectional re-
flectance measurements. Classification of snow types with different physical
properties such as grain size, density and SSA was investigated based on the
relation between experimental observations and snow properties. Furthermore,
a numerical solver which is based on the DISORT method was used to solve the
RTE for snow by expanding the scattering phase function into a series of Legen-
dre polynomials. A relation between the expansion coefficients of the Legendre
phase function and physical properties of snow is investigated further. Estima-
tion of snow/ice properties such as density and grain size are essential especially
for icing on wind turbine blades application as these parameters provide addi-
tional information needed to simulate/model the ice load [27, 28], ice accretion
[29] and turbine dynamics in the icing conditions [30].

The report is organised as follows. Theoretical background on measurement
methods, concept of the bidirectional reflectance and concept of the scattering
phase function are briefly given in section 2. In section 3, the experimental
procedure is presented. Results of the thesis work are summarised in section 4.
In section 5 conclusions and future works in section 6 are given.
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2. Theory

2.1 Measurement methods

Optical characteristics of a material influence the way light interacts with it
when illuminated on its surface. Each material has its own distinct spectral
features due to the degree of absorption, reflection and scattering at wavelengths
of illuminated light. A spectral signature of snow, ice and water including
absorption valleys and reflection peaks is needed to investigate and classify
different phases of water.

When an incident light interacts with a medium surface, it may be absorbed
or scattered by the particles in the medium or may be reflected back into the
originating medium. Scattering occurs when incident light gets deviated from
its original direction of propagation by one or more particles in the medium.
Reflection of light from a medium can be a specular reflection or a diffuse re-
flection depending on the surface texture and roughness. Specular reflection is
when the light illuminated on an optically smooth surface is reflected into a
definite direction (or an angle). Very polished or mirror like surfaces can be
taken as examples for the specular reflection. Diffuse reflection is when the
light illuminated on a rough or granular surface is reflected into all directions
(or angles) due to surface irregularities.

The angular dependence of reflected light from a medium surface within all
viewing viewing angles above the surface, for all incident angles is described by
the bidirectional reflectance distribution function (BRDF). The BRDF describes
the angular distribution of the bidirectional reflectance over the hemisphere
above the surface [31, 32]. A snow/ice surface exhibits distinct bidirectional
reflectance variations at both the illumination/viewing geometry and the wave-
length. Furthermore measurement of spectral bidirectional reflectance provides
information about the surface composition through absorption bands. Mea-
surement of angular bidirectional reflectance provides information on surface
physical properties such as grain size, surface roughness and internal structure.

It is essential to measure bidirectional reflectance of a surface for accurate
modelling of radiative transfer through the matter. Radiative transfer theory
describes the light propagation in a medium through three variables such as sin-
gle scattering albedo, asymmetry parameter and the scattering phase function.
Single scattering albedo describes the absorptivity of the medium, asymmetry
parameter describes the anisotropic behaviour of the medium and the phase
function describes the angular distribution of scattering.

Scattering properties of snow/ice can be modelled from the angularly re-
solved bidirectional reflectance measurements using the RTE. A numerical model
based on the RTE can be used to model the bidirectional reflectance measure-
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ments, which in turn depends on determining the scattering phase function. The
scattering phase function can be expanded as a series of associated Legendre
polynomials where a correlation between the Legendre coefficients of the phase
function and snow/ice scattering properties is expected.

2.2 Bidirectional reflectance

Bidirectional reflectance is when the reflected light from a snow/ice surface is
measured within an infinitesimally small solid angle above the surface over the
hemisphere as shown in Figure 1. Measuring the reflected light within an in-
finitesimally small solid angle doesn’t include measurable amounts of reflectance,
therefore reflectance in this case is measured in a relatively small solid angle.

Figure 1: The concept of incident zenith angle (θi), viewing zenith angle (θr),
incident azimuth angle (φi) and viewing azimuth angle (φr). Θ is phase angle
which represents the angle between incident and reflected direction.

The BRDF is a function of wavelength (λ) as well as the incoming and
outgoing directions. The BRDF relates to the ratio of reflected radiance (Lr)
into a specific direction (θr, φr) to the incident irradiance (Ei) coming from
a specific direction (θi, φi), where θ and φ are zenith and azimuth angles,
respectively [31, 32].

BRDFλ(θi, φi; θr, φr) =
dLr([θi, φi; θr, φr];λ)

dEi([θi, φi];λ)
[sr−1]. (1)

The BRDF of a perfect Lambertian (diffuse) surface would be constant in all
directions. Furthermore, the bidirectional reflectance in this case is measured
as a function of wavelength and viewing geometry, while keeping the collimated
illumination source fixed at 45◦.

Warren et al [33] and Hudson et al [34] have measured angular distribution
of solar light reflected from snow surface in the Antarctica. They investigated

5



the relation between the BRDF data and snow properties such as absorption,
grain size, viewing zenith angle and surface roughness. They have underlined
the importance of an accurately estimated scattering phase function for the com-
putation of the BRDF measurements from snow. Dumnot et al [35] performed
direct snow BRDF measurements for four natural snow samples in the wave-
length range 500 nm - 2600 nm. They reported changes in snow anisotropy at
various lighting geometry, wavelength and snow physical properties. Dozier et al
[36] investigated properties of snow grains from the BRDF measurements within
the wavelength region 380 nm - 1110 nm. They reported that the measured re-
flectance is not sensitive to grain size at shorter wavelengths and their radiative
transfer model predicted the angular characteristics of snow except a small peak
in backscattering direction. Nolin et al [37] estimated snow albedo from snow
BRDF measurements using the DISORT model and investigated variations in
the albedo estimation with snow physical properties and solar/viewing geome-
tries. Their model results showed that the grain size influences both spectrally
and angularly resolved bidirectional reflectance of snow, and forward scattering
increases as grain size increases.

Several studies including the ones mentioned here show that the spectral
and angular distribution of reflected light from snow can be accurately modelled
using radiative transfer models. The radiative transfer model used in this thesis
work is a special case of the DISORTmethod developed by Stamnes et al [25, 26],
which was originally proposed by Chandrasekhar [24]. The model solves a single
scattering problem for a plane-parallel semi-infinite snow pack by approximating
a Legendre phase function, usually specified in terms of its Legendre polynomial
coefficients.

2.3 Scattering function

The DISORT method is often used to solve the RTE where it transforms the
integrals in RTE into a quadrature sum, converting the RTE into a differential
equation which can be solved numerically. Details of the solver are not explained
deeply in this thesis, however the solver is detailed in the report by Friberg [38]
and furthermore the DISORT original documentation by Stamnes et al [39].

Various numerical methods must be applied to solve the RTE accurately
when the scattering and absorption properties of a medium are important pa-
rameters. The RTE for monochromatic radiation of wavelength λ in a plane
parallel scattering medium [24] is generally written as:

μ
dIλ(τλ, μ, φ)

dτλ
= Iλ(τλ, μ, φ)− Sλ(τλ, μ, φ), (2)

where Iλ is the specific intensity at optical depth τ measured in a finite solid
angle along direction μ, φ (μ is the cosine of the viewing zenith angle (θr) and φ
is the azimuthal angle). The scattering source function Sλ is a sum of intensity
distribution from all directions μ′, φ′ to μ, φ:

S(τ, μ, φ) =
w(τ)

4π

∫ 2π

0

dφ′
∫ 1

−1

P (τ, μ, φ;μ′, φ′)I(τ, μ′, φ′)dμ′, (3)

where P (τ, μ, φ;μ′, φ′) is the scattering phase function, that describes the
angular distribution of reflected light from a surface. The DISORT assumes that
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the scattering phase function only depends on the angle (Θ) between incident
and scattered radiation. This assumption can be used to factor out the φ-
dependence.

P (τ, μ, φ;μ′, φ′) = P (cosΘ), (4)

cosΘ = μμ′ +
√
(1− μ2)(1− μ′2) cos(φ− φ′), (5)

The scattering phase function must be approximated in order to solve the
RTE. In general the scattering phase function can be expanded as a series of N
Legendre polynomials Pl

P (cosΘ) =
N∑
l=0

wlPl(cosΘ), (6)

where wl are the expansion coefficients. wl=0 represents the single scattering
albedo and wl=1 represents the asymmetry parameter. Therefore it is expected
from the phase function approximation in this thesis work that w0 can be an
estimate of how much light is being absorbed and w1 can be an estimate of the
angular behaviour of scattered light. The expansion coefficients are subject to
the constraints

0.0001 ≤ w0 ≤ 0.9999,−1 ≤ w1 ≤ 1. (7)

The physical meaning of w0 = 1 is that all the incident radiation is com-
pletely scattered while w0 = 0 means complete absorption. The coefficient
w1 = 1 represents complete forward scattering and w1 = −1 represents com-
plete backward scattering behaviour.

Our approach in solving the inverse problem of finding the appropriate scat-
tering phase function for snow is by first defining a cost function which minimises
the mean squared error (χ) with respect to the Legendre coefficients for a given
order (N)

χ = E[Iexp − IRTE(w0...wN )]2. (8)

By solving the RTE numerically, initial random guesses were given for the
coefficients w0, ...wN and then the solver find the coefficients where the χ is min-
imum. The radiative transfer code is written in MATLAB and is a special case
of the widely used discrete ordinate plane parallel implementation by Stamnes
et al [25, 26]. The implemented solver assumes a collimated beam source and a
semi infinite geometry with uniform refractive index. Note that the refractive
index is included in the scattering coefficients implementation.
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3. Experiments

Experiments performed during this thesis work are presented in this section. In
section 3.1, experiments using the NIR camera and three laser diodes were de-
tailed. In section 3.2, experiments using the NIR spectrometer and a broadband
light source are presented. A more detailed explanation of the setups is given
in both the Papers 1 and 2. Note that the viewing zenith angles in the Paper
1, 2 and 3 were referred by γ, however they are referred by θ in this thesis. The
change of notation is considered to keep the general notation of viewing zenith
angles similar to the other research articles in the remote sensing community.

3.1 Setup with the NIR camera

An experimental setup to measure the bidirectional reflectance from a snow/ice
surface, in general consists of an illumination source, a detector and a snow/ice
sample. The illumination source composed of three 1 mW laser diodes of wave-
lengths 980 nm, 1310 nm and 1550 nm. The detector was a fully integrated
InGaAs NIR camera (FLIR SC7100-NIR) camera with spectral range of 900
nm to 1700 nm, focal length of 12 mm and f-number of F/1.4. The camera has
pixel resolution of 320 x 256 and frame rate up to 15 kHz.

��

�����	
�������
�
�
	���� ���������������	
�

����������	
�

(a) Experimental sketch (b) Setup in the freezer

Figure 2: Experimental setup in the freezer consists of the NIR camera (1),
the illumination source (2), freezer (3) and snow sample (4). Note that the
wooden ruler on the snow sample was removed during the measurements and
it was only used to observe the position of the infrared light. θi, θr represents
the illumination and viewing zenith angle, respectively. Θ represents the angle
between incident and reflected light.
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Figure 2(b) shows a special rig that was developed for this experiment and
the rig was firmly attached to the freezer. The detector was mounted on a
radial arm of the rig to measure the bidirectional reflectance within a solid
angle at several viewing zenith angles. The detector measured in the plane of
incidence and the center of rotation was in the snow surface plane. The plane
of incidence contained the propagating vector of the incoming radiation and the
global normal of snow surface.

The viewing zenith angles towards the illumination source were considered
as negative angles (−θr) while the angles away from the illumination source
were considered as positive angles (+θr). The incident light was collimated and
illuminated on the snow surface from an angle of −45◦ (θi). Light reflected
from snow surfaces was measured at viewing zenith angles (θr) from −30◦ to
+40◦ with an angular interval of 10◦. The wooden sample holder was painted
matte black to avoid multiple scatterings between the snow and the box’s in-
ternal surfaces. Integration time of the camera was fixed to 25 ms and the the
temperature of the freezer was kept at −10◦C.

Limited viewing zenith angles and one wavelength (1310 nm) were considered
in the Paper 1. Results from the Paper 1 based on this setup showed that there
is a correlation between the snow age and second coefficient (w1). Furthermore
it was concluded that an upgrade in the setup in terms of viewing zenith angles
could provide a better interpretation of the first coefficient (w0).

3.2 Setup with the NIR spectrometer

The detector in this case was a NIR InGaAs spectrometer (STE - 130 DWARF-
Star NIR) with an extra aperture (field of view 3◦, ∅5 mm). The spectrometer
measured the reflected light in the wavelength region 900 nm to 1650 nm with
spectral resolution of 1.75 nm. The light source was a 150 W EKE quartz
halogen lamp (MI-150, Edmund optics) coupled with a ∅6.35 mm fiber optic
light guide.
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(a) Sketch of the experimental setup (b) Setup in a climate chamber

Figure 3: Experimental consists of the NIR spectrometer (1), an illumination
source (2), freeze box (3) and a snow sample (4). θr represents the viewing
zenith angle while the illumination source was fixed at −45◦ (θi).

A special rig was developed and attached to a portable plastic freeze box
(or an insulation box) as shown in Figure 3(b). The spectrometer’s probe was
attached at the center of the rig’s radial arm such that it can measure the
reflected light within a solid angle at several viewing angles. The spectrometer
measured in the plane of incidence and center of rotation was in the plane of
snow surface.

Internal surfaces of the freeze box were painted matte black to avoid internal
reflections between snow and freeze box’s surfaces. The integration time was
fixed to 3 seconds and the experiments were performed in a walk-in climate
chamber with a temperature of −10◦ ± 1◦C.

The bidirectional reflectance from several snow/ice types was measured at
viewing zenith angles (θr) from −80◦ to +80◦ with an angular step of 10◦

as shown in Figure 3(a). A measurement run of the bidirectional reflectance
spectrum at wavelengths from 900 nm to 1650 nm was measured at each of the
viewing zenith angle for a given snow type. This procedure was repeated two
more times, such that three measurement runs were recorded for a given snow
type.
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Figure 4: Method of angularly resolved bidirectional recordings for two snow
types at 1120 nm using the NIR spectrometer. Fresh snow has a density of 90
kg/m3 while the compressed snow has a density of 790 kg/m3 which is close to
ice density (916 kg/m3).

Figure 4 shows the angular behaviour of the bidirectional reflectance for
fresh snow with density of 90 kg/m3 and compressed snow with density of 790
kg/m3, when illuminated from an angle of −45◦. The fresh snow exhibits rather
nearly isotropic behaviour while the compressed snow exhibits strong forward
scattering behaviour due to the icy surface texture. One can also observe in
Figure 4 that the fresh snow tends to exhibit a higher reflectance than the
compressed snow, which is because of a higher degree of scattering.

In order to record the bidirectional reflectance spectrum from a snow sur-
face, a reference spectrum and dark spectrum must be recorded. The reference
spectrum was recorded at nadir angle (θr=0◦) from a pack of white papers (2 cm
thick) and this reference was then used to normalise the bidirectional reflectance
data from various snow/ice surfaces. Following the reference spectrum, the dark
spectrum was recorded by turning the illumination off.
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4. Results

Results from the experimental and numerical observations during this thesis
work are summarised in this section. Sections 4.1 and 4.2 show the correlation
between the experimental observations and the Legendre coefficients. Section
4.3 shows the relation between the bidirectional reflectance of different snow
types and respective density variations.

4.1 First coefficient (w0) of the Legendre phase
function

Measurements from the NIR spectrometer in the wavelength range 900 nm -
1650 nm from the specular scattering angle (θr=40◦) are presented in Figure
5(a) and 5(c). Estimated values of w0 at several wavelengths are presented in
Figure 5(b) and 5(d). These measurements represent the measured bidirectional
reflectance from several snow types in the climate chamber. More details on the
measurement procedure and classification of snow types are described in Paper
2 and Paper 3.
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Figure 5: Measured bidirectional reflectance spectrum for the snow types at
the specular reflectance direction (θr=40◦) in Figures 5(a) and 5(c). S:510 and
G:430 represents a spring snow type and a granular snow type, respectively.
D2:160, D2:520 and D2:790 were the dendritic aged snow types with density
variations. The number represents the density in kg/m3 for the respective snow
type. Estimated w0 values for the same snow types are presented in Figures
5(b) and 5(d)

The bidirectional reflectance spectrums in Figure 5(a) were measured on
spring snow (S:510) and granular snow (G:430). These snow types were com-
posed of individual spherical grains and the spring snow (S:510) was relatively
composed of larger grains in size compared to that of granular snow (G:430).
One can observe in Figure 5(a) that the snow composed of individual grains
tend to absorb more light and the degree of absorption varies depending upon
the grain size. Moreover snow types where relative grain size is a prominent
factor, are clearly distinguishable in the high reflectance region (900 nm to 1430
nm) than in the high absorption region (1450 nm to 1550 nm).

Figure 5(b) shows the w0 values estimated from the bidirectional reflectance
measurements for snow types S:510 and G:430. The estimated spectrum curves
are not very smooth in Figure 5(b) as w0 values were estimated only at few
wavelength bands. However the estimated w0 values from the solver properly
capture all the experimentally observed spectral features such as absorption
valleys and reflection peaks. Furthermore, the difference between the estimated
w0 values for these two snow types is larger in the high reflectance region than
that of in the high absorption region. However these snow types are clearly
distinguishable throughout the entire spectrum based on w0 values, which shows
that w0 is sensitive to the relative grain size. Based on the observations in
Figures 5(a) and 5(b), the estimated w0 appears to be a relative estimate of the
single scattering albedo rather than an absolute estimate.

Figure 5(c) shows the measured bidirectional reflectance spectrums for den-
dritic aged snow types D2:160, D2:520 and D2:790, where the number represents
the density. Snow type D2:160 with density 160 kg/m3 was compressed at two
pressure levels to obtain two snow types with higher densities. One clear ob-
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servation in Figure 5(c) is that the spectra of bidirectional reflectance increases
in height with increasing density due to the fact that compression makes the
snow surface smoother and flatter, which enhanced the specular component.
Moreover the snow types where surface texture is a prominent factor, are dis-
tinguishable in the high absorption region (1450 nm to 1550 nm) than in the
high reflection region (900 nm to 1430 nm), see Figure 5(c).

Figure 5(d) shows the w0 values estimated from the bidirectional reflectance
measurements for snow types D2:160, D2:520 and D2:790. An increase in the
w0 values can be observed when the snow density is increased especially in
the high absorption region. However, the estimated w0 values appeared to be
less sensitive to snow types with similar surface texture. This may explain
why w0 values for snow types D2:520 and D2:790 were almost equal in the high
absorption region where as the values were well separated in the high reflectance
region.

One can further observe from Figures 5(a) and 5(c) that wavelength bands
980 nm, 1310 nm and 1550 nm can be selected as an optimal wavelength bands
where classification of snow with different grain size and density is possible.

The experimental observations reported in this section were previously ad-
dressed by Dozier et al [40] and Grenfell et al [41], where they reported that
the spectral reflectance of fresh snow is high but decreases with increasing grain
size as the snow ages. Snow aging through melting causes grains to grow as
the grains bond into clusters. Nolin et al [42] further reported that the spectral
reflectance in the NIR region is very sensitive to the grain size but less sensitive
in the visible region

4.2 Second coefficient (w1) of the Legendre phase
function

Difference between the measured bidirectional reflectance at viewing zenith an-
gles (θr) 40◦ and −40◦ are presented in Figures 6(a) and 6(c). Estimated val-
ues of the coefficient w1 from the phase function at wavelengths 980 nm, 1310
nm and 1550 nm are presented in Figures 6(b) and 6(d). The bidirectional re-
flectance measurements for snow types S:510, G:430, D2:160, D2:520 and D2:790
are presented in this section similar to the previous section. Value of the cal-
culated difference between data at two angles ranges from -1 to 1, where -1
represents a backward scattering event and 1 represents a forward scattering
event. The value of w1 < 0 relates to a backward scattering event and the value
of w1 > 0 relates to a forward scattering event.
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Figure 6: Difference between the measured bidirectional reflectance at viewing
zenith angles 40◦ and −40◦ are shown in Figures 6(a) and 6(c). Estimated
values of w1 at wavelengths 980 nm, 1310 nm and 1550 nm for several snow
types are shown in Figures 6(b) and 6(d).

Figure 6(a) shows that both the snow types that were composed of individual
spherical grains tend to exhibit backward scattering behaviour. This is probably
depends on the position and orientation of an individual grain. In this case
however snow grains for both snow types were oriented and positioned in a
way that more light was being reflected back to the origin direction than being
scattered. Furthermore snow type S:510 have less backward scattering compare
to the G:430 due to the fact that S:510 composed of relatively larger gains and
these large grains tend to absorb more light than that of snow with smaller
grains. Figure 6(b) shows that the estimated w1 values properly capture the
angular scattering behaviour of the snow types at all the wavelengths.

Snow type with increase in density tends to exhibit higher degree of forward
scattering behaviour, see Figure 6(c). Snow type D2:160 was an aged dendritic
snow that was in freezer for a month prior to the measurements and snow
grains in this case clustered together resulted in grain size being increased. This
also explains why the measured bidirectional reflectance spectrum for D2:160
was at the same degree as the snow types with individual grains, see Figures
5(a) and 5(c). This may be also the reason why snow type D2:160 exhibits
backward scattering behaviour however increase in density caused the enhanced
specular component. These experimental observations are clearly captured by
the estimated w1 from the solver and these investigations show that w1 can be
an estimate of the asymmetry parameter i.e., anisotropic behaviour of snow.

The experimental observations reported in this section were previously ad-
dress by Dirmhirn et al [43], where they reported that the angular distribution
of the bidirectional reflectance for fresh snow is almost isotropic and the bidirec-
tional reflectance in specular direction increases as snow ages, especially through
melting and refreezing process. Steffen et al [44] and Warren et al [45] further
reported that the anisotropic behaviour of snow increases as grain size increases.
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4.3 Correlation to the density variations

The measured bidirectional reflectance of snow type D2:160 with different den-
sity at wavelengths 980 nm, 1310 nm and 1550 nm are presented in Figure 7.
Snow type D2:160 was allowed to age overnight in the climate chamber to obtain
snow type D3:220, then both of these two snow types were compressed at two
pressure levels (50 kN and 200 kN) to obtain 4 additional snow types.

D2:160 D3:220 D3:480 D2:520 D3:660 D2:790
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Figure 7: The measured bidirectional reflectance of snow types at wavelengths
980 nm, 1310 nm and 1550 nm in the specular direction. Data in the plot
represents the bidirectional reflectance measurements for snow types D2:160,
D3:220, D3:480, D2:520 D3:660 and D2:790, respectively.

One can observe an approximately linear correlation between the bidirec-
tional reflectance and snow density from Figure 7. There is a tendency for the
bidirectional reflectance in the specular direction to increase as the density in-
creases at a given wavelength. As described earlier, increase in density through
compression makes the snow surface flatter and smoother, which enhances the
specular component of the reflection.

However there is a slight decrease in the bidirectional reflectance for the snow
types of higher densities. The snow types D3:660 and D2:790 have densities close
to an ice density which is 917 kg/m3. At this level, these compressed snow types
experience slightly more absorption due to the microscopic liquid water content.
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5. Conclusions

Investigating the physical properties of snow/ice is essential in various applica-
tions. This type of investigation is performed in this thesis work using angularly
and spectrally resolved bidirectional reflectance measurements from snow sur-
faces. Initial experiments were performed in a small freezer using a near-infrared
(NIR) camera and laser diodes of wavelengths 980 nm, 1310 nm and 1550 nm,
respectively.

Further the experimental setup was then improvised in later experiments
where a NIR spectrometer and a broadband light source were used to obtain
the bidirectional reflectance from snow surfaces within the wavelength range
900 nm to 1650 nm. These experiments were performed in a walk-in climate
chamber.

Results of this thesis work primarily suggest that the classification of snow
with different density and relative grain size is possible based on the presented
experimental and numerical approach. The numerical approach related to solv-
ing the radiative transfer in snow using the discrete ordinates method (DISORT)
which was a widely known radiative transfer model. In the process of solving
radiative transfer equation (RTE) for snow, a scattering phase function is esti-
mated by expanding into a series of Legendre polynomials.

Furthermore, the physical properties of different snow/ice types are inter-
preted and a correlation to the Legendre coefficients of the scattering phase
function was found. It was observed that the first coefficient of the phase func-
tion is a relative estimate of the single scattering albedo while the second coef-
ficient is an estimate of the asymmetry parameter. It was further observed that
the bidirectional reflectance of snow types increase in the specular direction as
the density increases.

Investigation of the thesis work suggests that an initial interpretation of
snow types with different physical properties such as density and relative grain
size can be done based on only two coefficients estimated from the solver. The
solver takes 31 seconds to estimate two coefficients for a snow type at a given
wavelength using the angularly resolved bidirectional reflectance measurements.
Note that the calculations were performed on a windows 7 computer with a 2
core 2.7 GHz processor. The accuracy and computation time show that the
solver provides two coefficients and these two coefficients provide enough infor-
mation to classify snow types of different physical properties. This fast approach
can be useful in many applications where classification of snow with different
physical properties is essential.
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6. Future works

• A field experiment on an asphalt or a ski track using the NIR spectrometer
combined with grain size measurement to apply the presented approach
to classify snow/ice types.

• Detection and classification of different phases of water on a wind turbine
blade surface from a distance using laser diodes of 980 nm, 1310 nm and
1550 nm, and a NIR camera has to be studied.
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7. Summary of appended papers

The first two papers included in this thesis use radiative transfer model to
investigate snow with different physical properties such as grain size, snow age,
density and SSA. A correlation between the model estimates and snow physical
properties was investigated based on various aspects of angular and spectral
resolved light scattering. The main contribution of this thesis work in the related
research community is the correlation between the snow physical properties and
estimated Legendre coefficients. This is essentially related to applications where
detection and classification of different snow/ice types are the important factors.

Paper 1 and 2 deal with analysing and investigating a relation between the
experimental observations and estimations from the numerical solver. Paper 3
show how snow properties such as grain size and density influence the bidirec-
tional reflectance from snow.

Paper 1

Preliminary measurements of the bidirectional reflectance from several snow sur-
faces at limited viewing zenith angles were performed. A near-infrared (NIR)
camera and laser diodes of wavelengths 980 nm, 1310 nm and 1550 nm were
used for the experiments at viewing zenith angles from -30◦ to +40◦ and exper-
iments were performed in a freezer. Measured angularly resolved bidirectional
reflectance from snow surfaces were then analysed using a radiative transfer
model where the Legendre scattering phase function was estimated and Leg-
endre coefficients were investigated. The work presented in this paper showed
that the solver estimates the coefficients with good accuracy and only first two
coefficients can provide sufficient information while the rest only add minor
information related to the fit. It was further shown that a linear correlation
between the second coefficient and snow age was found. Further concluded that
extending the experimental setup in terms of viewing zenith angles can provide
a better interpretation of the first coefficient.

Paper 1 was written in cooperation with Prof. Mikael Sjödahl and Dr.
Johan Casselgren. Benjamin Friberg has developed the solver and contributed
in the experiments. The contribution of the author was to perform experiments,
analysing data from experiments and solver, and main part of reasoning and
writing. Prof. Mikael Sjödahl and Dr. Johan Casselgren assisted greatly during
the writing and data analysis process.
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Paper 2

Paper 2 further confirms the observations and assumptions from Paper 1. Ex-
perimental setup in this case was improvised in a way that viewing zenith angles
from -80◦ to 80◦, a NIR spectrometer to measure reflected light at wavelengths
from 900 nm to 1650 nm and a broadband light source were considered. The
experiments were performed in a walk-in climate chamber at NTNU, Trond-
heim. The radiative transfer solver was used to investigate the snow physical
properties. A correlation between the first two Legendre coefficients and snow
physical properties such as grain size and density was investigated using the
angularly resolved bidirectional reflectance measurements. Results in Paper 2
showed that the first coefficient is a relative estimate of the single scattering
albedo rather than an absolute estimate while second coefficient properly esti-
mates the anisotropy of snow. It was further showed how much sensitive are
these two coefficients to the snow physical properties such as grain size and
density.

Paper 2 was written in cooperation with Prof. Mikael Sjödahl, Dr. Johan
Casselgren and Dr. Johan Wåhlin. The contribution of the author was per-
forming experiments, analyse the experimental and numerical data, and main
part of the reasoning and writing.

Paper 3

Paper 3 investigates the the spectral characteristics of snow with different phys-
ical properties using the spectrally resolved bidirectional reflectance measure-
ments from snow. The bidirectional reflectance measurements at wavelengths
900 nm to 1650 nm from viewing zenith angle of 40◦. A Road Eye sensor,
which is specially developed to monitor winter roads was also used to measure
the reflected light from similar snow types. A correlation between the spectral
characteristics and snow physical properties such as density and grain size was
investigated. It was shown that there is a tendency for the bidirectional re-
flectance of snow to increase in specular direction as the snow density increases.
A linear correlation between the bidirectional reflectance and density was found.
It was shown that the Road Eye measurements are in good correlation with the
measurements from spectrometer and further suggested that the presented ap-
proach can be used to classify snow types with different physical properties.

Paper 3 was written in cooperation with Dr. Johan Casselgren and Dr.
Johan Wåhlin. The contribution of the author was performing experiments,
analyse the experimental and numerical data, and main part of the reasoning
and writing.
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a b s t r a c t

The purpose of this paper is to estimate the scattering phase function of snow from angularly resolved
measurements of light intensity in the plane of incidence. A solver is implemented that solves the
scattering function for a semi-infinite geometry based on the radiative transfer equation (RTE). Two types
of phase functions are considered. The first type is the general phase function based on a low-order series
expansion of Legendre polynomials and the other type is the Henyey–Greenstein (HG) phase function.
The measurements were performed at a wavelength of 1310 nm and six different snow samples were
analysed. It was found that a first order expansion provides sufficient approximation to the measure-
ments. The fit from the first order phase function outperforms that of the HG phase function in terms of
accuracy, ease of implementation and computation time. Furthermore, a correlation between the mag-
nitude of the first order component and the age of the snow was found. We believe that these findings
may complement present non-contact detection techniques used to determine snow properties.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The classification of snow characteristics such as density, snow
age and grain size has applications in climatology [1], avalanche
prediction [2], road safety [3] and detection of ice/snow on wind
turbine blades [4], among many others.

As of now, several non-contact detection methods estimating
snow characteristics exist. Many of these methods focus on
determining specific surface area (SSA) [5], effective particle size
[6], porosity [7] and snow pack process [8,9] from reflectance
measurements. It is furthermore known that the scattering prop-
erties of snow can be modelled using the radiative transfer
equation (RTE) which in turn depends on the scattering phase
function. A connection is therefore expected between snow char-
acteristics and the coefficients of the phase function.

The reflectance is essentially an integration of all reflected
radiation. It should therefore in principle be possible to obtain
more accurate information by looking at the angularly resolved
scattered field or parts of it. Reflectance has different nomen-
clature based on the retrieval procedure of surface reflective
properties. The reflective properties of a surface are estimated
mathematically by the bidirectional reflectance distribution func-
tion (BRDF). In this case, radiance measurements are collected
from a solid angle having a collimated light source [10]. In this

paper we investigate snow characteristics from BRDF measure-
ments, more fully described in the next sections.

Wiscombe and Warren have developed a method to calculate
the snow spectral albedo for the entire solar spectrum. In their
work they derived a model using the delta-Eddington approx-
imation for radiative transfer computations [11]. Their work is
partly based on the work of Hansen and Travis [12] where Mie
calculations are used to determine the single scattering albedo and
asymmetry parameters. Their model results are in good fit with
their experimental observations in the near IR region while the
results are sensitive to the grain size and solar zenith angle in the
IR spectrum. They have also observed a decrease in albedo due to
snow ageing in the near IR [11].

In many applications, Monte Carlo simulations are used to
estimate the phase function in single and multiple scattering
events. Piskozub et al. and Pfeiffer et al. derived an expression for
the photon direction after multiple scatterings via probability
density function. They defined the multiple scattering event by a
two-term Henyey–Greenstein (HG) phase function which is a
parametrisation of the asymmetry parameter [13,14].

In this paper we investigate properties of a low-order Legendre
expanded phase function for different snow samples. It is done by
solving the inverse problem of finding the appropriate Legendre
coefficients from a measured intensity distribution. For the sake of
simplifying comparisons we have also estimated the HG phase
function, computed the asymmetry parameter (g) and compared
the behaviour of Legendre coefficients in both the cases. We also
investigate the solutions for all the snow samples obtained from
both the phase functions.
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Section 2 describes the numerical implementation of the
inverse problem. Section 3 then describes the experimental setup,
information on various snow samples and the measurement data
processing. Section 4 describes our results in three parts. Firstly,
solutions obtained for various orders for fresh snow sample are
presented. Secondly, interdependence of Legendre coefficients is
discussed. Finally, coefficients obtained from the low-order and
the HG phase functions for all the snow samples are presented.
The solutions obtained for all the snow samples from both the
phase functions are also presented. The paper ends with our
conclusions.

2. Theory

The phase function is a fundamental concept in radiative
transfer theory [15] and is in essence a probability measure for
angular scattering of a propagating medium. A common way to
express the phase function is as a series of Legendre polynomials

pðΘÞ ¼
XN
l ¼ 0

wlPlðΘÞ; ð1Þ

where wl ¼ 0 is known as the single scattering albedo, wl ¼ 1…N are
the arbitrary parameters, Θ is the angle between incident and
reflected photon (or beam) and Pl are Legendre polynomials of
order l. Where as, the HG phase function is given by the simple
relation [16]

pðΘÞ ¼
XN
l ¼ 0

glPlðΘÞ ð2Þ

where g is known as the asymmetry parameter. This function
describing the single scattering event may then be used to calcu-
late intensity fields which involves multiple scattering [16–18].

2.1. Retrieval of the phase function

This paper focuses on the inverse problem of finding the
appropriate Legendre coefficients from an experimentally
obtained intensity distribution. This may be done by first defining
a cost function

χ ¼ E½Iexp� IRTEðw0;…;wNÞ�2: ð3Þ
The idea is to estimate the coefficients w0;…;wN which mini-

mise the mean squared error (χ) between an experimental
intensity distribution and a numerically computed intensity dis-
tribution. By solving the RTE numerically we can estimate the
coefficients w0;…;wN iteratively while minimising χ.

The minimisation is done using the trust region reflective
algorithm in Matlab by defining the linear cost function

J ¼ Iexp� IRTEðw0;…;wNÞ: ð4Þ
Furthermore the coefficients are subject to the constraints

0:0001rw0r0:9999; �1rw1…Nr1; ð5Þ
when the arbitrary low-order phase function is used. For the HG
phase function the coefficients are subject to the constraints

0:0001rw0r0:9999; �0:999rgr0:999: ð6Þ
The limitations on the coefficients w0 and g are due to singu-

larities that will arise for the cases when w0 reaches its extreme
values. These somewhat forced constraints are however highly
unlikely to affect the output parameters since some absorption or
scattering will always be present.

The radiative transfer code used in the minimisation procedure
is a special case of the widely used discrete-ordinate method.
Implementation of our RTE code is based on the discrete ordinate

plane parallel implementation by Stamnes et al. [15,17,18].
Legendre coefficients satisfy the orthogonality condition, which
gives the possibility to evaluate the norm of the phase function.

The coefficients used during the minimisation procedure are
normalised internally in the RTE-code. Based on the orthogonality
condition, the Legendre coefficients w0;…;wN have to be nor-
malised according to

~wi ¼wi
〈Pi; p〉

〈p;p〉
¼w0

w3
i

2iþ1

XN
j ¼ 0

w2
j

2jþ1
;: i¼ 0…N;

,
ð7Þ

where p is the total phase function and Pi is the ith component of
the Legendre polynomial. It should be pointed out however that all
results in this paper are presented in terms of the unscaled coef-
ficients wi. The scaled coefficients, ~wi, are only used internally by
the program.

It is furthermore of importance to ensure that the coefficients
obtained are the results of the solver finding a global minimum. In
order to ensure this a total of 50 different random starting guesses
were used. The starting guesses for w0 were taken from a rec-
tangular random distribution on [0, 1]. For the w1…N and g the
starting guesses were drawn randomly from the rectangle dis-
tribution on [�1, 1].

The program assumes a semi-infinite geometry of snow with
uniform refractive index which is included in the scattering coef-
ficients implementation. Our intention is to estimate the phase
function to model only the snow for single scattering event.

3. Experiments and measurements

In the following sections the experimental arrangement, mea-
surements and performed analysis are detailed. In Section 3.1 the
experimental setup is described while Section 3.2 defines mea-
sured snow samples. The experimental procedure and data ana-
lysis are described in Section 3.3.

3.1. Experimental setup

The experimental setup displayed in Fig. 1 consists of a freezer,
an FLIR SC7000-NIR camera, a 1 mW laser diode of wavelength
1310 nm and a snow container. The reason for this particular
choice of wavelength is that it is used in a road condition sensor
previously shown to give good results in classifying different
phases of water (dry, water, snow and ice) [19]. Note that the
wooden ruler in Fig. 1 was removed during the measurement
campaign. The temperature of the freezer was kept at �10 °C
during the measurement period. To be able to measure the angular
and spectral response of light reflection for six snow samples the
camera was mounted on a special rig as shown in Fig. 1. The
camera rig was designed in a way that the camera can be rotated

Fig. 1. The experimental setup consists of a NIR camera (1), illumination source (2),
freezer (3) and a snow container (4). Snow container has fresh snow in this figure.
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in a hemispherical plane to collect images of light reflection in the
scattered field. The camera may also be fixed at a specific zenith
angle to collect the reflected light from the snow surface within a
solid angle about this direction. The camera rotates in the plane of
incidence where the center of rotation is in the plane of the snow
surface. The laser beam was collimated and illuminates the snow
surface at the angle 45° (�γ0) relative to the surface normal. The
geometry of the experiment is shown in Fig. 2.

Light reflected from the snow surface was collected at 8 view-
ing zenith angles (γ) from �30° to þ40° with an angular interval
of 10°. Zenith angles that were towards the illumination source
were considered as negative and angles away from the illumina-
tion source were considered as positive angles. Limited zenith
angles were chosen due to our physical limitations in the freezer.
Our previous research [19] has shown that 10° of angular interval
was sufficient enough to obtain a smooth behaviour of the
scattered field.

All experiments were performed with a f-number of f/1.4 and
an integration time of 25 ms. All the snow samples were filled in a
wooden box having matte black paint on all internal surfaces to
prevent internal reflections.

3.2. Collection of snow samples

The measurement campaign presented here was performed
between 20th of April 2014 to 25th of April 2014 in a lab at Luleå
University of Technology in Sweden. Experiments were performed
on two different types of snow. The first type (labelled old snow)
was collected in January 2014 outside Luleå University of Tech-
nology and was stored in a freezer. Due to storage conditions the
old snow developed an ice layer on the top and the crystals have
changed shape. The old snow seems to be built up by small
spheroids under a microscope. The second type of snow (labelled
fresh snow) collected at the same spot right after the latest snow
fall has tendencies of a crystalline structure under a microscope.

In order to obtain additional snow samples the fresh snow was
melted naturally at room temperature for 3 h (labelled melted-1).
The fourth snow sample was obtained by letting the melted-1
snow continue to melt again naturally at room temperature for
6 more hours (labelled melted-2). The melted-2 snow was refro-
zen for one full day to obtain fifth snow sample (labelled melted-
3). To obtain the last sample the melted-3 snow was melted
naturally at room temperature for 5 h (labelled melted-4). In total
six snow samples have been obtained. Fresh snow and old snow
were the two extreme samples. The idea of having the additional
four melted samples was to investigate the transition between the
two extremes.

3.3. Measurements and data processing

For all measurements the illumination direction was fixed at
�45° and images were acquired at fixed zenith angles.

The images, I, are labelled as

Iijz ðγÞ;
γ ¼ �301; �201;…;401;

i¼ 1;2;3;

j¼ 1;2;…50;

z ¼ 1;2;…;6 ð8Þ
where γ is the measurement angle, i is the number of the mea-
surement series and j is the image number at each measurement
angle. Hence 50 images were acquired at each angle and images
from 8 angles were obtained in one measurement series. This
procedure was then repeated 2 more times to obtain 3 measure-
ment series for a given snow sample. The different snow samples
were represented by z as fresh, melted-1, melted-2, melted-3,
melted-4 and old, respectively, in the order ranging from z¼1 to 6.
One of the images acquired from the fresh snow sample is shown
in Fig. 3.

In order to obtain a representative intensity value (Rij
z ðγÞ) from

each image, a desired area was first defined using a thresholding
algorithm. Afterwards, the mean of the intensity values in this
truncated area was considered as a representative intensity value.
The reason for truncating every image was to eliminate the noise
around the spot and to get a more stable reading of the intensity in
an image.

In this way, 50 representative intensity values for each angle in
a measurement series were calculated. One measurement series
takes about 15 min to perform for all the eight angles, where a
measurement series always starts from the angle γ¼ �30° and
goes to the angle γ¼40° in steps of 10°. Three measurement series
were obtained this way for each snow sample during a time frame
of about 45 min in total. It means that 150 images were acquired at
each γ for a given snow sample. The representative intensities
from these three measurement series for all the snow samples are
presented in Fig. 4.

From the 50 representative intensity values for each γ in a
measurement series, a mean value was calculated as:

Ti
zðγÞ ¼

X50
j ¼ 1

Rij
z ðγÞ
50

; ð9Þ

for each snow sample. This way, three measurement series T1
z ðγÞ,

T2
z ðγÞ and T3

z ðγÞ were obtained for each snow sample.

Fig. 2. Schematic sketch of the experimental setup. Θ is the angle between the
incident and reflected beam. γ represents the viewing zenith angle. 0

1000

2000

3000

Fig. 3. An image (I3231 ð401Þ) obtained for the fresh snow sample. The colorbar
represents the intensity [arbitrary units]. The dashed box represents a truncated
area chosen to calculate a representative intensity value.
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Fig. 4. Representative intensity values obtained at eight zenith angles for six snow samples. (a), (b), (c), (d), (e) and (f) represent the data obtained for snow samples as fresh,
melted-1, melted-2, melted-3, melted-4 and old, respectively.

Fig. 5. (a), (b) and (c) show the mean7sd of 50 representative intensity values at each γ in the respective measurement series for melted-3 snow sample. (d) Shows the
mean 7 sd of all 150 representative intensity values at each γ for melted-3 snow sample.
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Furthermore, a representative value (TzðγÞ) for a given snow
sample and angle was calculated as the mean of the 150 repre-
sentative intensity values at each γ for a snow sample

TzðγÞ ¼
X3
i ¼ 1

X50
j ¼ 1

Rij
z ðγÞ
150

: ð10Þ

The standard deviation (sd) of the 50 representative intensity
values at each γ in a measurement series is expected to be low
wherefore a sufficient snap shot of the intensity is expected. As an
example, the mean 7sd of 50 representative intensity values at
each γ in a respective measurement series for melted-3 snow
sample is presented in Fig. 5(a)–(c). In comparison, the sd of the
150 representative intensity values at each γ for a given snow
sample is considerably larger as it is associated with repositioning
uncertainty and natural variations over the time frame considered.
As an example, the mean7sd of the 150 representative intensity
values at each γ for melted-3 snow sample is presented in Fig. 5(d).

As a final step before sending the T1
z ðγÞ, T2

z ðγÞ, T3
z ðγÞ and TzðγÞ

distributions to the solver all intensity values were normalised by
the maximum intensity value in the respective series. The moti-
vation behind this rather arbitrary normalisation procedure is to
investigate the possibility to extract useable information about the
snow samples based on the variation in scattering intensity within
a given angular window. It is therefore useful to have the different
averaged measurement samples scaled similarly. The normalised
intensity values in a series were thereafter sent to the RTE solver
to obtain the Legendre coefficients for the chosen
approximation order.

In this investigation orders corresponding to N¼1 up to N¼6 in
Eq. (1) were considered. The low-order phase function provides
the number of Legendre coefficients (w0,…,wN) based on the given
order. In the case of the HG phase function, N¼50 is used to
provide a sufficient approximation for the two coefficients (w0 and
g). These coefficients were later used to plot the estimated solu-
tions to the experimental data.

4. Results and discussion

4.1. Solutions by arbitrary orders of the phase function

Solutions obtained for given orders for the normalised T1ðγÞ
intensity distribution are presented in Fig. 6. Error bars represent
the mean7sd of the normalised T1ðγÞ intensity distribution.

It is evident from Fig. 6 that the solver calculates the coeffi-
cients in such a way that the best solution can be approximated for
the measured data irrespective of the given order. One can observe

from Fig. 6 that a low-order approximation is in good fit with the
experimental data. This observation is in good agreement with the
behaviour mentioned by Chandrasekhar [16] that the first two
coefficients (w0 and w1) can provide adequate amount of infor-
mation about the light scattering.

Therefore a first order phase function ðN ¼ 1Þ is often sufficient
to find a good enough approximation to the true solution. In
comparison, the HG phase function also provides two coefficients
(w0 and g) that are often found to give sufficient approximations.

4.2. Interdependence of Legendre coefficients

A low-order phase function specifically, a first order phase
function (N¼1) is often sufficient to find an approximate solution.
However, it is important to understand the behaviour of the two
coefficients (w0 and w1) and their role in finding the optimum
solution.

Solutions for the isotropic case ðN ¼ 0Þ obtained from the solver
for various single scattering albedo (w0) values starting from 0 to
1 are presented in Fig. 7. The solutions are presented to under-
stand the behaviour of the solutions for different w0 values in a
broader sense.

One can see from Fig. 7 that the variation between the solu-
tions is significant for higher w0 values in comparison to that of
lower values. The shape of the solution varies significantly for the
w0 values between 0.99 and 1. However, the shape of the solution
is in principle similar for all the w0 values below 0.9, it is mainly
the absolute level that varies. It should also be pointed out that the
solutions obtained from the solver for various w0 values corre-
spond to the solutions shown in the text book of Radiative Transfer
by Subrahmanyan Chandrasekhar [16]. One can also observe from
Fig. 7 that the w0 value plays an important role in determining the
curvature of the solution.

Fig. 8 shows the significance of w0, w1 and w2 coefficients in
deciding the fit of the solution. As discussed above w0 decides the
curvature of the solution. In contrast w1 determines the anisotropy
of the scattering. Positive values of w1 induce forward scattering
and negative values induce backward scattering as presented in
Fig. 8. Furthermore additional coefficients (w2,…,wN) will only
provide minute fitting improvements to the solution.

It should be noted that the coefficients (w0,…,wN) are inde-
pendent of each other which means each of these coefficients has
a specific purpose in finding the optimum approximation for the
true solution. As the orders higher than N¼1 only provide minute
improvements to the solution. Therefore the first order phase
function and the HG phase function will be considered in the
following.

Fig. 6. Solutions obtained for first order phase function (N¼1) to order 6 (N¼6) for
the fresh snow sample. Experimental data represent the mean7sd of the nor-
malised T1ðγÞ intensity distribution.

Fig. 7. Solutions obtained for an isotropic case (N¼0). Angles between the two
vertical dotted lines are the ones that are considered in this paper.
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4.3. Estimated Legendre coefficients and solutions

Four intensity distributions (T1
z ðγÞ, T2

z ðγÞ, T3
z ðγÞ and TzðγÞ) for

each snow sample were solved separately after performing the
normalisation. Every snow sample therefore has four sets of w0, w1

for the first order phase function and four sets of w0, g for the HG
phase function. These estimations are presented in Fig. 9.

The first three bars for each snow sample in Fig. 9 represent the
estimated coefficients obtained from the measurement series in
the order of T1

z ðγÞ, T2
z ðγÞ and T3

z ðγÞ, respectively. The fourth bar
(grey bar) represents the coefficient obtained from TzðγÞ.

It should be noted that both the phase functions are in good
agreement with the experimental data. However, the mean
squared error (χ) values are in general lower for the low-order
phase function than those of the HG phase function. As an
example, the value of χ is 4n10�4 for the low-order phase function
while it is 14n10�4 for the HG phase function in the case of the
fresh snow sample. Lower values of χ imply that the approxima-
tions from the low-order phase function are comparatively better

than the approximations from the HG phase function. Further-
more, the computation time to obtain coefficients from the first
order phase function takes about 2 min whereas it takes about 1 h
in the case of the HG phase function. Note that the calculations
have been performed on a windows 7 computer with a 2 core
2.7 GHz processor.

Due to the arbitrary intensity normalisation, the w0 parameter
will provide little insight into the physical properties of the snow.
In practice the solver treats w0 parameter as a measure of the
curvature of the solution rather than the albedo of the snow
sample. As shown in Fig. 7 the curvature changes very little within
the measurement window for albedos below 0.9, which makes the
estimation of w0 susceptible to measurement noise. The value of
the albedo provided by the solution is therefore expected to vary
significantly between the different measurement series, which
does not reflect the physical situation. In reality the albedo should
be in the order of 0.2–0.7 for the snow sample at the wavelength
used [11]. To get a more reliable estimate of the albedo, addi-
tionally an intensity reference measurement should be performed
and a broader range of zenith angles should be measured.

One can see in principle, a linear increase in w1 values in Fig. 9
(b) with respect to snow age. The reason is due to increased for-
ward scattering as the snow matures. This may be due to the
formation of an ice layer on the top, a relative increase in liquid
water and/or the formation of spherical ice crystals. This infor-
mation is however missed from the HG phase function approx-
imations (see Fig. 9(d)).

It is observed from the estimated w1 value of Melted-3 and the
Old snow sample in Fig. 9(b) that both the samples have equal
amount of forward scattering dominance. Based on visual
inspection, these two samples have a thick layer of ice on top
therefore it is expected that these samples are microscopically
similar. In this situation the solution could not distinguish
between the two samples.

In contrast to the estimation of w1, the estimation of g shows
almost a constant value for all the snow samples (see Fig. 9(b) and
(d)). All measurement variation is essentially controlled through
the albedo parameter w0. In this case therefore the HG phase
function will be unable to correct for small changes in the asym-
metry between the different snow samples. The reason for this

Fig. 8. Significance of coefficients in providing the fit. (a) Portrays the dominance of
backward scattering and (b) portrays the dominance of forward scattering. w0, w1

and w2 represent the zero, first and second order coefficients, respectively.

Fig. 9. Coefficients obtained for the normalised intensity distributions T1
z ðγÞ, T2

z ðγÞ, T3
z ðγÞ and TzðγÞ. F, M-1, M-2, M-3, M-4 and O represent the snow samples as fresh, melted-

1, melted-2, melted-3, melted-4 and old, respectively. w0 and w1 are the single scattering parameters and g is the asymmetry parameter. (a) and (b) are plots of the
coefficients obtained from the first order phase function. (c) and (d) are plots of the coefficients obtained from the HG phase function.
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discrepancy is most probably that the estimate of g is bounded by
the N ¼ 50 term expansion in Eq. (2) that makes the solution stiff.
This stiffness is the main reason why the χ value becomes larger
for the HG phase function compared to the low-order phase
function.

As concluded above, the first order phase function provides
comparatively better approximations than the HG phase function.
It is indeed important to observe how well these approximations
provide fits to the experimental data. Therefore, solutions from the
first order phase function and the HG phase function for TzðγÞ
intensity distributions are presented in Fig. 10. Error bars represent
mean 7 sd of the normalised TzðγÞ intensity distribution for the
respective snow sample.

One can observe in Fig. 10 that solutions from both the phase
functions are in good agreement with the experimental intensity
distribution. However, solutions from the first order phase func-
tion fit better to the experimental data than those from the HG
phase function. Furthermore, fits from the first order phase func-
tion visibly capture the variation within the experimental data. As
an example, the solution from the first order phase function for
the melted-4 sample in Fig. 10(d) properly catches the forward
scattering dominance while this effect is not fully accounted by the
HG phase function.

5. Conclusions

In this paper a solver was implemented for angularly resolved
measurements of scattered light intensity. The solver was eval-
uated using measurements from six different semi-infinite snow
samples at the wavelength 1310 nm. The purpose of the solver is
to estimate parameters of an approximate single scattering phase
function using the radiative transfer equation for a flat semi-
infinite geometry. Two types of phase function were evaluated.

The first type is the general phase function based on a low-order
series expansion of Legendre polynomials and the other type is the
HG phase function.

It was found that the first order phase function ðN ¼ 1Þ provides
sufficient approximation to the measurements. The two coeffi-
cients (w0 and w1) obtained from the first order phase function are
sufficient to show the correlation to the experiments and they also
exhibit a good physical interpretation.

Further, a correlation between the age of the snow and the
magnitude of w1 was found. This gives a possibility to distinguish
different snow samples and to evaluate the transition between
two extreme snow samples.

The solver provides consistent and reliable single scattering
estimations from the experimental data. Furthermore, the solu-
tions from the low-order phase function fit better to the measured
intensity distributions than the HG phase function and outper-
forms that of the HG phase function, in terms of accuracy, ease of
implementation and computation time.

We believe that these findings already may complement pre-
sent non-contact detection techniques used to determine proper-
ties of snow.
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Abstract

Angularly resolved bidirectional reflectance measurements were modelled by ap-

proximating a first order Legendre expanded phase function to retrieve single

scattering properties of snow. The measurements from 10 different snow types

with known density and specific surface area (SSA) were investigated. A near

infrared (NIR) spectrometer was used to measure reflected light above the snow

surface over the hemisphere in the wavelength region 900 nm to 1650 nm. A

solver based on discrete ordinate radiative transfer (DISORT) model was used

to retrieve the estimated Legendre coefficients of the phase function and a cor-

relation between the coefficients and physical properties of different snow types

is investigated. Results of this study suggest that the first two coefficients of

the first order Legendre phase function provide sufficient information about the

physical properties of snow where the latter captures the anisotropic behaviour

of snow and the former provides a relative estimate of the single scattering

albedo of snow. The coefficients of the first order phase function were com-

pared with the experimental data and observed that both the coefficients are

in good agreement with the experimental data. These findings suggest that our

approach can be applied as a qualitative tool to investigate physical properties

of snow and also to classify different snow types.
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1. Introduction

In research dealing with models to approximate physical properties of snow

one important aspect is often the angular and spectral structure of snow’s bidi-

rectional reflectance distribution function (BRDF) [1, 2]. The BRDF describes

a surface reflectance as a function of illumination and viewing angles apart from5

the wavelength. The corresponding retrieval models for single and/or multiple

scattering are mostly based on ray tracing (e.g., Monte Carlo method) [3, 4, 5]

or the discretisation of a standard variation of the radiative transfer equation

(e.g., discrete-ordinates method (DISORT))[6, 7, 8]. Solutions to the radiative

transfer in snow based on the DISORT method involves estimating a scattering10

phase function, which describes the angular distribution of scattered radiation

from a given medium at a given wavelength [9, 10]. A scattering phase function

can be expanded as an infinite series of Legendre polynomials and a relation be-

tween Legendre coefficients of the phase function and snow physical properties

is therefore expected [11].15

Several studies have concluded that the spectral bidirectional reflectance of

snow can be coupled to radiative transfer calculations in order to investigate

the physical properties such as snow grain size, roughness, impurity content

and cloud cover. These models assume spherical snow grains and were based

on δ-Eddington approximation for multiple scattering and Mie theory for single20

scattering [12, 13, 14]. Aoki et al [15] measured spectral albedo and bidirec-

tional reflectance on flat snow in the wavelength region 350 nm to 2500 nm, and

analysed the effect of grain size on the observations. They showed that the nor-

malised BRDF of snow agreed better with the Henyey-Greenstein (HG) phase

function rather than with the Mie phase function. Warren [16] reviewed the25

snow albedo dependence on wavelength, solar zenith angle, cloud cover, snow

pack thickness and snow density. He also reported that these parameters can
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be interpreted by a single or multiple scattering radiative transfer theory. Li

and Zhou [17], and Painter and Dozier [18] simulated respectively hemispheri-

cal directional reflectance using the DISORT and the bidirectional reflectance30

using the adding-doubling method [19]. They showed that their models have

better agreement with spherical medium grain snow than non-spherical. They

also noticed that accurate computation of single scattering properties such as

single scattering albedo, asymmetry parameter and phase function is essential

to simulate snow bidirectional reflectance accurately. Xie et al [20] compared35

the applicability of three radiative transfer models : DISORT, adding-doubling

method and Mishchenko model [10]. They further investigated the sensitivity of

snow’s bidirectional reflectance to its single scattering properties and concluded

that accurate computation of single scattering properties from snow’s BRDF is

essential in order to investigate the sensitivity of grain shape and grain size.40

All these studies lead to a conclusion that the angularly and spectrally re-

solved bidirectional reflectance measurements can be accurately modelled and a

scattering phase function can be approximated to investigate single scattering

properties of snow. There are common analytic functions to approximate the

true scattering phase function of snow such as HG phase function, modified45

HG phase function and Legendre expanded phase function [21, 22, 23]. Pfeiffer

and Chapman [23], and Piskozub and McKee [24] have investigated a multiple

scattering problem by a one-term and two-term HG phase function and com-

pared the results with the Monte Carlo simulations. They showed that the

HG phase function can provide a theoretical basis for the multiple scattering50

case. Wiscombe and Warren [12, 13] modelled snow reflectance measurements

using a two-stream radiative transfer model. One of their findings was that the

single scattering albedo decreases and the asymmetry parameter increases as

snow grain size increases. Several studies have showed that the one parameter

HG phase function is sufficient to approximate the scattering direction in terms55

of backward or forward peak scattering [10, 15, 25, 26]. Our previous study

[11] showed that the first two coefficients of the first order Legendre expanded

phase function can be an estimates of the asymmetry parameter and possibly
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the single scattering albedo with an improved experimental design.

The present study involves investigating a relation between the measured60

bidirectional reflectance of various snow types and the first two coefficients of

the first order Legendre phase function. The presented bidirectional reflectance

measurements were obtained for 10 different snow types in a walk-in climate

chamber using a NIR spectrometer in the wavelength region 900 nm to 1650

nm.65

The paper is organised as follows. The theoretical considerations of the bidi-

rectional reflectance of snow and the radiative transfer model are described in

section 2. In section 3 experimental design, measured snow types and measure-

ment approach are detailed. In section 4 results of the work are presented while

discussions of the observations are detailed in section 5. Finally, the conclusions70

are given in section 6.

2. Theoretical considerations

2.1. Bidirectional reflectance

The BRDF is a common method to model the bidirectional reflective prop-

erties of a matter. The bidirectional reflectance measurements are observed in75

an infinitesimally small solid angles considering both incoming light and outgo-

ing light as directional. The bidirectional reflectance of the matter is essentially

related to the absorption, reflectance and roughness of the matter. Therefore,

these measurements provide essential information on the optical properties of

the matter. It is in principle not possible to measure reflected light within an80

infinitesimally small solid angle, therefore reflectance quantities in this study are

measured within finite solid angles. Integration over all the finite solid angles

describes the total reflectance properties of a matter [27, 28, 29].

The BRDF is defined as the ratio of the radiance reflected (Lr) into a specific

direction (Θr) to the incident irradiance (Ei) coming from a particular direction85
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(Θi),

BRDFλ(Θi,Θr) =
dLr(Θi,Θr;λ)

dEi(Θi;λ)
[sr−1]. (1)

The λ in equation 1 specifies that the BRDF is further resolved in wave-

length. For practical reasons the BRDFλ specified in this study is normalised

by a bidirectional reflectance measurement from a pack (2cm thick) of white

papers. More details are given in section 3.1. The BRDF is further referred by90

the bidirectional reflectance in this study.

2.2. Radiative transfer model

The model/solver used in this study is based on the radiative transfer theory

[6] and a special case of the DISORT method developed by Stamnes et al [8].

This model was developed to describe the single scattering of radiation in a95

snow pack, assumed to be plane parallel and having semi-infinite optical depth.

In the DISORT method, integral terms in the radiative transfer equation are

approximated with a numerical quadrature sum converting into a system of

ordinary differential equations. The description of the radiative transfer model

we developed is detailed in our previous work [11].100

The scattering phase function is a fundamental concept in the radiative

transfer theory and describes the angular distribution of scattered photons in

the case of a single/multiple scattering event. The scattering phase function is

usually specified in terms of its Legendre polynomial expansion coefficients,

p(Θ) =
N∑
l=0

wlPl(cosΘ), (2)

where wl=0 is the single scattering albedo, wl=1 is the asymmetry parameter,105

Pl(cosΘ) are Legendre base functions, N is the order of the phase function and

Θ is the relative scattering angle.

Our previous work [11] showed that the first order phase function (N=1) is

sufficient to investigate snow physical properties based on the Legendre coeffi-
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cients. Therefore the Legendre phase function is approximated by its first two110

moments and only the coefficients w0 and w1 are considered in this study.

Our model solves an inverse problem of finding the scattering phase function

from the angularly and spectrally resolved bidirectional reflectance measure-

ment. This is done by defining a cost function which iteratively minimises the

the mean squared error (χ) between an experimental dataset and a solution to115

the RTE, by finding the correct Legendre coefficients w0, w1. The solver takes

random initial values for the coefficients and solves the inverse problem until a

global minimum of χ is obtained.

χ = E[Iexp − IRTE(w0, w1;λ)]
2. (3)

Furthermore, the coefficients are subject to the constraints

0.0001 ≤ w0 ≤ 0.9999,−1 ≤ w1 ≤ 1. (4)

The physical meaning of the coefficient w0 = 1 is that all energy that eneters120

a small volume is completely scattered while w0 = 0 means total absorption.

The coefficient w1 = -1 models complete backscattering and w1 = 1 complete

forward scattering. It was shown in our previous work that the coefficients w0

and w1 provides valuable information about the optical characteristics of a snow

pack [11].125

3. Methods and experiments

In the following sections the experimental setup, classification of snow types

and measurement procedure are detailed. In section 3.1 the experimental setup

is explained. Classification of measured snow types is detailed in section 3.2.

The measurement approach and data processing are explained in section 3.3.130

3.1. Experimental setup

The experimental setup shown in Figure 1 consists of a freeze box, an illu-

mination source and a NIR spectrometer. A NIR InGaAs spectrometer (STE-

DWARF-Star NIR) with an extra aperture (field of view 3◦, ∅5 mm) was used to

6



measure the bidirectional reflectance from snow surfaces within the wavelength135

range 900 nm to 1650 nm with spectral resolution of 1.75 nm. The illumina-

tion source was a 150 W EKE quartz halogen lamp (MI-150, Edmund optics)

coupled with a ∅6.35 mm fiber optic light guide. The output was focused by

a focusing assembly (focal length 40 mm, ∅30 mm) on the center of the snow

surface. The illumination source forms a bright spot of ∅12 cm on the snow140

surface.

Adjustable lift 

Snow sample 

Detector adjustable 
at angles with 
respect to the normal 

Normal to the 
snow surface 

-��

Freeze box 

-45° 
���

5°55°45-4545
--�������������

(a) Sketch of the experimental setup (b) setup in the climate chamber

Figure 1: Experimental setup consists of a NIR spectrometer, a freeze box, an illumination

source and snow sample. Each snow sample was of size L29 cm x W20 cm, while the sample

height varies along with the level of compression (look at Table 1).

A special rig was built and attached to the freeze box (as shown in Figure

1(b)) in order to measure the bidirectional reflectance over the upward hemi-

sphere in the plane of illumination using the spectrometer. The spectrometer

probe was mounted on a radial arm at 33 cm from the snow surface giving a145

measurement area of ∅1.72 cm within the illumination spot. The rig arm rotates

in the plane of incidence where the center of rotation was in the plane of the

snow surface. A removable scissor lift jack was used to adjust the height of the

snow surface. To prevent multiple scatterings from the freeze box or between
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the freeze box and snow, all internal surfaces were painted matte black.150

The integration time of the spectrometer was set to 3 seconds to reduce

noise to its lowest possible value and to avoid saturating the detector. The

experiments were performed in the walk-in climate chamber with a temperature

of -10 ±1 ◦C.

The viewing zenith angles towards the illumination source were considered155

as negative angles (−γ) and angles away from the illumination source were con-

sidered as positive angles(γ). A reference and dark spectrum were recorded

before the actual bidirectional reflectance measurement from each snow type.

A reference spectrum was obtained by taking the bidirectional reflectance mea-

surement from a pack (2cm thick) of white papers at nadir angle. The pack160

of white papers were stacked in the sample holder such that the white papers

surface was in the same plane as the rig’s center of rotation. A pack of white

papers was used as a standard surface to normalise all the snow measurements

in this study. Furthermore a dark spectrum was also obtained by turning the

illumination source off.165

3.2. Snow types classification

The measurements were carried out in the walk-in climate chamber at NTNU,

Trondheim from 28th of September 2015 to 2nd of October 2015. The snow used

in this study was produced using a machine built on the principles presented by

Schleef et al [30], giving dendritic snow similar to what falls during a snowfall.170

The snow was classified according to the international classification of sea-

sonal snow on the ground [31] and further characterised by measuring its SSA

[32]. SSA is an essential microstructure parameter to characterise the radiative

transfer properties of snow [16]. An Infrasnow instrument was used to calcu-

late the SSA of a given snow type with known density. The Infrasnow device175

uses one integrating sphere serving both as a diffuse illumination source with

a standard NIR LED at 950 nm and as a diffuse reflectance detector with a

photodiode. The reflectance measurements from the Infrasnow device and the

measured density values were further used to calculate the SSA of a given snow
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type [33].180

The snow types in this study were divided into three main classes dendritic,

granular and spring snow as shown in Table 1. The international classifica-

tion for these snow classes were DFdc, RGsr and RGlr, respectively. In words:

Decomposing and fragmented precipitation particles - partly decomposed pre-

cipitation particles, Rounded grains - small radius and Rounded grains - large185

radius.

Grain size is not an optimal description of snow, since it will have differ-

ent definitions depending on the type of snow (dendritic, decomposed, needles,

rough grains and round grains). Instead snow is often characterised by its SSA

[34], as the SSA has been shown to relate well with properties and processes190

important for snow, such as compacted hardness [35], metamorphosis and sin-

tering [36], and albedo [37]. Because of this, we chose to classify the snow by

it SSA (measured with Infrasnow), its type (according to international classifi-

cation) and its density, and no effort was made to measure the snow grain size

distribution.195

The produced snow was then allowed to age at different temperatures and

times to produce a total of 5 different snow types (D1:90, D2:160, D3:220, G:430

and S:510 in Table 1). G:430 was granular snow with density 430 kg/m3 and

S:510 was spring snow with density 510 kg/m3. Snow types D1, D2 and D3 were

produced from dendritic snow and the numbers represent respective density200

value. D1:90 was freshly prepared snow and measurements performed right

after. Snow type D2:160 was in a freezer over a month before measurements were

performed. Furthermore, D3:220 was prepared by packing D2:160 in the sample

holder and it was kept overnight in the climate chamber before measurements.

In addition, snow type D1:90 was compacted at the pressure level 50 kN and205

snow types D2:160, D3:220 were compacted at the two pressure levels 50 kN

and 200 kN, respectively using a MTS uniaxial load frame located inside the

climate chamber. This produced an additional five snow types (D1:340, D2:520,

D2:790, D3:480 and D3:660 in Table 1) giving a total of 10 different snow types.

More details on the snow types parameters are given in Table 1.210
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Table 1: Measured snow types along with their density, SSA values and sample height.

Description Type:Density SSA Height

(Class) [kg/m3] [m2/kg] [cm]

Dendritic fresh Uncompressed D1:90 73 5

(DFdc) Compressed 50 kN D1:340 60 1.4

Dendritic aged Uncompressed D2:160 36 5

(DFdc) Compressed 50 kN D2:520 28 2.2

Compressed 200 kN D2:790 9 1.3

Dendritic old Uncompressed D3:220 28 5

(DFdc) Compressed 50 kN D3:480 24 2.5

Compressed 200 kN D3:660 17 1.8

Granular Uncompressed G:430 22 5

(RGsr)

Spring Uncompressed S:510 5 5

(RGlr)

3.3. Measurements and data processing

The bidirectional reflectance from snow surfaces was measured at viewing

zenith angles (γ) from −80◦ to 80◦ with an angular interval of 10◦ while keeping

the illumination source fixed at −45◦ as shown in Figure 1(a). A measurement

run was started with the spectrometer probe at a viewing zenith angle of −80◦215

and continued at 10◦ intervals through nadir up to 80◦ in the anti-illumination

direction. Our previous work [11, 38] showed that the angular interval of 10◦

was sufficient to record measurable and perceptible reflected light from snow

surfaces, see Figure 2. A bidirectional reflectance spectrum from 900 nm to
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1650 nm was obtained at each of the viewing angles. This procedure was then220

repeated two more times such that 3 measurement runs were obtained for each of

the snow types. It takes approximately 15 minutes to obtain three measurement

runs including a reference and dark spectrum for a given snow type.

The angularly resolved bidirectional reflectance measurements (R) are la-

belled as225

Ri
k(λ, γ),

γ = −80◦,−70◦, ..., 80◦,

λ = 900.50 nm, 902.25 nm, ..., 1649.50 nm,

i = 1, 2, 3,

(5)

where γ is the viewing zenith angle, λ is the wavelength, i is the number

of measurement run and k represents the snow type, see Table 1. In all the

measurements the illumination angle was fixed at −45◦ to the surface normal.

A mean bidirectional reflectance measurement (M) was then calculated from

the 3 measurement runs for each snow type,230

Mk(λ, γ) =
3∑

i=1

Ri
k(λ, γ)

3
. (6)

The mean bidirectional reflectance measurements (Mk(λ, γ)) for snow types

D1:90, D2:160 and D2:790 at wavelengths 1120 nm and 1550 nm are shown

in Figure 2. Note that the error bars in Figure 2 represent the minimum and

the maximum at the specific data point. The measurements presented in Fig-

ure 2 can be taken as a representation of the mean bidirectional reflectance235

measurements for the rest of the snow types at all the wavelengths. One can

immediately observe that the snow types absorb more light at longer wavelength

than at shorter wavelength. The snow type D1:90 exhibits slight forward scat-

tering, the snow type D2:160 exhibits backward scattering and the snow type

D2:790 exhibits forward scattering behaviour. Due to the storage conditions,240

type D2:160 appeared to be composed of large spherical grains which might

be the reason for the light to reflect back in the illumination direction. Type
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D2:790 was compressed and had a flat icy surface which favoured more forward

scattering.
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Figure 2: Angularly resolved measurements in subplots (a), (b) and (c) represent data for snow

types D1:90, D2:160 and D2:790 at 1120 nm and 1550 nm wavelengths, respectively. Note

that these measurements were raw data and error bars show the minimum and the maximum

at the specific data point.

As a final step, the angularly resolved bidirectional reflectance data Mk(λ, γ)245

were fed into the solver to obtain the Legendre coefficients w0, w1 by approxi-

mating the first order phase function based on Equation 2.

4. Results

Results of this study are organised as follows. Analysis of the experimental

measurements is detailed in section 4.1. Measured bidirectional reflectance spec-250

trum in the specular direction is presented in subsection 4.1.1 while anisotropic

behaviour of snow types based on the experimental measurements is detailed in

subsection 4.1.2. Estimated Legendre coefficients from the model are presented

in section 4.2. Estimated values of the first Legendre coefficient (w0) are pre-

sented in subsection 4.2.1 and in subsection 4.2.2 estimated values of the second255

Legendre coefficient (w1) are presented.
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4.1. Experimental measurements

4.1.1. Measurements in the specular direction

The mean bidirectional reflectance measurements of all the snow types from

the specular direction at 40◦ are presented in Figure 3. One can observe from260

Figure 3 that all the snow types exhibit similar spectral features. Only the

magnitude of the reflected light varies due to their individual absorption char-

acteristics.
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Figure 3: The bidirectional reflectance spectrum of all the snow types in the specular direction

at 40◦. D1, D2 and D3 were the dendritic snow types with density variations. G:430 and

S:510 were the granular and spring snow types, respectively.

Data in Figure 3(a) represents the measured bidirectional reflectance spec-

trum of snow types D1:90 and D1:340 as these were produced from dendritic265

fresh snow. Data in Figure 3(b) represents the measured bidirectional re-

flectance spectrum of granular snow G:430 and spring snow S:510 as these snow

types were composed of individual spherical grains. Data in Figure 3(c) rep-

resents the measured bidirectional reflectance spectrum of D2:160, D2:520 and

D2:790 as these were produced from dendritic aged snow. Data in Figure 3(d)270

represents the measured bidirectional reflectance spectrum of D3:220, D3:480

and D3:660 as these were produced from dendritic old snow.
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As expected the snow type S:510 has higher absorption characteristics than

the other snow types as S:510 consists of large individual spherical grains and

these larger grains tend to absorb more light than snow consisting of smaller275

grains, see Figure 3(b). As described earlier, the snow type D2:160 was com-

posed of irregularly-shaped grains that were lumped together due to storage

conditions. One can observe in Figure 3(c) that snow type D2:160 exhibits

absorption characteristics similar to snow type S:510.

One common observation among similar snow types in Figures 3(a), 3(c) and280

3(d) was that in principle the spectra of bidirectional reflectance increases in

height with increasing density especially in the high absorption region. This is

understandable as increase in density through compression results in a smoother

and flatter snow surface, which enhances forward scattering behaviour.

All the snow types show relatively low absorption characteristics in the wave-285

length region 900 nm to 1430 nm and high absorption characteristics in the

wavelength region 1440 nm to 1650 nm. Uncompressed snow types where grain

size is a prominent parameter, are well distinguishable in the low absorption re-

gion, see Figure 3(b). Compressed snow types where density and surface texture

are prominent factors, are well distinguishable in the high absorption region, see290

Figures 3(c) and 3(d). Furthermore, the compressed snow types show very small

differences in the low absorption region while they were well separated in the

high absorption region. Thus one can focus on two wavelength bands in the

low absorption region and one wavelength band in the high absorption region to

investigate the influence of grain size and density on the BRDF measurements.295

Therefore in sections 4.1.2 and 4.2.2, measured bidirectional reflectance and es-

timated Legendre coefficients at three wavelength bands 980 nm, 1310 nm and

1550 nm are presented.

4.1.2. Anisotropic bidirectional reflectance

In order to investigate the anisotropic bidirectional reflectance of the snow300

types, difference between the mean bidirectional reflectance measurement at the

specular direction (Mk(λ, 40)) and that of at the backward direction (Mk(λ,−40))
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is presented for all the snow types in Figure 4. The bidirectional reflectance mea-

surements at wavelength bands 980 nm, 1310 nm and 1550 nm were considered

in this section. Positive value of the difference refers to a forward scattering305

case while negative value refers to a backward scattering event.

980 1310 1550

λ (nm)

0

0.05

0.1

0.15

0.2

M
(4
0
)
-
M

(−
4
0
) (a )

D1:90

D1:340

980 1310 1550

λ (nm)

-0.2

-0.1

0

0.1

M
(4
0
)
-
M

(−
4
0
) (b)

S:510

G:430

980 1310 1550

λ (nm)

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

M
(4
0
)
-
M

(−
4
0
) (c )

D2:160

D2:520

D2:790

980 1310 1550

λ (nm)

0

0.1

0.2

0.3

M
(4
0
)
-
M

(−
4
0
) (d)

D3:220

D3:480

D3:660

Figure 4: Difference in mean bidirectional reflectance between the specular direction and that

of at the backward direction for all the snow types. Measurement data at wavelength bands

980 nm, 1310 nm and 1550 nm is presented.

Figures 4(a), 4(c) and 4(d) further show that the bidirectional reflectance of

snow types in the specular direction increases with increase in the density and

decrease in the SSA. One can observe in Table 1 that the SSA of a snow type

decreases as the density increases. Therefore the linear correlation between the310

bidirectional reflectance and density can be correlated to the variations in SSA.

Figure 4(b) shows that the granular (G:430) and the spring snow (S:510)

that were composed of individual spherical snow grains tend to favour strong

backward scattering characteristics. However S:510 was composed of individual

larger grains and these grains absorb more light than reflecting it. Thus the snow315

type S:510 exhibits relatively low backward scattering behaviour compared to

the snow type G:420 which was composed of individual smaller grains.

Figure 4(c) shows that the snow type D2:160 tend to favour strong backward
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scattering while compression makes the surface flatter and results in enhanced

forward scattering. As described earlier, D2:160 aged in a freezer for a month320

and grain size normally increases through metamorphosis process as irregularly-

shaped snow grains were lumped together. The measured part of the snow sur-

face might have significant surface variation which may cause the bidirectional

reflectance peak in the backward scattering angle.

Figure 4(d) shows that the snow type D3:220 tend to favour slight forward325

scattering. As mentioned earlier, D3:220 was prepared by packing D2:160 in

the sample holder and let to age in the climate chamber overnight before the

measurements were performed. Due to this process, the snow surface appeared

to develop a very thin ice layer as the irregularly-shaped grains were melted and

this may cause the light to reflect more in the specular direction than in the330

backward direction.

4.2. Approximated Legendre coefficients from the phase function

Measured mean bidirectional reflectance measurements (Mk(λ, γ)) of all the

snow types at several wavelengths were sent to the solver to obtain two estimated

coefficients. Measured data and the vales of w0 at wavelength bands 980 nm,335

1030 nm, 1086 nm, 1121 nm, 1163 nm, 1205 nm, 1240 nm, 1275 nm, 1310 nm,

1380 nm, 1422 nm, 1450 nm, 1485 nm, 1520 nm, 1550 nm, 1583 nm, 1621 nm

and 1650 nm was used in this section.

In this section, estimated values of the Legendre coefficients w0 and w1 at

several wavelengths are presented and the correlation between the coefficients340

and the experimental observations is also detailed. The results showed that

the solver estimates the coefficients with good accuracy and computation time

observed to be 31 seconds to obtain the two Legendre coefficients for a snow

type at a single wavelength. Note that the calculations were performed on a

windows 7 computer with a 2 core 2.7 GHz processor.345
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4.2.1. Estimated first coefficient (w0)

The estimated first coefficient (w0) of the first order Legendre phase function

at several wavelengths is presented in Figure 5. The coefficient w0 from the

solver can be an estimate of single scattering albedo of a given snow type. These

estimation values of the w0 can be compared and correlated to the experimental350

measurements from Figure 3.
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Figure 5: Estimated first coefficient (w0) of the first order Legendre phase function for all the

snow types at several wavelengths. Legendre coefficients are estimated at wavelengths, 980

nm, 1030 nm, 1086 nm, 1121 nm, 1163 nm, 1205 nm, 1240 nm, 1275 nm, 1310 nm, 1380 nm,

1422 nm, 1450 nm, 1485 nm, 1520 nm, 1550 nm, 1583 nm, 1621 nm and 1650 nm.

As described earlier, the w0 should be able to provide a correlation to the

absorption properties of snow and may be a relative estimate to the single

scattering albedo of a given snow type. One can observe in Figure 5 that

the w0 properly captures all the spectral features of the measurements such as355

reflectance peaks and absorption valleys, see the experimental measurements in

Figure 3.

Figure 5(a) shows the estimated w0 values for dendritic fresh snow types,

D1:90 and D1:340. It can be observed that the w0 value at all the wavelengths

is close to unity, which corresponds to high reflectivity of measured fresh snow360
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at all the wavelengths in Figure 3. An increase in w0 values can be observed

when the snow was compacted as more light tend to be scattered and less light

experienced absorption.

As expected the w0 values for the snow types composed of individual spheri-

cal grains are lower than that of the other snow types, see Figure 5(b). The snow365

type S:510 has the lowest w0 values at all the wavelengths as it was composed

of large spherical grains.

Figure 5(c) shows that the estimated w0 values for the snow type D2:160 are

lower than any other dendritic snow type as D2:160 appeared to be composed

of irregularly-shaped grains that were lumped together. One can observe an370

increase in w0 values after the snow was compacted. Increase in compaction

causes the snow sample to become partially an ice sample especially the surface,

and the increase in w0 values can be correlated to the increase in probability for

a single photon to reflect than getting absorbed into the sample. Nevertheless

the w0 values for the snow type D2:790 were lower than the w0 values for the375

snow type D2:520, which was compacted with less pressure than that of D2:790.

The solver seems to be sensitive to snow types with similar surface texture as

the w0 corresponds to only a single scattering event.

However Figure 5(d) shows that the w0 values for the snow type D3:220 show

very distinct features compared to that of D2:160. Due to preparation proce-380

dure, D3:220 appeared to develop a thin ice layer which results in an increase

of w0 values compare to that of D2:160. The solver shows small differences

between the snow types D3:480 and D3:660 which have similar surface texture.

However the solver shows distinct variation between the snow types D3:220 and

D3:480. As described earlier, D3:220 has a thin layer of ice on the surface and385

D3:480 was a piece of ice as it was compacted. Even though both the types

have similar surface texture, snow structure below the surface is different and

the solver well captures these small differences between the snow types.
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4.2.2. Estimated second coefficient (w1)

The estimated second coefficient (w1) of the first order Legendre phase func-390

tion at 980 nm, 1310 nm and 1550 nm is presented in Figure 6. These three wave-

lengths were chosen in this section as two wavelengths in the high reflectance

region and one wavelength in the low reflectance region should be enough to ob-

serve the anisotropic properties of a given snow type. The estimated w1 values

from Figure 6 can be compared and correlated to the experimental anisotropic395

reflectance observations from Figure 4.
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Figure 6: Estimated second coefficient (w1) of the first order Legendre phase function for all

the snow types at wavelength bands 980 nm, 1310 nm and 1550 nm.

One can immediately observe from Figures 6(a), 6(c) and 6(d) that the

estimated w1 value of a snow type increases at each wavelength as the density

through compaction increases. There is a linear trend such that the w1 values

increase as the density increases.400

Figure 6(b) shows that the snow types G:420 and S:510 have negative w1

values, which imply that these snow types strongly favour backward scattering.

The snow type G:420 tends to exhibit more backward scattering as the snow

type S:510 experiences high rate of absorption.
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Figures 6(c) and 6(d) show that the snow type D2:160 has negative w1 values405

due to the strong backward scattering behaviour. However the increase in w1

values for the snow type D3:220 imply that the snow tends to exhibit more

isotropic or less backward scattering behaviour.

5. Discussions

It is often common practice to specify the actual phase function using the HG410

phase function as the asymmetry parameter (g) shows the anisotropic properties

of a snow type [10, 15, 25, 26]. However our previous study showed [11] that

the first order Legendre phase function can also be used to investigate the single

scattering properties of snow.

The experimental setup presented here was improved in terms of viewing415

geometry, illumination source, detector and snow samples compared to the setup

presented in our previous work [11]. In our previous work, reflected light of

wavelength 1310 nm from 5 snow types was measured using a NIR camera

at viewing angles −40◦ to 40◦ in an angular interval of 10◦. It was reported

in our previous work that the coefficient w1 showed a good correlation to the420

anisotropic behaviour of measured snow types while the coefficient w0 provided

a little insight into the physical properties of snow. However with the improved

experimental setup, the coefficient w0 can provide a relative estimate of the

single scattering albedo.

The experimental measurements in section 4.1 showed that snow composed425

of individual spherical grains tend to absorb more light. This observation was

previously addressed by Nakamura et al [39], Warren et al [40] and others

[15, 41]. The measurements also showed that the BRDF measurements can

be strongly affected by the snow’s surface texture as the snow surface texture

influence the anisotropy of a snow pack [40, 42], which can be observed in Figure430

3. The BRDF measurements in the low absorption region showed small varia-

tion between snow types with similar surface texture but with different density

values. However, the BRDF measurements in the high absorption region were
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well separated and sensitive to the changes in density.

The radiative transfer solver used in this study models the BRDF measure-435

ments by approximating the first order Legendre phase function. The estimated

first two coefficients of the phase function were shown to be well correlated to

the experimental observations. The findings in section 4.2 suggest that the first

and second coefficients of the first order phase function in principle are sufficient

estimates of the single scattering albedo and the asymmetry parameter, respec-440

tively. However, the first Legendre coefficient (w0) in this study appear to be

a relative estimate of the single scattering albedo rather than an absolute esti-

mate. The experimental measurements presented in Figure 3 correspond to a

case where photons experience multiple scattering events and observations from

specular direction. However, the estimated values of w0 from Figure 5 corre-445

sponds to the integral of angular distribution of photons after a single scattering

event. Furthermore it was shown in section 4.2.1 that the w0 is in principle sen-

sitive to the grain type while remains insensitive to the surface texture even

though the density is varying. It was also shown that the w0 is sensitive to the

snow types with similar surface texture but with different snow structure below450

the surface.

The second Legendre coefficient (w1) remains in principle sensitive to the

grain type and the density variations as shown in section 4.2.2. Based on the

estimated values of w1 it was observed that the w1 provides information on the

anisotropic bidirectional reflectance of snow and the estimated w1 values were455

well correlated to the experimental observations. Furthermore it was expected

to find a correlation between the w1 and the SSA of a given snow, however, the

w1 shown to be more sensitive to the variations in grain type and the surface

texture.

The radiative transfer model presented in this study was developed with the460

purpose to investigate snow’s physical properties based on only two Legendre

coefficients by measuring the BRDF at wavelength bands 980 nm, 1310 nm and

1550 nm. The results suggest that two wavelength bands 980 nm and 1310 nm

from the low absorption region and one wavelength band 1550 nm from the
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high absorption region would be sufficient to investigate a snow pack physical465

properties. Our previous research have shown that these three wavelengths

manages to distinguish different phases of water [38]. The model well estimates

the main features of the snow BRDF measurements such as the snow reflectance,

which is associated to the w0, generally decreases toward the longer wavelengths

and the anisotropy of the snow which is well associated to the w1. The accuracy470

and computation time of the solver suggests that it can be used as an approach

to classify different snow types based on only two Legendre coefficients.

One can observe in Figure 2 that there are considerable variations between

three measurements for a given snow type at a given wavelength as these mea-

surements associated with it is repositioning uncertainty and natural variations475

over the time frame of 15 mins. However the solver is insensitive to these con-

siderably small variations as long as the surface texture is not varying. When

the surface texture varies due to aging then the solver becomes sensitive and

properly capture the variation, as shown in section 4.2.1 for the snow types

D2:160 and D3:220.480

6. Conclusions

Angularly and spectrally resolved BRDF measurements in the wavelength

region 900 nm to 1650 nm were performed on different snow types in a walk-

in climate chamber. A near-infrared (NIR) spectrometer was used to measure

the bidirectional reflectance from 10 different snow types with known density485

and SSA at viewing zenith angles −80◦ to 80◦ in steps of 10◦ while keeping

the illumination angle fixed at −45◦. A radiative transfer solver was developed

and used to model the BRDF measurements of snow surfaces to investigate

the single scattering properties. The solver estimates the first two coefficients of

the Legendre scattering phase function by approximating the angularly resolved490

bidirectional reflectance measurements at a given wavelength.

The results of the study suggest that the first Legendre coefficient (w0)

is a relative estimate of the single scattering albedo and the second Legendre
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coefficient (w1) estimates the anisotropic behaviour of a given snow pack. It was

further shown that the w0 is sensitive to the grain type variations but remains495

insensitive to the density changes. However, the w1 is sensitive to the grain type

variations and linearly correlated to the density variations. The findings of this

study suggest that the first two Legendre coefficients are in a good agreement

with the experimental observations. The presented approach can be used as

a qualitative method in applications where classification of phases of water is500

essential especially for winter road safety and ski track maintenance users.
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aDivision of Fluid and Experimental Mechanics, Lule̊a University of Technology, 971 87
Lule̊a, Sweden

bDepartment of Civil and Transport Engineering, Norwegian University of Science and
Technology, NO-7491, Trondheim, Norway

Abstract

The spectral reflectance of different snow types with known density and specific

surface area (SSA) was measured experimentally in the backward direction using

a near-infrared spectrometer in a cold room within the wavelength region 900

nm to 1650 nm. These measurements were compared to the multispectral data

measured using a Road eye sensor in the cold room and in real conditions on

the roads. Road eye sensor consists of three laser diodes of wavelengths 980

nm, 1310 nm and 1550 nm and measures the reflectance from snow in backward

direction. Measured multispectral reflectance of different snow types from three

measurement campaigns was analysed to investigate physical properties of snow

and to classify the snow types. Road eye sensor in the field also shows good

correlation to the laboratory observations. Results show that there is a linear

correlation between the reflectance characteristics of snow types and respective

density variations. It is observed that there is a tendency for the reflectance of

snow to decrease as the grain size and the density increases, i.e. the snow is

aged or gets compressed. It is further shown that the snow types with varying

microstructure and with different densities can be distinguishable based on the

approach proposed in this study.
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spectrometer, specific surface area

1. Introduction

It has become an important safety measure to detect snow and thin layers of

ice in diverse set of areas including road pavement [1, 2, 3], wind turbine blades

[4, 5], aircraft wings [6, 7] and skies [8]. Furthermore characterisation of snow

and ice such as density, grain size and specific surface area (SSA) [9, 10, 11]5

becomes more important for better understanding of the physical properties.

For road pavement the density or compactness of the snow is of importance as it

will effect the tire to road friction. In the case of wind turbine blades the density

is important to calculate the load of snow and ice on the blades. In the case of

skies the grain size is of interest to get the best glide. In order to investigate the10

physical properties of a given surface, spectral and angular distribution of light

reflected from a surface has to be measured wherefore these measurements are

essentially related to the absorbance, reflectance and roughness of the surface.

Several approaches have been presented to investigate snow and ice phys-

ical parameters by measuring reflectance at a given viewing zenith angle and15

wavelength [12, 13, 14]. O’Brien and Munis [13] observed reduction in spectral

albedo of snow due to natural aging using bidirectional reflectance measure-

ments in the wavelength range 600 nm to 2500 nm considering narrow range of

lightning and viewing angles. Grenfell and Maykut [14] performed reflectance

measurements on snow and various types of ice to determine spectral albedo20

(400 nm to 1000 nm) and extinction coefficients (400 nm to 800 nm). They pre-

sented a method to estimate light absorption and transmission within the ice

from flux measurements. Nakamura et al [15] performed reflectance measure-

ments of different snow types with known grain size in the wavelength region 280

nm to 2500 nm in a cold room and observed reduction in reflectance as the grain25

size increases. Domine et al [16] investigated correlation between snow’s hemi-

spheric reflectance and SSA using field measurements at several wavelengths

in the short wave infrared (SWIR) spectrum at nadir viewing angle. They re-
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ported no obvious correlation between the spectral reflectance and SSA in the

visible but a good correlation in the Near and SWIR wavelengths. Grenfell et30

al [17] performed solar reflectance measurements on antarctic snow surface and

found a good agreement to the theoretical reflectance model in the wavelength

range 300 nm to 2500 nm. Aoki et al [18] performed spectral albedo and bidi-

rectional reflectance measurements to investigate influence of snow properties

such as impurities, density, layer structure and grain size. They obtained a35

good agreement with the theoretical values calculated using multiple scattering

model. Warren [9] investigated the optical properties of snow and reviewed the

albedo dependence on wavelength, zenith angle, grain size, impurity content and

cloud cover. He also presented that these snow parameters can be interpreted

by single scattering and multiple scattering radiative transfer theory.40

Bidirectional reflectance measurements were recorded for different snow types

of known density and SSA using a near-infrared (NIR) spectrometer in a cold

room. In parallel reflectance measurements from similar snow types were recorded

using a Road eye sensor [19, 20] in the cold room and in real conditions on the

roads. The intent of this study is to characterise snow types from the reflectance45

measurements obtained using both the sensors. The snow’s reflectance was mea-

sured in backward direction (i.e., in the direction of illumination source) for all

the three measurement campaigns. Furthermore spectrometer measurements

were compared with the ones obtained by Road Eye sensor in the cold room

and on the roads. The reason for this is to be able to separate compacted snow50

with loose snow. As these different snow types have different tire to friction

values which is interesting for vehicle users and road maintenance.

The paper is organised as follows. The theoretical basis of bidirectional

reflectance of snow is briefly given in Section 2. In Section 3, experimental

arrangement, measured snow types and measurement procedure is detailed. The55

results are presented in Section 4 while in section 5 discussions of the study are

detailed. Finally, the conclusions of this study are given in Section 6.
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2. Theoretical considerations

This section gives a description to the spectral reflectance definition and re-

lated parameters used in the next sections. Bidirectional reflectance distribution60

function (BRDF) is a common method to retrieve or model optical character-

istics of a surface which further depends on the physical composition and char-

acteristics of a matter. By definition BRDF is the ratio of reflected (outgoing)

radiance to incident (incoming) irradiance. Bidirectional means both incoming

(illumination) and outgoing (view) angles are directional and measured in an65

infinitesimally small solid angles [21, 22]. In practice, measurement of direction-

ally reflected radiance within an infinitesimal small solid angle is not possible.

Therefore in this study, directional reflectance is measured in a relatively small

solid angle and these measurements can be refer to the biconical measurements

[23].70

For practical reasons the bidirectional measurements specified in this study

were normalised by a reflectance measurement from a pack (2cm thick) of white

papers. More details on the measurement procedure are given in section 3.1.

To model BRDF measurements, reflectance of snow needs to be measured at

several viewing angles in the upper hemisphere. However only one angle within75

the backward scattering direction is considered in this study to model BRDF

measurements and retrieve snow properties.

3. Methods and experiments

In the following sections the experimental setup including measurement pro-

cedure and classification of snow types are detailed. In section 3.1.1 the exper-80

imental setup and procedure are explained for the spectrometer measurements.

In 3.1.2 Road eye setup is detailed for both the cold room and the field mea-

surements. Classification of measured snow types for spectrometer and Road

eye measurements is detailed in section 3.2.1 and 3.2.2, respectively.
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3.1. Experiments85

3.1.1. Experimental setup and measurements - Spectrometer

The experimental setup shown in Figure 1 consists of a freeze box, an illu-

mination source and a NIR spectrometer. A NIR InGaAs spectrometer (STE-

DWARF-Star NIR) with an extra aperture (field of view 3◦, ∅5 mm) was used to

measure reflectance from snow surfaces within the wavelength range 900 nm to90

1650 nm with spectral resolution of 1.75 nm. The illumination source was a 150

W EKE quartz halogen lamp (MI-150, Edmund optics) coupled with a ∅6.35

mm fiber optic light guide. The output was focussed by a focussing assembly

(focal length 40 mm, ∅30 mm) on the snow surface. The illumination beam

was collimated and forms a bright spot of ∅12 cm on the center of snow surface.95

The experiments were performed in a walk-in cold room with a temperature of

-10 ±1 ◦C.

Adjustable lift 

Snow sample 

Detector 

Normal to the 
snow surface 

40° 

Freeze box 

Detector

404 °
45° 

Illumination 
source 

(a) Sketch of the experimental setup (b) Setup in the cold room

Figure 1: Experimental setup consists of a NIR spectrometer, a freeze box, an illumination

source and snow. Each snow sample is of size L29 cm x W20 cm and the sample height varies

with the level of compression (look at Table 1).
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A special rig was built and attached to the freeze box (as shown in Fig-

ure 1(b)) in order to measure the reflected radiance from snow surface at any

given angle over the entire upper hemisphere. However reflectance in the back-100

ward scattering angle was measured in this study. The spectrometer probe was

mounted on a radial arm 33 cm from the snow surface and reflected light from

snow surface within ∅1.72 cm measurement area was recorded. A removable

scissor lift jack was used at the bottom to adjust height of the snow surface.

The freeze box’s internal surfaces were painted matte black to prevent multiple105

scattering from freeze box or between freeze box and snow.

A reference and dark reflectance spectrums were obtained before measur-

ing the reflectance from each snow type. A reference spectrum was recorded

by measuring reflectance from a pack (2cm thick) of white papers. The pack

of white papers were stacked together in the sample holder such that the rig’s110

center of rotation is in the same plane as paper pack surface. Furthermore a

dark spectrum was also measured by turning the illumination source off. The

integration time of the spectrometer was fixed at 3 seconds for all the mea-

surements to reduce noise and to avoid saturating the detector. A reflectance

spectrum within the wavelength region 900 nm to 1650 nm was obtained by115

pointing the spectrometer probe in the illumination direction at 40◦ while keep-

ing the illumination fixed at 45◦. This procedure was then repeated two more

times and in total three measurement sets were obtained for each snow type. It

takes approximately 10 minutes to obtain three measurement sets including a

reference and a dark spectrum for a given snow type.120

The reflectance measurements (R) are labelled as

Ri
k(λ),

λ = 900.50 nm, 902.25 nm, ..., 1649.50 nm,

i = 1, 2, 3,

(1)

where λ is the wavelength, i is the number of measurement set and k repre-

sents the snow type, see Table 1.
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A mean reflectance measurement (M) was then calculated from the 3 mea-

surement sets for each snow type.125

Mk(λ) =
3∑

i=1

Ri
k(λ)

3
, (2)

Mean reflectance measurements (Mk(λ)) of all the snow types are presented

in section 4 to discuss results of this study.

3.1.2. Experimental setup and measurements - Road eye sensor

The physical setup for the laboratory Road eye measurements is shown in

Figure 2(a). The measurement area of the Road eye sensor is around 1 cm at130

the distance 70 cm and angle of 45◦ from the test surface. Road eye sensor

consists of three laser diodes of wavelengths 980 nm, 1310 nm and 1550 nm.

(a) Road eye setup in the

lab

(b) Fresh snow (D1:F1)

(c) Compacted fresh snow (D1:F2)

Figure 2: Road eye measurement campaign in the cold room and on the road tracks. Subplot

(a) shows the experimental setup consists of a Road eye sensor and snow sample. Subplots

(b) and (c) show two snow types on the road. Note that Road eye sensor does not measure

on the wheel track

For each snow type five different measurement points were measured in the

middle, in the southeast, southwest, northwest and northeast corners. For each
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measuring point 100 samples were collected. The measurement R is described135

as:

Rn,i
k (λ),

λ = 980 nm, 1310 nm and 1550 nm,

i = 1, 2, 3, 4, 5,

n = 100,

(3)

where k is the six different snow types, i is the five measuring points, n is

the number of samples at each measuring point and λ is the wavelength.

To simplify the analytics the sampled values were mean valued over i and n

as:140

Mk(λ) =
1

6

6∑
i=1

1

100

100∑
n=1

Rn,i
k (λ) (4)

then we get 6 values, one for each snow type and wavelength. The snow types

that were used for Road eye measurements are explained in the following section.

For the field measurements Road eye sensor was mounted on a Volvo XC90.

The sensor was mounted at an angle of 45◦, at a distance of 0.9 m and was

measuring 0.1 m inside of the right back tire of the vehicle. The sensor was145

pointing backwards from the moving direction of the vehicle. The data was

logged with a PC-Computer with a frequency of 20 Hz and the data was posi-

tioned by a GPS. For the field measurements data was collected over a period of

30-60 seconds as in equation 3 but with a different n and without the different

measuring positions i. The values were the mean valued in the same way as150

showed in equation 4. Figures 2(b), 2(c) show images of the measured snow

types fresh and compacted fresh snow in the real conditions.

3.2. Snow types classification

The snow was classified according to the international classification of sea-

sonal snow on the ground [24] and further characterised by measuring its SSA155
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wherefore SSA is an essential microstructure parameter for characterising the

radiative properties of snow [9]. In order to calculate SSA, an Infrasnow device

[25] was used to measure reflectance from the snow type with known density.

The Infrasnow device has a standard NIR LED at 950 nm that illuminates dif-

fuse light and a photodiode detects the reflectance from snow surface. These160

reflectance measurements and density values were further used to calculate the

SSA of the respective snow sample [26].

The snow types are divided into three main classes as shown in Table 1. Den-

dritic snow, granular snow and spring snow are more of a general classification,

the international classification would be DFdc, RGsr and RGlr, respectively.165

In words: Decomposing and fragmented precipitation particles - partly decom-

posed precipitation particles, Rounded grains - small radius and Rounded grains

- large radius.

3.2.1. Snow types - spectrometer

The experiments presented here were carried out in a walk-in cold laboratory170

room at NTNU, Trondheim from 28th of September 2015 to 2nd of October

2015. The snow used in this study was produced using a machine built on

the principles described by Schleef et al [27], giving the dendritic snow similar

microstructure as the natural snow. The produced snow was then allowed to age

at different temperatures and times to produce a total of 5 different snow types175

(D1:90, D2:160, D3:220, G:430 and S:510. Snow type G:430 was granular snow

with density 430 kg/m3 while S:510 was spring snow with density 510 kg/m3.

Snow types D1, D2 and D3 were produced from dendritic snow but have different

density and the numbers represent respective density values. Snow type D2:160

was kept in a freezer over a month before measurements were performed. Type180

D3:220 was prepared by packing type D2:160 in the sample holder and keeping

it in the cold room overnight. This procedure results in a more compacted snow

type and the surface appeared to develop an ice layer. Type D1:90 was freshly

produced and measurements were recorded right after.

In addition, snow types D1:90 was compacted at one pressure level 50 kN185

9



and D2:160, D3:220 were compacted at two pressure levels 50 kN and 200 kN

using a MTS uniaxial load frame located inside the cold room. This produced

an additional five snow types (D1:340, D2:520, D2:790, D3:480 and D3:660)

giving a total of 10 snow types. Details of snow types are given in Table 1.

3.2.2. Snow types - Road eye190

The snow used for these measurements was also produced and allowed to age

in the similar way as explained earlier. A total of 3 different snow types (D1:150,

G:420 and S:540) were used for these measurements. Snow types D1:150 , G:420,

S:540 were the dendritic, granular and spring snow respectively with respective

density values. In addition snow types D1:150 was compressed at two pressure195

levels 50 kN and 200 kN and G:420 was compressed at a pressure level 50 kN

to obtain additional 3 snow types (D1:450, D1:750 and G:620). Hence a total

of 6 different snow types were prepared and see Table 1 for more details.

In the field measurements, a total of 4 different snow types were considered

and there was no opportunity to measure either SSA or the density. The snow200

types were fresh snow (labelled as D1:F1), compacted fresh snow (labelled as

D1:F2), wet snow (fresh snow temperature above 0◦C, labelled as W:F1) and

old snow (labelled as O:F1).
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Table 1: Measured snow types along with their density, SSA and sample height values. As

described earlier, D1:90, D1:340, D2:160, D2:520, D2:790, D3:220, D3:480, D3:660, G:430 and

S:510 were the measured snow types using spectrometer. D1:150, D1:450, D1:750, G:420,

G:620 and S:540 were the measured snow types using Road eye sensor in the cold room.

Description Type: Density SSA Height

(Class) [kg/m3] [m2/kg] [cm]

Dendritic fresh Uncompressed (D1 : 90) 73 5

(DFdc) Compressed 50 kN (D1 : 340) 60 1.4

Uncompressed (D1 : 150) 60 3.1

Compressed 50 kN (D1 : 450) 36 1

Compressed 200 kN (D1 : 750) 19 0.7

Dendritic aged Uncompressed (D2 : 160) 36 5

(DFdc) Compressed 50 kN (D2 : 520) 28 2.2

Compressed 200 kN (D2 : 790) 9 1.3

Dendritic old Uncompressed (D3 : 220) 28 5

(DFdc) Compressed 50 kN (D3 : 480) 24 2.5

Compressed 200 kN (D3 : 660) 17 1.8

Granular snow Uncompressed (G : 430) 22 5

(RGsr) Uncompressed (G : 420) 24 3

Compressed 50 kN (G : 620) 16 2.1

Spring snow Uncompressed (S : 510) 5 5

(RGlr) Uncompressed (S : 540) 5 3

4. Results

Results of this study are presented in three sections. In section 4.1, measured205

spectral data from spectrometer and Road eye are presented. Thereafter three
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wavelength bands 980 nm, 1310 nm and 1550 nm are chosen to classify snow

types further. In section 4.2 measured reflectance within chosen wavelength

bands from spectrometer data are presented. Measured reflectance data from

Road eye in the cold room and in real conditions on the roads are presented in210

section 4.3.

4.1. Analysis of measured reflectance data

The mean reflectance spectrums (M(λ)) of all the snow types from spec-

trometer and Road eye in the cold room are presented in Figure 3. One can

observe that all the snow types exhibit similar spectral features but with dis-215

tinct changes in reflectance due to their individual absorption properties. All

the snow types in principle have high reflectance characteristics from 900 nm to

1430 nm and have low reflectance characteristics from 1440 nm to 1650 nm.
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Figure 3: Spectral reflectance measured by spectrometer and Road eye sensor in the cold

room for all the snow types. D1:90, D1:340, S:510, G:430, D2:160, D2:520, D2:790, D3:220,

D3:480 and D3:660 were the measured snow types using spectrometer while D1:150, D1:450,

D1:750, G:420, G:620 and S:540 were the measured snow types using Road eye sensor.

Snow types D1:90, D1:340, D1:150, D1:450 and D1:750 are plotted together

in Figure 3(a) as these types belong to dendritic fresh snow only with different220

densities. Snow types S:510, G:430, G:420, G:620 and S:540 are plotted together
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in Figure 3(b) as these types belong to spring and granular snow with changes

in density. Snow types D2:160, D2:520 and D2:790 are plotted together in

Figure 3(c) as these types belong to similar dendritic aged snow with changes

in density. Furthermore, snow types D3:220, D3:480 and D3:660 are plotted225

together in Figure 3(d) as these types belong to similar dendritic old snow with

changes in density.

One common observation among the similar snow types from Figure 3 is

that spectra of reflectance decreases in height with increasing density. This is

understandable since density increase through compression technique results in230

a flatter and smoother surface similar to an ice layer which enhances forward

scattering. However compressed fresh snow type (D1:340) from the spectrometer

measurements exhibits rather isotropic behaviour in the backward direction and

its reflectance spectra is similar to that of uncompressed fresh snow type (D1:90).

Road eye measurements on the other hand show a good correlation between235

fresh snow reflectance and respective density variations, see Figure 3(a). Spring

snow (S:510) from Figure 3(b) exhibits higher absorption characteristics than

other snow types and Road eye measurements were also shown that spring

snow (S:540) has higher absorption characteristics. Spring snow from both the

measurements exhibits high absorption characteristics as the snow consists of240

individual large grains and these large grains absorb more light than the granular

snow with smaller grains. Granular snow types G:420 and G:620 from Road eye

measurements in Figure 3(b) also show that the reflectance decreases as the

density increases.

Reflectance spectra from Figure 3 shows that all snow types have similar245

reflectance peaks approximately at 950 nm, 1130 nm and 1420 nm and absorp-

tion valleys approximately at 1020 nm, 1250 nm and 1480 nm. The snow types

reflectivity in the region 900 nm to 1430 nm is relatively high, normally between

0.5 to 0.85. The reflectivity value is minimum in the region 1450 nm to 1550 nm

and the snow types showed very small differences in the high absorption region.250

Thus, one can focus on two wavelength bands in the high reflectance region and

one wavelength band in the low reflectance region to investigate the sensitivity
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of snow reflectance to grain size and density. Therefore spectrometer measure-

ments at wavelength bands 980 nm, 1310 nm and 1550 nm are considered in

further sections in order to classify the snow types. As mentioned earlier, Road255

eye sensor consists three laser diodes of the considered wavelength bands.

4.2. Snow reflectance data from spectrometer

Reflectance measurements from spectrometer for all snow types at wave-

length bands 980 nm, 1310 nm and 1550 nm are shown in Figure 4. As de-

scribed earlier, 980 nm and 1310 nm were the two wavelength bands from high260

reflectance region while 1550 nm from the high absorption region. Measured

data plotted in Figure 4 represent the mean reflectance (M(λ)) value at the

specific wavelength band of a given snow type.
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Figure 4: Measured reflectance from spectrometer at 980 nm, 1310 nm and1550 nm for all

snow samples. As described earlier D1, D2 and D3 were the dendritic snow types while S and

G were the spring and granular snow type, respectively.

Reflectance at 980 nm and 1310 nm for dendritic fresh, granular and spring

snow types is plotted in Figure 4 (a) while in Figure 4 (b) reflectance of same265

snow types at 980 nm and 1550 nm wavelength bands is plotted. In the similar

way, reflectance measured at 980 nm and 1310 nm for dendritic aged and den-

dritic old snow types is plotted in Figure 4 (c) while reflectance of same snow
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types at 980 nm and 1550 nm is plotted in section 4 (d).

One can observe from Figures 4(a) and 4(b) that uncompressed snow types270

D1:90, D2:160, D3:220, G:430 and S:510 where microstructure is a prominent

factor, are well distinguishable and separated from each other within the con-

sidered wavelengths. Dendritic aged snow type (D2:160) tends to have higher

reflectance value than other snow types, may be because D2:160 was an aged

dendritic snow, composed of individual grains lumped together due to metamor-275

phosis process and when the sample is prepared in the sample holder the surface

area where spectrometer measures might have significant surface roughness vari-

ation giving reflectance peak in the backward scattering direction. Snow type

D3:220 was aged overnight in the cold room after been prepared in the sample

holder, thus appeared to develop flat and smooth surface similar to an ice layer.280

This could explain the decrease in reflectance for D3:220 type than D2:160, as

most of the light scatters in specular direction.

As described in section 3.2.1, snow types D2:160 and D3:220 were prepared

from the dendritic aged snow but type D3:220 was aged overnight more than

type D2:160. Figures 4(c) and 4(d) show that snow types D2:160, D3:220,285

D3:480, D2:520, D3:660 and D2:790 have a linear correlation between the re-

spective reflectance characteristics and density, a tendency can be observed for

the reflectance value of the snow types to decrease as density increases. Com-

pressed fresh snow type (D1:340) tend to exhibit similar reflectance character-

istics as the uncompressed fresh snow type (D1:90) at these three wavelength290

bands, see Figures 4(a) and 4(b).

One can observe in Table 1 that the SSA value decreases as the density

increases. The linear correlation between reflectance and density, can be inter-

preted in terms of SSA values as well. A trend can be observed in Figures 4(c)

and 4(d) that in principle reflectance of snow decreases as the SSA decreases.295

4.3. Snow reflectance data from Road eye

Reflectance measurements from Road eye sensor for all the snow types at

wavelength bands 980 nm, 1310 nm and 1550 nm are shown in Figure 5. Mea-
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sured data plotted in Figure 5 represent the mean reflectance (M(λ)) value at

the specific wavelength band of a specific snow type.300
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Figure 5: Measured reflectance from Road eye sensor in cold room and on the road tracks

at 980 nm, 1310 nm and 1550 nm for all the snow samples. D1:150, D1:450, D1:750, G:420,

G:620 and S:540 were the measured snow types using Road eye sensor in the cold room while

D1:F1, D1:F2, W:F1 and O:F1 were the measured snow types using Road eye sensor on the

road tracks.

Measured reflectance of uncompressed snow types at 980 nm and 1310 nm for

dendritic fresh, granular, spring, wet and old snow is plotted in Figure 5(a) while

reflectance of same snow types at 980 nm and 1550 nm is plotted in Figure 5(b).

In similar way, reflectance at 980 nm and 1310 nm for the compressed dendritic

fresh snow types is plotted in Figure 5(c) while in Figure 5(d) reflectance of305

same snow types at 980 nm and 1550 nm wavelength bands is plotted.

One can observe in Figures 5(a) and 5(b) that uncompressed snow types

D1:150, G:420, S:540, W:F1 and O:F1 where the microstructure is a prominent

parameter, are well distinguishable and separated from each other similar to

spectrometer measurements. Figures 5(a) and 5(b) illustrates two more features310

of these measurements, the uncompressed fresh snow type (D1:150) has higher

reflectance value at all three wavelength bands while spring snow (S:540) has

lower reflectance value at all three wavelength bands.
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One common observation in Figure 5(c) and 5(d) similar to spectrometer

measurements is that reflectance measurements of dendritic fresh snow types315

are linearly correlated to the density variations. As the density increases, a

trend of reduction in reflectance for snow types D1:F1, D1:F2, D1.150, D1:450

and D1:750 can be observed. This behaviour can also be seen for granular snow

types G:420 and G:620 in Figure 5(a) and 5(b).

Furthermore, snow types D1:F1 and D1:F2 which were measured outside320

on the road track show reflectance characteristics similar to the uncompressed

fresh snow type (D1:150) measured in the laboratory. Snow type D1:F2 was a

compressed snow type on the road, however it can be observed from Figure 5

that reflectance value of D1:F2 is higher than that of other compressed fresh

snow types. Snow type D1:F2 was compressed by vehicles on the roads results325

in an uneven snow surface. This rough texture of snow surface might be the

cause for reflectance peak in the backward direction.

5. Discussions

The spectral features of uncompressed snow types obtained in our experi-

ments correspond well with the measurements obtained by O’Brien et al [13],330

Nakamura et al [15], aoki et al [18] and many others [17, 23]. The reduction in

reflectance among uncompressed snow types where grain size is an influencing

factor corresponds to high absorption. Painter et al [28] and Wuttke et al [29]

also reported an observation of albedo decrease with snow grain size increase.

The results presented in this study (see Figures 4 and 5) show that the335

multispectral reflectance of snow follows a general trend with respect to the

variations in density and SSA. A linear reduction of backward scattering with

increasing density and decreasing SSA is observed in the measurements within

the three measurement campaigns. An explanation to the decreasing backward

scattering with increasing density is that the direct beam impinging on the340

smooth and flat texture surface undergoes less scattering events and light then

uniformly distributed into forward scattering (specular direction).
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Figures 4 and 5 illustrate that laboratory measurements from Road eye sen-

sor on snow similar or same as the snow used for the spectrometer measurements.

Thus provide an observation that the both the sensors show similar results such345

as the compacted snow types reflect more light in the specular direction than

for the non-compacted case. Road eye sensor in the field on roads also measures

reflectance with good accuracy which can be observed in Figure 5. Road eye

measurements on the roads show that fresh, compressed fresh, old and wet snow

are well separated and distinguishable from each other which is important for350

winter road maintenance.

Particle shape and compression of snow is important in many contexts all

naturally linked to friction. The three main applications of interest to the

research that we conduct are tires, skis and winter road maintenance. In the

case of the tire, there are two main tracks 1) mobility for road users and 2) tire355

testing operations where repeatability is of great importance, i.e. to verify that

the surface is constant and does not change during the tests. When it comes

to skiing, snow structure is important to select skis with the right structure

to get the best combination of stick/slip. For the road maintenance the snow

compression is of great importance to manage resources. Making decisions if360

the road should be salted or if the road needs to be scraped by a grader. The

Road eye sensor enables evaluating the laboratory results into real cases both

on vehicles and in the ski tracks.

This investigation shows that it is possible to separate different types of loose

snow from the respective compacted snow using three wavelengths, which can365

be used to improve friction estimation on roads using optical sensors. This is

mainly caused by the surface becoming smoother but this is also the case of old

snow that is compacted by vehicles into more of ice. By utilising this knowledge

it is possible not only to classify the road condition snow but also subgroups

within the road class snow, enabling a larger range of friction estimation. Be-370

cause, when the snow get compressed the friction between the snow and tire will

decrease. Regarding the wind turbine blades the result enables a better char-

acterisation of the frost/snow that can build up on the blades causing damage
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not only on the blades but on gearboxes and bearings in the turbine. Using this

method the operator can get better decision support if the turbine should be375

stopped or if it can continue to run.

6. Conclusions

The spectral reflectance of snow was measured in a cold room using a near-

infrared (NIR) spectrometer in the wavelength region 900 nm to 1650 nm in the

backward scattering direction. A Road eye sensor which measures reflectance380

at wavelength bands 980 nm, 1310 nm and 1550 nm also used to measure snow

reflectance in the cold room and on the road tracks. Sixteen different types of

snow with known density and specific surface area (SSA) were investigated in

this study. Road eye sensor was arranged in a way that it measures reflectance

of snow in backward scattering direction.385

The reflectance measurements obtained from the three measurements cam-

paigns for all the snow types were analysed to investigate the physical properties

of snow and to classify the snow types based on their reflectance characteristics.

The results of this study show that snow reflectance characteristics are linearly

correlated to the density variations. From the comparisons of spectrometer390

data and Road eye data, reduction of reflectance observed is explained by the

increase in density through compaction and snow microstructure. As density

increases due to pressurised compressing procedure, snow surface appeared to

have a smoother and flatter surface similar to an ice surface. As a result of flat

surface texture, light scatters more in specular direction than in the backward395

direction.

It is also observed from the reflectance measurements of uncompressed snow

types that snow type consisting large grains tend to absorb more light than

other snow types. It is also shown that Road eye sensor in the field shows

a good correlation to the laboratory observations. These findings suggest that400

snow types can be classified based on their reflectance characteristics using three

wavelengths of light and measuring reflectance at one viewing angle. Enabling
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further improvements for optical road condition sensors ability to estimate tire

to road friction.

7. References405

[1] J. Casselgren, S. Rosendahl, M. Sjödahl, P. Jonsson, Road condition anal-

ysis using nir illumination and compensating for surrounding light, Optics

and Lasers in Engineering 77 (2016) 175–182.

[2] J. Casselgren, M. Sjödahl, J. LeBlanc, Angular spectral response from cov-

ered asphalt, Applied optics 46 (20) (2007) 4277–4288.410

[3] P. W. Decker, Road surface ice detector and method for vehicles, uS Patent

4,274,091 (Jun. 16 1981).

[4] O. Parent, A. Ilinca, Anti-icing and de-icing techniques for wind turbines:

Critical review, Cold regions science and technology 65 (1) (2011) 88–96.

[5] M. C. Homola, P. J. Nicklasson, P. A. Sundsbø, Ice sensors for wind tur-415

bines, Cold regions science and technology 46 (2) (2006) 125–131.

[6] M. B. Bragg, T. Hutchison, J. Merret, R. Oltman, D. Pokhariyal, Effect of

ice accretion on aircraft flight dynamics, AIAA paper 360 (2000) 2000.

[7] W. A. Cooper, W. R. Sand, D. Veal, M. Politovich, Effects of icing on

performance of a research airplane, Journal of Aircraft 21 (9) (1984) 708–420

715.

[8] S. C. Colbeck, A review of the friction of snow skis, Journal of sports

sciences 12 (3) (1994) 285–295.

[9] S. G. Warren, Optical properties of snow, Reviews of Geophysics 20 (1)

(1982) 67–89.425

[10] A. W. Nolin, J. Dozier, Estimating snow grain size using aviris data, Re-

mote sensing of environment 44 (2) (1993) 231–238.

20



[11] A. W. Nolin, J. Dozier, A hyperspectral method for remotely sensing the

grain size of snow, Remote sensing of Environment 74 (2) (2000) 207–216.

[12] L. K. Eppanapelli, B. Friberg, J. Casselgren, M. Sjödahl, Estimation of a430

low-order legendre expanded phase function of snow, Optics and Lasers in

Engineering 78 (2016) 174–181.

[13] H. W. O’Brien, R. H. Munis, Red and near-infrared spectral reflectance of

snow., Tech. rep., DTIC Document (1975).

[14] T. C. Grenfell, G. A. Maykut, The optical properties of ice and snow in435

the arctic basin, Journal ofGlacioloJI 18 (80).

[15] T. Nakamura, O. Abe, T. Hasegawa, R. Tamura, T. Ohta, Spectral re-

flectance of snow with a known grain-size distribution in successive meta-

morphism, Cold Regions Science and Technology 32 (1) (2001) 13–26.

[16] F. Domine, R. Salvatori, L. Legagneux, R. Salzano, M. Fily, R. Casacchia,440

Correlation between the specific surface area and the short wave infrared

(swir) reflectance of snow, Cold Regions Science and Technology 46 (1)

(2006) 60–68.

[17] T. C. Grenfell, S. G. Warren, P. C. Mullen, Reflection of solar radiation by

the antarctic snow surface at ultraviolet, visible, and near-infrared wave-445

lengths, Journal of Geophysical Research: Atmospheres 99 (D9) (1994)

18669–18684.

[18] T. Aoki, T. Aoki, M. Fukabori, A. Hachikubo, Y. Tachibana, F. Nishio,

Effects of snow physical parameters on spectral albedo and bidirectional

reflectance of snow surface, Journal of Geophysical Research: Atmospheres.450

[19] J. Casselgren, S. Rosendahl, J. Eliasson, Road surface information system,

in: Proceedings of the 16th SIRWEC conference: Helsinki, Finland (23-

25th May 2012), 2012.

21



[20] J. Casselgren, M. Sjödahl, J. P. LeBlanc, Model-based winter road classi-

fication, International Journal of Vehicle Systems Modelling and Testing455

7 (3) (2012) 268–284.

[21] J. V. Martonchik, C. J. Bruegge, A. H. Strahler, A review of reflectance

nomenclature used in remote sensing, Remote Sensing Reviews 19 (1-4)

(2000) 9–20.

[22] G. Schaepman-Strub, M. Schaepman, T. Painter, S. Dangel, J. Martonchik,460

Reflectance quantities in optical remote sensing-definitions and case stud-

ies, Remote sensing of environment 103 (1) (2006) 27–42.

[23] K. Z. Doctor, C. M. Bachmann, D. J. Gray, M. J. Montes, R. A. Fusina,

Wavelength dependence of the bidirectional reflectance distribution func-

tion (brdf) of beach sands, Applied optics 54 (31) (2015) F243–F255.465

[24] C. Fierz, R. L. Armstrong, Y. Durand, P. Etchevers, E. Greene, D. M.

McClung, K. Nishimura, P. K. Satyawali, S. A. Sokratov, The international

classification for seasonal snow on the ground, UNESCO/IHP Paris, 2009.

[25] M. Gergely, F. Wolfsperger, M. Schneebeli, Simulation and validation of

the infrasnow: An instrument to measure snow optically equivalent grain470

size, Geoscience and Remote Sensing, IEEE Transactions on 52 (7) (2014)

4236–4247.
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