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Abstract

Snow metamorphism is a direct objective in many snow research areas, and its charac-
terisation is a major challenge in areas including winter road maintenance, detection of
icing on wind turbine blades, and snow quality mapping for skiing. A common effect of
snow metamorphism is compaction, which can be investigated from the associated vari-
ations in physical properties of snow. While the relation between snow metamorphism
and physical properties of snow is fairly well-known, a method to quantify this relation
is not extensively researched. This experimental based thesis focuses on the relationship
between the physical properties of snow and its degree of metamorphism. The link is
established and investigated by quantifying near-infrared (NIR) reflectance measure-
ments and analysing the microtomographic data. Three experimental approaches are
developed to record the NIR reflectance measurements and to understand the influence
of compaction at near-surface layers of a snowpack. In addition, an X-ray microtomogra-
phy (micro-CT) system is used to visualise the behaviour of snow microstructure during
compaction. In this thesis, snow experienced compaction via aging, the melting-freezing
process, uniaxial loading, settling and infiltration of liquid water.

A numerical tool based on the well-established Discrete Ordinates Radiative Trans-
fer (DISORT) method is used to solve the radiative transfer equation (RTE) for a
plane-parallel and semi-infinite snowpack. The numerical solver takes the reflectance
measurements as input and returns the coefficients of a first order Legendre phase
function of an investigated snowpack at a given wavelength of light. The results from
the solver show consistency and strong correlation between the Legendre coefficients
and the physical properties of snow. Furthermore, the physical properties of snow
such as specific surface area (SSA) and liquid water content (LWC) were estimated
via parameterisation where the reflectance data is used as input. The results suggest
that the parameterisation of LWC can provide a qualitative estimate of the LWC in
a snowpack, while the parameterisation of SSA provides a quantitative estimate of
the snow SSA. As a next step, the influence of compaction on snow microstructure is
investigated from three-dimensional (3D) images obtained using the micro-CT system.
In this case, compaction is initiated by applying uniaxial load on a snow sample and the
effect of compaction is analysed based on digital volume correlation (DVC) and porosity
distribution. The micro-CT observations further emphasise that near-surface layers of a
snowpack experience a higher degree of impact during compaction.

In summary, this thesis presents experimental methods to quantify the link between
snow compaction at near-surface layers, and the physical properties of snow. The model
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Abstract

observations show that the estimated Legendre coefficients can provide qualitative
descriptions of snow grain distribution and surface texture. The parameterisation
methods can provide the details about the LWC and the SSA of a snowpack. Further, the
observations from the micro-CT study suggest that grains breakage and recrystallisation
are the prevailing effects of snow compaction. All observations in this thesis are helpful
in understanding the metamorphism in a snowpack for relevant research areas.
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Chapter 1

Introduction

1.1 Problem outline

As soon as snow starts to accumulate, the shape and structure of each snow crystal
continues to change until melting is complete. These changes in snow crystal occur
due to temperature and vapour pressure conditions, known as metamorphism [1, 2].
Snow is classified based on its metamorphism history where snow crystals transform
from complex stellar types to simple rounded grains [3, 4]. The main cause of differen-
tiation in snow metamorphism is the presence or absence of liquid water; thus snow
metamorphism is in general described as dry and wet snow metamorphism.

In the case of dry snow metamorphism, temperatures are usually below freezing and
no liquid water is present. Further, two types of dry snow metamorphism determine
the continuous change in snow: equilibrium growth metamorphism and kinetic growth
metamorphism. These two metamorphism processes are described based on the vertical
temperature gradient in a snowpack [5]. Bottom layers of a snowpack close to the
ground are usually close to 0�

C, due to small amounts of heating from the ground
beneath. However, the top layers of a snowpack are primarily influenced by wide range
of atmospheric temperature and humidity conditions. In general, a snowpack is warmer
at the bottom than at the top, resulting in water vapour moving within the snowpack, and
thus variations in vertical temperature gradient. Equilibrium metamorphism (rounding)
in snow occurs at temperature gradients below 10�

Cm

�1, where sintering is the driving
force for snow metamorphism. This process tends to break down the crystal branches
(radii of curvature) resulting in a sort of distinct rounded and bonded ice grains (see
Figure 1(a)). To explain this phenomenon, imagine a scenario where temperatures at
snow surface and bottom of the snowpack are close to 0�

C. At these weak temperature
gradient conditions, rounded crystals are formed.

Kinetic metamorphism (faceting) in snow occurs due to temperature gradients above
10�

Cm

�1, resulting in a snow pack with low density composed of poorly bonded crystals
(facets). In addition, snow crystals close to the ground tend to transform into depth hoar
[8]. To explain this phenomenon, imagine a scenario where snow surface temperature
is close to -20�

C (air temperature is -10�
C, typically 2m above the surface) and the

1



Chapter 1. Introduction

(a) (b)

Figure 1: Two types of dry metamorphism: (a) equilibrium metamorphism (rounding) of a
stellar snow crystal. The numerals give the age of the snow crystal in days [6]; (b)
kinetic metamorphism (faceting) of the crystals decompose into faceted and hollowed
grains [7].

bottom of the snowpack is close to 0�
C. At these strong temperature gradient conditions,

faceted and depth hoar crystals are formed (see Figure 1(b)). Kinetic metamorphism in
principle occurs often in colder, drier, clear weather and shallow snowpacks [9]. In case
of wet snow metamorphism, snow temperatures are close to 0�

C and liquid water is
present, resulting in a type of grain cluster via melting and refreezing processes [10].
In these conditions, the larger grains grow while the smaller grains are preferentially
melting, and the growth rate increases with respect to increasing liquid water content
(LWC) [11].

In general, the described metamorphism processes influence the near-surface layers
of a snowpack; thus one can expect that these mechanisms may be a reasonable cause
of natural compaction in snow [12, 13, 14]. However, other mechanisms of natural
compaction in snow are observed to be due to snow drift [15] and deformation strain
[16]. Snow drift is associated to redistribution of snow layers through sublimation and
collision between snow crystals when wind speeds exceed a threshold. During this
process, snow crystals reshape into more or less spherical grains that can pack closer
together, resulting in rapid densification [17, 18]. In the case of deformation strain,
settled snow sustaining the weight of upper layers in a snowpack experience compaction
[19]. In this case, the degree of compaction and strength of a snowpack are sensitive
to the deformation rate. Slower deformation rates result in a stronger snowpack while
a higher deformation rate results in a weaker snowpack [20, 21]. Therefore, natural
compaction in a snowpack occurs due to metamorphism, wind erosion and settlement.
Another way to compact snow is by inducing external forces, for example skiing impact
[22], compression by vehicles [23], static and dynamic uniaxial loadings [24], and
infiltration of liquid water. This sort of quicker and manually controlled compaction is
termed as mechanical compaction, and is a localised process of a snowpack compaction
by disrupting layers of snow. The resulting effect of mechanical compaction in a

2



1.2. Current state of techniques

snowpack is extensive recrystallisation, which is significantly different from that of
naturally compacted snow [25, 26].

Irrespective of the type of compaction process, physical properties governing the
snow metamorphism behaviour are the same. Thus physical properties of snow as-
sociated to compaction due to aging, settling, melting, refreezing, fraction of liquid
water and external loading (mechanical) are investigated in this thesis. Further, the
physical properties of snow such as density, specific surface area (SSA), LWC, grain size
distribution, surface texture and porosity are investigated in this thesis.

This thesis focuses on developing experimental systems that can be used to quantify
snow compaction by determining the physical properties of snow. This was carried out
by i) quantifying the scattered near-infrared (NIR) light from snow; and ii) analysing
the three-dimensional (3D) images of snow microstructure. The scattered NIR light
measurements are analysed using a numerical solver and two parameterisation meth-
ods. The considered numerical solver is based on the radiative transfer theory and is
used to determine the optical properties of snow, such as single scattering albedo and
asymmetry parameter. The parameterisation methods are developed to retrieve the
physical properties of snow, such as the LWC and the SSA of a snowpack. In addition,
an X-ray computed microtomography (micro-CT) system is used to visualise the snow
microstructure directly. Displacement of snow grains and distribution of porosity during
compaction is investigated from the 3D images of snow volume. In-depth understanding
of snow under compaction is useful to characterise for example, vehicle traction to snow,
snow quality on ski tracks, and icing on wind turbine blades.

1.2 Current state of techniques

There has been an extensive level of research investigating the snow metamorphism
based on radiative transfer models [27, 28], parameterisation methods [20, 29, 30], and
micro-CT measurements [31, 32]. Analysis of the scattered NIR light based on radiative
transfer models and parameterisation methods has been extensively researched based
on solar irradiance data, and remote sensing of atmosphere and snow cover. However,
satellite based remote sensing techniques to study snow cover (e.g. [33, 34]) are beyond
the objectives of this thesis. The measurement area in this thesis is limited to a small
scale arrangement where the illumination source and the detection system are close to
the snow surface (typically less than 1m). One can say that the concept of sensing snow
cover remotely through atmosphere is implemented in this thesis, to a smaller scale.

Studies related to the radiative transfer model are described in section 1.2.1, while
studies related to the parameterisation method are described in section 1.2.2. Studies
related to micro-CT measurements are described in section 1.2.3.

3



Chapter 1. Introduction

1.2.1 Studies related to radiative transfer models

There have been significant numbers of approaches proposed to investigate the physical
properties of snow, based on infrared reflectance measurements in connection with the
radiative transfer model. The numerical solver used in this thesis is a well-established
radiative transfer model based on the discrete ordinates method (DISORT). More details
on this model are given in section 3.4.1. Research literature based on remote sensing
measurements and models other than DISORT are mostly avoided in this thesis due to
non-similarity in methods and intended objectives. However, some are included because
their conclusions are essential for the discussion in this thesis. Wiscombe and Warren
[35], and Warren and Wiscombe [36] have investigated physical properties of snow
based on the scattered light measurements in the spectral range � = 300 - 5000 nm.
One of their conclusions was that the snow albedo decreases as snow ages, which is
related to an increase of snow grain size. Gergely et al. [37] developed a method to
estimate snow density and SSA from diffuse NIR transmittance measurements using a
DISORT model. They found direct experimental correlation between the transmittance
and snow properties (density and SSA) and their model calculations agree with the
measurements for all natural snow types with variations in density. Gardner et al. [38]
developed a parametric model that can accurately produce broadband albedo for a
wide range of snow and ice types based on five input parameters such as snow SSA,
concentration of light absorbing carbon, zenith angle of illumination, optical thickness,
and depth. The parameterisation model was derived by fitting equations to broadband
albedo, estimated using a DISORT model. Picard et al. [39] presented a method to
retrieve snow SSA from the scattered NIR light measurements and developed a ray
tracing model to study the influence of grain shape on the SSA-albedo relationship.
They found that cylindrical grains reflect about 20% more than spherical grains while
depth hoar snow grains reflect as much as cubic grains, and further emphasised that
retrieval of snow SSA from the scattered NIR light measurements is uncertain if grain
shape is unknown. Dominé et al. [40] quantified the snow SSA in relation to natural
transformation of a melt-freeze crust into depth hoar over time using a DISORT model.
They observed an increase in snow SSA over time, where the melt-freeze crust was
composed of large well-connected grains transformed into loose depth hoar grains.
Green et al. [41] presented a snow scattering model (based on DISORT) to retrieve
fractions of surface liquid water and grain size. Their snow models are based on the
complex refractive index of pure ice and liquid water, in the spectral range � = 400 -
2500 nm.

In summary, the DISORT method is a well-tested and validated radiative transfer
model used to estimate the snow albedo. In this numerical approach, single scattering
properties of snow such as single scattering albedo, asymmetry parameter and phase
function are computed. The single scattering characteristics of a snowpack further
define the physical and optical properties of snow.

4



1.2. Current state of techniques

1.2.2 Studies related to parameterisation methods

As of now, numerous approaches have been proposed to investigate the snow metamor-
phism based on the parameterisation of snow properties. O’Brien et al. [42] presented
measurements of scattered light in the spectral range � = 600 - 2500 nm, and investi-
gated the effect of natural aging, melting-refreezing, ice-glazed crust, and densification
on the measurements. They reported that aging snow tends to become less reflective
than fresh snow. They emphasised that the reduction rate of NIR reflectance of aging
snow strongly depends on the history of snow aging. Hudson et al. [43] have statistically
analysed and parameterised the measurements of scattered light in the spectral range �

= 350 - 2400 nm. They detailed the correlation between the measurements and the
physical properties of snow. Nakamura et al. [44] measured snow reflectance with
known grain-size distribution in the spectral range � = 280 - 2500 nm, and investi-
gated the influence of successive metamorphism. They reported reduction in spectral
reflectance as snow metamorphosed from fresh to granular via compaction under the
influence of intermittent radiation and freezing. They further found that metamorphism
in this process was only observed in the uppermost layers of the snowpack. Peltoniemi et
al. [45] measured the reflectance for snow types including fresh snow, both needle-like
and hexagonal flakes, old, loose snow, and melting-refreezing snow. They reported that
melting snow tends to have distinct forward scattering features compared to dry snow.
In addition, grain shape and snow density dependence on the reflectance measurements
was reported in their work. They further observed that microtopographic roughness
enhances the scattering behaviour of light in a backward direction. Gallet et al. [46, 47]
developed empirical equations to estimate snow SSA based on snow reflectance at 1310
nm and 1550 nm. Bohren et al. [48] have investigated the relationship between snow
albedo and snow’s physical properties, such as density and grain size. They reported
that snow albedo is weakly dependent on snow density at constant grain size, and a
decrease of snow albedo due to compaction was observed.

In summary, snow reflectance is strongly dependent on the grain size. In principle,
snow reflectance decreases as grain size increases, which gives a direct link between
reflectance measurements and grain size. Further, grain growth depends on snow aging,
melting-refreezing processes, and LWC. Investigation of surface reflectance is relevant
in this context, as snow metamorphism mostly occurs in the near-surface layers of a
snowpack.

1.2.3 Studies related to micro-CT measurements

Many studies are presented where the temperature gradient metamorphism and struc-
ture of natural dry snow are investigated (e.g. [49, 50, 51]). However, few studies
have been conducted on the structure of dry snow due to compaction via uniaxial
loading. Roscoat et al. [52] performed micro-mechanical compaction tests on dry snow
to investigate the deformation of snow grains under compaction using an X-ray diffrac-
tion contrast tomography (DCT) system. They emphasised the advantage of the DCT
technique in this context and further showed that granular deformation appeared within
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Chapter 1. Introduction

the snow grains during compaction. However, the study is lacking detailed description
of active mechanisms for snow deformation. Wang et al. [53] performed micro-CT
measurements to quantify microstructural evolution under uniaxial compaction tests
for three snow types: fresh high-temperature snow, fresh low-temperature snow, and
sintered low-temperature snow. They observed that fracture of snow flakes occurs under
compaction, thickness of snow structure increases after compaction, load-displacement
curves are different for snow types, and that the microstructural evolution of grains is
different under compaction. Schleef et al. [54] investigated snow densification under
external mechanical stress using micro-CT. They reported the dependence of snow SSA
on compression and reduction in the SSA was observed during compaction due to the
formation/reshape of crystals.

In summary, complex structural features of snow grains can be clearly visualised and
analysed using the micro-CT system. During compaction, snow grains tend to move
closer, resulting in densification. Deformation and distribution of snow grains during
compaction is mainly due to breakage of bonds between grains (bond breakage) and
formation of new grains (recrystallisation).

1.3 Research objectives and approaches

The objective of this thesis is to develop an experimental method to investigate the
relationship between snow properties (or metamorphism) and compaction. Given
the present state of knowledge, an ideal method combining a numerical solver and
parametric equation that can be used to retrieve the physical properties of snow is
still missing. Most of the available research methods enable the understanding of
snow metamorphism and estimation of snow properties via radiative transfer models
or parameterisation. In addition, these methods are either developed to model the
snow reflectance for a wide range of grain size distribution, or developed to estimate
snow properties via parameterisation for limited snow types. They are of limited use for
applications such as vehicle traction on snow, snow quality on ski tracks, and icing on
wind turbine blades. For these applications, the ideal method must account for a wide
range of snow types with variations, especially in density and surface texture, as grain
size is not an essential parameter in this context. Most importantly, the input parameters
for the ideal method need to be less complicated and easy to measure. Furthermore,
the method must be developed for snow types that are very common in practice, for
example snow compacted at various levels. The author believes that the presented
research can be taken as a good step towards developing this ideal method, and that it
constitutes an original contribution to snow research.

The focus of this thesis is on the following objectives:

1. How are the estimated single scattering characteristics of snow (from the numerical
solver) related to the physical properties of snow?

2. Can parameterisation of snow’s physical properties quantify the snow metamor-
phism history?

6



1.4. Structure of the thesis

3. What are the possible effects of compaction on the microstructure of snow and
how can these effects be quantified?

1.4 Structure of the thesis

This thesis is composed of two parts. Part I provides an overview of motivation of the
work, theoretical concepts, and summarised results, along with discussions.

Chapter 2 presents the background of the investigated snow types. Considered
physical properties of snow are described in section 2.1. Preparation of the investigated
snow types and the general classification is briefly given in section 2.2.

Chapter 3 gives a definition of the measurement method and theories used to solve
light scattering behaviour. Terminology of the experimentally measured quantity is
detailed in section 3.1. The section includes the single scattering problem (given in
section 3.2), the surface scattering problem (given in section 3.3), and the multiple
scattering problem (given in section 3.4).

Chapter 4 presents the experimental approaches and measurement methods. Three
experimental approaches are developed to measure the scattered NIR light. These exper-
imental approaches are given in sections 4.1.1, 4.1.2 and 4.1.3 for a NIR spectrometer,
a NIR camera, and a Road eye sensor, respectively. Some examples of the reflectance
measurements are given in section 4.1.4. Furthermore, experimental approach including
the measurements with the micro-CT system, are given in section 4.2.

Chapter 5 summarises the results of this thesis. Section 5 is divided into three sub-
sections, where quantification of the scattered NIR light based on the radiative transfer
model and parameterisation methods are given in section 5.1 and 5.2, respectively.
Analysis of snow microstructure is given in section 5.3.

Chapter 6 presents an overall discussion of the results and implications for the
snow research community. Limitations of the considered methods are also given in this
chapter.

In chapter 7, conclusions of the thesis are presented. Chapter 8 gives a perspective
for future research.

Part II is composed of five research articles, either published in or submitted to
internationally recognised journals. Papers A, B, and C are published, while papers D
and E have been submitted and in review.

7





Chapter 2

Snow Characteristics

Associated physical properties that change in a snowpack during a metamorphism
process, irrespective of the compaction process, are density, SSA, LWC, and porosity.
These properties define the metamorphism history of snow and are investigated exper-
imentally in this thesis. For this experimental investigation, snow types with a wide
range of physical characteristics are considered. Definitions of the investigated physical
properties are given in section 2.1. Preparation of snow and classification of snow types
are described in section 2.2.

2.1 Definition of snow properties

2.1.1 Snow density

In order to determine snow density, a core sample of snow is extracted from a snowpack
using a sample holder of known volume. The filled sample holder is weighed and mass
is determined. The density of the sampled snow (in units kg m−3) is determined by
dividing the mass by the volume [55]. Typical density values of the most frequent snow
types observed on the ground are [56]:

• Fresh snow composed of varied shapes depending on temperature and humidity
content: 10 - 200 kg m−3.

• Snow composed of dendritic crystals, which essentially is fresh snow but in the
initial stage of metamorphism: 60 - 250 kg m−3.

• Rounded snow via equilibrium metamorphism: 150 - 350 kg m−3.

• Rounded snow via windpack metamorphism: 300 - 600 kg m−3. Typical density
values for compacted snow are also in the same range. For example, the target
density for cross-country skiing is about 450 kg m−3.

• Faceted snow via kinetic metamorphism: 130 - 300 kg m−3.

9



Chapter 2. Snow Characteristics

• Depth hoar snow via kinetic metamorphism: 50 - 280 kg m−3.

• Melt-freeze crusts: 150 - 400 kg m−3.

In the case of similar density values, snow can be further characterised based on
SSA and spectral reflectance. Grain size is also an essential parameter in this context;
however, it is not included in this thesis. Several methods have been proposed to
estimate/measure snow density remotely, including time-domain reflectometry [57],
infrared measurements [37], regression model based on weather data [58, 59] and
gravimetry [60].

2.1.2 Snow SSA

The SSA of a snowpack is defined as the surface area of ice-air interface per unit mass.
It is a common practice to calculate the SSA of a snowpack (in units m2 kg−1) from the
optically equivalent diameter (de↵). de↵ is interpreted as the diameter of spherical ice
crystals with the same SSA as the true microstructure of snow. Thus de↵ is commonly
described and considered as the grain size of snow. In this thesis, an optical instrument
known as Infrasnow [61] is used to calculate the de↵ for a given snowpack with known
density. The Infrasnow is equipped with a laser diode of wavelength 950 nm and a
photodiode to detect the reflected radiation. Gergely et al. [61] detailed the validation
of the Infrasnow device. The relation between the SSA and de↵ is given as

SSA =

6

⇢ice de↵
,

⇢ice = Ice density, 917 kgm

�3
.

(1)

Typical SSA values for snow range from about 2 m2 kg−1 to 156 m2 kg−1. The lower
end of the SSA range corresponds to a snowpack composed of large clusters caused by a
melting-refreezing process, and the higher end of the range corresponds to fine grained
fresh snow. Typical SSA values of the most frequent snow types observed on the ground
are [62, 63]:

• Freshly fallen snow composed of several grain shapes: 66 - 85 m2 kg−1, with
density: 80 - 110 kg m−3.

• Snow composed of dendritic crystals: 35 - 47 m2 kg−1, with density: 130 - 180
kg m−3.

• Wet snow composed of dendritic crystals: 30 m2 kg−1, with density: 220 kg m−3.

• Aged snow composed of rounded grains: 20 m2 kg−1, with density: 350 kg m−3.

• Aged snow composed of faceted rounded grains: 8 - 20 m2 kg−1, with density:
200 kg m−3.

10



2.1. Definition of snow properties

• Aged snow composed of depth hoar: 12 m2 kg−1, with density: 200 kg m−3.

Several alternative methods have been proposed to estimate/measure snow SSA, in-
cluding parametric equations based on the multispectral snow reflectance [46], methane
(CH4) adsorption [64], X-ray tomography [65], stereological measurement [66], and
NIR photography [67]. The applicability of CH4 adsorption and X-ray tomography
methods is limited. The CH4 adsorption method requires liquid nitrogen and a long
measurement time. The X-ray tomography method requires several hours of measure-
ment time and the samples are limited in size to a few millimeters. The majority of
widely used and well-established methods to estimate the snow SSA are based on diffuse
reflectance at NIR wavelengths. Gallet et al. [46] and Arnaud et al. [68] developed
empirical relationships between snow reflectance and snow SSA based on experimental
measurements.

2.1.3 LWC in a snowpack

The LWC in a snowpack is in general defined as the bulk amount of water within the
snowpack that is in liquid phase. Thus the quantity of liquid water in a snowpack defines
its wetness. The temporal and spatial distribution of liquid water in a snowpack affects
both snow albedo [38] and mechanical properties [69]. Introducing liquid water into a
snowpack leads to rapid changes in grain coarsening, which influences the properties of
the snowpack [10, 70]. In this thesis, liquid water in a snowpack is estimated based on
the effect of grain coarsening on the snow reflectance.

Estimation and investigation of liquid water is essential to characterise for example:
i) gliding speed and an effective roughness for ski tracks preparation [71]; ii) wet-snow
avalanche prediction [11]; and iii) outflow predictions for hydrological applications
[72]. Several methods have been proposed to determine the fraction of liquid water
in a snowpack, including the calorimetry method [73], the dilution method [74, 75],
dielectric methods [76], and infrared measurements [77]. The applicability of the dilu-
tion and calorimetry methods is limited as they are difficult to use and time-consuming.
The dielectric methods (e.g. denoth meter [78] and snow fork [79]) are point-based
measurements and require independent measure of density. Thus a non-destructive,
rapid, remotely measured approach to measure or estimate the LWC in a snowpack is
still needed.

2.1.4 Porosity

Porosity is a measure of the pore space in a material and can be defined as the ratio
between volume fraction of void and total volume of the sample. Estimation of porosity
in a snowpack provides information on strength of snow [80], microstructure of snow
[81] and movement of liquid water through snow [82].

In this thesis, porosity of a snowpack is measured using a micro-CT system. Porosity
distribution and deformation of snow grains during compaction are studied from 3D
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Chapter 2. Snow Characteristics

images of snow microstructure. Porosity (�) of a snow volume from the micro-CT images
is calculated as

� =

V

e

V

t

⇤ 100 =

V

t

� V

i

V

t

⇤ 100 [in %], (2)

where V

e

refers to the volume fraction of void, V
i

refers to the volume fraction of
snow grains, and V

t

refers to the total volume of snow volume.
Domine et al. [56] and Zermatten et al. [83] reported that snow types composed of

dendritic and depth hoar crystals are observed to have high porosity and the distribution
of porosity decreases as the compaction rate increases. Apart from micro-CT, there
are only a few methods available to determine the porosity of snow. Singh et al. [84]
proposed a snow porosity estimation using the backscattering coefficient from Synthetic
Aperture Radar (SAR). Domine et al. [56] and Thomas [85] calculated the porosity of
snow mathematically from snow density measurements.

2.2 Preparation of snow samples

In this thesis, type of snow is described based on the metamorphism history, where
aging, melting-refreezing, presence of liquid water, and external loading are the vital
processes. According to the international classification of seasonal snow on the ground
[63], the considered snow types can be classified into three main classes, i.e. DFdc
(partly decomposed precipitation particles), RGlr (large rounded particles), and RGsr
(small rounded particles).

The considered snow types in this thesis are divided into three preparation processes
as follows:

• For the initial experiments (see Paper A), a total of six snow types were considered
based on the aging and melting-refreezing processes. Among the six snow types, a
dry fresh snow and an old snow are the two initial snow types. Fresh snow refers to
freshly fallen natural snow, while old snow was prepared by aging the fresh snow
for one month in a freezer at -10�

C. Four other snow types were also prepared
using the melting-refreezing process of fresh snow. For these experiments, physical
properties of snow such as density, SSA or grain size were not measured. Table 1
shows additional details of these snow types.

• For the experiments presented in Papers B and C, extensive care was taken in
the preparation of snow types. In total, 16 different snow types were considered
and classified based on the SSA and density values. The considered snow types
were mainly described as fresh snow (DFdc), aged snow (DFdc), old snow (DFdc),
small rounded grains (RGsr), and large rounded grains (RGlr). Additional snow
types were prepared by compacting these five major snow types using a MTS
uniaxial load frame (see Figure 2(b)) at levels 50 kN and 200 kN. Snow density
and SSA were measured for these experiments. Grain size distribution and surface
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2.2. Preparation of snow samples

Table 1: Preparation of snow for the initial experiments (refer to Paper A), where six snow types
based on aging and melt-freeze metamorphism history were considered.

Snow type Metamorphism history Preparation of snow
prior to data acquisition

Fresh Freshly fallen Dry natural snow was
collected after latest precipitation

Aged - 1 Melt-freeze Fresh snow was naturally
melted for 3 hours

Aged - 2 Melt-freeze
Aged-1 was naturally
melted for an additional
6 hours

Aged -3 Aged
Aged-2 was stored in
a freezer at -10�C
for 12 hours

Aged - 4 Melt-freeze Aged-3 was naturally
melted for 5 hours

Old Aged
Fresh snow was stored in
a freezer at -10�C
for one month

texture were qualitatively observed. RGsr was composed of snow grains in the size
range 0.1 - 0.2 mm, while RGlr was composed of snow grains of approximately
1 mm in size. Note that the distribution of the RGlr snow grains resembles the
consistency of sugar grains to a naked eye. The fresh snow (see Figure 2(a)) was
produced using a machine built on the principles described by Schleef et al. [86],
giving the prepared fresh snow a similar microstructure as naturally fallen snow.
Aged snow was prepared by storing the fresh snow in a freezer at -15�

C for over
one month prior to the measurements. Due to storage conditions, the aged snow
metamorphosed into individual clusters of snow grains, relatively smaller in size
compared to RGsr. Old snow was prepared via a settling process of the aged snow
sample. Due to the settling (or sintering) process, snow grains at the surface tend
to experience breakage of crystal branches, resulting in bonded ice grains, which
appeared to develop a smoother surface texture compared to that of the aged
snow. Table 2 shows additional details of these snow types.

• For the experiments presented in Paper D, in total five snow samples with different
LWC were considered. Initially, a dry fresh snow was collected with a sample
density of 460 kg m−3. An additional four samples were prepared by adding
different amounts of liquid water (water+ NaCl) to dry fresh snow while keeping
the sample density constant. The SSA of these snow samples was not measured.
Table 3 shows more details of these snow samples.
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Chapter 2. Snow Characteristics

Table 2: Details of the snow types presented in Papers B and C. Column ’Height’ represents the
snow sample depth, which varies with the level of compaction.

Snow type (class) Metamorphism history Density
[kgm�3]

SSA
[m2 kg�1]

Height
[cm]

Fresh (DFdc)
Freshly prepared
machine-made snow 90 73 5

Compacted at 50 kN 340 60 1.4

Aged (DFdc)

Machine-made fresh snow was
stored in a freezer at -15�C
for over one month

160 36 5

Compacted at 50 kN 520 28 2.2
Compacted at 200 kN 790 9 1.3

Old (DFdc)

Aged snow was packed and left to
age naturally in a climate chamber
at -10�C for 12 hours

220 28 5

Compacted at 50 kN 480 24 2.5
Compacted at 200 kN 660 17 1.8

Small rounded
grains (RGsr) ? ⇡ 0.1 - 0.2 mm 430 22 5

Large rounded
grains (RGlr) ? ⇡ 1 mm 510 5 5

(a) (b)

(c) (d)

Figure 2: Pictures of the considered snow types along with the compression instrument:
(a) fresh snow (DFdc); (b) MTS uniaxial loading instrument; (c) small rounded grains
(RGsr); (d) large rounded grains (RGlr).
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2.2. Preparation of snow samples

Table 3: Preparation of snow samples with different amounts of liquid water (NaCl+water),
see Paper D.

Snow types NaCl solution
[wt %]

Absolute amount
of NaCl solution in snow
[gm�3]

Snow density
[kgm�3]

I 0 0 460
II 5 0.024 460
III 10 0.051 460
IV 15 0.081 460
V 20 0.115 460
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Chapter 3

Light scattering models

The process of a beam of light hitting a particle on its path and then being redirected into
many directions is called scattering. In a single scattering event, photons scatter only
once, while in cases of multiple scattering, a photon experiences many interactions in the
scattering medium before either being absorbed or reemitted out of the medium [87].
Factors relating to a single scattering process are mostly relative refractive index, grain
size and shape, while for multiple scattering, depth, water content, density and surface
texture contribute significantly [88]. Most studies to determine scattering characteristics
of a medium use the combination of single and multiple scattering radiative transfer
theories [35].

The characterisation of optical and physical properties of a material can be achieved
by defining a measurement method that determines the distribution of the scattered
radiance from the material. Thereafter, the distribution of scattered radiance can
be analysed either statistically or using scattering models. Section 3.1 presents the
description of the measurement method used in this thesis. Section 3.2 presents a brief
description of single scattering models, section 3.3 gives a brief overview of surface
scattering and section 3.4 presents an overview of the multiple scattering problem.

3.1 Generalised measurement method

Reflectance in general is defined as the fraction of incident radiation that is reflected by
a surface. The reflectance measurements play a major role in understanding the degree
of absorption of a matter. Further, spectral and angular dependence of the reflectance
is used to study the physical and optical properties of a matter to a great extent.
Spectral reflectance corresponds to the variation of reflectance magnitude with respect
to the wavelength of light (�). The spectrally resolved reflectance of snow provides
detailed information on absorptive characteristics of a given snowpack. Angularly
resolved reflectance provides information on anisotropy features and surface texture with
respect to the viewing zenith angle (�

r

). Spectrally and angularly resolved reflectance
measurements are recorded in this thesis to investigate the snow metamorphism caused
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Chapter 3. Light scattering models

by compaction.
The nomenclature of spectrally and angularly resolved reflectance measurements

depends on scientific tradition and experimental setup. Schaepman-Strub et al. [89] and
Martonchik et al. [90] defined, explained and exemplified different nomenclature for
reflectance such as bidirectional reflectance distribution function (BRDF), hemispherical
directional reflectance factor (HDRF), bi-hemispherical reflectance (BHR), bidirectional
reflectance factor (BRF), directional hemispherical reflectance (DHR), black-sky albedo,
white-sky albedo, and blue-sky albedo. The BRDF measurements quantify the radiance
scattered in all directions, having the incident beam coming from one direction in the
hemisphere above a matter surface. The BRDF in this context describes the scattered
light from a surface within an infinitesimally small solid angle above the surface over
the hemisphere, as shown in Figure 3. Measuring the scattered radiance within an
infinitesimally small solid angle may not include measurable amounts of radiance;
therefore scattered radiance in this case is measured in a relatively small solid angle (in
units sr).

Illumination  
source 

ϕi	

Θ		

Z 

X 

y 

Detector Plane of incidence

Figure 3: Definition of the angles used in this thesis: incident zenith angle (�
i

), viewing zenith
angle (�

r

), incident azimuth angle (�
i

), and viewing azimuth angle (�
r

). ⇥ is the
phase angle that represents the angle between incident and reflected direction, in the
plane of incidence.

The BRDF (in units sr−1) is a function of wavelength (�) as well as the incoming and
outgoing directions. The BRDF relates to the ratio of reflected radiance (L

r

) (in units
W m−2 sr−1 nm−1) into a specific direction (�

r

, �
r

) to the incident irradiance (E
i

) (in
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3.2. Single scattering problem

units W m−2 nm−1) coming from a specific direction (�
i

, �
i

), where � and � are zenith
and azimuth angles, respectively [90, 91].

BRDF
�
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i
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i

; �
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) =

dL
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([�

i

,�

i

; �

r

,�

r

];�)

dE

i

([�

i

,�

i

];�)

. (3)

The BRDF of a perfect Lambertian (diffuse) surface would be constant in all direc-
tions. It is important that the BRDF measurements are normalised. In this thesis, a
pack of white papers (about 2 cm thick) and a slab of compacted BaSo4 powder were
used as calibration standards for various experiments. Both the considered standards
exhibit similar scattering behaviour (i.e. isotropic scattering) approximately close to
a perfect Lambertian surface. A slab of compacted BaSo4 powder appeared to be a
well-accepted substitute method [42, 92] of reflectance standard for the Spectralon R�,
which is a widely used diffuse reflectance standard. A slab of compacted BaSo4 powder
was observed to be exhibiting a uniform spectral reflectance of about 90%. However, the
degree of spectral reflectance for a pack of white papers was observed to be higher than
that of compacted BaSo4 powder. For this reason, the BRDF measurements normalised
with a pack of white papers show about 10% lower reflectance compared to the measure-
ments normalised with a slab of compacted BaSo4 powder. This can be observed for the
measurements presented in Papers B and C. A pack of white papers were used as a cali-
bration standard for the measurements presented in Paper B. A slab of compacted BaSo4

powder was used as a calibration standard for the similar measurements presented
in Paper C. Note that, in this thesis and appended papers, the BRDF measurements
are referred to and termed simply as "reflectance". The available numerical models to
simulate the spectrally and angularly resolved reflectance measurements are briefly
described in the following sections.

3.2 Single scattering problem

There are many numerical methods to model the single scattering problem, including
the Mie theory [93], the ray tracing theory [94], discrete-dipole approximation [95],
and the T-matrix method [96]. The Mie theory and the T-matrix method are given a
short overview in the following sections.

3.2.1 Mie theory

The Mie scattering theory is a rigorous mathematical theory for calculating scattering
and absorption coefficients of light scattered from a sphere of known diameter and
refractive index. This involves solving Maxwell’s equations with specified boundary
conditions. A complete derivation of this scattering problem (far-field) is detailed by
Bohren and Huffman [97] and is not repeated in this thesis. Instead, important parts of
this derivation are provided.
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γ
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Figure 4: General scattering geometry, where an incident plane wave (E
i

) is scattered (E
s

)
of a particle into several directions. Ep

i

and En

i

are the perpendicular and parallel
components of the incident wave in the direction of propagation, respectively, while
Ep

s

and En

i

are the components of the scattered field. Note that r represents the sphere
radius.

Figure 4 shows a general scattering geometry of a particle where the incident wave
(E

i

) is scattered (E
s

) in many directions. In order to get a detailed description of the
angular scattering pattern, the relationship between incident and scattered fields is
conventionally written as:


E

n

s

E

p

s

�
=


S2 S3

S4 S1

�
E

n

i

E

p

i

�
, (4)

where superscripts n and p represent parallel and perpendicular polarisation compo-
nents, respectively. Subscripts i and s represent incident and scattered fields. In Equation
4, S1, S2, S3 and S4 are the Mie scattering amplitude functions (amplitude matrix). The
amplitude matrix depends on the scattering angle (�) and azimuth angle (�) as well as
the size, morphology and composition of the particle. In the case of far-field scattering
from a spherical particle, S3 and S4 become negligible and the scattering matrix is then
expressed in terms of S1 and S2. S2 provides the scattered far-field component polarised
in the scattering plane, and S1 is the orthogonal component. They are given by the
expansion series [97, 98, 99]
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3.2. Single scattering problem

S1 =

NX
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⌧
n
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(7)

where, the functions ⇡
n

and ⌧
n

describe the angular scattering pattern and are given
in terms of associated Legendre polynomials. a

n

and b

n

are the expansion coefficients
that depend on the size parameter (x =

2⇡r
�

) and the relative refractive index (m) of
the sphere. Theoretically, the series expansions in S1 and S2 have an infinite number
of terms, as the size parameter can have values from zero to infinity. In practice, the
summation must be truncated after a certain number of N terms. Bohren and Huffman
[97] proposed the following criteria:

N = x+ 4x

1/3
+ 2, (8)

and it is still the most widely used criterion for the maximum number of terms
for convergence. Implementing this theory provides an understanding of scattering
characteristics from a sphere of known radius and refractive index. For the case of
x << 1 (i.e. particles small compared to the wavelength of light), the Mie theory
produces the same scattering amplitudes as the Rayleigh theory. However, in the case
of x >> 1 (i.e. particles large compared to the wavelength of light), the Mie theory
becomes more difficult to solve as the series expansion requires more terms and a lot
of computing time. A few general trends can be observed, though, the most important
being that the scattering pattern becomes increasingly complex, and forward scattering
becomes dominant as the particle grow in size. In this domain the Mie theory approaches
classical diffraction theory. For a generally shaped particle, numerical methods such as
discrete-dipole approximation [95] and the T-matrix method [96] can be used to solve
the Maxwell equations.

3.2.2 T-matrix

The transition matrix (T-matrix) method can be used to model the scattering charac-
teristics of, in principle, any arbitrary geometry. Nowadays, the T-matrix is a widely
used numerical method to investigate the optical properties of non-spherical particles.
A detailed derivation of this method is given by Waterman [100], and only important
parameters and relations are given here.

Similar to the framework of the Mie theory, the incident (E
i

) and scattered (E
s

)
fields are expressed in vector spherical functions. According to the linearity of Maxwell’s
equations, the T-matrix relates the expansion coefficients of the scattered field (p and q)
to those of the incident field (a and b). The T-matrix depends on the particle size, shape,
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orientation and refractive index, while it is independent of the incident and scattered
fields. These elements in the T-matrix are given in the form [101]


p

q

�
= T


a

b

�
=


T

11
T

12

T

21
T

22

�
a

b

�
. (9)

Equation 9 is an important feature of T-matrix formulation, where the expansion
coefficients of the scattered field can be computed if the T-matrix and the incident field
are known. Further, the T-matrix can also be used to compute the amplitude scattering
matrix (refer to Equation 4); however, it is a laborious task to compute [102].

Among the several methods used to calculate the T-matrix, the extended boundary
condition method (EBCM) is a well-established approach. In this approach, expansion
coefficients of the internal field and surface integrals are evaluated numerically. The
convergence of the EBCM strongly depends on the particle shape. For example, the
Mishchenko’s [103] implementation is defined for axisymmetric particles. An advantage
of the T-matrix is that it needs to be computed only once and then can be used for any
directions of incidence and scattering [96]. In respect to the scattered field, the main
difference between the Mie and the T-matrix theories is that the T-matrix theory predicts
cross-polarisation. Hence, if the scattering particle is non-spherical, the scattering may
generate polarisation components that are absent in the incident field. This effect
contributes strongly to depolarisation of light scattered from non-spherical particles
[104].

3.3 Surface scattering

As described earlier, the Mie and the T-matrix describe the scattering field in all directions
(i.e. 0� - 360�) while surface scattering describes the scattered field only in the upper
hemisphere (i.e. 0� - 180�) above the surface. Surface scattering can be defined as
the scattering that takes place only on the border surface between two different but
homogenous media. The scattering pattern of a surface is governed by the roughness of
the surface in relation to �, and the incidence angle of the light; see Figure 5.

When the surface is assumed to be randomly rough, a roughness spectral density
W (K) is normalised as: Z 1

�1
W (K) dK = h

2
, (10)

where K is the spatial frequency and h is the root mean square of surface height.
As shown in Figure 5, for the smooth surface the angular distribution of reflected

radiance is a delta function centred at the specular direction. In case of a slightly
rough surface (h . �), the angular distribution of reflected radiance consists of both
the specularly reflected and scattered components. The reflected components mostly
exist close to the specular direction, but the magnitude is smaller compared to that of
smoother surfaces. In the case of a completely rough surface (h >> �), defined as a
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Incident	
wave	

Reflected
wave	

Smooth	surface	

Incident	
wave	

Slightly	rough	surface	
Incident	
wave	

Rough	surface	
K

Figure 5: Schematics of surface scattering for different surface roughness, as such smooth,
slightly rough, and rough. Polar plots show the surface scattering pattern for the
similar surface roughness conditions.

diffuse surface, the specular component vanishes and the scattering components will be
approximately uniform in all directions [105].
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3.4 Multiple scattering problem

In the case of a multiple scattering problem, the Monte Carlo method [106], the two-
stream approximation [107], the adding and doubling method [108], and the DISORT
method [109] are the most widely used models.

To model the scattering characteristics of snow, a radiative transfer model based on
the DISORT method [110, 111] was used in parts of this thesis. Stamnes et al. [112]
has written a document on the numerical implementation of the DISORT method for
the radiative transfer equation (RTE). Friberg B (co-author for Paper A) implemented
the RTE code, complete details of which can be found in [113]. 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. [110, 111]. 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 implemen-
tation. Instead of detailing the complete implementation of the model, only important
parameters of the model are briefly detailed here.

3.4.1 DISORT

Prior to addressing the model, some definitions are required. The specific intensity (I
�

cos�) corresponds to the amount of energy (dE
v

) per unit area (dA), unit time (dt),
unit solid angle (d⌦) and per unit wavelength interval (d�). The solid angle (d⌦)
corresponds to dA

r

2 , while the total solid angle is 4⇡ (refer to Figure 3).
The RTE for a plane-parallel, semi-infinite medium, in its general form can be written

as:

µ

dI
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�
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where I

�

is the specific intensity at wavelength (�) and optical depth (⌧) measured
in a finite solid angle along direction µ and �. µ and � describes the direction of the
outgoing wave, where µ = cos(�

r

) and � is the azimuth angle. The scattering source
function (S

�

) is the sum of intensity contributions from all directions µ0
,�

0 to µ,�. µ0 and
�

0 describes the direction of incoming wave, where µ

0
= cos(�

i

) and �

0 is the azimuth
angle. To describe the source function, the single scattering albedo (w0) and the phase
function (P (⌧

�
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0
,�

0)) are required. The source function may then be calculated
as,
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where P (⌧, µ,�;µ0
,�

0
) is a probability density function of light coming from direction

µ

0
,�

0 to be scattered in direction µ,�, and I

�

is the corresponding intensity. The
DISORT assumes that the scattering phase function only depends on the angle (⇥)
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3.4. Multiple scattering problem

between incident and scattered radiation . This assumption is used to factor out the
�-dependence.

P (⌧, µ,�;µ0
,�

0
) = P (cos⇥), (13)

where
cos⇥ = µµ

0
+

p
(1� µ

2
)(1� µ

02
) cos(�� �

0
). (14)

The idea of the DISORT method is to transform the integral term into a sum contain-
ing m streams using Gauss quadrature,

Z 1

�1

dµI(⌧, µ) ⇡
mX

j=1

a

j

I(⌧, µ
j

), (15)

where a

j

is the quadrature weights, and µ

j

is the discrete ordinates (µ
j

= cos(�
j

), and
�

j

is the discretised zenith angle). The scattering phase function is usually approximated
in the process of solving the RTE. In general, the scattering phase function can be
expanded into a series of N Legendre polynomials P

l

P (cos⇥) =

NX

l=0

w

l

P

l

(cos⇥), (16)

where w

l

are the expansion coefficients, w
l=0 represents the single scattering albedo,

and w

l=1 represents the asymmetry parameter. Therefore it is expected from the phase
function approximation that w0 can be an estimate of how much light is being absorbed
and w1 can be an estimate of the angular behaviour of the scattered light. The expansion
coefficients are subject to the constraints

0.0001  w0  0.9999,�1  w1  1. (17)

The physical meaning of w0 = 1 is that all the incident radiation is completely
scattered while w0 = 0 means complete absorption. The coefficient w1 = 1 represents
complete forward scattering and w1 = �1 represents a complete backward scattering
behaviour. Figure 6 shows some examples of the scattering pattern for various w0 and
w1 values. Figure 6(a) shows an isotropic condition as the value of w1 is close to zero.
Figure 6(b) shows strong forward scattering features as w1 is close to unity. Further,
the value of w0 is 0.6 in both cases however, the amplitude of the scattered field varied
considerably due to the forward scattering peak (see Figures 6(a) and 6(b)). Figures
6(c) and 6(d) show the strong backward and forward scattering peaks, respectively.

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

� = E[I

exp

� I

RTE

(w0...wN

)]

2
. (18)
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(a) (b)

(c) (d)

Figure 6: Some examples of the scattering pattern obtained from the solver for various w0 and
w1 values. Note that �

i

= -45�, which corresponds to a scattering angle of 135�.

By solving the RTE numerically, initial random guesses were given for the coefficients
w0, ...wN

and then the solver finds the coefficients where the � is minimum. A description
of the performed experiments to retrieve the I

exp

, is given in the following section.
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Chapter 4

Instruments and Experimental
approach

During the thesis work, the majority of experiments were performed to record angularly
(�

r

) and spectrally (�) resolved snow reflectance measurements (given in 4.1). These
measurements were recorded using three experimental approaches, i.e. NIR spectrome-
ter (given in 4.1.1), NIR camera (given in 4.1.2), and Road eye sensor (given in 4.1.3).
Some examples of the recorded reflectance measurements from the NIR spectrometer
are presented in section 4.1.4.

The experiments performed using the micro-CT system are given in section 4.2.
These experiments are based on attenuation of X-ray radiation through a snow volume,
to measure the 3D size and spatial distribution of ice crystals.

4.1 Experiments to measure the snow reflectance

4.1.1 NIR spectrometer

The experimental set-up (see Figure 7) consisted of the NIR spectrometer, an illumination
source and a freeze box to sample a given snowpack. The NIR InGaAs spectrometer
(STE-DWARF-Star NIR, StellarNet, Tampa, Florida) was equipped with a collimating
lens (field of view 3�, ?5 mm) to increase the collection efficiency. The spectrometer
is sensitive to NIR light of �= 900 - 1700 nm with a spectral resolution of 1.75 nm
(spectrally resolved measurements). The illumination source was a 150 W EKE quartz
halogen lamp (Dolan-Jenner Mi-150 fibre optic illuminator, Edmund Optics, Barrington,
New Jersey), coupled to a ?6.35 mm fibre optic light guide. The incident beam was
collimated and focused by a focusing assembly (focal length 40 mm, ?30 mm) to form
a bright spot of approximately ?12 cm on the centre of the snow surface. All the
experiments with the spectrometer were performed in a walk-in climate chamber with a
stable temperature of -10 ±1�

C. The illumination source was fixed at an angle (�
i

) of
-45� relative to the surface normal (see Figure 7(a)).
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Adjustable lift 

Snow sample 

Detector adjustable 
at angles with 
respect to the normal 

Normal to the 
snow surface 

-γr

Freeze box 

-45° 

Illumination source 

(a) (b)

Figure 7: Experimental set-up for spectrally and angularly resolved reflectance measurements
using the NIR spectrometer: (a) sketch of the experimental set-up; (b) arrangement
consisting of the NIR spectrometer (1), an illumination source (2), an insulation
box (3) and a snow sample (4). �

r

represents the viewing zenith angle while the
illumination source was fixed at �45� (�

i

).

In order to measure reflected radiance within a finite solid angle at several viewing
angles above the snow surface (angularly resolved measurements), a special rig was
developed and attached to a portable plastic insulation box (or freeze box) as shown
in Figure 7(b). The spectrometer probe was mounted at a distance of 33 cm from
the snow surface in the plane of incidence, at the centre of the rig’s radial arm, and
focused on a measurement area of ?1.72 cm. A removable scissor lift jack was used to
adjust the height of the snow sample such that the snow surface was in the plane of the
rig’s centre of rotation. The internal surfaces of the insulation box were painted matte
black to reduce multiple scatterings between snow and the insulation box, and from the
insulation box surfaces.

The spectrally and angularly resolved reflectance measurements for snow with
various metamorphism history were measured at viewing zenith angles (�

r

) from -80�

to +80� with an angular step of 10� as shown in Figure 7(a). Note that viewing zenith
angle refers to the location of the detector in the hemisphere above the snow surface.
A measurement spectrum was recorded in the spectral range � = 920 - 1650 nm, at
each of the viewing zenith angles for a given snowpack. This procedure was repeated
twice more (without changing any factors), such that three measurement spectra were
recorded for a given snowpack.
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4.1. Experiments to measure the snow reflectance

The measurement spectra, R was organised in the form of

R

i

k

(�, �

r

), (19)

where � = 919.75, 921.50, .... , 1649.50 nm; i = 1, 2, 3; �
r

= -80, -70, .... , 80; and
k refers to snow with a different history of metamorphism. A mean reflectance spectrum
(labelled as I) was then calculated as an average of three measurement spectra as
defined for each snow sample, i.e.

I

k

(�, �

r

) =

3X

i=1

R

i

k

(�, �

r

)

3

. (20)

These mean reflectance spectra were then normalised with a dark spectrum (D(�))
and a standard reference spectrum (B(�)). The standard reference was a pack of white
papers for some parts of the experiments, while a slab of BaSo4 powder was used
for other parts of the experiments. A set of normalised reflectance spectra were then
calculated as

M

k

(�, �

r

) =

I

k

(�, �

r

)�D

k

(�, �

r

)

B

k

(�, �

r

)

. (21)

These normalised spectrally and angularly resolved data (M
k

(�, �

r

)) were further
used to solve the inverse problem (refer to section 3.4.1) and a Legendre phase function
was approximated for a given snowpack at a given wavelength. More specifically, the
first and second Legendre coefficients (w0 and w1) were retrieved for a given snowpack
at a given wavelength.

4.1.2 NIR camera

During the initial experiments with the spectrometer, it was concluded that wavelengths
980 nm, 1310 nm and 1550 nm have sufficient amounts of information and it may
not be necessary to record the spectral reflectance measurements in a wide range of
wavelengths, especially for the targeted applications.

The experimental arrangement (see Figure 8(a)) consisted of the NIR camera and
an illumination source. The NIR InGaAs camera (FLIR SC7100-N, Wilsonville, Oregon)
is sensitive to NIR light of �=900 - 1700 nm, and has a resolution of 320x256 pixels.
The illumination source was composed of three laser diodes of wavelengths 980 nm,
1310 nm and 1550 nm, with maximum optical power 10 mW, 5 mW and 5 mW,
respectively. The incident light from all three diodes was collimated using a collimating
lens, producing a spot of ?5 cm on the sample (see Figure 8(b)).

In order to measure the angular and spectral response of light reflection, a special
rig was developed in which the camera can be rotated in the hemisphere above the
measurement surface to record an image (similar to the ones shown in Figure 8(b)). The
camera rotates in the plane of incidence and its centre of rotation is in the snow surface
plane. Note that the illumination source was fixed at -45� relative to the surface normal.
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(a)

980	nm
1310	nm

1550	nm

(b)

Figure 8: Measurements using the NIR camera: (a) experimental set-up of the NIR camera, note
that the box in the measurement area represents the compacted BaS04 powder; (b)
recorded images for surfaces with compositions of dry, fresh snow, aged snow, and
water, respectively. Spots of the respected wavelengths are also given in Figure 8(b)
along with the truncated area of 30x30 pixels.

All experiments were performed with a f-number of f/1.4 and an integration time of 25
ms. Figure 8(b) shows that i) a dry surface reflects light at all three wavelengths (980
nm, 1310 nm and 1550 nm) uniformly; ii) water absorbs the longer wavelengths (i.e.
1310 nm and 1550 nm) while reflecting some portion of 980 nm; iii) both fresh and
aged snow show similar reflective properties at 980 nm and 1550 nm, while aged snow
exhibits slightly higher reflectance at 1310 nm compared to fresh snow.

The method of acquiring images using the camera set-up was similar to the spec-
trometer approach. A measurement run in this case was a combination of 50 images
that were recorded at a specific viewing zenith angle for a given snow type. This process
was repeated twice, so that three measurement runs (i.e. 150 images) were recorded at
the specific viewing zenith angle and for a given snow type.

A recorded image contains spots of all three wavelengths. A truncated area (30x30
pixels around the centre of each spot) was defined using a thresholding algorithm in an
image (see Figure 8(b)). Afterwards, a mean of the intensity values (from those 30x30
pixels) within the truncated area was considered as a representative intensity value
for a given wavelength, at a given zenith angle, for a given snowpack. 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. The representative intensity value (R) can
be described with following relation
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4.1. Experiments to measure the snow reflectance

R

ij

k

(�, �

r

), (22)

where � = 980, 1310, 1550 nm; i = 1, 2, 3; j = 1,2,.....,50; �
r

= -80, -70, .... , 80;
and k refers to snow with a different history of metamorphism. A final image was then
calculated by averaging the 150 images at a specific viewing zenith angle for a given
snow type, as:
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The mean reflectance M

k

(�, �

r

) values obtained in this way are analysed further.

4.1.3 Road eye

The Road eye sensor (patent number: SE 531949C2) was developed to monitor and
characterise different phases of water, especially for winter road applications [114]. The
Road eye (see Figure 9(b)) consists of three laser diodes and a photodiode to measure
the reflectance of a surface. The laser diodes of wavelengths 980 nm, 1310 nm and
1550 nm are frequency modulated. The measurement area of the Road eye is around 1
cm at a distance of 70 cm and at angle of 45� from the snow surface (see Figure 9(a)).
For the Road eye, the spot size of an incident light on a surface is about 2-3 mm at a
distance of 50-90 cm.

For each snow type five different measurement spots were measured: middle (M),
southeast (SE), southwest (SW), northeast (NE), and northwest (NW) corners, see
Figure 9(a). At each measurement spot 100 reflectance values for each of the three
wavelengths were collected. A measurement R was described as:

R

ij

k

(�, �

r

)), (24)

where � = 980, 1310, 1550 nm; i = 1, 2, 3, 4, 5; j = 1,2,.....,100; and k refers
to snow with different history of metamorphism. Note that �

r

= �

i

. To simplify the
analysis, the sampled values were averaged over i and n as:
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The mean reflectance M

k

(�, �

r

) values obtained in this way, are analysed further.
Figure 9(b) shows the field set-up of the Road eye, arranged to investigate the snow

characteristics on a ski track at Ormberget ski stadium, Luleå, Sweden (N 65�36015.4300,
E 22�11020.9900). Ski track measurements were performed on 13 and 16 of April 2016.
Snow temperature on the morning of 13 April was around -2�

C and coarse-grained
snow conditions were observed during that day (see Figure 9(c)).
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SW
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(a)
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(c)

Figure 9: Measurements using the Road eye sensor: (a) arrangement of the Road eye in a
climate chamber; (b) the Road eye set-up on a ski track; (c) condition of snow during
the ski track measurements using the Road eye.

4.1.4 Some examples of the reflectance measurements

Experimentally recorded angularly and spectrally resolved reflectance measurements
(M

k

(�, �

r

)) from the spectrometer are presented in Figure 10. Recorded experimental
data for four distinct snow types is presented to describe the link between the snow
reflectance and snow metamorphism. The presented four snow types are fresh, aged,
old and compacted. Compacted snow refers to aged snow that was compacted at 200
kN level. More details on the preparation of these four snow types are briefly given in
section 2.2 and detailed in Papers B and C.

Figure 10(a) shows the spectrally resolved reflectance measurements at �
r

= 50� and
�

i

= -45�. One can observe in Figure 10(a) that fresh snow exhibited a higher degree
of spectral reflectance than the other snow types. Aged snow exhibited a lower degree
of spectral reflectance compared to other snow types. Aged snow was composed of
irregularly shaped clusters due to storage conditions, which further affect the reflective
properties of the aged snow. Old snow was prepared by packing the aged snow in a
sample holder and continuing the aging process (via settling) in the climate chamber
overnight at -10�

C. This may have induced sintering of snow where irregular clusters
tend to form bonded crystals, and surface texture appeared to be smoother for old
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4.1. Experiments to measure the snow reflectance

Figure 10: The measured reflectance (M
k

(�, �
r

)) by the spectrometer for snow types at an
incidence angle (�

i

) of 45�: (a) spectrally resolved reflectance measurements at �
r

= 50� (b) angularly resolved reflectance measurements at �= 1310 nm. The dotted
square box in Figures 10(a) and 10(b) represents the reflectance (in %) for fresh snow
at � =1310 nm, �

i

= 45� and �
r

= 50�. In addition, these reflectance measurements
are normalised by the reflectance measurements from a slab of compacted BaSo4

powder. Note that the orange coloured dotted line with an arrowhead in Figure 10(b)
represents the incidence direction. The reason for a sudden drop in the measured
reflectance at �

r

= -40� in Figure 10(b) is due to the position of both the illumination
source and the detector, as the detector rotates in the plane of incidence.

snow compared to aged snow. Due to densification of snow via recrystallisation, old
snow exhibited a slightly higher spectral reflectance compared to aged snow. However,
compacted snow was also observed to exhibit a similar degree of reflectance as the old
snow. This may be due to the effect of surface texture for both snow types, i.e. old and
compacted.

In summary, freshly fallen snow exhibits a higher magnitude of spectral reflectance.
The degree of spectral reflectance of snow is dominated by the grain size distribution,
which means, snow reflectance decreases as grain size increases. These observations
are previously reported by other researchers for example Wiscombe et al. [35], O’Brien
et al. [42] and Warren [107]. In addition, spectral reflectance of snow observed to
be insensitive to surface texture, as both old and compacted snow exhibited similar
reflective characteristics.

Figure 10(b) shows the angularly resolved reflectance measurements at �
i

= -45� and
� = 1310 nm. Fresh snow exhibited a slightly forward scattering behaviour wherefore
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more light scattered into the direction of �
r

= 45� than �

r

= -45�. Aged snow exhibited
a strong backward scattering, which may be due to the orientation of the irregular
clusters of snow. However, old snow exhibited a more or less isotropic scattering,
which means that the scattered intensity is uniform in all angles (or directions). A
comparison between old and compacted snow shows that the compacted snow tends
to favour strong forward scattering due to its smoother and flatter snow surface. Note
that the density of compacted snow (790 kg m−3) is very close to ice density (917
kg m−3). Thus reflective characteristics of snow directly depend on the quantification of
its metamorphism history.

4.2 Experiments to image the snow microstructure

4.2.1 Micro-CT system

F. Forsberg, ICTMS 2017 

(a)

F. Forsberg, ICTMS 2017 F. Forsberg, ICTMS 2017 

Experimental setup 
Compaction of granular sugar 

Sample specification: 
Sample type: Bed of granular sugar 
Sample shape: Cylindrical 
Diameter: 10 mm 
Height: 4.5 mm (initial) 
 
Scanning parameters: 
Field of view (FOV): 12.5 mm 
Resolution: 12.2 µm 
Tube voltage: 80 kV 
Tube power: 7 W 
Nr of proj: 1601 
Scan time: 3.5 h 
 
In-situ load settings:  
load cycle: 100Nè500Nè1000Nè0N  

10 mm 

4.5 mm 

Fixed 
punch

Moving 
punch

PMMA 
tube

5 mm

6 mm

(b)

F. Forsberg, ICTMS 2017 F. Forsberg, ICTMS 2017 

Experimental setup 

6 mm 

5 mm 

Sample specification: 
Sample type: Bed of snow (fresh snow) 
Sample shape: Cylindrical 
Diameter: 6 mm 
Height: 5 mm (initial) 
 
DVC analysis parameters: 
ROI, diameter: 4.4 mm 
ROI, height: 3.9 mm 
Subvolume, size: 0.14x0.14x0.14 mm3 

    (32x32x32 vox) 

3D analysis of snow compaction 

(c)

Figure 11: Experimental arrangement of the micro-CT system: (a) the micro-CT consists of a
sealed microfocus X-ray tube, 4-axis sample stage, a photo detector, and a tempera-
ture controlled in-situ Deben load stage; (b) a sample holder was 6 mm in diameter
and 5 mm in height, note that the material visible in the sample holder is sugar; (c)
selection of volume of interest (VOI) in the investigated snow volume.

A ZEISS Xradia 510 Versa (Carl Zeiss X-ray Microscopy, Pleasanton, CA, USA) micro-
CT system is used to visualise the microstructure of a dry natural snow sample. The
micro-CT system shown in Figure 11(a) consists of a sealed microfocus X-ray tube,
4-axis sample stage, a photo detector and an in-situ load stage. The load stage is a
temperature controlled Deben CT5000TEC equipped with a 500 N load cell. A cylindrical
snow sample was prepared in a sample holder (see Figure 11(b)), which is made of a
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4.2. Experiments to image the snow microstructure

Polymethyl methacrylate (PMMA) tube with inner and outer diameter of 6 mm and 10
mm, respectively. The sample holder has a fixed punch made of brass and a moving
punch made of aluminium. During the experiments, the snow sample was compacted at
four loading states as 0 N, 10 N, 18 N and 25 N, through the moving punch.

The prepared snow sample was transferred to the load stage that was held at -
15�

C and rested for 30 mins prior to the measurements in order to achieve thermal
equilibrium. A total of 1601 projections (or orientations) within the snow volume were
imaged as the sample rotated over 360� in a period of six hours, which corresponds to
a resolution of 4.3 µm and 12 seconds per projection. The snow sample was scanned
initially at 0 N (unloaded state) and then successive scans were carried out gradually by
increasing the applied load. After each loading state, the snow sample was allowed to
rest for 30 minutes prior to the next scan.

4.2.2 Some examples of the micro-CT data

Figure 12: 3D grayscale images from the micro-CT system: (a) overview of the investigated
snow microstructure; (b), (c), (d), (e) show the structural features of a dendritic ice
crystal as moving through slices, respectively.

Scout-and-ScanTM Control Software is used to reconstruct the distribution of X-ray
attenuation in the investigated snow volume. A reconstructed image of the whole
snow volume can be seen in Figure 12(a). One can clearly see that the investigated
snow volume consist of a complex microstructure where a wide range of ice crystals
in different shape and size can be observed. For the detailed visualisation of snow
microstructure, an individual dendritic snow crystal is selected, see Figures 12(b)-(e).
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One can clearly see the structural features of the individual ice crystal and the majority
of crystals appeared to have a deep hollow core.
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Chapter 5

Results

The results from the numerical solver and two parametric models for experimentally
obtained M

k

(�, �

r

) are given in sections 5.1 and 5.2, respectively. M
k

(�, �

r

)) for various
snow types is presented in these two sections (refer to Table 2). Further, results from
the micro-CT method are presented in section 5.3.

5.1 Radiative transfer model

The presented measurements and observations in this section are more detailed in
Papers A and B. As described in section 3.4.1, experimentally measured angularly and
spectrally resolved reflectance data (M

k

(�, �

r

)) at a given wavelength and for a given
snow type is given as an input to the solver. The computed outputs from the solver
are reflectance distribution (see Figures 13 and 14) and Legendre coefficients (see
Figure 15). Note that the presented solver outputs are computed by solving a first order
Legendre phase function, which means N=1 in Equation 16.

Figure 13 shows the experimental and computed reflectance data as a function of
�

r

at �
i

= -45� and � = 1310 nm. Figures 13(a), 13(b), 13(c) and 13(d) represent the
data for snow types such as fresh, aged, compacted and old, respectively (see sections
2.2 for the snow preparation and 4.1.4 for the measurements). Note that the compacted
snow type in this case represents the aged snow that is compacted at a load of 200 kN
(refer to Table 2). These four snow types are selected in this section due to their distinct
scattering characteristics, which should be sufficient to make generalised conclusions.
One can compare the experimental measurements presented in Figure 13 with the
ones shown in Figure 10(b), because these were normalised via different methods. As
described previously, there is no effect of the normalisation method on the behaviour of
the snow reflectance, only on the magnitude of the reflectance.

The obtained reflectance distribution from the solver in principle agrees well with
experimental data, see Figure 13. One can observe from the experimental data in
Figure 13, that fresh and old snow tend to favour a smaller degree of forward scattering
behaviour (see Figures 13(a) and 13(d)), while old snow and compacted snow tend
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Figure 13: Experimental (I
exp

) and computed (I
RTE

) reflectance for snow as a function of
�
r

for �
i

= -45� and � = 1310 nm (refers to Equation 18): (a) fresh snow; (b)
aged snow; (c) compacted snow; d) old snow. Note that M

k

(�, �
r

) is represented
as I

exp

in this section. These experimental measurements were normalised by the
spectral reflectance from a pack of white papers. Error bars for the experimental
data represent the minimum and maximum values of a given data point.

to exhibit strong backward scattering and forward scattering, respectively (see Figures
13(b) and 13(c)). Comparing the obtained solutions and experimental data, one can say
that the solutions from the solver appear to capture the scattering pattern for a given
snow type in terms of forward, backward and isotropic scattering features. However, the
shape of the solutions does not follow well with the experimental data, as the obtained
solutions are from a low order approximation (N=1 in Equation 16).

The obtained reflectance distributions as a function of � are given in Figure 14 for
the similar snow types. Figures 14(a) and 14(b) clearly show that the estimations of
the reflectance are in good agreement with the experimental data for fresh and aged
snow, respectively. Note that the fresh and aged snow types are characterised based on
the grain size distribution. On the other hand, there is a considerable error between
the solution and experimental data for compacted and old snow; see Figures 14(c) and
14(d). Note that the old and compacted snow types are characterised based on the
surface texture. The experimental measurements correspond to a case where photons
experience multiple scattering events and while the solver computes the reflectance
distribution for single scattering event. This explains the reason for the lower degree of
reflectance distribution from the solver compared to the experimental data (see Figures
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5.1. Radiative transfer model

Figure 14: Experimental (I
exp

) and computed (I
RTE

) spectral reflectance for snow for �
i

= -45�

and �
r

= 50� [refers to Equation 18]: (a) fresh snow; (b) aged snow; (c) compacted
snow; d) old snow. I

exp

is represented by M
k

(�, �
r

) in the previous section. Note
that the experimental measurements were normalied by the spectral reflectance from
a pack of white papers. Error bars for the experimental data represent the minimum
and maximum values of a given datapoint.

13 and 14). These observations further show that the solver appeared to be sensitive to
the grain size distribution (see Figures 14(a) and 14(b)) and insensitive to the surface
texture (see Figures 14(c) and 14(d)).

To understand this behaviour further, the estimated Legendre coefficients (w0 and
w1) from the solver should be investigated. Both the coefficients are defined to describe
the single scattering characteristics of snow. Theoretically, the first Legendre coefficient
(w0) is related to the single scattering albedo (absorptive characteristics), while the
second Legendre coefficient (w1) is related to the asymmetry parameter (direction of
scattering characteristics). As described in section 3.4.1, w0 =1 means all the incident
radiation is completely scattered while w0 = 0 means complete absorption; w1=1 means
strong forward scattering while w1=-1 means strong backward scattering.

Figure 15 shows the estimated values of w0 and w1 for snow types as such fresh, aged,
old, RGsr, RGlr and compacted. Note that RGsr and RGlr are individually separated
and rounded grains, see Table 2. Figures 15(a), 15(b) and 15(c) show the data for
wavelengths 980 nm, 1310 nm and 1550 nm, respectively. One can clearly see in Figure
15 that the considered six snow types are separated from each other. In addition, the
value of w0 for RGlr is the lowest and highest for fresh snow compared to the other snow
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Figure 15: Obtained w0 and w1 values for various snow types for �
i

=-45� (refers to section
3.4.1): (a) data for � = 980 nm; (b) data for � = 1310 nm; (c) data for � = 1550
nm.

types. This is due to strong absorptive characteristics of snow composed of larger and
individual grains, which is also applicable to RGsr and aged snow. However, aged snow
was composed of clusters of grains. Thus it appears that individual snow grains and
clusters of grains exhibit similar reflective characteristics. The effect of individual snow
grains on reflectance was previously addressed by other researchers (refer to section
1.2) and in the measurements during this thesis (refer to section 4.1.4). Dozier et al.
[115] and Warren [107] observed the reflectance dependence on the distribution of
grains and reported that the changes in reflectance occur mainly due the effective size
of a grain or cluster of grains (i.e. single large grain). Figure 15 further shows that w0

appears to be a relative estimate of the single scattering albedo rather than an absolute
estimate, as the value of w0 does not provide absolute value of the reflectance. This
is because w0 represents the albedo after a single scattering event from the surface
rather than a multiple scattering event from the bulk volume. Based on w0 values for
fresh and compacted snow, w0 appears not to be sensitive to snow types with smooth
surface texture as much as it is to grain distribution. Fresh and compacted snow start to
separate at 1550 nm, see Figure 15(c).

Snow types which are characterised based on the grain size distribution show
negative values for w1 (i.e. strong backward scattering) and positive values for w1 for
fresh and compacted (i.e. strong forward scattering), see Figure 15. Individual grains
and clusters of grains have grain boundaries which can be uniform or non-uniform
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based on the metamorphism history. For example, a cluster of grains formed due to
melting-refreezing conditions will have non-uniform grain boundaries with uneven
surface texture, as pointed out by Colbeck [116] and Dozier et al. [117] among many
others. Thus snow composed of individual snow grains or grain clusters (optically
behaving as large snow grains) appeared to exhibit similar scattering characteristics.
Similar to the w0, w1 also appear to be insensitive to snow types with a smooth surface
texture. One notable mention in Figure 15 is that the old snow, which is close to the
granular snow types at 980 nm (see Figure 15(a)), is gradually moving towards the
snow with smooth and flat surface texture for 1310 and 1550 nm (see Figure 15(c)).
Note that the old snow was prepared by packing the aged snow in a sample holder and
letting it age at -12�

C for an extra night prior to the measurements. This additional
aging may have reduced the degree of uneven clusters, where the old snow appeared to
develop a smoother surface via recrystallisation. This may explain the behaviour of old
snow in Figure 15.

Thus, the estimations from the solver (w0 and w1) are more understandable, if one
has basic knowledge of snow conditions at the time of data acquisition. In addition, esti-
mations of w0 and w1 are helpful in classifying different snow types and in qualitatively
concluding the physical properties.

5.2 Parameterisation method

Section 5.2.1 details the observations of the parameterisation method developed to
estimate the fraction of LWC. The parameterisation of LWC in snow is based on the
Normalised Difference Water Index (NDWI), which accepts reflectance data at two NIR
wavelengths (980 nm and 1310 nm) as input. The NDWI is a widely used remote sensing
index for qualitative analysis of water content and is based on NIR (about 700 - 1400
nm) and SWIR (about 1400 - 3000 nm) channels. In general, snow reflectance decreases
in the SWIR region compared to the NIR region due to the amount of microscopic LWC.
The measurements and observations are more detailed in Paper D.

Section 5.2.2 details the parameterisation method of estimating the SSA of snow.
The parameterisation method accepts reflectance data at three NIR wavelengths (i.e.
980 nm, 1310 nm and 1550 nm) and snow density as input, and returns the SSA of a
given snowpack. More details on the measurements and observations are given in Paper
C.

5.2.1 Parameterisation of LWC

Figure 16(a) shows the reflectance data in the spectral range �=950-1650 nm measured
using the NIR spectrometer. Figure 16(b) shows the reflectance data at 980 nm, 1310
nm and 1550 nm measured using the Road eye. Snow (labelled as 0% of LWC in Figure
16) was collected from the nearest ice rink, where top layers of dry and crusty snow
were scraped. The collected snow was then transported to the lab in an insulated box.
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Chapter 5. Results

Four additional snow types were prepared by adding various volume fractions of liquid
water (water+NaCl), i.e. 5%, 10%, 15% and 20% of the snow sample. Density of the
prepared snow samples was about 460 kg m−3, as it is common practice to recreate ski
tracks with snow density of about 450 kg m−3.

Based on the spectrometer measurements (see Figure 16(a)), three channels were
defined as WC1 (960-1100 nm), WC2 (1200-1400 nm), and WC3 (1480-1600 nm). The
reflectance within the WC1, WC2 and WC3 was in the range of 70-90%, 30-55% and 2-
6%, respectively. The variation of the reflectance within a given channel for a given snow
type is small, see Figure 16(a). This further emphasises that reflectance measurements at
980 nm, 1310 nm, 1550 nm provides information sufficient to characterise a snowpack.
This is the reason for using reflectance data at these wavelengths for the parameterisation
of snow properties in this thesis.

Figure 16: Parameterisation of fraction of LWC in snow: (a) spectra of snow with different
amounts of LWC measured using the spectrometer at �

r

=-60�; (b) spectra of snow
with different amounts of LWC measured using the Road eye; (c) relationship
between the NDWI and LWC for the spectrometer measurements; (d) relationship
between the NDWI and LWC for the Road eye measurements. Note that error bars
shown in Figures 16(c) and 16(d) represent the NDWI values for two other sets of
measurements at a given fraction of LWC.

Figures 16(a) and 16(b) show that, in principle, the reflectance decreases as the
amount of LWC in snow increases. This may be due to an increase of grain size as the
liquid water in a snowpack increases, and snow grain size significantly impacts the
spectral reflectance. This linear trend can be observed both in the spectrometer and
Road eye measurements. However, reflectance measurements from the Road eye were
slightly higher in magnitude than those from the spectrometer. To quantify the effects
of liquid water on snow reflectance, the NDWI was defined as:

42



5.2. Parameterisation method
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) are the reflectance measurements at 980 nm
and 1310 nm, respectively. Note that �

r

= -60�, i.e. backscattered measurements.
The correlation between the calculated NDWI and fraction of LWC is presented

in Figures 16(c) and 16(d), for the spectrometer and the Road eye measurements,
respectively. Figures 16(c) and 16(d) show that the NDWI is sensitive to the fraction
of liquid water in snow, as the value of NDWI increases linearly as the fraction of LWC
increases. Figure 16(d) shows the field measurements (ski track) on 13 and 16 April
using the Road eye (refer to section 4.1.3), along with the laboratory measurements.
Based on the regression analysis of the laboratory data using the Road eye, the NDWI
values were calculated for the Road eye data on the ski track, see Figure 16(d). Because
of freshly fallen snow on the morning of 16 April (labelled as 20160416-0835 in Figure
16(d)), the estimated fraction of LWC at this time was relatively low: close to 5%.
Because of stable temperature on 13 April at 09:20 and 15:00, little difference can be
seen between the estimated LWC, see Figure 16(d). Further, the estimated fraction of
LWC for the ski track on 13 April was high (labelled as 20160413-0920 in Figure 16(d)):
close to 20%. This may be due to warm temperatures on 12 April which melted the
snow, resulting in a very wet snow considered as slush (LWC > 15%). Temperature
below 0�

C on 13 April refroze the melted snow, forming hard and coarse-grained ice
clusters (see Figure 9). As the temperature was below 0�

C on the morning of 13 April,
there was no indication that the liquid phase of water was present on the ski track at the
time of data acquisition. In this case, the NDWI method failed to correctly estimate the
LWC due to significant impacts of grain size. However, the NDWI method can be useful
for qualitative analysis of LWC in a snowpack, accounting for the grain size impacts
indirectly.

5.2.2 Parameterisation of SSA

In this section, the relation between snow reflectance and physical properties was
investigated statistically (note that the RTE model was not used). In total 16 snow types
with varying density and SSA were considered and measurements were recorded using
both the spectrometer and the Road eye.

Figure 17(a) shows the correlation between the snow SSA and density. There is a
clear decreasing trend in SSA as density increases via aging and compaction. Figure
17(b) shows that snow reflectance increases approximately as snow SSA increases. In
addition, the SSA and snow reflectance relationship is highly wavelength dependent,
as a given change in snow SSA relatively produces smaller variation in reflectance at
980 nm than at longer wavelengths (i.e. 1310 nm or 1550 nm). Figures 17(a) and
17(b) show that snow reflectance and density are exponentially related to the snow
SSA, which may be fairly weak based on these measurements. The author suspects that
consideration of a wider range of snow reflectance measurements with densities and SSA
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can clearly show the described exponential relationship. To account for the density and
reflectance effects on the snow SSA, a generalised linear model with multiple variables
is formulated. The parametric equation takes multispectral reflectance and density of
snow as input and returns the SSA of snow. It is formulated as:

ln(y
k

) = �0 +

j=4
k=NX

k=1
j=1

�

j

X

kj

,

where,
X
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= [⇢
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(980) M
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(1310) M

k

(1550)],

k = snow type,
⇢

k

= density of a given snow type,
y

k

= SSA of a given snow type,
� = estimated regression coefficients.

(27)

Initially, regression coefficients are estimated based on the known SSA values of the
considered snow types measured using the Infrasnow instrument (see section 2.1). In
this study, �0 = 2.4, �1 = 0.0004, �2 = -0.12, �3 = 0.22, �4 = -0.13. The coefficient
of determination (R2) was 0.9778, which means that the model explains 98% of the
variance of the presented dataset.

Figure 17(c) shows the SSA values measured using the Infrasnow and the SSA
values estimated from Equation 27. There is no specific trend observed between the
error and the absolute value of snow SSA. The residuals of the model are reasonably
uniform, see Figure 17(d). The mean error for the estimations of SSA from Equation 27
is estimated to be about 4%, which may be due to the limited number of data. However,
the fluctuations of the SSA estimations from Equation 27 generally agreed closely with
the SSA measurements from Infrasnow, see Figure 17(c).

5.2.3 Validation of the methods

In this section, both the parameterisation methods are validated further. The NDWI
method is applied to the measurements shown in section 5.2.2 to retrieve the fraction of
LWC in snow. On the other hand, the parametric equation (i.e. Equation 27) is applied
to the measurements presented in section 5.2.1 to quantify the SSA of snow.

Table 4(a) shows the NDWI values for ten different snow types considered in section
5.2.2. One major observation in Table 4(a) is that the NDWI value is lower for snow
with low density or high SSA (i.e. fresh snow), and higher for snow with high density
or low SSA (i.e. aged compacted and RGlr). Lower values of NDWI suggest that there
are no traces of LWC in fresh snow, as this snow was composed of snow crystals and
void. Higher values of NDWI in this case can be interpreted in two ways: i) compacted
aged snow (has density close to ice density 917 kg m−3) appeared to be an ice block
where snow crystals turned into frozen water bridges; ii) RGlr composed of snow grains
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Figure 17: Parameterisation of SSA: (a) relationship between snow density and snow SSA; (b)
relationship between snow SSA and snow reflectance at 980 nm, 1310 nm, and 1550
nm; (c) SSA measured using the Infrasnow and estimated SSA from Equation 27;
(d) residuals (or errors) between SSA from Infrasnow and SSA from Equation 27.
Note that error bars shown in 17(c) represent the SSA values for two other sets of
measurements for a given snow type.

relatively larger in size compared to RGsr, and NDWI observed to be sensitive to grain
size. Furthermore, the NDWI can be useful to understand the snow characteristics
qualitatively as one can observe the variation of the NDWI within each set of snow type.
For example, the NDWI values for aged snow increases as the level of compaction (or
density) increases due to formation of ice surface, while the NDWI values for RGsr and
RGlr increases as grain size increases. The influence of grain size is previously observed
in the field measurements, see Figure 16(d), where the effective size of clusters of
grains affect the NDWI. Thus quantification of LWC in snow is not possible at this stage;
however, snow quality may be investigated qualitatively based on the NDWI. Redefining
the NDWI for snow with a greater range of LWC, especially up to 10% volume fraction
of snow, may provide information on the quantification of the LWC.

Table 4(b) shows the estimated values of SSA based on Equation 27 for the re-
flectance measurements presented in section 5.2.1. Preparation of crusty snow (labelled
as 0% of LWC) appeared to induce granular changes as the snow was initially wet
at the time of collection and froze into dry and hard crystals of snow prior to the
measurements. This preparation method may have relatively increased the grain size,
which may explain the similarity of the SSA values for snow with 0% of LWC (see Table
4(b)), and RGsr and RGlr (see Table 4(a)). Table 4(b) indicates that the estimated SSA
decreases as the amount of LWC in snow increases. This is due to the strong absorption
characteristics of water in the NIR region.
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Table 4: Estimations of fraction of LWC and SSA based on Equations 26 and 27, respectively:
(a) estimations of fraction of LWC for the measurements presented in Figure 17; (b)
estimations of SSA for the measurements presented in Figure 16.

(a)

Parameterisation of LWC
Snow type Density SSA NDWI

[kg m−3] [m2 kg−1]
Fresh 90 73 0.12
Fresh 340 60 0.13
compacted
Aged 160 36 0.16
Aged 520 28 0.18
compacted
Aged 790 9 0.27
compacted
Old 220 28 0.17
Old 480 24 0.17
compacted
Old 660 17 0.22
compacted
RGsr 430 22 0.20
RGlr 510 5 0.29

(b)

Parameterisation of SSA
Snow type Density NDWI SSA

[kg m−3] [m2 kg−1]
0% of LWC 460 0.28 16
5% of LWC 460 0.31 10
10% of LWC 460 0.35 4
15% of LWC 460 0.36 3
20% of LWC 460 0.39 2

Both the methods estimate the snow properties by indirectly accounting for the
influence of grain size on snow reflectance. This appeared to provide a promising
quantification method for the SSA of snow while the NDWI method needs to be re-
defined with more experimental data. Moreover, visual observations of general snow
conditions are essential in order to derive conclusions from both methods.

5.3 Micro-CT method

The measurements and observations presented in earlier sections correspond to snow
surface characteristics in response to metamorphism processes via compaction. However,
the measurements presented in this section correspond to the internal features of snow
microstructure during compaction.

As described in section 4.2, the micro-CT measurements were performed on a dry
natural snow sample. Compaction on the snow sample was applied at four loading
states 0 N, 10 N, 18 N and 25 N, respectively. A grayscale 3D image is a combination of
1601 projections reconstructed together. The moving punch applies compaction on the
snow sample from the bottom layers . The micro-CT measurements and observations
are more detailed in Paper E. This initial study focused on the microstructure of snow
and the displacement of snow grains during compaction.

Figures 18(a) and 18(b) show that grain displacement and rearrangement indicates
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(a)
(b)

(c)

Figure 18: The 3D characterisation of snow microstructure during compaction: (a) scan of
the whole investigated snow volume during compaction; (b) scan of the snow
volume across a cross-section during compaction; (c) distribution of porosity in
the investigated snow volume during compaction. Note that red coloured grains in
Figure 18(a) represent the larger degree of grain displacement and blue coloured
grains represent the lower degree of grain displacement during compaction.

upward compaction, which is expected as the moving punch is positioned at the bottom.
In addition, significant displacement of grains (coloured in red in Figures 18(a) and
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18(b) can be observed close to the moving punch, while the displacement of snow grains
close to the fixed punch appeared to be very low (coloured as blue in Figures 18(a)
and 18(b). Sintering, settlement, and rearrangement of snow grains during compaction
contribute to the densification, see Figure 18(c).

Figure 18(c) shows the porosity distribution at different height levels of the investi-
gated snow volume. Porosity was obtained from the volume of the snow grains (defined
as volume occupied by void divided by total volume of snow), see section 2.1.4 for
more details. Figure 18(c) indicates that the porosity of the investigated snow volume
in principle decreases as the level of compaction increases. This may be due to the
redistribution of the snow grains where the grains move closer and fill out the pore
space during compaction.

The permeability of snow grains into pore space during compaction is investigated
from the porosity measurements with respect to height sections. On average, it is
expected to have a relatively lower porosity close to the moving punch than at the
fixed punch. However, Figure 18(c) indicates a linear trend of increase in porosity
from the fixed punch towards the moving punch. This is due to the preparation of the
snow sample, during which bottom layers experience the weight of top layers due to
settlement, thus forcing the distribution of ice crystals into the pore space; this internal
feature appeared to be insensitive to the load at least up to 25 N.
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Chapter 6

Discussions

Quantification of snow properties during its metamorphism process is crucial in order
to improve the understanding of snow mechanics. Based on the detailed experimental
observations, this thesis aims to provide the description of snow characteristics through
its physical and optical properties. Although there are several methods for character-
ising a snowpack, a standardised method to quantify snow metamorphism history is
required. The majority of the available methods in this context are based on different
experimental approaches and theories. As snow-related research often focuses on dif-
ferent experimental approaches based on the target application, it is of even greater
importance to develop a standardised experimental approach. The fundamental idea of
the experimental approach in this thesis is mostly unchanged, but the arrangement is
gradually improvised. The described experiments were conducted either in a freezer or
a climate chamber approximately at -12�

C, where the metamorphism processes of the
investigated snow samples are controllable. As described earlier, NIR reflectance from a
snow pack was analysed using a radiative transfer model and parameterisation methods,
while snow microstructure was investigated using a micro-CT system. The presented
snow reflectance measurements, radiative transfer model, parameterisation methods,
and 3D microstructure of snow offer valuable information on the involved processes,
both in a qualitative and quantitative way, and allow the definition of important snow
metamorphism features.

The spectrally resolved reflectance measurements presented in this thesis are well
correlated to the experimental data presented by other researchers in the field, for
example Warren et al. [35], O’Brien et al. [42] and Kokhanovsky et al. [118]. The
majority of the research focuses mostly on the reflectance measurements for a dry natural
snow with variations in grain size, as the grain size is a fundamental quantity used in
radiative transfer modelling for simulating snow surface albedo. However, grain size is
a complex quantity to measure, and requires high levels of laborious experimentation
and well-controlled equipment. The definition of the grain size can also be uncertain
as it can be a measure of a single crystal or a cluster of multiple crystals [63, 119].
Nevertheless, grain size strongly influences the scattering properties of a snowpack
and the degree of metamorphism. Thus, the physical characteristics of snow in this
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thesis are investigated without taking grain size directly into account, but considering
the effects of grain size through other physical properties such as density, SSA and
LWC. An implication of this consideration is that extensive and detailed experimental
measurements are needed to establish the link between the physical characteristics of
snow and the degree of compaction.

The similarities between the experimental results presented in this thesis and the
data from other researchers further ensures that the measurements are validated. The
scattering properties of snow are, in most studies, calculated using the DISORT model.
The DISORT model solves the RTE, which was introduced by Chandrasekhar [120].
Stamnes et al. [111] refined the problem and implemented a numerically stable
computer code. The DISORT code has been widely used and is well-tested by many
researchers, mainly in the atmospheric physics community [121, 122]. In principle
this method is an approximative method, which means the model accuracy can be
maximised by increasing the order of the phase function. The considered DISORT model
in this thesis is a special case of Stamnes DISORT implementation, where the first order
Legendre phase function is approximated. Based on the model observations, the first two
parameters of the phase function appeared to describe the scattering characteristics of
snow reasonably well in relation to the degree of metamorphism. Observations in section
5.1 indicate that both the parameters provide qualitative descriptions of the physical
characteristics of snow, where the first coefficient (w0) is related to the absorptive
characteristics of a snowpack (i.e. single scattering albedo) and the second coefficient
(w1) is related to the anisotropic behaviour of a snowpack (i.e. asymmetry parameter).
However, both the parameters failed to provide absolute quantity of the snow properties.
Kokhanovsky [123, 124] pointed out that inaccuracy in single scattering albedo can
influence the estimation of the asymmetry parameter. The inaccuracy in the presented
model observations may be because i) the Legendre coefficients in principle represent a
single scattering event while the experimental data corresponds to a multiple scattering
event; ii) the model in principle assumes that the grains are far away from each other,
which is not true for snow. He et al. [125] reported this effect of closely packed snow
grains on albedo estimations.

Several empirical fits with simple analytical expressions (for example exponential,
power and linear) were tested in this thesis to develop the parameterisation method to
estimate the snow SSA from reflectance measurements. A multiple number of methods
were proposed to quantify the SSA of snow from the NIR reflectance measurements.
Legagneux et al. [126] proposed an empirical equation in the form ln(SSA) = A⇢+B,
where ⇢ is density, and adjustable parameter A and B that vary with the type of snow.
Domine et al. [62] proposed an empirical equation in the form SSA = A ln(⇢)+B,
where ⇢ is density, and A and B are correlation coefficients that vary with the type of
snow. Yamaguchi et al. [127] proposed an empirical equation in the form SSA = A
exp(

Ref

t

), where Ref is a NIR image of snow calibrated with a reflectance standard and
A and t are correlation coefficients. Gallet et al. [46] proposed polynomial equations
to quantify the reflectance-to-SSA relationship, where snow reflectance at 1310 nm
and 1550 nm is considered. All these methods further validate the observation in this
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thesis (refer to Figure 17), which is the exponential growing relationship between
snow SSA and reflectance, snow SSA, and density. Most of the currently proposed
methods are either applicable for specific snow types or may not consider all the effects
of the detailed exponential relationship. The detailed parameterisation method for SSA
retrieval accepts multispectral reflectance and density, and the validation of the method
(refers to section 5.2.3) further show that the method can be applied to derive the SSA
of snow for a wide range of snow types, with an observed accuracy of about 4%. As an
example, an individual SSA measurement using CH4 adsorption technique has a random
error of 6% [126].

Furthermore, the NDWI method is a well-tested approach for the detection of
liquid water. It is a common practice in the remote sensing domain to use the NDWI
to map open water features [128], snow-avalanche detection [129], and vegetation
water content [130] among many others. The majority of these research methods are
developed based on the spectral reflectance measurements from satellites. The index
has never been applied for a small-scale experimental system as the one presented in
this thesis, but the NDWI is strongly sensitive to the fraction of water content, which
further emphasises the viability of the method to detect LWC in snow. However, the
presented observations show that the NDWI can only provide a qualitative description
of the LWC in a snowpack, which may be due to the limited experimental data. As
described earlier, the NDWI method needs to be re-defined for snow types with a wider
range of LWC.

Most of the prevailing effects due to compaction can be found near the snow surface.
In addition, the description of snow characteristics in this thesis (based on the model
estimations and parameterisation methods) is mostly observed to be influenced by the
snow structure in the near-surface layers. In this context, the physical characteristics
of snow surface are implied from the experimental observations; however, the actual
behaviour of snow grains during metamorphism is unknown. In order to fill this gap,
the internal features of snow, while it is experiencing different stages of metamorphism
during compaction, are observed in this thesis. The observations of grain displacement
during compaction further emphasise that near-surface layers experience the compaction
to a higher degree. In addition, snow grains were observed to be experiencing bond
breakage and recrystallisation due to compaction. Thus, grains tend to move closer and
distribute into the pore space during compaction, resulting in densification. Wang et
al. [53] reported similar observations and further emphasised that grain deformation
during compaction is dominated by the pressure sintering process. Up until today,
no material has been published about the hollow core nature of snow crystals. It is
interesting to investigate the characteristics of the hollow structure of the snow crystals
under compaction; however, a clear reason for the formation of this hollow core needs
to be studied and interpreted further. In addition, imaging snow in 3D definitely
provides challenges and opportunities to understand snow microstructure during its
metamorphism history.

In summary, the presented experimental approach can be used to record a mea-
surement of angular (�

r

= -80� to 80�) and multispectral (� = 980 nm, 1310 nm and
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1550 nm) dependence of reflectance for a given snowpack, which can further provide
qualitative (or relative) estimates of single scattering albedo, asymmetry parameter and
LWC, and quantitative estimates of SSA. These estimations are useful to characterise a
given snowpack and to validate the link between the snow metamorphism history and
compaction. With the current experimental approach, a single measurement requires
five minutes of time, and combined data processing may take approximately another
five minutes. In addition, the experimental system can be modified to be portable.
However, there are some practical limitations with the current experimental system: i)
malfunction of the instruments at cold temperature for longer periods; ii) the presented
measurements are limited in spatial coverage, as they are either point or small area
based measurements; iii) NIR camera is sensitive to sunlight when the sun is at lower
angles; iv) in order to develop practical conclusions from the observations, one must
have basic knowledge of the snow condition at the time of data acquisition; v) the
current state of the experimental system limits its application to monitoring winter roads
and assessment of snow quality on ski tracks.
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Conclusions

This thesis presents experimental techniques and corresponding data analysis methods
to characterise the metamorphism history of snow in terms of its physical properties. The
thesis covers various aspects of snow metamorphism process, including the influence of
compaction on the snow surface and snow microstructure.

All the observations in this thesis suggest that the presented measurement techniques
open a new scientific field for snow research, to understand the behaviour of snow in the
near-surface at various metamorphism processes. In the context of practical applications,
the findings of the studies underlying this thesis can provide following inputs:

• to characterise the friction between the tyre and the asphalt covered with snow.
Knowledge of tyre-road friction conditions is useful for example to enhance the
performance of wheel slip control systems (e.g. anti-lock brake system (ABS)) and
to predict the slipperiness.

• to determine the quality of snow surface around a ski track. This is beneficial
for skiers who are then able to select skis optimised for the relevant ski track
conditions.

• to characterise different phases of water (especially frost) on a wind turbine blade.
Earlier detection of icing conditions is useful to optimise the de-icing methods and
to avoid component failure related to icing events.

• for studying the snow stratigraphy and behaviour of various snow layers. Charac-
terisation of snow stratigraphy describes for example fraction of water content and
snow-pack strength, which are essential to predict avalanche sensitive regions.

The experimental technique presented in this thesis is useful to determine physical
and optical properties of snow. Such analysis will be helpful to characterise and define a
snowpack for various fields of snow research.
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Future works

• Preparation of snow can be extended, where snow types with a wide range of
density variations be prepared via natural metamorphism rather than mechanical
compaction.

• Preparation of snow with large proportion of LWC be considered. In addition,
temporal effect of the LWC in a snowpack can be investigated.

• Improvising the current parameterisation method to minimise the direct depen-
dency on grain size. This could be done by adding some other physical properties
of snow, such as the LWC, snow temperature and surface roughness, to the para-
metric equation.

• Microstructure of various types of snow under compaction can be visualised
and a relation between the compaction and different grain structures can be
observed. This may further indicate the relationship between a given snow type
and compaction.

• It is possible to modify the measurement system so that it can be more portable,
and the measurements and data analysis can also be automated.
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Chapter 9

Summary of appended papers

Paper A

Preliminary measurements of the reflectance from several snow surfaces 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 experiments were performed in a freezer.
Measured angularly resolved reflectance from snow surfaces were then analysed using a
radiative transfer model where the Legendre scattering phase function was estimated and
Legendre coefficients were investigated. The study 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 A was written in cooperation with Benjamin Friberg, 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, analyzing the
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.

Paper B

Paper B further confirms the observations and assumptions from Paper A. Experimental
setup in this case was improvised in a way that viewing zenith angles from -80� to 80�,
a NIR spectrometer to measure reflected light in the spectral range � = 920 - 1650 nm
and a broadband light source were considered. The experiments were performed in a
walk-in climate chamber at NTNU, Trondheim. The radiative transfer solver was used
to model the snow physical properties. A correlation between the first two Legendre

69



Chapter 9. Summary of appended papers

coefficients and snow physical properties such as grain size and density was investigated
using the angularly resolved reflectance measurements. Results in Paper B showed that
the first coefficient is a relative estimate of the single scattering albedo rather than an
absolute estimate while second coefficient properly estimates 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 B was written in cooperation with Prof. Mikael Sjödahl, Dr. Johan Casselgren
and Dr. Johan Wåhlin. The contribution of the author was performing experiments,
analyze the experimental and numerical data, and main part of the reasoning and
writing.

Paper C

Paper C investigates the spectral characteristics of snow with different physical properties
using the spectrally resolved reflectance measurements from snow. The reflectance
measurements at wavelengths 980 nm, 1310 nm and 1550 nm from viewing zenith
angle of 40�. A Road Eye sensor, which is specially developed to monitor the 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
specific surface area (SSA) was investigated. An empirical expression for prediction of
the snow SSA is developed as a function of snow density and multispectral reflectance.
It was observed that snow reflectance to some extent depend on the variations in
snow density. The predictive model presented in this study provide reasonably good
correlation between the estimated and measured SSA of snow. Further the method
suggested that the presented approach can be used to classify snow types with different
physical properties and to quantify the snow SSA.

Paper C was written in cooperation with Dr. Johan Casselgren and Dr. Johan Wåhlin.
The contribution of the author was performing experiments, analysis of the experimental
data and development of parameterisation method, and main part of the reasoning and
writing.

Paper D

Paper D focused on the spectral reflectance measurements recorded for snow with
different liquid water content (LWC) in the spectral range � = 920 - 1650 nm. A linear
correlation between the spectral reflectance and the LWC was observed. Based on the
calculated values of normalised difference water index (NDWI), the LWC was relatively
estimated and investigated. Field measurements on a cross-country ski track were
performed and reported a correlation to the laboratory observations. The investigation
of laboratory and field measurements suggests that the approach can be used to provide
relative estimate of the LWC in snow and may be used for snow classification especially
for ski tracks and winter roads.
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Paper D was written in cooperation with Dr. Nina Lintzén, Dr. Johan Casselgren and
Dr. Johan Wåhlin. The contribution of the author was performing experiments, analyze
the experimental data, and main part of the reasoning and writing.

Paper E

Paper E focused on 3D images of dry natural snow during compaction at four loading
states 0 N, 10 N, 18 N and 25 N. An X-ray microtomography (micro-CT) system was used
to record the 3D images. Digital volume correlation (DVC) and porosity distribution
methods are used to investigate the displacement of snow grains due to compaction in
the investigated snow volume. The observations show that the near-surface layers of a
snowpack experience the impact of compaction greatly. The observations further show
that the grains displacement during compaction is dominated by grain sintering while
bond breakage and recrystallisation were also major involved processes.

Paper E was written in cooperation with Dr. Fredrik Forsberg, Dr. Johan Casselgren
and Dr. Henrik Lycksam. The contribution of the author was major part of the reasoning,
interpretation of data 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;
z¼ 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, T

2
z ðγÞ, T

3
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 ðN¼ 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 ðN¼ 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, T

2
z ðγÞ, T

3
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, T
2
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, T

2
z ðγÞ, T

3
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 N¼ 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 ðN¼ 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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A B S T R A C T

Angularly resolved bidirectional reflectance measurements were modelled by approximating 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 of 900–1650 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 correlation 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
compared 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.

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 bidirectional reflectance distribution function
(BRDF) [1,2]. The BRDF describes a surface reflectance as a function
of illumination and viewing angles apart from the wavelength. The
corresponding retrieval models for single and/or multiple scattering
are mostly based on ray tracing (e.g., Monte Carlo method) [3–5] or the
discretisation of a standard variation of the radiative transfer equation
(e.g., discrete-ordinates method, DISORT) [6–8]. Solutions to the
radiative transfer in snow based on the DISORT method involve
estimating a scattering 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 between
Legendre coefficients of the phase function and snow physical proper-
ties is therefore expected [11].

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 single scattering [12–14].
Aoki et al. [15] measured spectral albedo and bidirectional reflectance
on flat snow in the wavelength region of 350–2500 nm, and analysed
the effect of grain size on the observations. They showed that the
normalised BRDF of snow agreed better with the Henyey–Greenstein
(HG) phase function rather than with the Mie phase function. Warren
[16] reviewed the snow albedo dependence on wavelength, solar zenith
angle, cloud cover, snow pack thickness and snow density. He also
reported that these parameters can be interpreted by a single or
multiple scattering radiative transfer theory. Li and Zhou [17] and
Painter and Dozier [18] simulated, respectively, hemispherical direc-
tional reflectance using the DISORT and the bidirectional reflectance
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 bidirec-
tional reflectance accurately. Xie et al. [20] compared the applicability
of three radiative transfer models: DISORT, adding-doubling method
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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.

All these studies lead to a conclusion that the angularly and
spectrally resolved bidirectional reflectance measurements can be
accurately modelled and a scattering phase function can be approxi-
mated 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, modified HG phase
function and Legendre expanded phase function [21–23]. 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 compared the results with the Monte Carlo simulations.
They showed that the HG phase function can provide a theoretical basis
for the multiple scattering 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 para-
meter HG phase function is sufficient to approximate the scattering
direction in terms 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 estimate of the asymmetry parameter and possibly the single
scattering albedo with an improved experimental design.

The present study involves investigating a relation between the
measured 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 of 900–1650 nm.

The paper is organised as follows. The theoretical considerations of
the bidirectional reflectance of snow and the radiative transfer model
are described in Section 2. In Section 3 experimental design, measured
snow types and measurement approach are detailed. In Section 4
results of the work are presented while discussions of the observations
are detailed in Section 5. Finally, the conclusions are given in Section 6.

2. Theoretical considerations

2.1. Bidirectional reflectance

The BRDF is a common method to model the bidirectional
reflective properties of a matter. The bidirectional reflectance measure-
ments are observed in an infinitesimally small solid angles considering
both incoming light and outgoing light as directional. The bidirectional
reflectance of the matter is essentially related to the absorption,
reflectance and roughness of the matter. Therefore, these measure-
ments provide essential information on the optical properties of the
matter. It is in principle not possible to measure reflected light within
an 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,?,29].

The BRDF is defined as the ratio of the radiance reflected (L
r

) into a
specific direction (�

r

) to the incident irradiance (E
i

) coming from a
particular direction (�

i

):

BRDF � �

dL � � �

dE � �

( , ) =

( , ; )

( ; )

[sr ].

� i r

r i r

i i

�1
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The λ in Eq. (1) specifies that the BRDF is further resolved in
wavelength. For practical reasons the BRDF

�

specified in this study is
normalised by a bidirectional reflectance measurement from a pack
(2 cm thick) of white papers. More details are given in Section 3.1. The

BRDF is further referred by 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 and Swanson [8]. This model was developed to describe the
single scattering of radiation in a 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].

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 � w P �( ) = (cos ),

l

N

l l

=0

(2)

where w

l=0

is the single scattering albedo, w

l=1

is the asymmetry
parameter, P �(cos )

l

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 coefficients. Therefore the Legendre phase function is
approximated by its first two 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 measurement. This is done by defining a cost function
which iteratively minimises the mean squared error (χ) between an
experimental dataset and a solution to 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.

� E I I w w �= [ � ( , ; )] .

exp RTE 0 1

2 (3)

Furthermore, the coefficients are subject to the constraints

w w0.0001 � � 0.9999, �1 � � 1.

0 1

(4)

The physical meaning of the coefficient w0=1 is that all energy that
enters 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 provide valuable information about the
optical characteristics of a snow pack [11].

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.

3.1. Experimental setup

The experimental setup shown in Fig. 1 consists of a freeze box, an
illumination source and a NIR spectrometer. A NIR InGaAs spectro-
meter (STE-DWARF-Star NIR) with an extra aperture (field of view 3°,
�5 mm) was used to measure the bidirectional reflectance from snow
surfaces within the wavelength range of 900–1650 nm with spectral
resolution of 1.75 nm. The illumination source was a 150 W EKE
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quartz halogen lamp (MI-150, Edmund optics) coupled with a
�6.35 mm fibre optic light guide. The output was focused by a focusing
assembly (focal length 40 mm, �30 mm) on the centre of the snow
surface. The illumination source forms a bright spot of �12 cm on the
snow surface.

A special rig was built and attached to the freeze box (as shown in
Fig. 1(b)) in order to measure the bidirectional reflectance over the
upward hemisphere in the plane of illumination using the spectro-
meter. The spectrometer probe was mounted on a radial arm at 33 cm
from the snow surface giving a measurement area of �1.72 cm within
the illumination spot. The rig arm rotates in the plane of incidence
where the centre 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
the freeze box and snow, all internal surfaces were painted matte black.

The integration time of the spectrometer was set to 3 s 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
considered as negative angles (−γ) and angles away from the illumina-
tion source were considered 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 measurement from a pack (2 cm
thick) of white papers at nadir angle. The pack of white papers was
stacked in the sample holder such that the white papers surface was in
the same plane as the rig's centre 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.

3.2. Snow types classification

The measurements were carried out in the walk-in climate chamber
at NTNU, Trondheim from 28 September 2015 to 2 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.

The snow was classified according to the international classification
of seasonal 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 calculate the SSA of a given snow
type with known density. The Infrasnow device 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 type [33].

The snow types in this study were divided into three main classes
dendritic, granular and spring snow as shown in Table 1. The
international classification for these snow classes were DFdc, RGsr
and RGlr, respectively. In words: decomposing and fragmented pre-
cipitation particles – partly decomposed precipitation particles,
rounded grains – small radius and rounded grains – large radius.

Grain size is not an optimal description of snow, since it will have
different definitions depending on the type of snow (dendritic, decom-
posed, 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 processes important for snow, such as compacted

Fig. 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×W20 cm, while the sample
height varies along with the level of compression (see Table 1).

Table 1
Measured snow types along with their density, SSA values and sample height.

Description
(class)

Type:density
(kg/m3)

SSA
(m2/kg)

Height (cm)

Dendritic fresh
(DFdc)

Uncompressed D1:90 73 5

Compressed 50 kN D1:340 60 1.4

Dendritic aged
(DFdc)

Uncompressed D2:160 36 5

Compressed 50 kN D2:520 28 2.2
Compressed
200 kN

D2:790 9 1.3

Dendritic old
(DFdc)

Uncompressed D3:220 28 5

Compressed 50 kN D3:480 24 2.5
Compressed
200 kN

D3:660 17 1.8

Granular (RGsr) Uncompressed G:430 22 5

Spring (RGlr) Uncompressed S:510 5 5
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hardness [35], metamorphosis and sintering [36], and albedo [37].
Because of this, we chose to classify the snow by it SSA (measured with
Infrasnow), its type (according to international classification) and its
density, and no effort was made to measure the snow grain size
distribution.

The produced snow was then allowed to age at different tempera-
tures 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 density 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 and snow types D2:160 and 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.

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
Fig. 1(a). A measurement run was started with the spectrometer probe
at a viewing zenith angle of −80° 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 Fig. 2. A bidirectional reflectance spectrum from 900 nm to
1650 nm was obtained at each of the viewing angles. This procedure
was then repeated two more times such that three measurement runs
were obtained for each of the snow types. It takes approximately
15 min to obtain three measurement runs including a reference and
dark spectrum for a given snow type.

The angularly resolved bidirectional reflectance measurements (R)
are labelled as

R � � � �

i

( , ), = �80°, �70°,…,80°, = 900.50 nm, 902.25 nm,…,1649.50

nm, = 1, 2, 3,

k

i

(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 three measurement runs for each snow type:

�

M � �

R � �

( , ) =

( , )

3

.

k

i

k

i

=1

3

(6)

The mean bidirectional reflectance measurements (M � �( , )

k

) for
snow types D1:90, D2:160 and D2:790 at wavelengths 1120 nm and
1550 nm are shown in Fig. 2. Note that the error bars in Fig. 2
represent the minimum and the maximum at the specific data point.
The measurements presented in Fig. 2 can be taken as a representation
of the mean bidirectional reflectance 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 scattering, the
snow type D2:160 exhibits backward scattering and the snow type
D2:790 exhibits forward scattering behaviour. Due to the storage
conditions, 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 D2:790 was compressed and had a flat icy
surface which favoured more forward scattering.

As a final step, the angularly resolved bidirectional reflectance data
M � �( , )

k

were fed into the solver to obtain the Legendre coefficients w0,
w1 by approximating the first order phase function based on Eq. (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 spectrum in the specular direction is pre-
sented in Section 4.1.1 while anisotropic behaviour of snow types based
on the experimental measurements is detailed in Section 4.1.2.
Estimated Legendre coefficients from the model are presented in
Section 4.2. Estimated values of the first Legendre coefficient (w0)
are presented in Section 4.2.1 and in Section 4.2.2 estimated values of
the second Legendre coefficient (w1) are presented.

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 Fig. 3. One

Fig. 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.
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can observe from Fig. 3 that all the snow types exhibit similar spectral
features. Only the magnitude of the reflected light varies due to their
individual absorption characteristics.

Data in Fig. 3(a) represents the measured bidirectional reflectance
spectrum of snow types D1:90 and D1:340 as these were produced
from dendritic fresh snow. Data in Fig. 3(b) represents the measured
bidirectional reflectance spectrum of granular snow G:430 and spring
snow S:510 as these snow types were composed of individual spherical
grains. Data in Fig. 3(c) represents the measured bidirectional reflec-
tance spectrum of D2:160, D2:520 and D2:790 as these were produced
from dendritic aged snow. Data in Fig. 3(d) represents the measured
bidirectional reflectance spectrum of D3:220, D3:480 and D3:660 as
these were produced from dendritic old snow.

As expected the snow type S:510 has higher absorption character-
istics 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 smaller grains, see Fig. 3(b). As described earlier,
the snow type D2:160 was composed of irregularly shaped grains that
were lumped together due to storage conditions. One can observe in
Fig. 3(c) that snow type D2:160 exhibits absorption characteristics
similar to snow type S:510.

One common observation among similar snow types in Figs. 3(a),
(c) and (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 wavelength region of 900–1430 nm and high absorption character-
istics in the wavelength region of 1440–1650 nm. Uncompressed snow
types, where grain size is a prominent parameter, are well distinguish-
able in the low absorption region, see Fig. 3(b). Compressed snow
types, where density and surface texture are prominent factors, are well
distinguishable in the high absorption region, see Figs. 3(c) and (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. Therefore in Sections 4.1.2 and 4.2.2, measured
bidirectional reflectance and estimated 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 snow types, difference between the mean bidirectional reflectance
measurement at the specular direction (M �( , 40)

k

) and that of at the
backward direction (M �( , �40)

k

) is presented for all the snow types in
Fig. 4. The bidirectional reflectance measurements at wavelength
bands 980 nm, 1310 nm and 1550 nm were considered in this section.
Positive value of the difference refers to a forward scattering case while
negative value refers to a backward scattering event.

Figs. 4(a), (c) and (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 the bidirectional reflectance and density can
be correlated to the variations in SSA.

Fig. 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 snow type S:510 exhibits relatively low
backward scattering behaviour compared to the snow type G:420 which
was composed of individual smaller grains.

Fig. 4(c) shows that the snow type D2:160 tend to favour strong
backward scattering while compression makes the surface flatter and
results in enhanced forward scattering. As described earlier, D2:160
aged in a freezer for a month and grain size normally increases through
metamorphosis process as irregularly shaped snow grains were lumped
together. The measured part of the snow surface might have significant
surface variation which may cause the bidirectional reflectance peak in
the backward scattering angle.

Fig. 4(d) shows that the snow type D3:220 tend to favour slight
forward 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

Fig. 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.
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as the irregularly shaped grains were melted and this may cause the
light to reflect more in the specular direction than in the backward
direction.

4.2. Approximated Legendre coefficients from the phase function

Measured mean bidirectional reflectance measurements (M � �( , )

k

)
of all the snow types at several wavelengths were sent to the solver to
obtain two estimated coefficients. Measured data and the values of w0

at wavelength bands 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 were
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 coefficients and the experimental observations is also detailed. The
results showed that the solver estimates the coefficients with good
accuracy and computation time is observed to be 31 s 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.

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 Fig. 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 experimental measurements from Fig. 3.

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
Fig. 5 that the w0 properly captures all the spectral features of the
measurements such as reflectance peaks and absorption valleys, see the
experimental measurements in Fig. 3.

Fig. 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 snow at all the wavelengths in Fig. 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 spherical grains are lower than that of the other snow types,
see Fig. 5(b). The snow type S:510 has the lowest w0 values at all the
wavelengths as it was composed of large spherical grains.

Fig. 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 an 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 the 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 Fig. 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 procedure, D3:220 appeared to develop a thin ice layer
which results in an increase of w0 values compared 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 and
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.

4.2.2. Estimated second coefficient (w1)
The estimated second coefficient (w1) of the first order Legendre

phase function at 980 nm, 1310 nm and 1550 nm is presented in
Fig. 6. These three wavelengths 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 observe the anisotropic
properties of a given snow type. The estimated w1 values from Fig. 6
can be compared and correlated to the experimental anisotropic

Fig. 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.
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bidirectional reflectance observations from Fig. 4.
One can immediately observe from Figs. 6(a), (c) and (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.

Fig. 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.

Figs. 6(c) and (d) show that the snow type D2:160 has negative w1

values due to the strong backward scattering behaviour. However the
increase in w1 values for the snow type D3:220 implies 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 HG 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
viewing geometry, illumination source, detector and snow samples

Fig. 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.

Fig. 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.

L.K. Eppanapelli et al. Optics and Lasers in Engineering 91 (2017) 151–159

157



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 the 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
composed 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 influences the anisotropy of a snow
pack [40,42], which can be observed in Fig. 3. The BRDF measure-
ments in the low absorption region showed small variation between
snow types with similar surface texture but with different density
values. However, the BRDF measurements in the high absorption
region were well separated and sensitive to the changes in density.

The radiative transfer solver used in this study models the BRDF
measurements by approximating the first order Legendre phase func-
tion. 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, respectively.
However, the first Legendre coefficient (w0) in this study appear to be a
relative estimate of the single scattering albedo rather than an absolute
estimate. The experimental measurements presented in Fig. 3 corre-
spond to a case where photons experience multiple scattering events
and observations from specular direction. However, the estimated
values of w0 from Fig. 5 corresponds 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 sensitive 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 below 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 were 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 the 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 high absorption
region would be sufficient to investigate a snow pack physical proper-
ties. 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 single scattering albedo, 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 accuracy 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 Fig. 2 that there are considerable variations
between three measurements for a given snow type at a given
wavelength as these measurements associated with it is repositioning

uncertainty and natural variations over the time frame of 15 min.
However the solver is insensitive to these considerably 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.

6. Conclusions

Angularly and spectrally resolved BRDF measurements in the
wavelength region of 900–1650 nm were performed on different snow
types in a walk-in climate chamber. A near-infrared (NIR) spectro-
meter was used to measure the bidirectional reflectance from 10
different snow types with known density 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 coeffi-
cients of the Legendre scattering phase function by approximating the
angularly resolved 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 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 remains 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 is essential especially for winter road safety and ski track
maintenance users.
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Abstract

This paper presents a multiple regression method for predicting snow SSA based on multispectral reflectance
and snow density. Multispectral near-IR reflectance from snow was measured at wavelengths 980 nm, 1,310
nm and 1,550 nm. In total, 16 di�erent artificially prepared snow samples were investigated using two optical
sensors, a spectrometer and a Road eye sensor. Both the sensors measured backscattered radiance from snow
and measurements were carried out in a climate chamber. Snow types with variations in physical properties
such as grain distribution, surface texture, SSA, density and depth are considered. Variations in snow density
were obtained through compaction and aging process. Correlation between the snow density and reflectance
is investigated and influence of snow density and multispectral reflectance on snow SSA is also investigated.
A generalized linear model is developed to predict the snow SSA with a coe�cient of determination equal to
98%. The preliminary validation of results show that the SSA can be accurately estimated from the density and
multispectral reflectance. The model results indicate that the snow density has minor e�ect on the variations in
snow SSA. Results suggest that snow with varying physical properties can be qualitatively characterized based on
the presented approach, which is of interest for applications such as winter roads classification and pistes classification.

1 Introduction

Classification and characterization of snow is essential in
many applications including road pavement [1, 2], wind
turbine blades [3] and skis [4]. Snow characterization
includes estimation of density [5], specific surface area
(SSA) [6] and grain size [7] among other properties. The
most common method to estimate these properties is by
investigating the optical properties of snow [8, 9].

In this study, SSA is defined as the surface area of ice-
air interface per unit mass, and the SSA values for snow
typically range from about 2 m2 kg–1 to 156 m2 kg–1.
The lower end of the SSA range corresponds to larger
clusters of melted and refrozen snow, and the higher end
to fine grained fresh snow [10]. The snow SSA provides
information relating to the grain size, granular structure
and bonds among the grains, therefore it is an essen-
tial parameter to investigate the physical and chemical
properties of snow [11, 12]. Most of the techniques to
estimate the SSA of snow were based on gas adsorption
techniques [13, 14], stereology principles [15, 16] and
X-ray tomography [17]. One method is to deduce the
SSA of snow from the multispectral near-infrared (NIR)
reflectance of snow, wherefore these measurements cor-

respond to absorbance, reflectance and surface texture
[18, 19]. Concerning the infrared techniques, the es-
timation of SSA essentially depends on the choice of
wavelength [20].

Previous study suggests that physical properties of
snow can be investigated based on backscattered inten-
sity measurements [21, 22]. Picard et al. [23] inves-
tigated the e�ect of grain shape on SSA - albedo rela-
tionship, based on theoretical ray tracing simulations.
They reported that estimation of the snow SSA from the
albedo measurements, may introduce uncertainties when
the grain shape is unknown. Gallet et al. [20, 24] devel-
oped empirical equations to deduce snow SSA from the
NIR reflectance, based on an integrating sphere setup.
They developed an instrument called "DUFISSS (DUal
Frequency Integrating Sphere for Snow SSA)" to re-
trieve the snow SSA from hemispherical reflectance at
two wavelengths, 1,310 nm and 1,550 nm. However this
method requires extraction of snow sample. Arnaud et
al. [25] proposed an instrument, POSSSUM (Profiler
Of Snow Specific Surface area Using SWIR reflectance
Measurement) for rapid acquisition of SSA from infrared
reflectance measurements. The POSSSUM measures
the SSA profiles with an e�ective vertical resolution of

1



10 - 20 mm. Similar to the DUFISSS, Montpetit et al.
[26] developed an IRIS (InfraRed Integrating Sphere)
technique to retrieve snow SSA from SWIR (Short Wave
InfraRed) reflectance. Their approach observed to be
more sensitive to snow SSA compared to a NIR camera
setup. Additionally, an accurate and non-contact method
to estimate/measure the SSA of snow is still need to be
realized.

In this study, (1) backscattered reflectance from snow
pack at wavelengths 980 nm, 1,310 nm and 1,550 nm was
measured; (2) these reflected intensity measurements
were recorded using two optical sensors, spectrometer
and Road eye; (3) density and SSA values of measured
snow samples are retrieved using traditional methods; (4)
an empirical equation is developed to retrieve the snow
SSA from density and multispectral reflectance values,
and (5) influence of snow density and multispectral re-
flectance on the snow SSA is discussed. Next section
details the experimental setup of both the sensors and
data acquisition. After that, measured snow types and
snow sample preparation is detailed. Thereafter. results
of the observations and discussions of the results are
presented. The paper ends with conclusions.

2 Experiments and data acquisi-

tion

A NIR spectrometer and a Road eye sensor (patent num-
ber: SE 531949C2) were used to measure the backscat-
tered radiance from snow in a climate chamber. The
Road eye was developed to monitor and characterize dif-
ferent phases of water [27]. Experimental method of the
spectrometer and the Road eye are given in following
two sections.

2.1 Spectrometer

The experimental setup [Fig. 1] consists of an insulation
box, an illumination source and the NIR spectrometer .
The NIR InGaAs spectrometer (STE-DWARF-Star NIR,
StellarNet, Tampa, Florida) with an extra aperture (field
of view 3�, ?5 mm) was used to measure the backscat-
tered reflected radiance from snow in the spectral range
900 - 1,650 nm with resolution of 1.75 nm. However
reflectance data at wavelengths 980 nm, 1,310 nm and
1,550 nm was considered in this study. The integration
time of the spectrometer was fixed to 3 s for all the mea-
surements. The illumination source was a 150 W EKE
quartz halogen lamp (Dolan-Jenner MI-150 Fiber Optic
Illuminator, Edmund Optics, Barrington, New Jersey)
coupled with a ?6.35 mm fiber optic light guide. The
illumination beam was collimated and focussed by a fo-
cussing assembly (focal length 40 mm,?30 mm) to form
a bright spot of ?12 cm on the centre of snow surface.
The experiments were performed in the walk-in climate
chamber with a temperature of -10 ±1 �C. The spec-

trometer probe was mounted at distance of 33 cm from
the snow surface and focused on a measurement area of
?1.72 cm. A removable scissor lift jack was used at the
bottom to adjust height of the snow surface. The insu-
lation box’s internal surfaces were painted matte black
to prevent multiple scatterings from insulation box, or
between insulation box and snow.

Adjustable lift 

Snow sample 

Detector 

Normal to the 
snow surface 

40° 

Freeze box 

45° 

Illumination 
source 

(a) (b)

Fig. 1. Schematic sketch of the spectrometer measure-
ments; (b) experimental setup consisting of the NIR
spectrometer (1), the illumination source (2), the insula-
tion box (3) and a snow sample (4). Each measured snow
sample was of size L29 cm x W20 cm and the sample
height varies with the level of compaction [Table 1]

A reference and dark spectrum were recorded prior to
the measurements for each snow type. A slab of com-
pacted BaSo4 powder was used as a reflectance stan-
dard to calibrate all the measurements. The BaSo4 pow-
der was compacted in a matte black painted plexiglass
container 13 x 13 x 2 cm3. It was measured that the
compacted BaSo4 sample exhibits uniform spectral re-
flectance of approximately 92% in the NIR region (900
- 1,650 nm). Furthermore a dark spectrum was also
recorded by turning the illumination source o�. The
spectral reflectance in this case was defined as the ratio
of reflectance from the snow surface to that of from a
slab of compacted BaSo4.

A measurement set corresponds to reflectance data
at wavelengths 980 nm, 1,310 nm and 1,550 nm, at a
viewing zenith angle of 40� while keeping the incident
angle fixed at 45�. This procedure was then repeated
two more times, so that 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.
Note that successive measurements were performed at
the same location on a given snow surface.

A spectral reflectance measurement set (R) is labelled
as

Ri
k(l),
l = 980 nm, 1310 nm, 1550 nm,
i = 1, 2, 3,

(1)
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where l is the wavelength, i is the number of measure-
ment set and k represents the snow type, see Table 1. A
mean reflectance measurement (M) was then calculated
from the 3 measurement sets for each snow type.

Mk(l) =
3X

i=1

Ri
k(l)
3

, (2)

The mean reflectance measurements (Mk(l)) for all
the snow types are further considered and presented in
the section "Results". Snow types that were used for the
spectrometer measurements are detailed in the section
"Snow preparation".

2.2 Road eye

The experimental arrangement for the Road eye mea-
surements is shown in Fig. 2 along with a schematic
sketch of the setup. The measurement area of the Road
eye was around 1 cm at a distance of 70 cm and angle
of 45� from the snow surface. The Road eye consists of
three laser diodes of wavelengths 980 nm, 1,310 nm and
1,550 nm. The sensor has a photodiode to detect and
measure the reflected radiance from snow.

50	cm	

50	cm	

snow	

Road	eye	

(a) (b)

Fig. 2. (a) Schematic sketch of the Road eye setup; (b)
experimental arrangement of the Road eye in the climate
chamber. Road eye measured at 45� angle and 70 cm
from the snow surface

For each snow type five di�erent measurement spots
were measured such as middle, southeast, southwest,
northeast and northwest corners. At each measurement
spot 100 reflectance values at three wavelengths were
collected. A measurement R was described as:

Rn,i
k (l),

l = 980 nm, 1310 nm, 1550 nm,
i = 1 2, 3, 4, 5,
n = 1, 2, ...., 100,

(3)

where k represents snow type, i was the five measuring
points, n was the number of samples at each measuring
point and lwas the wavelength. To simplify the analytics
the sampled values were mean valued over i and n as:

Mk(l) =
1
6

6X

i=1

1
100

100X

n=1
Rn,i

k (l) (4)

then we get 6 values, one for each snow type and wave-
length. The snow types that were used for the Road eye
measurements are explained in the following section.
The mean reflectance values (Mk(l)) were considered
further and presented in the section "Results".

3 Snow preparation

The snow types were classified according their grain
shapes [28], density and SSA. In order to calculate SSA,
an Infrasnow device [29] was used to measure the re-
flectance from a snow sample with known density. The
Infrasnow device has a standard NIR LED at 950 nm
that

illuminates di�use light and a photodiode detects the
reflectance from snow. The measured snow reflectance
and snow density were then used to estimate the snow
SSA as explained by Gergely et al. [29]. Density of
each snow sample was calculated by measuring weight
and volume of the sample holder filled with a given snow
type.

The snow types were divided into three main classes
as shown in Table 1 and Table 2. The following sec-
tion present the details of snow types used in this study.
Dendritic snow, granular snow and spring snow are more
of a general classification and the international classifi-
cation would be DFdc, RGsr and RGlr, respectively. In
words: decomposing and fragmented precipitation parti-
cles - partly decomposed precipitation particles; rounded
grains - small radius; and rounded grains - large radius.

3.1 Spectrometer

Snow used in this study was produced using a machine
built on the principles described by Schleef et al. [30],
giving the dendritic snow similar microstructure as nat-
ural snow. The produced snow was then allowed to age
at di�erent temperatures and times to produce a total of
5 di�erent snow types (F1:90, A:160, O:220, G1:430
and S1:510). Granular snow, G1:430 with density 430
kg m–3, composed of small grains [Fig. 3(c)]. Spring
snow, S1:510 with density 510 kg m–3, composed of
relatively larger grains compared to G1:430, see Fig.
3(d). Fresh snow, F1:90 with density of 90 kg m–3

was freshly prepared dendritic snow prior to the mea-
surements. A:160 was an aged snow with density 160
kg m–3 and it was stored in a freezer over a month prior
to the measurements. A:160 was prepared in the sample
holder and let it age overnight in the climate chamber to
obtain an additional snow type, O:220 with density 220
kg m–3. Due to di�erent storage conditions and prepara-
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(a) (b) 

(c) (d) 

Fig. 3. Pictures of some of the considered snow samples and compaction equipment: (a) fresh snow, F1:90; (b)
MTS uniaxial load frame for snow compaction; (c) granular snow, G1:430; (d) spring snow, S1:510

tion methods snow type O:220 has slightly higher density
than A:160.

In addition, snow type F1:90 was compacted at one
pressure level 50 kN to obtain an additional sample
F1:340 with higher density i.e., 340 kg m–3. Both the
snow types A:160 and O:220 were compacted at two
pressure levels 50 kN and 200 kN, thus four additional
samples labelled as A:520, A:790, O:480 and O:660,
respectively were obtained. A given snow sample was

compacted using a MTS uniaxial load frame [Fig.
3(b)] located inside the climate chamber, and compaction
was performed solely to obtain snow types with higher
densities with variations in near-surface layers. There-
fore in total of 10 snow types were prepared and details
of these snow types were given in Table 1.

3.2 Road eye

Snow used for the Road eye measurements was also pro-
duced and allowed to age in the similar way as explained
in the previous section. A total of 3 di�erent snow types
such as fresh, granular and spring snow were used for
these measurements, and they were labelled as F2:150,
G2:420 and S2:540, respectively.

Snow types F2:150 with density 150 kg m–3 , G2:420
with density 420 kg m–3 and S2:540 with density 540
kg m–3 were the dendritic, granular and spring snow, re-
spectively. In addition snow type F2:150 was compacted
at two pressure levels 50 kN and 200 kN to obtain addi-
tional two snow types, labelled as F2:450 with density

450 kg m–3 and F2:750 with density 750 kg m–3 . Snow
type G2:420 was compacted at one pressure level of 50
kN to obtain G2:620 with density 620 kg m–3 . Hence
a total of 6 di�erent snow types were prepared and see
Table 2 for more details.

4 Results

4.1 Multispectral reflectance of compacted

and uncompacted snow

The mean reflectance measurements (M(l)) for all the
snow types measured using the spectrometer and the
Road eye are presented in Fig. 4. One can observe in Fig.
4 that all the snow types exhibit similar spectral features
but with distinct variations in reflectance magnitude due
to their individual absorption properties. All snow types
exhibit higher reflective characteristics at 980 nm and
lower reflective characteristics at 1,550 nm. The fresh
snow (F1:90) exhibits higher reflectance compared to
other snow types while the spring snow (S1:510) exhibits
higher absorption.

As described earlier, snow type S1:510 was composed
of individual spherical grains relatively larger in size
compared to that of snow type G1:430. Snow grains
of the G1:430 have similar appearance as sugar grains
distribution to a naked eye. Snow type S1:510 tends
to exhibit higher absorptive characteristics compared to
G1:430, see Fig. 4(b). As described earlier, snow type
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Table 1. Details of the considered snow types for the spectrometer measurements. Column "Height" represents
the snow sample depth, which varies with the level of compaction

Description Type: Density SSA Height
(Class) [kg m–3] [m2 kg–1] [cm]

Dendritic fresh Uncompacted F1 : 90 73 5
(DFdc) Compacted 50 kN F1 : 340 60 1.4

Dendritic aged Uncompacted A : 160 36 5
(DFdc) Compacted 50 kN A : 520 28 2.2

Compacted 200 kN A : 790 9 1.3

Dendritic old Uncompacted O : 220 28 5
(DFdc) Compacted 50 kN O : 480 24 2.5

Compacted 200 kN O : 660 17 1.8

Granular snow Uncompacted G1 : 430 22 5
(RGsr)

Spring snow Uncompacted S1 : 510 5 5
(RGlr)

Table 2. Details of the considered snow types for the Road eye measurements. Column "Height" represents the
snow sample depth, which varies with the level of compaction

Description Type: Density SSA Height
(Class) [kg m–3] [m2 kg–1] [cm]

Dendritic fresh Uncompacted F2 : 150 60 3.1
(DFdc) Compacted 50 kN F2 : 450 36 1

Compacted 200 kN F2 : 750 19 0.7

Granular snow Uncompacted G2 : 420 24 3
(RGsr) Compacted 50 kN G2 : 620 16 2.1

Spring snow Uncompacted S2 : 540 5 3
(RGlr)
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Fig. 4. The mean reflectance measurements (M(l)) for all the snow types measured using the spectrometer and the
Road eye: (a) dendritic fresh snow types, F1:90, F1:340, F2:150, F2:450 and F2:750; (b) spring and granular snow
types S1:510, G1:430, G2:420, G2:620 and S2:540; (c) aged snow types A:160, A:520 and A:790; (d) old snow
types O:220, O:480 and O:660

A:160 was stored in a freezer over a month prior to the
measurements. Due to storage conditions, snow grains
tend to transform into clusters thus non-uniform individ-
ual grains were formed. The orientation of these clusters
and significant surface texture variation may explain the
observed high backscattered reflectance for snow type
A:160 [Fig. 4(c)]. However as snow type A:160 com-
pacted at di�erent levels, reduction in reflectance can be
also observed in Fig. 4(c). A:160 was prepared in the
sample holder then let it to age overnight in the climate
chamber. This was done to observe changes in snow due
to aging, which can be observed by the slight increase
in density for snow type O:220. Due to aging or matur-
ing process, unevenly formed clusters tend to transform
into spherical grains. Snow grains in this case usually
bonded together by frozen water bridges thus appeared
to develop a smoother surface. This may explain the re-
duction in observed reflectance for snow type O:220 in
Fig. 4(d) compare to that of A:160 in Fig. 4(c). Further
a slight decrease in reflectance observed as snow type
O:220 was compacted at di�erent levels, see Fig. 4(d).

Measurements from the Road eye also exhibit similar
spectral features as the measurements from the spectrom-
eter [Fig. 4(a) and 4(b)]. However one can observe that
the Road eye measurements were lower in magnitude for
fresh snow type relative to that of the spectrometer mea-
surements [Fig. 4(a)]. Further, the Road eye measure-
ments with respect to variation in compaction for a given
snow type show smaller variation in the reflective char-
acteristics, while the spectrometer measurements show
larger variation with respect to compaction [see fresh
snow data in Fig. 4(a)].

One can clearly observe that the reflective charac-
teristics of a given snow type decreases as the degree
of compaction increases [Fig. 4]. An explanation to
the decreasing backward scattering with increasing com-
paction is that the direct beam impinging on the smooth
and flat surface undergoes less scattering events and light
then uniformly distributed into forward scattering (spec-
ular direction). The similar behaviour can be observed
for the Road eye measurements, see Fig. 4(a) and 4(b).
It appears that the snow reflectance was strongly a�ected
by the texture of the uppermost layer of the snow surface.

4.2 Correlation between snow reflectance

and density

The mean reflectance measurements (M(l)) for all the
snow types measured using the spectrometer and the
Road eye, at wavelength bands 980 nm and 1,310 nm are
presented in Fig. 5(a). The mean reflectance measure-
ments (M(l)) for all the snow types measured using the
spectrometer and the Road eye, at wavelength bands 980
nm and 1,550 nm are presented in Fig. 5(b).

All the snow types were marked in Fig. 5, along with
the density values of the respective snow type. As de-
scribed earlier, the reflective characteristics of a given
snow type decreases as the degree of compaction in-
creases. In Fig. 5, one can observe an approximately
linear relationship between the snow density and reflec-
tive characteristics of snow, however this is observed to
be specifically true for snow classes, DFdc and RGsr
[Refer to Table 1 and 2]. The correlation between the
density and reflectance was better observed for the spec-
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trometer measurements. This tendency can be also seen
for the Road eye measurements, however the Road eye
measurements were observed to be lower in magnitude
relative to the spectrometer measurements.

As the snow density increases, multispectral re-
flectance decreases as long as there is no significant
variation in the grain distribution. Spring snow (S1:510
and S2:540) exhibits lower reflective properties due to
individual grains relatively larger in size while dendritic
snow with higher density (A:790, F2:750) also exhibit
lower reflective properties due to the smoother and flat-
ter surface. Granular snow (G1:430) shows similar re-
flectance characteristics as dendritic snow types of same
density [see Fig. 5], even though granular snow was
composed of individual spherical grains. Granular snow
(G2:420 and G2:620) follows the similar reflectance
characteristics as dendritic snow types of same density,
especially at wavelengths 980 nm and 1,310 nm.

It was appeared from Fig. 5 that the observed reflec-
tive characteristics of snow to some extent depend on the
snow density variations. This is possibly true when the
grain distribution of the respective snow is investigated
separately, as density variations in this study were ob-
tained through compaction and aging process. In princi-
ple, the natural increases in snow density through meta-
morphism usually accompanied by increases in snow
grain size. In these conditions, the snow SSA can be
considered to further investigate the snow characteri-
zation, having minimal information on the grain size
distribution. The comparison between the snow density
and the snow SSA ([Fig. 6(a)]) shows a loose correlation
between these properties. However, a strong correlation
was found between the multispectral reflectance and the
snow SSA. An increasing multispectral reflectance is
correlated with an exponentially increasing SSA [Fig.
6(b)].

4.3 Correlation between SSA and [density

and multispectral reflectance]

It can be seen from previous two sections that the snow
density and the multispectral reflectance were playing
the major role in controlling the value of SSA for dif-
ferent snow types. Each of the four parameters (three
wavelengths and density) appeared to be essential in
defining the snow SSA, therefore a generalized linear
model with multiple variables using the poisson distri-
bution [Eq. (5)] was formulated based on the density
and multispectral reflectance values to retrieve the snow
SSA. The predictive model derived for all the snow types
in Table 1 and 2 has the form

log(yk) = b0 +

j=4
k=NX

k=1
j=1

bjXkj, (5)

where, yk represents the SSA of snow for a given

snow type; Xkj represents the data matrix composed of
density and mean reflectance values (Mk(l)) at 980 nm,
1,310 nm and 1,550 nm; k represents the snow type; and
b0, b1, ... b4 were the estimated regression coe�cients
based on an iterative algorithm that minimizes the sum
of squares of the residual error (SSE). In this case, Xkj
was a 16x4 matrix, where data from the snow types used
for the spectrometer and the Road eye measurements was
considered. In this case, yk was a vector composed of
the SSA values retrieved using the Infrasnow [see Table
1 and 2]. In this study, b0 = 2.4, b1 = 0.0004, b2 =
–0.12, b3 = 0.22, b4 = –0.13; and the predicted SSA
values were given in Fig. 6(c). The coe�cient of deter-
mination (R2) was 0.9778, which means that the model
explains 98% of the variance of the presented dataset,
and the residuals of the model were reasonably uniform
[Fig. 6(d)].

The regression coe�cients in the predictive model
[Eq. (5)] interact, and it is di�cult to show the e�ect
of a single coe�cient graphically. Based on b1 in Eq.
(5), snow density observed to have a small e�ect on the
snow SSA variation, furthermore this indicates that there
is no first order dependency between the snow density
and the snow SSA. However, in Eq. (5), where sev-
eral e�ects were combined, the regression coe�cients
for Mk(980) and Mk(1550) have negative sign which
means that large Mk(980) and Mk(1550) values tend to
decrease the snow SSA. However Mk(1310) has positive
sign, which means that large Mk(1310) values tend to
increase the snow SSA. Variations in the spectral data
(or reflective characteristics) depend upon many physi-
cal characteristics such as grain size distribution, surface
texture, snow depth, snow aging etc. Fig. 4 shows bet-
ter description of this e�ect than a linear relationship,
but the physical processes are complex and it is di�cult
to find a simple expression that could provide a good
correlation with physical properties.

5 Discussions

The spectral features of uncompacted snow types pre-
sented in Fig. 4 correspond well with the observations
noted by O’Brien and Munis [31], Nakamura et al. [32],
Aoki et al. [33] and many others [34, 35]. Uncompacted
snow types where relative grain size is a prominent fac-
tor, were observed to exhibit reduction in degree of re-
flectance as grain size increases. Painter et al. [36] and
Wuttke et al. [37] also reported an observation that the
albedo decreases as snow grain size increases.

The presented analysis and description shows that the
reflective properties of snow follows a trend to some
extent with respect to variations in density. Zeng et
al. [38] observed reduction in the spectral reflectance
in the visible range as the snow cover metamorphoses
into glacier ice. Bohren and Backstrom [39] proposed
an empirical equation for spectral albedo and reported
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Fig. 5. The mean reflectance measurements (M(l)) for all the snow types measured using the spectrometer and
the Road eye: (a) the M(l) values at wavelengths 980 nm and 1,310 nm; (b) the M(l) values at wavelengths 980
nm and 1,550 nm. Note that Fresh-S and Spring-S represent the snow types fresh and spring measured using the
spectrometer. Fresh-R, Spring-R and Granular-R represent the snow types fresh, spring and granular measured
using the Road eye, respectively

 Spectrometer (C) Road eye

Snow... SSA [Infrasnow] SSA [Eq.(5)] Snow... SSA [Infrasnow] SSA [Eq.(5)]

F1:90 73 70 F2:150 60 56
F1:340 60 60 F2:450 36 41

F2:750 19 19
A:160 36 43
A:520 28 27
A:790 9 10
O:220 28 26
O:480 24 25
O:660 17 15
G1:430 22 21 G2:420 24 24

G2:620 16 14
S1:510 5 8 S2:540 5 4

Fig. 6. Input and output of the predictive model [Eq. (5)] along with residuals plot: (a) correlation between the
measured snow density and snow SSA; (b) correlation between the snow SSA and reflectance at 980 nm, 1,310 nm
and 1,550 nm; (c) table composed of measured SSA (using Infrasnow) and predicted SSA (using Eq. (5)) values
for all the snow types; (d) the model residuals between the predicted SSA and measured SSA
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decreasing snow reflectance with increasing grain size
independent of snow density variations, under the as-
sumption that the snow grains are non-interacting and
independent. Bohren and Beschta [40] investigated the
snow reflectance in spectral range of 0.35 – 2.8 µm for
compacted and uncompacted snow, and found no corre-
lation between the albedo and snow density variations.
O’Brien and Munis [31] reported that increase in snow
density, by whatever means, is accompanied by a reduc-
tion in snow reflectance. They further emphasize on the
di�culty of assessing the influence of snow density on
reflectance without having the knowledge of underlying
cause of densification. In this study, the observed cor-
relation between density and reflectance, indicates the
presence of other factors, such as grain size and surface
texture, that may have a�ected the reflectance signifi-
cantly.

Several empirical equations have been proposed to re-
trieve the snow SSA from reflectance measurements, and
most of them considered one or two wavelength bands.
However the proposed equation in this study, was devel-
oped to predict the snow SSA based on snow density and
multispectral reflectance at three NIR wavelengths. Ya-
maguchi et al. [41] proposed an exponential empirical
equation for dry snow based on reflectance at 900 nm
and reported that their model overestimates the SSA for
snow with reflectance below 70%. The model developed
by Gallet et al. [20] reported to estimate the SSA more
accurately for snow with high SSA. Based on Eq. (5),
snow density observed to have minor e�ect on the snow
SSA. This finding was already reported by Bohren and
Backstrom [39] and O’Brien and Munis [31] that snow
densification is a minor contribution to the correlation
of snow reflectance.

Based on this preliminary investigation, the predicted
SSA values from Eq. 5 were consistent with the mea-
sured snow SSA [Fig. 6(c)], and there was no trend of
uncertainties in SSA prediction observed. Residual er-
rors were observed to be mostly within the range of ±2
for the data considered in this study [Fig. 6(d)]. One
can expect that grain size and shape must be included in
the SSA prediction, however the idea of developing the
predictive model in this study was not to include grain
size and shape directly, as it is di�cult to measure snow
grain size and shape. Instead, the e�ects of grain size
and shape on the SSA were indirectly accounted by in-
cluding the multispectral reflectance and density terms
in the model. Empirical equations for SSA prediction
proposed by Matzl et al. [18] and Gallet et al. [20] nei-
ther have grain size nor grain shape terms. Their models
were solely based on snow reflectance similar to the one
presented in this study. On the other hand, Xiong et al.
[42] proposed a model for SSA prediction that included
grain size distribution parameter and reflectance at one
wavelength. In any way, in future the predictive model
should be analysed for large set of snow types over a wide
range of density, where density variations should be due

to natural metamorphism. This way, influence of smooth
surface texture through external compaction can be min-
imised. A limitation of the proposed model is that one
must have knowledge on how snow grains are distributed
in order to make quantifiable conclusions. For example,
snow types G1:430 and O:480 exhibit similar reflective
properties and both have same density and SSA values,
which makes it di�cult to classify them without the
knowledge that G1:430 was a granular snow and O:480
was a compacted dendritic snow [observe this tendency
in the "Results" section]. The proposed improvements
could significantly enhance the model and improve the
SSA retrieval accuracy.

The investigation in this study show that it is possi-
ble to separate compacted and uncompacted snow types,
which can be used to improve friction estimation on
roads using optical sensors. By utilizing 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. Because, when the
snow get compressed the friction between the snow and
tire will decrease. Regarding the wind turbine blades the
result enables a better characterization of the frost/snow
that can build up on the blades causing damage not only
on the blades but on gearboxes and bearings in the tur-
bine. For the ski tracks, the investigation in this study
helps to understand the snow quality and snow pack sta-
bility.

6 Conclusions

The multispectral reflectance of snow was measured in a
climate chamber using a near-infrared (NIR) spectrom-
eter at wavelengths 980 nm, 1,310 nm and 1,550 nm. A
Road eye sensor which measures backscattered radiance
at the similar wavelength bands, also used to measure
the snow reflectance in the climate chamber. In total, 16
snow types with known density and specific surface area
(SSA) were investigated in this study. A clear correla-
tion is found between the snow SSA and combination
of snow density and multispectral reflectance. A simple
empirical expression for prediction of snow SSA is de-
veloped as a function of snow density and multispectral
reflectance. The preliminary investigation of the pro-
posed predictive model is promising with a coe�cient
of determination equal to 98% and the model residuals
are mostly in the range of ±2. The results suggest 1)
snow reflectance to some extent depend on the varia-
tions in snow density, when grain size distribution is a
known factor; 2) texture of the uppermost layer of the
snow surface a�ect the snow reflectance significantly;
3) snow density has minor e�ect on the predicted snow
SSA while the multispectral reflectance is exponentially
correlated to the snow SSA; 4) a limitation of the pro-
posed model is that, one must have knowledge on snow
grains distribution in order to characterize a snow type in

9



detail. To improve the retrieval accuracy of snow SSA,
further investigation should be conducted on a large set
of snow types over a wide range of density to correct the
influence of snow grain size and shape on the predictive
model and the SSA retrieval. Overcoming the limita-
tion and further improvements may enable the proposed
method to be useful for optical road condition sensors to
estimate tire to road friction in great detail.
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Case Study

Estimation of Liquid Water Content of Snow
Surface by Spectral Reflectance

Lavan Kumar Eppanapelli1; Nina Lintzén2; Johan Casselgren3; and Johan Wåhlin4

Abstract: This study measures the spectral reflectance from snow with known liquid water content (LWC) in a climate chamber using two
optical sensors, a near-infrared (NIR) spectrometer and a Road eye sensor. The spectrometer measures the backscattered radiation in the
wavelength range of 920–1,650 nm. The Road eye sensor was developed to monitor and classify winter roads based on reflected intensity
measurements at wavelengths of 980, 1,310, and 1,550 nm. Results of the study suggest that the spectral reflectance from snow is inversely
proportional to the LWC in snow. Based on the effect of LWC on the spectral reflectance, three optimum wavelength bands are selected in
which snow with different LWCs is clearly distinguishable. A widely used remote sensing index known as the normalized difference water
index (NDWI) is used to develop a method to estimate the surface LWC for a given snow pack. The derived NDWI values with respect to the
known LWC in snow show that the NDWI is sensitive to the LWC in snow and that the NDWI and LWC are directly proportional. Based on
this information, the NDWI is used to estimate the surface LWC in snow from measurements on a ski track using the Road eye sensor. The
findings suggest that the presented method can be applied to estimate the surface LWC in order to classify snow conditions potentially for
ski track and piste applications. DOI: 10.1061/(ASCE)CR.1943-5495.0000158. © 2018 American Society of Civil Engineers.

Introduction

The presence of liquid water on snow surface is highly relevant for
ski piste preparation (Nolin and Daly 2006) and winter road main-
tenance (Casselgren et al. 2012). Smaller amounts of liquid water
are located only at grain boundaries (Ketcham and Hobbs 1969),
whereas higher amounts of liquid water cause the grains to form ice
clusters (Colbeck 1979; Wetåhlin et al. 2014). These ice clusters are
optically considered as large grains that tend to absorb more light
compared with smaller grains (Colbeck 1979). The magnitude of
snow albedo is inversely proportional to the grain size, and the
coarsening of snow grains is accelerated in the presence of liquid
water (O’Brien and Munis 1975).

Most surface liquid water content (LWC) estimation techniques
are based on remote sensing of multispectral radiation (e.g., Dozier
and Painter 2004) and hand test methods (e.g., Techel and
Pielmeier 2011). Wiscombe and Warren (1980) observed a slight
decrease in the snow albedo for small amounts of liquid water in
their theoretical radiative transfer model. Dozier and Painter (2004)
reported that space-based remote sensing methods based on
hyperspectral data can only estimate the near-surface LWC in snow.
However, depth-integrated information of the LWC in snow can be
derived from microwave remote sensing (Shi and Dozier 2000a, b).
Hyvarinen and Lammasniemi (1987) developed a radiative transfer

model to estimate free-water content and grain size based on themea-
sured spectral reflectance from several snow types in thewavelength
range of 600–2,000 nm. They reported that their model estimated
the water content and grain size with good accuracy. Shi et al.
(1993) proposed a first-order scattering algorithm that estimates
the LWC in top layer of a snow pack using C-band radar measure-
ments. Koch et al. (2014) proposed a remote sensing technique to
estimate the LWC in snow using scatteredmicrowave radiationmea-
surements. They suggested that their approach potentially can be
implemented for avalanche prediction due to its cost efficiency, non-
destructive setup, and global availability. Boyne and George (1987)
proposed a method to estimate the LWC in snow cover based on
scattered microwave radiation. Their method overestimated the
LWC in a snow pack compared with the dilution method. However,
despite the usability of these techniques, there is still a need for a fast,
nondestructive, and portable sensor to measure surface LWC.

Previous studies have shown that snow can be classified and
characterized based on the reflective properties within the near-
infrared (NIR) region (Casselgren et al. 2007; Eppanapelli et al.
2016; Eppanapelli et al. 2017). This study (1) analyzes the back-
scattered infrared radiation from snow using two optical sensors;
(2) compares the laboratory measurements with field test measure-
ments; and (3) investigates whether the LWC of snow can be
derived from these spectral reflectance measurements based on a
remote-sensing index method, which is potentially relevant for
skiing applications. This is of importance especially in competitive
skiing because the snow surface properties constitute the basis for
choice of skis, ski base topographies, and ski wax in order to opti-
mize the overall sliding properties.

The paper is organized as follows. The next section details ap-
plied optical sensors and measurement methods. Thereafter, results
of the observations and discussions of the results are presented.
The paper ends with conclusions.

Applied Sensors and Methods

This study used two different optical sensors, a NIR spectrom-
eter and a Road eye sensor [S. Löfving, “Metod att detektera
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beläggningar av is och vatten,” Swedish Patent No. SE9904665
(2001)]. The Road eye sensor was developed to monitor and clas-
sify different phases of water on asphalt (Casselgren et al. 2012).
The NIR spectrometer was used for climate chamber experiments,
whereas the Road eye sensor was used for both the climate chamber
and ski track experiments. The following sections detail the exper-
imental setup of the applied sensors, measurement locations, prepa-
ration of snow samples for the climate chamber experiments, snow
conditions on the ski track, and the applied algorithm.

NIR Spectrometer

The experimental arrangement [Fig. 1(a)] consisted of the NIR
spectrometer, an insulated box, a snow sample, an illumination
source, and the Road eye sensor. The NIR InGaAs spectrometer
(STE-DWARF-Star NIR, StellarNet, Tampa, Florida) with an extra
aperture (field of view 3°, ∅5 mm) was used to measure the reflec-
tance in the wavelength range 920–1,650 nm with spectral resolu-
tion of 1.75 nm. Integration time of the spectrometer was fixed to
3 s for all measurements. The illumination source was a 250-W
EKE quartz halogen lamp (Dolan-Jenner MI-150 Fiber Optic Illu-
minator, Edmund Optics, Barrington, New Jersey) coupled with a
∅6.35 mm fiber optic light guide, and the output was focused by
a focusing assembly (focal length 40 mm, ∅30 mm). The incident
beam was collimated and formed a bright spot of ∅13 cm on the
center of the snow surface. Experiments were performed in a
walk-in climate chamber with a temperature of −12! 1°C at the
Luleå University of Technology, Sweden.

A special rig was attached to the insulated box to measure the
intensity of reflected light from a snow surface at a given angle
[Fig. 1(a)]. The spectrometer probe was mounted on the radial
arm of the rig 33 cm from the snow surface. The spectrometer mea-
sured the intensity of reflected light within an area of ∅1.73 cm.
The height of the snow sample in the insulated box was adjusted
so that the snow surface and the center of rotation of the rig were
in the same plane. The spectrometer measured the intensity of re-
flected light within a solid angle in the incidence plane, which
means that the incidence direction, global normal of the snow,
and the detector direction were all in the same plane.

A slab of compacted BaSo4 powder was used as a reflectance
calibration standard for all experiments. The BaSo4 powder was
compacted in a matte black painted plexiglass container 13 × 13 ×
2 cm3 [Fig. 1(b)]. The compacted BaSo4 sample exhibited uniform

spectral reflectance of approximately 92% and isotropic scattering.
Following the reference spectrum, a dark spectrum was also recorded
by turning off the illumination source. The dark and reference spectra
were used to normalize all snow reflectance measurements.

A measurement run refers to a reflectance spectrum in the wave-
length range 920–1,650 nm measured in the backscattering direction
at an angle of 60° while keeping the illumination source fixed at 45°.
This procedure was then repeated two more times so that three meas-
urement runs were obtained for snow with a given LWC. The time to
perform these three measurement runs was approximately 15 min.

The measurement run, R, was labelled as

Ri
kðλÞ ð1Þ

where λ ¼ 921.5; 902.25; : : : ; 1651 nm; i ¼ 1; 2; 3; and k = snow
with different LWCs.

A mean reflectance spectrum, I, was calculated by taking a
mean of the three measurement runs for each snow sample, i.e.

IkðλÞ ¼
X3

i¼1

Ri
kðλÞ
3

ð2Þ

The normalized mean reflectance spectrum, M, was then calcu-
lated using the dark, D, and standard reference, B, spectra, i.e.

MkðλÞ ¼
IkðλÞ −DkðλÞ

BðλÞ ð3Þ

The “Results” section presents the mean reflectance spectra
obtained this way for all snow samples.

Road Eye Sensor

The Road eye is a noncontact sensor developed specifically to mon-
itor road surfaces. The sensor is equipped with three laser diodes of
wavelengths 980, 1,310, and 1,550 nm. The laser diodes and a
detector are so close together that they are considered to be in
the same place, which means that the Road eye sensor measures the
intensity in the backscattering direction. The Road eye and the
spectrometer work based on similar principles, but the Road eye
is portable and measurement data are directly logged to an online
server along with initial analyses during the measurements. This
section details the measurement procedure of the Road eye sensor
at the climate chamber and the ski track.

Fig. 1. (a) Experimental setup consisting of an illumination source (1), snow sample (2), the Road eye sensor (3), the NIR spectrometer probe (4),
and an insulated box (5); (b) compacted BaSo4 sample in a plexiglass container 13 × 13 × 2 cm3; (c) prepared snow sample in a plastic box
24 × 16 × 13 cm3 with a density of 460 kg=m3 (images by authors)
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Climate Chamber
The Road eye sensor [Fig. 1(a)] was mounted at an angle of 60° and
at a distance of 0.9 m from the snow surface. The Road eye was
oriented in a way that the intensity of backscattered light was
measured from the center of the snow surface. The data from the
measurements were collected at a frequency of 20 Hz and were
logged using a portable computer. Five reflectance measurements
(R) were recorded at each wavelength for snow with a given LWC

Ri
kðλÞ ð4Þ

where λ ¼ 980, 1,310, and 1550 nm; i ¼ 1; 2; 3; 4; and 5; and
k = snow with different LWCs.

A mean reflectance value, I, was calculated from the five indi-
vidual measurements for each of the snow samples, i.e.

IkðλÞ ¼
X5

i¼1

Ri
kðλÞ
5

ð5Þ

Normalized mean reflectance values,M, were then calculated by
dividing the mean reflectance values, I, by the standard reference
values, B, i.e.

MkðλÞ ¼
IkðλÞ
BðλÞ

: ð6Þ

The “Results” section presents the mean reflectance values for
all snow samples.

Ski Track
The ski track measurements using the Road eye sensor were per-
formed at Ormberget ski stadium, Luleå, Sweden (N 65°36′15.43″,
E 22°11′20.99″). The Road eye sensor was mounted inside a tube
to protect it from dirt and splashes. The tube was then mounted on a
sledge at an angle of approximately 45° [Fig. 2(a)]. A motorcycle
battery was used as a power supply. This was placed inside the
sledge together with a portable computer which logged the mea-
sured data. In addition, a GPS unit was attached to the sledge and
connected to the computer, registering the exact route of the ski
track measurements.

Data acquisition and calculation of the mean reflectance values
from the ski track measurements were similar to the method used
for the climate chamber experiments.

Snow Conditions

This section details the preparation of snow samples for the climate
chamber experiments and the snow conditions on the ski track for
the Road eye measurements.

Climate Chamber
The snow used for the measurements in the climate chamber was
collected from a nearby ice-skating hall. A top layer of crusty snow
was scraped off the ice rink a couple of times each day, which was
collected in an insulated box. The snow was initially quite wet, but
it froze in the climate chamber and later became hard and dry.
In order to prepare equal samples, the snow was crushed into fine
grains. Five snow samples with constant dry density of 460 kg=m3

were prepared; each sample was prepared immediately before the
measurements were taken. This density was much higher than that
of dry dendritic snow, but in the range of machine-made snow or
natural snow on the ski tracks and pistes.

In order to have samples with known LWC, a NaCl solution was
added to the snow sample. Table 1 shows the percent by weight of
NaCl solution for each sample and the concentration of the solution
within the range of 16.2–16.5% at the experimental temperature
(Weast et al. 1988). A temperature difference of no more than 0.1°C
was allowed between the snow and solution, so that the snow did not
melt nor did the solution freeze. Furthermore, no clear indication of
the effect of the saline solution on the spectral reflectance was ob-
served. The salt solution and the snow were put in a sealed con-
tainer which was shaken thoroughly for 1 min so that the liquid
was uniformly distributed throughout the snow. The prepared snow
was then manually compacted into a plastic box 24×16×13cm3

[Fig. 1(c)]. The same method to prepare snow samples was used
by Wåhlin and Klein-Paste (2015).

Ski Track
Ski track measurements were performed on April 13 and 16, 2016.
Snow temperature on the morning of April 13 was between −1°C

Fig. 2. (a) Experiment setup showing the Road eye setup for the cross-country ski track; (b) snow conditions on April 13 during the measurements
(images by authors)

Table 1. Details of Prepared Salt Solution Samples

Sample
number

NaCl solution
(% by weight)

Absolute
amount (g=m3)

I 0 0
II 5 0.024
III 10 0.051
IV 15 0.081
V 20 0.115
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and −3°C and coarse-grained snow conditions were observed dur-
ing the measurements [Fig. 2(b)]. The weather on the previous day
(April 12) was warm and sunny, i.e., the track had been very wet
due to melting conditions but had refrozen during the night prior to
the measurements. The track was then groomed and prepared nor-
mally on the morning of April 13. The measurements on April 16
were performed on freshly fallen snow with an air temperature of
þ2°C. The track was not groomed prior to the measurements, and
fine-grained snow conditions were observed in this case.

Ski track measurements were performed throughout the entire
ski track of 2 km; however, this section presents data for only a
small portion of the ski track. A small portion of common ski track
was selected using the GPS data from the Road eye sensor, which
means that the data presented in this study were obtained at the
same location but at different times.

Applied Algorithm

This section details a remote sensing index based on the measured
reflectance at two NIR wavelength bands. The normalized differ-
ence water index (NDWI) was initially proposed for remote sensing
of vegetation liquid water status from space. The wavelength bands
used to derive the NDWI are sensitive to the water content. This
study developed the NDWI using the mean reflectance values,
MkðλÞ, at two NIR wavelength bands (980 and 1,310 nm) to in-
vestigate the fraction of LWC in snow.

The NDWI was calculated as

NDWI ¼ Mkð980Þ −Mkð1310Þ
Mkð980Þ þMkð1310Þ

ð7Þ

The results of the NDWI can range from−1 toþ1; the index has
been applied in various remote sensing applications to detect
changes in water content. Gao (1996) developed the index based
on two NIR channels (860 and 1,240 nm) to investigate vegetation
LWC and reported good correlation between the laboratory data
and the airborne visible/infrared imaging spectrometer (AVIRIS)
data. McFeeters (1996) developed the index based on two channels

(green band and NIR band) to investigate open water channels.
Among many others, Xu (2006), Jackson et al. (2004) and Serrano
et al. (2000) have investigated the applicability of the index to
estimate relative water content.

Results

This section presents the results from the climate chamber obser-
vations for both the sensors The Road eye measurements from the
ski track are also analyzed and a correlation to the climate chamber
observations is investigated.

Optimum Wavelength Bands

Fig. 3 presents the mean reflectance spectra, MkðλÞ, at a wave-
length range of 920–1,650 nm. Part of the mean reflectance spectra
from 1,535 to 1,565 nm for all the snow samples is magnified for
better perception.

All the snow samples exhibited similar spectral features includ-
ing absorption valleys and reflectance peaks, but the degree of
reflectance varied due to the fraction of LWC (Fig. 3). Fig. 3 shows
three channels, each corresponding to a range of wavelengths,
where the reflective properties of snow with different LWC were
discrete and significant. These three channels were defined as
WC1 (960–1,100 nm), WC2 (1,200–1,400 nm), and WC3
(1,480–1,600 nm). The reflectance within the WC1 channel was
in the range 70–90%, that within the WC2 channel was 30–55%,
and that within the WC3 channel was 2–6%.

A single wavelength band from each of the three channels was
considered because there was a small variation in spectral reflec-
tance within a given channel (Fig. 3). Therefore three wavelength
bands were considered: 980 nm from Channel WC1, 1,310 nm
from Channel WC2, and 1,550 nm from Channel WC3. These
three wavelength bands also were selected because laser diodes
of these wavelengths are easy to find and relatively inexpensive
(THORLABS 2017). Moreover, the Road eye sensor is equipped
with three laser diodes of the chosen wavelength bands.

Fig. 3.Mean reflectance spectra [MkðλÞ] measured using the NIR spectrometer in the wavelength range 920–1,650 nm; magnified window shows the
mean reflectance spectra at wavelengths 1,535–1,565 nm; vertical lines refer to the selected optimum wavelength bands 980, 1,310, and 1,550 nm
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The following sections analyze the NIR spectrometer data at
these mean reflectance values, MkðλÞ, at these three wavelength
bands 980, 1,310, and 1,550 nm.

Comparison between NIR Spectrometer and Road Eye

Figs. 4(a–c) present the mean reflectance values, MkðλÞ, from the
spectrometer data at wavelengths 980, 1,310, and 1,550 nm, re-
spectively. Figs. 4(d–f) correspond to the mean reflectance values,
MkðλÞ, from the Road eye data at wavelengths 980, 1,310, and
1,550 nm, respectively. The Road eye measurements correspond
to the data measured in the climate chamber.

Fig. 4 indicates that the spectral reflectance of snow decreases
linearly as the fraction of LWC increases at a given wavelength.
Error bars in Fig. 4 represent the minimum and maximum values
at a specific data point. The spectrometer measurements had rela-
tively large variance compared with the measurements from the
Road eye sensor. The Road eye recorded a slightly higher magni-
tude of backscattering intensity compared with the spectrometer
measurements [Figs. 4(a and d)]. However, both sensors showed
a similar linear relationship between the spectral reflectance and
the fraction of LWC.

All the snow samples exhibited higher reflectance at 980 nm and
lower reflectance at 1,550 nm [Figs. 3 and 4]. The reflectance at
either of these two wavelength bands (980 or 1,550 nm) can be
considered as a base quantity in order to develop an index that
can be used to investigate the effect of liquid water. The base quan-
tity measurements were compared with the values of reflectance
measured at 1,310 nm (relative quantity). The reflectance spectra
for snow with different LWC were well separated and more distin-
guishable at 1,310 nm than at the other two wavelengths (Fig. 3).

Linear Regression Equation for NDWI Values

The NDWI index was developed based on the mean reflectance
values at two NIR channels, 980 and 1,310 nm. The reflectance

values at 980 nm were considered as a base quantity, because it
is a good indication of high reflectance for snow with a given
LWC. The base quantity for developing the NDWI refers to the
high reflectance in the overall spectrum.

Fig. 5 presents the calculated NDWI values with respect to the
fraction of LWC. Fig. 5(a) shows the NDWI values measured using
the NIR spectrometer data in the climate chamber. Fig. 5(b) shows
the NDWI values measured using the Road eye in the climate
chamber and at the ski track. The NDWI values in this section were
calculated from the climate chamber observations with known frac-
tion of LWC. Thereafter, the NDWI values from the ski track mea-
surements with unknown fraction of LWC were investigated based
on a regression analysis.

The NDWI was sensitive to the fraction of LWC in snow,
and the value of NDWI linearly increased as the fraction of
LWC in snow increased (Fig. 5). As described previously,
the Road eye sensor recorded a slightly higher degree of inten-
sity than did the spectrometer. Therefore the NDWI values for
the Road eye data were slightly higher than those of the spec-
trometer data [Figs. 5(a and b)]. A linear regression analysis
was applied between the NDWI and the fraction of LWC in
snow, and the results of the computation show that the linear
regression equation was fair, with R2 of approximately 97%
(Fig. 5). The regression analysis was performed on the climate
chamber observations.

Based on the regression analysis of the NDWI values calcu-
lated from the Road eye data in climate chamber, the NDWI
values calculated from the Road eye data on the ski track were
evaluated. Fig. 5(b) shows that the estimated fraction of LWC
for the ski track snow on April 13 was high, close to 20%.
Because of stable temperature on April 13 at 09:20 and
15:00, little difference was seen between the estimated LWC
[Fig. 5(b)]. Because of freshly fallen snow on the morning
of April 16, the estimated fraction of LWC at this time was
relatively low, close to 5%.

(a) (b) (c)

(d) (e) (f)

Fig. 4.Mean reflectance values [MkðλÞ] with respect to the snow LWC: (a–c) mean reflectance values from the spectrometer data at wavelengths 980,
1,310, and 1,550 nm, respectively; (d–f) mean reflectance values from the Road eye data at wavelengths 980, 1,310, and 1,550 nm, respectively; error
bars represent minimum and maximum values at a specific data point
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Discussions

The crystal growth rate in snow increases rapidly as the fraction
of liquid water in snow increases (Davis et al. 1987), and this
impacts the spectral reflectance of scattered light. This study inves-
tigated the relation between the spectral reflectance of backscat-
tered light and the fraction of LWC. It is a common practice to
find optimum wavelength bands at which a specific physical prop-
erty of a matter can be investigated—for example, water level in
vegetation (Mobasheri and Fatemi 2013), chlorophyll concentra-
tion in a lake snow (Miyata et al. 2005), and the size of snow grains
(Wang et al. 2013). This study selected three wavelength bands,
980, 1,310, and 1,550 nm, as optimum bands at which the spectral
reflectance of backscattered light from snow was sensitive to the
fraction of LWC in snow.

Results suggest that the spectral reflectance and the fraction of
LWC were inversely proportional. As the fraction of liquid water in
snow increases, snow grains tend to grow and bond into uneven ice
clusters (Warren 1982). These changes to the granular structure of
snow due to the LWC result in reduction of the spectral reflectance.
Fig. 4 clearly shows the linear reduction of spectral reflectance with
respect to the increase of LWC in snow for both sensors.

Results of this study further show that the NDWI is sensitive to
the grain size of snow. Estimation of the surface LWC from the ski
track measurements suggests that the estimated LWC was rather
high (approximately 20%) on April 13. Warm temperatures on
April 12 and sunny weather melted the snow, resulting in very
wet snow considered as slush (LWC > 15%) according to the
International Classification for Seasonal Snow on the Ground
(Fierz et al. 2009). Temperature below 0° on April 13 refroze
the melted snow, forming hard, coarse-grained ice clusters. Because
the temperature was below 0°C on April 13h, there was no indica-
tion that the liquid phase of water was present at the time of data
acquisition. In this case, the NDWI method failed to correctly
estimate the LWC due to significant impacts of grain size.

The initial validation of the presented method suggests that the
estimation of surface LWCwas performed based on the effect of ice

clusters on the spectral reflectance, without considering the relevant
grain size information. Although granular conditions of snow are
indirectly related to the LWC of snow, these effects limit the viabil-
ity of this method without additional information about weather
conditions. An estimation of surface LWC accounting the grain size
impacts should be considered in future experiments.

The NDWI has been widely used in many studies, including
vegetation liquid water (Gao 1996), live fuel moisture (Dennison
et al. 2005), and snow–vegetation interactions (Delbart et al. 2006)
based on the spectral reflectance measurements. The index has
never been applied to investigate the LWC in snow; however, this
study shows that the index can be used to qualitatively estimate the
surface LWC, which is useful for small-scale applications, e.g., for
ski track preparation. The method is believed to enable new oppor-
tunities for skiers, ski technicians, and other people with an interest
in snow classification. The fact that the method is fast and nonde-
structive further promotes it. Current common practice is to classify
basic snow properties on ski tracks and pistes at one or a few spots.
An additional advantage of using the Road eye is that a complete
ski track can be classified rather quickly, even though this is a time-
consuming task. This is a benefit for skiers who are then able to
choose skis based on the most critical parts of the track if the snow
conditions around the track vary.

Conclusions

This study investigated the dependence of liquid water content on
the spectral reflectance properties of snow. Two optical sensors, a
near-infrared spectrometer and a Road eye sensor, were used to
measure the intensity of backscattered light from snow with known
LWC. The Road eye sensor was developed to monitor and charac-
terize winter roads based on the reflective properties at wavelengths
980, 1,310, and 1,550 nm. The NIR spectrometer measured the re-
flectance of snow within a wavelength range of 920–1,650 nm. The
experimental observations showed that the reflective properties of
snow decrease as the fraction of LWC in snow increases. Based on

(a) (b)

Fig. 5. NDWI values with respect to the LWC in snow: (a) applied linear regression analysis for the spectrometer data; (b) linear regression analysis
for the Road eye data, and calculated NDWI values from the ski track measurements
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the spectral reflectance spectra with respect to the LWC, three op-
timum wavelength bands were selected at which the snow samples
with known LWC were clearly separated.

A widely known remote-sensing index, the normalized differ-
ence water index, was used as a scale factor to investigate the effect
of LWC in snow based on the reflectance at wavelengths 980 and
1,310 nm. Results suggest that the NDWI and the fraction of LWC
are directly proportional, and an estimation of the surface LWC
based on the correlation was investigated. The Road eye was used
to measure the spectral reflectance of snow of unknown LWC from
a ski track. Based on the NDWI values from the ski track measure-
ments, the surface LWC was estimated. The results of the study
suggest that the proposed method can be used to qualitatively es-
timate the surface LWC for example on ski tracks and pistes.
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Abstract: The presented study focuses on three-dimensional (3D) microstructure analysis of dry
natural snow during compaction. An X-ray computed microtomography (micro-CT) system was
used to record a total of 1601 projections of the snow volume. Experiments were performed in-situ
at four load states as 0 N, 10 N, 18 N and 25 N, to investigate the effect of compaction on structural
features of snow grains. The micro-CT system produces high resolution images (4.3 µm voxel) in 65

hours of scanning time. The micro-CT images of the investigated snow volume illustrate that the
grain shapes are mostly dominated by needles, capped columns and dendrites. It was found that
the majority of grains appeared to have a deep hallow core irrespective of the grain shape. Digital
volume correlation (DVC) was applied to study the displacement fields in the snow volume due to
compaction. Results from DVC analysis show that grains close to the moving punch experience most10

of the displacement. The reconstructed snow volume is divided vertically into several sections for
qualitative measurement of re-distribution of snow crystals and densification of snow volume. It was
observed that the porosity (for the whole volume) in principle decreases as the level of compaction
increases, however, no clear correlation is found between the compaction and the porosity distribution
with respect to the individual sections. The observations in this work provide a valuable analysis to15

maximize the understanding of snow microstructure during compaction.

Keywords: tomography; micro-CT; snow grains; digital volume correlation; snow microstructure;
snow properties

1. Introduction

The three-dimensional (3D) arrangement of ice crystals and pores, i.e., the microstructure of snow,20

changes with time due to exchanges of matter between the ice crystals. Although the link between
the snow microstructure and its physical properties has been addressed for a long time [1,2], it is
still difficult to characterize the snow microstructure and its evolution over time. The widely used
methods to characterize the 3D microstructure of snow are serial sectioning [3,4] and X-ray computed
microtomography (micro-CT) imaging [5,6]. The micro-CT is a technique for non-destructive 3D25

imaging of internal microstructures [7]. Based on the acquired 3D data it is possible to make a
quantitative analysis of internal features such as porosity, cracks, grains, fibres etc., as well as material
deformation and strain [8]. In addition, the micro-CT enables the evolution of a material microstructure
to be studied in both temporal and spatial domain.

The micro-CT method has been used by many researchers for more than ten years to visualize the30

snow microstructure. However, the 3D quantitative analysis of displacement of snow grains during
the compaction is limited. Schleef and Löwe [9] addressed the influence of external mechanical stress
on isothermal densification and specific surface area (SSA) of snow, using the micro-CT measurements.
They reported that evolution of the snow SSA is independent of the density, while snow densification
increases with increasing external stress. Kaempfer and Schneebeli [10] investigated the isothermal35
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metamorphism of fresh snow at different temperatures for nearly one year. They deduced snow
microstructural parameters from the tomographic images, which explain the structural information
related to the grain boundaries. Pinzer et al. [11] performed time-lapse micro-CT experiments on snow
metamorphism under a static temperature gradient. They observed the structural evolution and mass
transfer within snow through ice grains. Ebner et al. [12] observed the snow metamorphism exposed40

to an advective airflow and reported that saturated airflow has no influence over grains coarsening
rate. Wang and Baker [13] investigated the snow microstructure evolution under compression tests,
based on X-ray micro-CT imaging. They also performed analysis of SSA , structure model index and
structure thickness. One of their findings from interrupted compression tests was that the SSA of
the snow volume decreased more rapidly than the determined. Kerbrat et al. [14] and Hagenmuller45

et al. [15] proposed image processing techniques to determine snow properties such as density and
SSA based on micro-CT measurements. They emphasized that the retrieval method of these snow
properties is sensitive to the voxel size (10 µm for their experiments), especially for fresh snow. Wiese
and Schneebeli [8] performed the micro-CT measurements of snow microstructure under the influence
of settlement at constant temperature gradient. Their observations show an increase of density, strain50

and viscosity over time due to settlement induced via external loading.
The purpose of this initial study is to analyze the 3D images of snow grains during compaction

induced via in-situ uniaxial load. The presented analysis of the micro-CT measurements focus on
grains displacement based on digital volume correlation (DVC) [16] and porosity distribution of
the investigated snow volume. The investigated snow volume is prepared from a freshly fallen55

snow that was collected right after precipitation. Section 2 focuses on experimental arrangement and
measurement procedure. Section 3 presents the applied techniques, which are DVC and porosity
analysis. Section 4 details the observations of the study and discussions of the observed results are
given in section 5. A summary including conclusions are presented in section 6.

2. Experimental procedure60

2.1. Micro-CT system with in-situ load module

Snow sampling and scanning were performed at the micro-CT lab, Luleå University of Technology,
Sweden. The 3D images of snow microstructure were obtained using a ZEISS Xradia 510 Versa (Carl
Zeiss X-ray Microscopy, Pleasanton, CA, USA). The Xradia 510 Versa can achieve 0.7 µm of true spatial
resolution with minimum achievable voxel size of 0.07 µm. The components of the micro-CT system65

are a sealed microfocus X-ray tube, 4-axis sample stage, a photo detector and a load stage, see Figure
1(a). The system is equipped with a Deben CT5000TEC temperature controlled load stage with a 500 N
load cell. The Xradia 510 Versa can be operated at tube voltage range of 30 - 160 kV with maximum
output of 10 W.

A sample holder (see Figure 1(b)) was specifically designed to visualize the material properties70

for the micro-CT experiments. This holder has a fixed punch made of brass, a Polymethyl methacrylate
(PMMA) tube with inner and outer diameter 6 mm and 10 mm, respectively, and a moving punch
made of aluminium. The diameter of the moving punch is slightly smaller than the inner diameter of
the PMMA tube, in order to ensure a smooth and frictionless pressure compaction. The in-situ load
stage was used to apply uniaxial pressure to compact a snow volume through the moving punch,75

which means the compaction is applied at the bottom, and both the punch plates have smooth and flat
surface.

Scout-and-ScanTM Control Software was used for reconstructing the scanned images. Quantitative
analysis of microstructure (shape of crystals, porosity etc.,) was obtained from 3D image analysis,
using the software Dragonfly Pro (ORS), and the compaction of the snow bed was analyzed by DVC,80

using software from LaVision.
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Sample specification: 
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Figure 1. Experimental arrangement of the micro-CT system: (a) the micro-CT consists of a sealed
microfocus X-ray tube, 4-axis sample stage, a photo detector and a temperature controlled in-situ load
stage; (b) the sample holder was 6 mm in diameter and 5 mm in height, note that the material visible in
the sample holder is sugar; (c) selection of volume of interest (VOI) in the snow volume.

2.2. Snow sampling

An undisturbed natural dry snow block was collected outside of Luleå University of Technology
(LTU), Sweden, in March 2017. The Snow block was collected after latest precipitation and ambient
temperature was about -4�C at the time of collection. The acquired snow block was immediately placed85

in a freezer held at -18�C. Tools such as sample holder, spatula etc., that were required to prepare a
final snow sample were also kept in the freezer. After the sample holder and tools were cooled down,
a cylindrical snow sample was prepared using thermal insulated gloves, still being inside the freezer.
Thereafter, the sample holder with snow sample was transferred quickly from the freezer to the in-situ
stage that was held at -15�C.90

2.3. Data acquisition

The X-ray source voltage and current was set to 50 kV and 80 µA, respectively. Temperature of
the in-situ load stage was maintained at -15�C for all the measurements. To avoid the microstructural
damage close to the edges, an interior volume of interest (VOI) was defined for the DVC analysis,
which corresponds to 4.4 mm in diameter and 3.9 mm in height, see Figure 1(c). A total of 160195

projections of the investigated snow volume were recorded as the sample rotated over 360� in high
resolution setting for a period of 6 hours.

Prior to the scan, the snow sample was placed in the micro-CT chamber for 30 mins to ensure
thermal equilibrium for the sample and mount. Two successive scans were performed: i) a low
resolution scan of the snow volume was carried out for 30 minutes to improve stability of the source100

and to check if the reconstruction is as expected; ii) a higher resolution scan of the snow volume
was performed using the 4x objective and 4.4 mm field of view (FOV). In this case, the micro-CT
reconstructs the spatial distribution of ice crystals and pore space with a resolution of 4.3 µm at an
exposure time of 12 seconds per projection. The low resolution scan corresponds to a warm up scan,
therefore high resolution scans are only presented in this study.105
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Micro-mechanical uniaxial compaction tests on the snow sample were performed at the four load
states 0 N, 10 N, 18 N and 25 N. The load stage was used in a continuous mode where the compression
is applied until either the user-defined load or displacement is reached. The snow volume was scanned
first at 0 N (unloaded state) and then subsequent scans were conducted at three load states. After each
loading state, the snow sample was allowed to rest for 30 minutes prior to the scan.110

The reconstructed 3D images were first filtered by a median filter to remove noise in the images.
After filtering, the volume data was segmented using a threshold obtained with the Otsu method [17].
The filtering and thresholding algorithms, segment the grayscale images to binary images containing
the voxels composed of either ice or air.

3. Methods115

3.1. DVC

The DVC technique is used to quantify the internal displacements and strain field throughout a
sample volume. This technique focuses on movement and re-distribution of microstructural features
of the sample volume in response to compaction via e.g. uniaxial loading. A complete description of
the DVC technique can be found in [18] and [19].120

The DVC technique requires volume images of sample in reference (unloaded) and deformed
(loaded) states. These volume images are then divided into sub-volumes that are independently
correlated. Cross-correlation of these sub-volumes provides details on peak detection, which can be
remapped into deformation and strain fields. The maximum correlation within each sub-volume
corresponds to the length and direction of material displacement.125

3.2. Porosity and Density

Porosity can be defined as the ratio between the volume of the pore space (Ve) to the total volume
of the sample (Vt). In order to determine the volume of pore space, first volume of ice crystals (Vi)
is determined based on the segmented grayscale images [22,23]. Subtraction of Vi dataset from Vt
dataset then gives the required Ve dataset and calculation of porosity is in the form130

f =
Ve
Vt

⇤ 100 =
Vt – Vi

Vt
⇤ 100 [in %]. (1)
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Figure 2. Concepts of porosity calculation: (a) in this study, H (height of bed) is 4.23 mm at an unloaded
state while h (section height) and d (section distance) are 0.47 mm; (b) an example of loaded state; (c)
an example of unloaded state. Note that area with lines in Figure 2(b) and 2(c) represents the moving
punch.

Porosity distribution of the investigated volume was calculated for the whole volume and for
discretized sections of the volume. In this study, the number of discretized sections varies with the
applied load, see Figure 2(a). For example, snow volume at unloaded state was divided into 9 sections.
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In addition, section height and distance were maintained constant during the discretization at all load
states, see Figure 2. Equation 2 was then used to calculate porosity within each of these sections, that135

are presented in section 4.
The density of the snow sample is calculated from the volume of the ice crystals and the total

volume of the snow sample [24,25]. It is given in the form:

rsnow =
Vi
Vt

⇤ rice , (2)

where rice = 917 kg m–3. The calculated density values from the micro-CT data are also presented
in section 4.140

4. Results

The experimental observations from the micro-CT analysis are presented in this section.
Distribution of snow grains is given in section 4.1. In section 4.2 snow microstructure changes
with respect to the applied load are presented based on the DVC technique. Porosity measurements
for the discretized sections of the snow volume are presented in section 4.3.145

4.1. Distribution of snow grains

Some examples of the complex 3D morphology of the investigated natural dry snow are presented
in Figure 3. The snow sample was composed of ice crystals with significant variations in shape and
size. However, moving through the cross sections, the most dominated shapes are needles, capped
columns and dendrites, see Figures 3(a), 3(b) and 3(c).150

(a) (b)

(c) (d)

Figure 3. 3D images of snow grains distribution: (a) scan of the whole investigated snow volume;
(b) scan of the snow volume across a cross-section and selection of two individual grains; (c) slightly
deeper cross-section than the one shown in Figure 3(b), to focus on the individual grains; (d) structure
of two individual snow grains.
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There was no possibility for snow grains to grow into different shapes during the scanning time
as the snow temperature was kept constant at -15�C. In addition, there was no presence of water in the
pore space between ice crystals. These natural ice crystals observed to be completely non-isotropic
in shape and size. The majority of the ice crystals were observed to have a deep hollow core with
variable dimensions (see Figure 3(d)). To study the nature of this hollow core further, two individual155

ice crystals of different shapes are selected. The structure of these two crystals can be seen at two
successive cross-sections in Figures 3(b) and 3(c). The presented crystals (see Figure 3) appeared to
have hollow core (see-through tunnel) with closed tip at one end (see Figure 3(d), the tip was cut). The
width of the presented ice crystal was approximately 0.85 mm, and the diameter of the tunnel ranges
from 60 µm to 220 µm.160

4.2. Displacement of snow grains

Figure 4 shows the displacement field between unloaded state and the loaded states 10 N (Figure
4(a)), 18 N (Figure 4(b)) and 25 N (Figure 4(c)).

F. Forsberg, ICTMS 2017 F. Forsberg, ICTMS 2017 

3D analysis of snow compaction 

y (mm) 
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y (mm) y (mm) 

z 
(m

m
) 

(a) (b) (c)

Figure 4. The DVC results for the snow sample at three loaded states,10 N,18 N and 25 N. w refers to
the microstructure displacement in z-direction within the investigated volume.

One can observe in Figure 4 that the measured displacement field at all the loaded states exhibit
similar feature of upward compression (in z-direction). This is expected due to the position of the165

moving punch. In addition, the displacement behaviour of snow volume appeared be increasing as
the applied load increases, especially close to the moving punch. However, significant deformation
can be observed at the centre of the sample (in radial direction) compared to the boundaries.

Snow grains close to the fixed punch appeared to be insensitive to the applied load at least up
to 25 N load state, as no significant displacement is observed, see Figure 4. At 25 N loaded state,170

significant deformations may be due to breakage of bond between the ice crystals and re-distribution
of ice crystals. However, the displacement of individual ice crystals during compaction needs to be
studied further.

Figure 5 shows the reconstructed grayscale images of the investigated snow volume at four
loading states. Three slices per loading state are presented so that, behaviour of ice crystals can be175

observed close to the fixed punch (top layer, Figure 5(a)), in the centre of the snow volume (Figure
5(f)), and close to the moving punch (bottom layer, Figure 5(k)). The microstructure of snow volumes
in Figure 5 is very extensive, therefore four crystals from each image are selected to describe general
observations.

Figures 5(b), 5(c), 5(d) and 5(e) represent the slice close to the fixed punch (top layers) at load180

states 0 N, 10 N, 18 N and 25 N, respectively. The selected crystals in these four images are named
as A, B, C and D. Crystals A and B tend to experience breakage of grains bond due to compaction,
while crystals C and D tend to form into new crystals. As this part of the snow volume experienced the
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Figure 5. Distribution of ice crystals at three slices of the investigated snow volume at a given load.
Note that the compaction is applied from the bottom of the snow volume via moving punch.

compaction directly from the punch, crystals observed to be deformed significantly via bond breakage.
This was already observed from the displacement field in Figure 4.185

Figures 5(g), 5(h), 5(i) and 5(j) represent the slice from the centre of the snow volume at all load
states. The selected crystals in these four images are named as A, B, C and D. Crystals A and B tend to
move closer to each other and form well connected grains. Crystals C and D, experience re-distribution
due to the formation of new crystals, and one can observe that crystals C and D moves out of the scan
volume as the compaction increases.190

Figures 5(l), 5(m), 5(n) and 5(o) represent the slice close to the moving punch at all load states.
The selected crystals in these four images are named as A, B, C and D. Crystals A and B show that not
all the crystals in this slice experience displacement. The dendrite crystals in this case were almost
unchanged in terms of shape and size. Crystals C and D experience grains breakage. Analysis of
displacement field in Figure 4 show that this part of the snow volume experienced small displacement.195

However, observation of individual ice crystals shows a small degree of grain displacement close to
the fixed punch.
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4.3. Porosity measurements

Figure 6 shows the calculated porosity distribution for the discretized sections of the snow volume
and the whole volume. The straight lines in Figure 6 represent the average porosity values for the200

whole volume at a given load state. Note that the moving punch applies compaction from the bottom,
as shown in Figures 2(b) and 2(c). The calculated density values (in units kg m–3) from Equation 2 are
also given in Figure 6.

Figure 6. Porosity distributions for the discretized sections of the investigated snow volume. The
calculated density values of the snow volume at each load state are given (in units kg m–3).

One can observe that the porosity of the whole snow volume linearly decreases as the applied
load increases. Under compaction, the ice crystals tend to move closer resulting in densification where205

the ice crystals re-distribute into the pore space. Note that the moving punch is excluded from the data
shown in Figure 6, which can be observed from the reduction of data points as the investigated snow
volume experienced compaction.

The porosity distribution with respect to the height sections for a given load state appear to exhibit
a linear trend from the bottom layers of snow volume (close to the moving punch) to the top layers210

of the snow volume (close to the fixed punch), see Figure 6. However, this behaviour appeared to
be independent of the level of compaction. In general, the porosity is expected to be lower close to
the moving punch than at the top layers in the snow volume during compaction. However, Figure 6
shows that the porosity at the bottom layers of the investigated snow volume was higher and decreases
through the volume towards the fixed punch, which means more grains close to the fixed punch than215

close to the moving punch. This may be due to the preparation of the snow sample. During the snow
sample preparation, the bottom layers experience the weight of top layers due to settlement thus
forcing the distribution of ice crystals into the pore space.

5. Discussions

General observations can be deduced from the results presented in this study. The presented220

study shows that displacement of snow’s internal structures during compaction can be studied from
the micro-CT data coupled with the DVC and porosity analysis. Embodied in this study are the vital
observations that (1) the majority of snow grains have deep hollow core, (2) displacement of snow
grains due to grains breakage and recrystalization, and (3) correlation between the porosity and depth
of the snow volume in response to compaction.225
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The growth of ice crystals depends on the temperature and humidity [26]. Shimada and Ohtake
[27], Wergin et al. [28] and Riche et al. [29] reported that ice crystals grow as columns and needles
around -5 �C and as plates and dendrites around -15 �C. This may explain the complex structure of the
investigated dry natural snow as colder temperatures higher up in the atmosphere produces dendritic
snow and needles are formed during the precipitation close to ground.230

The complex microstructure of the investigated snow volume shows the inter-granular
displacement field due to compaction. Compaction of snow by applying micro-mechanical uniaxial
load makes the individual ice crystals to move closer via grain sintering and bond breakage. This
process is known as pressure sintering, which results in rounded and less complex microstructure
of snow. Wilkinson [30] detailed the influence of pressure sintering on snow microstructure and its235

mechanical properties. The sintering process in a snow pack was observed previously [31,32], where
snow coarsening was forced due to loading and liquid water content. A common observation of
the snow compaction between the tomography data and our previous works, is that the majority of
displacement of snow grains occur at the near-surface layers. Gubler [33], Lehning et al. [34], Szabo
and Schneebeli [35] reported that they observed similar behaviour of snow microstructure during240

compaction with respect to temperature and time. The objective of this initial study is limited to
the observation of snow microstructure during compaction at constant temperature and only one
snow type was investigated. This initial study can be further extended in future to analyze different
snow types under the influence of loading and isothermal metamorphism conditions. In addition, the
selected VOI (refer to section 2.2) must consider the whole volume to observe the edge effects. Figure 5245

shows that some of ice crystals move out of the scan volume during compaction due to thresholding
of the VOI, where the relevant information about the re-distribution of these ice crystals is missing.

Snow sample preparation appears to play a major role especially when it comes to tomography
measurements. Due to the sample preparation, the presented study lacks detailed information on depth
related porosity during compaction. Zermatten et al. [36], Ebner et al. [37] observed similar porosity250

distribution during compaction. In addition, Ebner et al. [37] reported that there is no correlation
between the porosity distribution and settling of snow. However, a clear correlation is observed in
this study where, porosity distribution for unloaded case due to the snow settlement, see Figure
6. This initial study shows that the presented observations are able to detect the displacement of
snow grains and densification during compaction, which can be helpful to understand the snow255

microstructure. Further experiments considering the limitations, can be advantageous in various fields
of snow research. The characteristics (e.g. elasticity) of the hollow core in a given ice crystal should be
investigated in future experiments to understand the mechanical behaviour of a single ice crystal to
compaction.

6. Conclusions260

An X-ray micro-tomographic (micro-CT) measurements coupled with digital volume correlation
and porosity distributions are performed to study the microstructure of dry natural snow. The
three-dimensional (3D) reconstruction of snow microstructure is essential to understand its
metamorphism, and physical and mechanical properties of a snowpack. This initial study allows
for a detailed observation of the changes in internal microstructure during compaction. Moreover,265

displacement field of the snow volume and porosity distributions are determined. While the porosity
distribution of the whole snow volume decreases with an increase in level of compaction, no correlation
is found in terms of depth related porosity distribution. The observations in this study further showed
that majority of ice crystals in the investigated snow volume has a deep hollow core, irrespective of the
shape and size of the crystal. A thorough study of the effect of the compaction on the key geometrical270

features of the snow grains was performed. The observations further show that the majority of
grains displacement during compaction is due to bond breakage and recrystalization. The presented
techniques may be useful to determine stress-strain response of snow for better understanding of the
various snow layer transitions.
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