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Flüelastrasse 11, 7270 Davos, Switzerland
E-mail: kaempfer@slf.ch

ABSTRACT
The heat flow through a snow cover profoundly changes its structure and thus the thermophysical and mechanical properties of
snow. Despite the great amount of empirical data collected so far, the physical processes behind these changes are poorly understood because snow sinters and recrystallizes simultaneously at temperatures typical on earth. Heat conduction in snow takes
place as (i) conduction in the ice matrix and pore space, (ii) heat transport by water vapor diffusion, and (iii) latent heat release
and gain due to phase changes. X-ray computed micro-tomography allows detailed representations of the 3D-microstructure of
snow and its evolution during metamorphism without disturbing the snow sample. The reconstructed microstructure of snow was
used to simulate the heat conduction in the ice matrix of snow and its evolution during controlled temperature gradient metamorphism. The numerical results, compared with the measured effective heat conductivites of the snow samples, suggest the relative
contribution of the components of the heat flux through snow to be considerably different from what is assumed nowadays.

1 INTRODUCTION
Evolution of thermophysical properties of natural snow, affecting the soil temperature regime and the soil-atmosphere interaction, is an important topic in modeling the energy balance
of snow-covered landscapes [1]. In climate models, the natural
snow cover is usually characterized by the spatial and temporal variation of its “effective” parameters. The primary one for
the energy balance is the effective heat conductivity of the snow
pack [2].
Snow cover models account for the layered structure of a
snow pack and estimate the heat fluxes through snow based on
the local vertical variability of the properties of the individual
snow layers [3; 4]. Key parameters in each layer are snow density, grain size, and crystal type.
Heat flux through snow is governed by heat conduction in
the ice matrix, heat conduction in the pore space, and the heat
associated with water vapor diffusion in the pore space. The
latter divides into the actually transferred heat (heat capacity
of the transfered water vapor) and the latent heat release and
gain due to alternating evaporation and sublimation at the ice
matrix-pore interfaces [5]. So far, it is assumed that the heat
is mainly transported through the ice matrix and thus that the
effective heat conductivity of snow (EHC) mainly depends on
the snow density [6]. However, measured EHC differs up to
5 times between measurements made in snow similar both in
density and in crystal type [6; 7]. This large scatter is believed
to be associated with water vapor diffusion in the pore space of
snow [6] and the microstructure.
The experimental data on the water vapor diffusion, in terms
of the effective water vapor diffusion coefficient (EDC) in snow,
also shows about 5 times difference from experiment to experiment [8]. Moreover, most of the reported values of EDC are
much higher than in free air, despite the fact that only the pore
space is available for the mass transfer. This is related to possi-

bly enhanced temperature gradients in the pore space relative
to those in the ice matrix, due to the large difference in the
heat conductivity of air and ice [9]. Nevertheless the heat transported by this presumably enhanced water vapor diffusion was
still estimated to be negligibly small relative to the overall heat
flux [10].
Regardless of the experimental method, the published EHC
values were provided by substitution of measured temperature
gradients or temperature changes with time into equations based
on the Fourier law of heat conduction. The EDC was also calculated in a similar way (Fick’s law), with the assumption that
the water vapor is saturated in the pore space and the flux is
regulated by an applied temperature gradient.
The uncertainties listed above suggest that either the interrelation between the components of the heat transfer is treated
wrongly, or that the mechanism of water vapor diffusion has
some aspects being missed in the presently available constructions.
The other problem is the representation of the snow microstructure [9]. Until now, its complexity in real snow always
requires simplification of the snow geometry, which could also
be the reason for the unexplained differences between the results based on theoretical constructions and the experiments.
In this work, a finite element model of heat conduction in the
ice matrix based on the tomographic images of the actual ice and
pore distribution in the studied snow samples was constructed.
The microstructure was imaged at regular time intervals during
temperature gradient metamorphism and the numerical model
was applied to the evolving structure. The computational thermal history was compared to the measured EHC of the sample.
The result showed that the change in heat conductivity in the ice
matrix was opposite to the observed EHC. The modification of
the microstructure during temperature gradient metamorphism
caused strong changes in the processes of heat conduction in the
pores, and much less in the ice matrix. This result is contrary to
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2 MODEL
2.1 Experimental and numerical setup
A snow sample was sieved into a sample container (Fig. 1
(a)) and subjected to a temperature gradient of 40 K m−1 in the
vertical direction by controlling the temperature at the bottom
and top of the sample. The snow was imaged by X-ray computed micro-tomography every eight hours at the same spatial
location with a resolution of 25 µm and without disturbing the
sample during 14 days. Simultaneously, two heat flux sensors
at the top and bottom of the container measured the heat transfer across the snow sample. A more detailed description of the
experimental setup is presented in [5].
The imaged domain of the snow sample was directly used
to construct the computational domain. In a volume, Ω, of
100 × 100 × 190 voxels, the digitized ice matrix, Ωi , was extracted (Fig. 1 (b)) and meshed by transforming each ice-voxel
to an eight-node brick finite element. Denote the boundary of
the compuational domain Ωi by ∂Ωi and set ∂Ωi = ∂Ωti ∪ ∂Ωbi ∪
∂Ωai , where the superscripts t and b stand for the top and bottom of Ωi and ∂Ωai represents the side boundary as well as all
the ice-aire interfaces inside the volume Ω.

in snow, the energy conservation equation within the ice matrix
was solved. A scale analysis by Christon [11] showed that the
temperature gradient metamorphism is quasi-steady, the only
significant transient being the movement of the solid-vapor interface with time. Thus, in the ice matrix, the energy conservation is supposed to be steady. Moreover, there are very few
defects in the crystal structure of snow crystals [12] and the thermal properties are those of pure ice.
The boundary conditions at the top and bottom of the computational domain were of Dirichlet type and fixed such that a
linear temperature distribution would lead to the same temperature gradient as imposed in the experiment. On all the other domain boundaries, homogeneous Neumann boundary conditions
were applied, thus supposing isolation at the outer walls of the
cylinder (as in the experiment) and no heat exchange between
ice and air, which corresponded to neglecting the pore space.
This resulted in the following problem to be solved on the ice
matrix:

ki ∆T = 0



T = T
0

T
=
T
1


 ∂T
=
0
∂n

x ∈ Ωi ,
x on ∂Ωti
x on ∂Ωbi
x on ∂Ωai ,

(1)

where ki is the conductivity of ice supposed to be constant, T
represents the temperature depending on the position x, and T0
and T1 are the imposed boundary conditions at the top and bottom of the sample, respectively.
The finite element code by van Rietbergen et al. [13],
initially designed for deformation computations in trabecular
bone [14], has recently been used for elastic stress simulations
in snow [15]. For the present work, the program was adapted to
solve the energy conservation problem given in Eq. (1) by using
the physical analogies [16] between the Hooke’s and Fourier’s
laws.
After the discretization of the problem, the linear system of
equations was solved by a preconditioned conjugate gradient
method together with an element-by-element method [13; 14].
2.3 Representative sample-volume
In order to limit computational time, the domain Ω was chosen as small as possible, but such that the volume is still large
enough to represent the characteristics of the snow sample, in
particular its density. The representative elementary volume
(REV) [17] is a measure for this needed volume. The ice-voxel
fraction within sub-volumes of increasing size around the center of the domain Ω was calculated. The changes in ice fraction,
which is proportional to the snow density, as a function of the
sub-volume size is represented in Fig. 2 for the sample at days
0, 3, 6, 9, and 12. The choice of our computational domain with
100 × 100 × 190 voxels is about two times larger than the minimal REV with respect to the density. The REV with respect to
temperature is more difficult to estimate.
3 RESULTS AND DISCUSSION

2.2 Mathematical model and numerical solution

3.1 Microstructural evolution

In order to determine the importance of the heat conduction
through the ice matrix with respect to the overall heat transport

The microstructural evolution during the whole temperature
gradient metamorphism experiment has been observed (Fig. 3).
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Figure 2. The fraction of ice-voxels, which is proportional to the density,
in function of the size of cubic sub-volumes of the computational domain

Ω, for the microstructure every three days during the experiment.
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Figure 3. The microstructural evolution of the snow sample is observed
by micro-tomography. The structure of the initial snow (a) and after 14
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3.3 Temperature gradients
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A general coarsening of the structure occurs, while the density
remains quasi constant (Fig. 2).
3.2 Temperature distribution
The temperature distribution within the ice matrix, neglecting the porous space and any phase change, was computed on
the structures obtained form the tomographic imaging (Figs. 4
and 5 at the beginning and the end of the experiment, respectively). The minimum, maximum, and mean temperatures in
each x, y-plane along the z-direction of the computational domain (Figs. 6 and 7) were also compared.
While at the beginning of the experiment (Fig. 4) the temperature distribution is very close to a linear one, which would
be expected for a homogenous structure, it gets more and more
irregular towards the end of the experiment (Fig. 5). This observation is also supported by comparing the minimum, maximum,
and mean temperatures in each x, y-plane along the z-direction
of the computational domain (Figs. 6 and 7).

Based on the temperature field, the temperature gradient
within the ice matrix was determined. For each x, y-plane along
the z-direction of the computational domain, the maximum and
mean gradients are represented for the initial (Fig. 8) and final
(Fig. 9) snow structures. The minimum gradients (not shown)
are close to zero throughout the structures.
The computed mean temperature gradient within the ice matrix was smaller than the effectively applied temperature gradient (Figs. 8 and 9), due to the tortuosity of the ice matrix.
Moreover, a high variation of this gradient was observed. This
is explained by the irregularity of the microstructure. The
same quantity of heat (because imposed) has to flow alternately
through thick or thin ice branches. Moreover, the variation of
the temperature gradient increased slightly from day 0 to day 14.
3.4 Heat conductivity
The heat conductivity in the ice matrix through the snow
sample was determined based on the computed temperature gradients. The comparison of this ice-only conductivity with the
measured effective heat conductivity through the snow sample
is presented in Fig. 10.
While the EHC increases, the ice matrix heat conductivity
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decreases. This indicates that the weights of the different contributions to heat transfer through snow depend on the snow microstructure and thus change during snow metamorphism.

ficients.
According to the results presented above, the representative
volume for the macro-scale heat transfer in snow is in the order
of 1.5 mm. Note that this order corresponds to the thickness
of the minimal layers found in natural snow packs [19]. The
size of the representative volume implies that the resolution of a
model describing the macroscopic heat flux cannot be finer than
that. On the other hand, the high variabilities of the temperature
and its gradient at the micro-scale, even without the effects of
latent heat release and gain at the ice matrix surface, suggest
that accounting for the convective heat and mass exchange in a
heat transfer model, and especially attempts at modeling snow
metamorphism, would require higher resolution and accounting
for the direction of the mass and heat fluxes at the ice matrix
surface (the micro-scale heat transfer). An accurate parameterization of the micro-scale processes for incorporation into a
macro-scale heat transfer model would also require the use of
the real snow geometry as presented by the X-ray computed
micro-tomography.
The discrepancies between the previously accepted theoretical constructions and the results of the experimental measurements of EHC and EDC (see section 1) can be explained by
improper scaling of the components of the heat transfer and by

4 CONCLUSION
Using the real snow structures in the modeling of the heat
flow through snow (the ”macro-scale” heat transfer) showed
that the conduction in the ice matrix alone contributes less than
30% to the overall heat flux (Fig. 10). Since the water vapor
flux itself does not transport much heat either, the key in relating the results of numerical simulations by conduction models
to the actually observed heat fluxes and EHC lies in the energy
exchange between the ice matrix and the pore air.
Including this term in modeling the heat transfer through
snow, with separating the temperatures of the ice surface and
of the pore air [18], faces the necessity of relating the reported
experimental data on the evaporation coefficient of ice to the
convection mass transfer coefficient (and based on the mass and
heat transfer analogy to the convection heat transfer coefficient)
of snow. Observations of the actual evolution of snow geometry
under controlled environmental conditions by computed X-ray
micro-tomography can be used for the estimation of these coef-
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Evolution of the measured effective heat conductivity of the
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non-accounted convective heat exchange at the ice matrix surface [20]. The work on combining the new description of the
heat transfer in snow with the snow geometry as observed by
the X-ray computed micro-tomography will be a next milestone
in snow metamorphism modeling.
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NOMENCLATURE
ki Conductivity of ice [W m−1 K−1 ]
T Temperature [K]
Ωi Computational domain
∂Ωi Boundary of domain
a Ice-aire interface (superscript)
b Bottom (superscript)
t Top (superscript)
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