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Abstract. The thermal conductivity of snow determines the
temperature gradient, and by this, it has a direct effect on the
rate of snow metamorphism. It is therefore a key property
of snow. However, thermal conductivities measured with the
transient needle probe and the steady-state, heat flux plate
differ. In addition, the anisotropy of thermal conductivity
plays an important role in the accuracy of thermal conductiv-
ity measurements. In this study, we investigated three inde-
pendent methods to measure snow thermal conductivity and
its anisotropy: a needle probe with a long heating time, a
guarded heat flux plate, and direct numerical simulation at
the microstructural level of the pore and ice structure. The
three methods were applied to identical snow samples. We
analyzed the consistency and the difference between these
methods. As already shown in former studies, we observed
a distinct difference between the anisotropy of thermal con-
ductivity in small rounded grains and in depth hoar. Indeed,
the anisotropy between vertical and horizontal thermal con-
ductivity components ranges between 0.5–2. This can cause a
difference in thermal conductivity measurements carried out
with needle probes of up to−25 % to +25 % if the thermal
conductivity is calculated only from a horizontally inserted
needle probe. Based on our measurements and the compar-
ison of the three methods studied here, the direct numerical
simulation is the most reliable method, as the tensorial com-
ponents of the thermal conductivity can be calculated and the
corresponding microstructure is precisely known.

1 Introduction

Thermal conductivity is an important physical property of
snow. It is especially important to understand heat transfer
and mass flux in snow, since snow has a significant effect on
the large scale heat budget of the Earth surface. It is a very
relevant factor to the Earth’s climate system as heat flows
through the snow on the ground (Cook et al., 2007). Given
a heat flux, thermal conductivity determines the temperature
gradient through the snow pack and it is therefore one of the
most fundamental properties determining the rate of snow
metamorphism. It is therefore not surprising that the first
measurements of thermal conductivity of snow were con-
ducted in the late 19th century (for an overview seeSturm
et al., 1997). However, science is still struggling to find the
most reliable methods to measure effective thermal conduc-
tivity, keff in snow, and, in a next step, to establish a corre-
lation between microstructure and measurements (Calonne
et al., 2011). Recent interest in these questions has increased
due to the inconsistencies between measurements, their re-
gression curves and simulation models (e.g. betweenSturm
et al., 1997andCalonne et al., 2011).

The reason why the measurement of thermal conductivity
in snow is difficult is multifaceted. First, snow measurement
methods are not standardized, and only recentlyCalonne
et al. (2011) have compared some measurements with dif-
ferent instruments on the same snow samples. This is a seri-
ous shortcoming, as it is very difficult (even impossible) to
find exactly the same snow structure twice. The often lim-
ited number of measurements makes the parameters of the
fitting curves difficult to compare. Second, snow is in many
cases extremely fragile, causing artifacts during extraction
of the sample or during measurement. For this reason usually
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218 F. Riche and M. Schneebeli: Thermal anisotropy of snow

only one or very few measurements are made within the same
snow sample and therefore the intersample variability is not
well determined. Third, the microstructural characterization
of snow was for a long time semi-quantitative. The recent
advent of microtomography and stereological techniques al-
lows for a much more precise quantification beyond porosity.
These techniques provide, for example, specific surface area
and thickness distributions of ice and air.

Thermal conductivity is important in many different do-
mains, such as food science (Nesvadba, 1982; Cogne, 2003),
soil science (Vonherzen and Maxwell, 1959; Abu-Hamdeh
and Reeder, 2000) and Earth science (Brigaud and Vasseur,
1989; Popov et al., 1999). In all these areas similar prob-
lems in snow are apparent; especially important is the con-
tact problem when measuring with needle probes (Riche and
Schneebeli, 2010a).

Measurement techniques of thermal conductivity fall in
three main classes: steady-state methods, transient methods,
and direct numerical simulations. The steady-state method
uses the heat flux plate.The heat flux plate measures the heat
flux through two plates placed at each side of the measured
sample. The method is standardized inASTM (2008). This
method was used e.g. byIzumi and Huzioka(1975) andYa-
mada et al.(1974). Needle probe instruments are based on
the transient line heat source method (De Vries, 1952; Black-
well, 1954). They are widely used in snow science (Lange,
1985; Sturm and Johnson, 1992; Morin et al., 2010). A vari-
ant of these two methods that is applicable to smooth sur-
faces, is the divided bar method generally used to measure
the thermal conductivity of rocks and sediments (Pribnow
et al., 2000). The Fourier method, as it was first used by
Abels (1892) and recently byBrandt and Warren(1997),
measures the approximately sinusoidal temperature change
in the ground, and gives a thermal conductivity averaged over
the depth of the temperature sensor. During the past decade,
the direct numerical simulation of the thermal conductivity
was developed (Ams et al., 2001; Kaempfer et al., 2005;
Petrasch et al., 2008; Calonne et al., 2011). This computa-
tional method has the advantage that the 3-D microstructure
is known. Together with the well-known thermal conductiv-
ity of ice and air, the effective thermal conductivity of the
snow can be calculated.

A problem which has received relatively little attention is
the thermal anisotropy in snow.Izumi and Huzioka(1975)
made a detailed study on the anisotropy of the snow thermal
conductivity, and its evolution during temperature gradient
metamorphism. More recently, some studies pointed out the
thermal anisotropy of snow (Calonne et al., 2011; Shertzer
and Adams, 2011). The determination of anisotropy is an im-
portant part of this study.

The thermal conductivity of porous media can be
anisotropic. In this case, the effective thermal conductivity
keff is a tensor (Incropera et al., 2006) (in the following,
we write for simplicity of notation:k instead ofkeff) with
−j = k∇T , wherej is the heat flux in x, y, z,k is the ther-

mal conductivity tensor with the diagonal componentskx, ky,
kz (orthorhombic system) and∇T is the temperature gradient
in x, y, z in a Cartesian coordinate system. In the following,
we assumekx = ky, because a snowpack usually has a hor-
izontal layering.Arons and Colbeck(1995) refer to Izumi
and Huzioka(1975) for measurements of anisotropy. How-
ever, there are in fact very few experiments measuring ten-
sorial components.Riche and Schneebeli(2010b) measured
two components (horizontalkx and verticalkz), assuming
kx = ky, with the same computer simulation as used in the
present study.Calonne et al.(2011) computed all tensorial
components of thermal conductivity.

The determination of thermal conductivity is simplified in
almost all regression equations (for an overview seeArm-
strong and Brun, 2008) to 1-D form, andk = kz, with kz be-
ing the vertical component. If heat flow is measured parallel
to the bedding of the snowpack, and the isotherm at the top
and the bottom are parallel, then heat flow will be perpen-
dicular to the bedding, independent of an anisotropic struc-
ture. Therefore, anisotropy is irrelevant if regression equa-
tions of thermal conductivity are used under such conditions.
However, as we show in this paper, this bias was not always
corrected for all instruments, especially in the case of the
needle probe. The theory for this case will be introduced in
Sect.2.2.2.

Heat flux in snow is not purely conductive: it has also
a latent heat component. Latent heat is generated through
the phase change induced by recrystallization (Pinzer and
Schneebeli, 2009b). The ratio between conductive heat flux
and latent heat flux depends on the absolute temperature and
the temperature gradient. We address this phenomenon in
Sect.2.2.4.

We focus on three fundamentally different methods to
measure the thermal conductivity of snow: guarded heat flux
plate (HFP), single needle probe (NP) and direct numerical
simulation (SIM). The main objective is to understand the ac-
curacy and the limitations of these three methods with con-
sideration of thermal anisotropy. To compare the methods,
the same snow samples were used for each method, although
each method has a different characteristic measurement vol-
ume. We analyzed the effect of thermal anisotropy of snow
on NP measurements and the effect of latent heat flux in HFP
measurements. We corrected the effective thermal conduc-
tivity measured with the NP,kNP

eff for anisotropy. To exclude
effects specific to snow, we compared HFP and NP with inert
materials. These materials were chosen to cover the range of
thermal conductivity typical for snow.

We do not consider the effect of convection processes on
heat transport because convective processes depend not only
on the conductive properties of the material, but also on
its permeability (Sturm and Johnson, 1991; Arakawa et al.,
2009; Zermatten et al., 2011).
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2 Methods

2.1 Sample preparation

2.1.1 Snow samples

Snow blocks were carefully taken from a natural snowpack.
The block was then cut to size for the HFP measurement.
In the same block, after the HFP measurements, two hori-
zontal NP measurements were done. This way, an eventual
change due to the HFP heating could be checked. Finally,
the center of the block used for the HFP measurement was
carefully inserted in a sample holder for the micro-computed
tomography (µ-CT) measurements (see Sect.2.3). The inner
diameter of theµ-CT sample holder was 36.9 mm. 8 differ-
ent snow types were analyzed. The snow properties of each
sample are summarized in Table1. All the experiments were
conducted within a cold laboratory at a constant temperature
of −20◦C.

Additional snow samples were used to calculate the
anisotropy of the thermal conductivity with the SIM. The
properties of these samples are shown in Table2.

2.1.2 Inert samples for comparison between needle
probe and heat flux plate

The results of NP and HFP measurements were com-
pared using several common porous and non-porous mate-
rials. Snow thermal conductivity ranges from 0.024 (kair) to
0.8 W m−1 K−1. We selected materials that cover this range,
and are suitable for both HFP and NP. We used polystyrene
foam, plasticine (Fimo), paraffin wax (Glorex), and water
with 5 % agar-agar (Morga AG). Similar materials were
used byPinzer and Schneebeli(2009a). In addition, we
used granular and sintered coarse-grained sea salt (grain size
2 mm±1 mm) as substitute for snow. These materials do not
undergo a phase change at the temperature range of the ex-
periments and give minimal contact resistance for both HFP
and NP.

2.2 Measurement of thermal conductivity

2.2.1 Transient measurement with the needle probe

The theory for transient measurements with a NP for an ide-
ally conducting material is well known (Blackwell, 1954;
Carslaw and Jaeger, 1959; Hartley and Black, 1976). The
method was applied for thermal conductivity measurements
in snow by different groups (Sturm and Johnson, 1992;
Morin et al., 2010).

The thermal conductivity,kNP (W m−1 K−1), is calculated
as

k =
q

4π 1T
ln

t2

t1
, (1)

wheret2 (s) andt1 (s) are the linear time region of the mea-
surement,q (W m−1) the heating power,1T (K) the temper-

Table 1.Structural properties of the snow samples used for the inter-
comparison of the different measurement methods∗.

Grain shape, ISC Density SSA i.th i.sp
main class

kg m−3 mm−1 mm mm

Depth Hoar DHch 172 12.90 0.20± 0.07 1.76± 1.27
Faceted Crystals FCso 230 12.71 0.25± 0.07 0.42± 0.15
Rounded Grains RGxf 246 17.63 0.17± 0.04 0.36± 0.14
Faceted Crystals FCxr 251 17.05 0.18± 0.05 0.40± 0.14
Rounded Grains RGsr 253 14.47 0.22± 0.05 0.30± 0.13
Rounded Grains RGlr 267 16.16 0.19± 0.07 0.41± 0.16
Rounded Grains RGsr 286 8.84 0.34± 0.13 0.81± 0.36
Rounded Grains RGsr 331 19.89 0.16± 0.03 0.27± 0.09

∗ Snow type: description, ISC: International classification for seasonal snow on
the ground (Fierz et al., 2009), Density: gravimetrically determined, SSA: specific
surface area from tomography, i.th: thickness of ice structures by tomography, i.sp:
pore size by tomography.

Table 2. Structural properties of the additional snow samples used
for the simulation of thermal conductivity anisotropy∗.

Grain shape, ISC Density SSA i.th i.sp
main class

kg m−3 mm−1 mm mm

Precipitation Particles PPsd 91 64.65 0.05± 0.03 0.45± 0.19
Rounded Grains RGsr 118 25.09 0.13± 0.04 0.56± 0.34
Rounded Grains RGsr 155 29.03 0.12± 0.03 0.31± 0.11
Rounded Grains RGsr 155 27.15 0.12± 0.03 0.33± 0.12
Rounded Grains RGsr 164 26.78 0.12± 0.03 0.34± 0.13
Rounded Grains RGsr 173 23.41 0.14± 0.04 0.36± 0.14
Rounded Grains RGsr 182 25.50 0.13± 0.03 0.30± 0.11
Rounded Grains RGsr 191 26.39 0.13± 0.03 0.28± 0.10
Rounded Grains RGsr 191 24.90 0.13± 0.03 0.32± 0.12
Rounded Grains RGsr 191 31.34 0.10± 0.03 0.24± 0.09
Rounded Grains RGsr 200 24.85 0.13± 0.04 0.29± 0.11
Depth Hoar DHcp 209 12.28 0.23± 0.14 0.93± 0.53
Depth Hoar DHcp 228 11.31 0.25± 0.13 0.78± 0.37
Depth Hoar DHcp 237 15.99 0.17± 0.07 0.49± 0.23
Depth Hoar DHcp 237 16.37 0.16± 0.07 0.47± 0.22
Faceted Crystals FCso 246 11.65 0.26± 0.09 0.54± 0.21
Depth Hoar DHcp 246 10.51 0.29± 0.20 0.82± 0.44
Depth Hoar DHcp 255 12.97 0.20± 0.10 0.62± 0.33
Melt Forms MFcl 264 8.21 0.35± 0.13 0.80± 0.35
Rounded Grains RGlr 264 11.89 0.26± 0.09 0.49± 0.20
Melt Forms MFcl 273 9.40 0.31± 0.12 0.63± 0.29
Depth Hoar DHcp 282 14.05 0.17± 0.07 0.54± 0.32
Melt Forms MFcl 282 14.72 0.21± 0.06 0.34± 0.13
Depth Hoar DHcp 291 13.51 0.19± 0.10 0.51± 0.28
Melt Forms MFcl 300 15.14 0.21± 0.06 0.31± 0.12
Faceted Crystals FCso 309 7.11 0.41± 0.18 0.71± 0.29
Melt Forms MFcl 364 9.62 0.31± 0.11 0.40± 0.17

∗ Snow type: description, ISC: International classification for seasonal snow on the
ground (Fierz et al., 2009), Density: gravimetrically determined (correspond to the
local density of the computed volumes within 15 %), SSA: specific surface area
from tomography, i.th: thickness of ice structures by tomography, i.sp: pore size by
tomography.

ature difference. Note thatkNP corresponds tokz in case of
an isotropic medium.

In this study, we used an NP (TP02, Hukseflux Thermal
Sensors) as used byMorin et al. (2010) andCalonne et al.
(2011). The needle is 1.2 mm in diameter and 150 mm long.
The applied heating power was 0.07 W m−1 in order to have
a total temperature increase smaller than 2.5◦C in the snow.
This corresponds to a maximal temperature increase of 1◦C
in the time intervalt1−t2 used in Eq. (1). In order to avoid the

www.the-cryosphere.net/7/217/2013/ The Cryosphere, 7, 217–227, 2013



220 F. Riche and M. Schneebeli: Thermal anisotropy of snow

effect of a high contact resistance, the first 30 s of the mea-
surement were discarded. Convection effects occurred after
100 s. For these reasons, the thermal conductivity was cal-
culated betweent1 = 30 s andt2 = 100 s (Morin et al., 2010;
Sturm et al., 1997), which corresponds to the linear portion
of Eq. (1), when plotting the temperature in function of time
on logarithmic scale.

Before use, the accuracy of the NP was checked with mea-
surements in glycerin 80 % (Glycerin CAS 56-81-5).

In a homogenous block of snow (45 cm× 45 cm× 45 cm),
with the sides parallel and orthogonal to the layers, two hor-
izontal and two vertical measurements were performed. The
needle was inserted such that the temperature sensor of the
needle was always positioned at the same height of the block.
From these four measurements,kz, kx and the anisotropy (α,
see Sect.2.2.2) were calculated.

2.2.2 Anisotropy

Grubbe et al.(1983) analyzed the case of line source mea-
surements in anisotropic rock. He developed the general
case, when the bedding plane is inclined to the surface of the
Earth. Assuming that NP measurements in snow are always
parallel or orthogonal to the layering of the snowpack, the
following formulas can be used. If thez-axis of the coordi-
nate system is orthogonal to the snow surface, thenkx = ky in
the horizontal plane andkz in the vertical plane. If the needle
is horizontally inserted, the following components are mea-
sured (see also Fig.1):

kNP
h =

√
kxkz, (2)

with a vertically inserted needle:

kNP
v =

√
k2

x for kx = ky. (3)

The vertical componentkz can then be extracted from

kz =
kNP

h
2

kx
=

kNP
h

2

kNP
v

. (4)

We define the anisotropy factorα = kz/kx, which is the
inverse of the factorA used byGrubbe et al.(1983) but
the same as the anisotropy coefficient used byCalonne
et al. (2011). α can be better compared qualitatively by the
anisotropy factorγ of Izumi and Huzioka(1975), which is
defined asγ = (kz − kx)/(kz + kx).

Therefore,kz, if the measurement is done with a horizontal
NP, is

kz =
√

αkNP
h . (5)

2.2.3 Steady-state measurement with the guarded heat
flux plate

The guarded HFP applies a constant heat flux at the bottom of
the snow sample. After equilibrium is reached, the heat fluxes
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Fig. 1. The effect of anisotropy of snow on the vertical component
of thermal conductivity (kz) if thermal conductivity is measured
with a horizontally inserted NP. Calculations are based onGrubbe
et al.(1983). The range of the anisotropy factor between 0.5 and 2
is typical for natural snow. The horizontal line at 0.2 W m−1 K−1

indicates the measured thermal conductivity with the NP horizon-
tally inserted. For an anisotropy factor,α < 1, kz is underestimated
by up to 25 %. In case ofα > 1, kz is underestimated by up to 25 %.
Also shown is the horizontal component of the thermal conductiv-
ity, kx = kNP

v , which corresponds to the value measured with a ver-
tically inserted NP.

at the top and bottom of the sample are equal. The difference
between the top and bottom temperatures is measured. As the
geometry of the sample is known, the thermal conductivity
kHFP (W m−1 K−1) is

kHFP
= qfh

1

1T
, (6)

whereqf (W m−2) is the heat flux across the sample,h (m)
is the height of the sample and1T (K) is the temperature
difference. In our measurements, the layering was parallel to
the plates and thereforekz = kHFP.

In order to avoid heat convection and snow metamor-
phism, the applied heat flux and the resulting temperature
gradient were kept at

(
∇T =

[
10− 15Km−1

])
and the tem-

perature at−16◦C.
The design of the HFP is based on the work ofKöchle

(2009) (Fig. 2). The geometrical design and the main charac-
teristics of the HFP are: (i) the heat flux is constant, (ii) the
sample is insulated and guarded such that the heat flow is per-
pendicular to the plates, (iii) the heat flux sensors are guarded
by additional surrounding material of equal conductivity, (iv)
the temperature difference is measured as precisely as pos-
sible, and (v) the size of the sample chamber must be suffi-
ciently large so that an undisturbed snow sample can be used.
We built an apparatus with a plate size of 210 mm× 210 mm
and an adjustable height between 5 and 80 mm. The base
of the chamber consisted of 30 mm-thick styrofoam insula-
tion. On top of the insulation, a film heater (Minco, Type

The Cryosphere, 7, 217–227, 2013 www.the-cryosphere.net/7/217/2013/
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Fig. 2.Design of the HFP (Köchle, 2009). PC: polycarbonate plate,
HFS: heat flux sensor, TC: thermocouples. HFS and TC are in the
center of the PC plate.

HK5170) was glued to a steel plate (8 mm thick). This plate
served to distribute the heat and damped any remaining fluc-
tuations by the inherent heat capacity of steel. A polycar-
bonate plate (3 mm thick) with a center hole of 100 mm fol-
lowed. The heat flux sensor (Hukseflux PU43) was placed in
the hole. The sensor had a thickness of 3 mm, and an active
sensing area of 30 mm× 30 mm. The total error of the heat
flux measurement was±0.1 W m−2 at the typical heat flux
of 2 W m−2. The outer area served as a thermal shield for
the sensor. The polycarbonate plate and the heat flux sensor
have the same thermal conductivity of 0.25 W m−1 K−1. The
snow sample, usually 60 mm thick, was placed on the poly-
carbonate plate. The sample was covered again with a heat
flux sensor inserted in a polycarbonate plate. A 6 mm thick
aluminum plate improved contact further. The polycarbonate
plates were covered with a thin layer of thermal grease (Dow
Corning 340,k = 0.55 W m−1 K−1 to reduce the contact re-
sistance between snow and plate. The temperature difference
between the plates was measured using two K-type thermo-
couples in series. The precision of the thermocouples were
±0.03◦C. The absolute temperature was measured at the bot-
tom of the plate using a RTD-sensor (Minco, Type S17621)
with an absolute precision of±0.4◦C. The sides of the appa-
ratus were covered with 30 mm-thick styrofoam insulation.
The HFP apparatus was placed in an insulated chamber of
70 cm× 70 cm× 80 cm. This small chamber was heated up
to −15◦C in a cold laboratory kept at−20◦C, in order to
reduce temperature variations, which affected the stability of
the measurements. Data logging was done with a Campbell
CR10 data logger.

2.2.4 Latent heat flux

Pinzer and Schneebeli(2009b) andPinzer(2009) made direct
measurements of the recrystallization rate of snow, and by
this the effective latent heat flux. They could show that the
vapor diffusivity in snow,Deff, is close to the diffusivity in
air (Giddings and LaChapelle, 1962; Sokratov and Maeno,
2000).

The latent heat flux is calculated using the effective vapor
flux present in the snow sample during a HFP experiment.
The vapor flux is defined as

Jz = DH2O1CzMH2O, with 1Cz =
|eb − et|

hκBTm
, (7)

where Jz (kg m−2 s−1) is the heat flux in the z-direction,
DH2O (m2 s−1) is the water vapor diffusivity,1Cz (Pa m−1)
is the gradient of vapor pressure,MH2O (kg) is the mass of a
water molecule,eb andet (Pa) are the bottom and top pres-
sures according toMurphy and Koop(2005) respectively,h
(m) is the height of the sample,κB (J K−1) is the Boltzmann
constant andTm (K) is the mean temperature of the sample.

The latent heat flux is then defined as

qL = JzL and qt = qf + qL, (8)

whereqL (W m−2) is the latent heat flux,L (J kg−1) is the
latent heat of sublimation of ice.qt (W m−2) is the measured
heat flow, which includes both the sensible (qf ) and the latent
(qL) heat fluxes.

The values used for these equations and the calculation of
the latent heat flux are in AppendixA.

2.3 Tomography and direct numerical simulation

Each sample was directly measured, without further prepa-
ration, in theµ-CT (Scanco micro-CT80). The tempera-
ture during a measurement was controlled and kept at a
constant temperature of−15◦C. The nominal resolution of
the images was 18 µm. The size of the original image was
2048×2048×416 voxels, the scanned volume had a diame-
ter of 36 mm and a height of 7.5 mm.

2.3.1 Image processing

From theµ-CT measurements, a volume of 400× 400×

400 voxels (7.2 mm×7.2 mm×7.2 mm) was extracted from
the original data. This volume was then segmented to a bi-
nary image. A Gauss filter (σ = 1, support= 2) was ap-
plied, then the ice structure was segmented using an adaptive
threshold. The obtained density of the ice volume was com-
pared to the measured density of the snow sample in order
to control for the segmentation procedure. If the difference
in density was higher than 12 %, the threshold in the seg-
mentation process was manually corrected to obtain the right
density within 12 %. Depth hoar samples were up-scaled to a
nominal resolution of 36 µm. This was necessary to conduct
the SIM within a reasonable time and with a larger represen-
tative elementary volume (REV) of a sufficient size (volume
of 10.8 mm×10.8 mm×10.8 mm. From each sample, except
depth hoar, two sub-samples where taken to estimate intra-
sample variability.

www.the-cryosphere.net/7/217/2013/ The Cryosphere, 7, 217–227, 2013



222 F. Riche and M. Schneebeli: Thermal anisotropy of snow

2.3.2 Direct numerical simulation

The numerical simulation uses the code describedKaempfer
and Plapp(2009) and Pinzer (2009). It is a linear steady-
state thermal finite element simulation. The finite element
mesh consists of hexahedral elements, which correspond to
the voxels of theµ-CT measurements. As an input the simu-
lation requires the temperature gradient in the snow and the
thermal conductivity of air and ice. The boundary conditions
are constant top and bottom temperatures and insulated side-
walls. No phase change is implemented in the model.

We used the following values:∇T = 50 K m−1, kice =

2.34 W m−1 K−1 (kice at −20◦C, Slack, 1980) and kair =

0.024 W m−1 K−1. Based on the simulated heat flux and the
prescribed temperature gradient the thermal conductivity is
calculated as

kSIM
x,z = qx,z/∇T . (9)

For eachkz andkx an independent simulation is necessary.

3 Results

3.1 Calibration of the needle probe and the heat
flux plate

We measured the thermal conductivity of the inert materials
(polystyrene foam, plasticine, wax at room temperature and
at cold lab temperature (−20◦C), agar gel (5 %), and salt
in granular form and as a sintered block) with the NP and
the HFP (Fig.3). In homogenous, isotropic and non-porous
materials (plasticine, polystyrene, wax),kNP andkHFP were
similar. kNP was slightly higher thankHFP for agar, butkNP

was 30–40 % lower thankHFP for the granular salt. Similarly,
a long heating time (100 s) resulted in a 15 % lowerkNP than
kHFP for the sintered salt block. A short heating time (30 s)
resulted in akNP 70 % lower than the two other measure-
ments.

A linear regression was calculated for the short and the
long heating time NP versus HFP, forcing the curve through
the origin. The measurement of the salt block at short heating
time was not considered. The correlation between NP mea-
surements and HFP measurements was high: we found that
the regression equation for both the short and long heating
time waskNP

= 0.96kHFP with a root mean square error of
0.07, and all points within 99 % significance.

3.2 Numerical simulation

The thermal conductivity was calculated for all samples
listed in Table1 (all measured and calculated thermal con-
ductivities are listed in the supplementary material). Two in-
dependent volumes of each sample were calculated, except
for the depth hoar sample, where the size of the REV was too
large to extract two independent volumes from the scanned
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Fig. 3. Thermal conductivity of several inert, isotropic materials
measured with the heat flux plate (HFP) and the needle probe (NP).
HFP and NP have similar values for inert, non-porous materials.
Measurements with NP in agar are known to be too high due to
convection (Boumaza and Redgrove, 2003). The NP measures a too
low a value compared to the HFP for the porous materials (granular
salt grains and sintered sea salt). ThekNP resulting from a 100 s in-
stead of a 30 s measurement increases thermal conductivity almost
threefold for the sintered salt block.

volume. Density and thermal conductivity of these samples
are shown in Supplementary Table 1. The density of the two
paired samples varied between 0.1 % and 3.2 %, (average
1.3 %), the thermal conductivity between 0.5 % and 34 %
(average 6.1 %). The outlier with 34 % was for the faceted
snow with a density of 261 kg m−3 .

The result of the simulation depends on the threshold for
the segmentation of the ice structure. To test for the sensi-
tivity, we increased the threshold by 10 % for one sample.
This increased the volumetric density by 4 % and the thermal
conductivity by 8 %.

3.3 Comparison of the needle probe and direct
numerical simulation

The vertical and horizontal thermal conductivities measured
with long heating-time NP, corrected for anisotropy, were
systematically lower by 10–35 % compared to the values
calculated by the SIM (Fig.4). We found that the trend in
anisotropy is in most cases the same (kSIM

x > kSIM
z if kNP

x >

kNP
z ). The correlation betweenkSIM and kNP was kNP

=

0.79kSIM
− 0.021 (root mean square error 0.023). The dif-

ference between the null hypothesis (the 1: 1 line) and the
correlation was significant at the 99 % level.

3.4 Comparison of the three methods

The vertical componentkz measured by the NP were in all
samples lower than the ones measured by HFP and calculated
by SIM (Fig.5). kSIM

z are 3 % to 25 % lower (average 20 %)
than kHFP

z and kNP
z are 15 % to 55 % lower (average 35 %)
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Fig. 4. Comparison of the horizontal and vertical component of the
thermal conductivity from direct numerical simulation,kSIM and
needle probe measurement,kNP. All measurements, except two,
show the same trend in anisotropy, however all components ofkNP

x,z
are systematically lower thankSIM

x,z . Colors correspond to the Inter-
national classification for seasonal snow on the ground (Fierz et al.,
2009). Light pink: rounded grains, light blue: faceted crystals, blue:
depth hoar.

than kHFP
z (Fig. 6). The differences between NP compared

to SIM and HFP were highly significant, and the difference
between SIM and HFP was significant.

The comparison of the relative change ofkNP
h between the

two NP measurements before and after the HFP measure-
ments showed a mean increase of 6.3 %± 8.4 % (minimum
−4.9 %, maximum +18.5 %).

3.5 Comparison of thermal conductivity with previous
studies

The effective thermal conductivities, calculated by the SIM
(keff = (kz + kx)/2), corresponds well to the data set and the
fitting equation presented inCalonne et al.(2011) (Fig. 7).
However, the snow samples ofCalonne et al.(2011) all have
a relatively small anisotropy, except for four samples that
are either faceted snow or depth hoar. By taking into ac-
count only depth hoar (DH) and faceted crystals (FC) sam-
ples, which both have a higher conductivity in the vertical
direction, it appears that the effective thermal conductivity
of these samples is much more different fromkz than for the
other samples, such as small rounded grains. By fittingkz
of depth hoar and facets samples, the following regression
equation is obtained:

kz = 3× 10−6ρ2
− 1.06× 10−5ρ + 0.024, (10)

with a correlation coefficient of 0.986 (for 17 samples,
13 samples from this study and 4 from the study ofCalonne
et al., 2011) and withkz corresponding to the thermal con-
ductivity of air when snow density is zero, as suggested in
Calonne et al.(2011) (Fig. 7).

Fig. 5. Comparison of the vertical components of the thermal con-
ductivity, kz for the three methods. HFP gave always the highest
value and the NP the lowest one, the SIM is close to HFP. The bars
indicate estimated error. Colors correspond to the International clas-
sification for seasonal snow on the ground (Fierz et al., 2009). Light
pink: rounded grains, light blue: faceted crystals, blue: depth hoar.

Fig. 6. Relative differences ofkz for the 8 samples used for both
HFP and NP with SIM as reference. HFP values are 20 % higher,
NP values are 35 % lower than those obtained by SIM. The median
of the relative differences is the line inside the box; the top and the
bottom of the boxes are the quartiles.

3.6 Anisotropy factor

kSIM
z,y was calculated for 35 samples in total (Fig.8). The

temperature of ice and air was always set to−20◦C. We
found that the majority of samples showed a certain degree
of anisotropy, and isotropic snow seemed to be rather the
exception than the rule. The anisotropy factorα was calcu-
lated from the data ofIzumi and Huzioka(1975) for com-
parison. The anisotropy of our snow samples with a similar
snow structure and density showed approximately the same
anisotropy values as those ofIzumi and Huzioka(1975). The
anisotropy factor was also compared toCalonne et al.(2011).
All the data are consistent: depth hoar samples and facets
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Fig. 7. Thermal conductivities as a function of snow density. Com-
parison to the data ofCalonne et al.(2011). Colors and abbre-
viations correspond to the International classification for seasonal
snow on the ground (Fierz et al., 2009). Lime: precipitation parti-
cles (PP), forest green: decomposing and fragmented precipitation
particles (DF), light pink: rounded grains (RG), light blue: faceted
crystals (FC), blue: depth hoar (DH), red: melt forms (MF).

Fig. 8. Anisotropy factorα of different snow types as a function
of density (local density of the volume used to compute the thermal
conductivity). The anisotropy shown here was calculated from SIM.
The 8 samples measured with SIM, HFP and NP are indicated with
error bars. Colors, shapes and abbreviations correspond to the Inter-
national classification for seasonal snow on the ground (Fierz et al.,
2009). Lime: precipitation particles (PP), forest green: decompos-
ing and fragmented precipitation particles (DF), light pink: rounded
grains (RG, small rounded particles: RGsr, large rounded particles:
RGlr), light blue: faceted crystals (FC), blue: depth hoar (DH), red:
melt forms (MF).

conduct heat better in the vertical direction. Rounded grains
are almost isotropic or conduct heat better in the horizontal
direction (Fig.8).

3.7 Latent heat flux in the heat flux plate

All HFP measurements were carried out at a temperature
of −16◦C±1◦C. For a temperature gradient of 11 K m−1,
the calculated latent heat flux was 0.01 W m−2. In the HFP
measurement, the measured heat flux was approximately
2 W m−2, therefore the latent heat flux (calculated) repre-
sented less than 1 % of the measured heat flux (Eq.8). The
latent heat flux had therefore no significant effect on the heat
flux at this temperature. However, at higher temperatures, la-
tent heat flux becomes significant. At a temperature of−5◦C
and with the same temperature gradient, the latent heat flux
would increase to 0.14 W m−2, corresponding to a contribu-
tion of 14 %.

4 Discussion

The thermal conductivities of NP and HFP in the inert,
isotropic and solid reference materials lie almost perfectly on
the 1: 1 line (Fig.3). Both methods, NP and HFP, gave the
same absolute values of thermal conductivity in these mate-
rials. Both instruments showed no temperature dependence,
tested with wax at 20◦C and−20◦C. The higherkNP with
agar was caused by convection, and it was also observed by
Boumaza and Redgrove(2003). The NP measurement in sin-
tered salt with a short heating time (30 s) is a reminder that
NPs with short heating time do not correctly measure ther-
mal conductivity due to contact resistance problems present
in porous materials (Riche and Schneebeli, 2010a). The long
heating time NP measurements in granular and sintered salt
resulted in significantly lower values (50 % for granular, and
20 % for sintered salt grains respectively) than the HFP mea-
surements. We think that there are two possible reasons. The
first is that the high contact resistance influenced linearity
within the evaluated time span. However, a longer measure-
ment time (longer than 100 s) was not possible, because of
the clearly visible onset of convective processes (Sturm and
Johnson, 1992). The second reason can be the heterogeneity
of the temperature field, as already pointed out inCalonne
et al. (2011). It is well known from the measurement of
the dielectric properties that the radius of curvature of the
electrode must be much larger than the snow grain diameter
(Mätzler, 1996). The size of the salt grains was about twice
the size of the diameter of the NP, so this empirical rule was
clearly violated.

The HFP always gave values higher than the SIM and
the NP (Fig.5). The difference between HFP and SIM can
mainly be explained by the sensitivity of the SIM to the small
variations of snow density. It happened that the densities of
theµ-CT-measurements were lower than the measured den-
sity of the snow. This effect will cause simulated values lower
than the real thermal conductivity value. HFP methods are
considered less reliable than NP, because they are more sus-
ceptible to measurement-induced metamorphism (Sturm and
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Johnson, 1992). We observed such a predicted increase ofk

on the order of 5 % (see Sect.3.4). However, this increase did
not explain the much larger difference between NP compared
to SIM and HFP.

The difference between HFP and SIM could be caused by
two factors. The thermal grease applied could increase the
thermal conductivity. Therefore a correction in the effective
height would be necessary. A 2 mm thick layer of thermal
grease on both plates would lead to an increase of about 5 %
in kHFP. Such a correction was not applied. Another reason
could be that the finite resolution of theµ-CT and the thresh-
old eliminated heat-conducting bonds. This leads to a maxi-
mal absolute uncertainty ofkSIM by 10–15 %.

kNP compared tokSIM gave consistent results. They show
the same anisotropy trend in most of the measurements
(Fig. 4). However,kNP corrected for anisotropy was sig-
nificantly lower thankSIM and kHFP. Riche and Schnee-
beli (2010a) showed that significant microstructural changes
around the needle occur, but suggested that this effect was
only important for short heating times. Measurements in
glycerin show no effect of an air gap on the thermal conduc-
tivity (M. Sturm and J. B. Johnson, personal communication,
2010).Calonne et al.(2011) suggested that the measured vol-
ume around the NP is too small. Another explanation could
be that the thermal field is too far from homogenous condi-
tions for such a thin NP to apply the theory developed for
transient methods (Blackwell, 1954; Mätzler, 1996).

The thermal conductivity values obtained with SIM corre-
spond well to other studies (shown in Fig.7). A regression
equation was calculated forkz for depth hoar and faceted
crystals samples. This fit shows that the anisotropy of the
snow samples has to be taken into account. Thermal conduc-
tivity components depend not only on the density but also
on the snow type. It is therefore difficult to give only one
empirical relation between thermal conductivity and struc-
tural properties (such as density) that would be correct for all
snow samples.

Izumi and Huzioka(1975) and Yamada et al.(1974)
showed the existence of anisotropic thermal conductivity in
snow. We found that a considerable anisotropy exists for
most snow types. The single new snow sample that we
measured was almost isotropic. Snow samples with small
rounded grains had anα < 1, and faceted snow and depth
hoar had in generalα > 1, which is similar to the results
of Izumi and Huzioka(1975) andCalonne et al.(2011). All
depth hoar samples with a density above 200 kg m−3 had an
α between 1.25 and 1.75. Melt forms covered a very broad
range ofα between 0.75 and 1.75, probably depending on the
anisotropy before wet snow metamorphism started. Our mea-
surements corroborate thatkNP

h must be corrected by Eq. (5)
to give a correctkz. This correction, as proposed byGrubbe
et al.(1983), clearly reduced the difference between NP and
SIM. The most comprehensive data sets of thermal conduc-
tivity (Sturm et al., 1997, 2002; Sturm and Johnson, 1992)
and their fitting equations should be corrected for anisotropy,

depending on grain type and density. Such a correction is also
necessary in homogenous layers of certain snow types, and
should be done in future measurements, especially for long-
term measurements with needle-probes (Morin et al., 2010).
However, NP still shows a systematic bias to SIM and HFP,
even after correction for anisotropy.

Snow pack models are currently one-dimensional (Etchev-
ers et al., 2004). They use a single thermal conductivity com-
ponent,kz. Anisotropy of snow thermal conductivity could
therefore have important consequences for heat flow and en-
ergy balance in complex terrain.

Based on the results ofSokratov and Maeno(2000) and
Pinzer(2009), the latent heat flux was estimated within a fac-
tor of two byPinzer et al.(2012). So far, the latent heat flux
was considered as the major weak point of the HFP. However,
at low temperatures (as used in this study), the calculated la-
tent heat flux is less than 1 %; it is therefore negligible. The
higher thermal conductivity of the HFP measurements com-
pared to SIM can not be explained on this ground. The ther-
mal grease applied between the plates could cause about 5 %
increase, but does not explain completely the difference be-
tween the measured values of HFP and SIM.

5 Conclusions

We compared three different methods to measure the ther-
mal conductivity of snow using identical snow samples. This
study analyzed the systematic differences found between
methods. HFP gave consistently higher results compared to
SIM. The NP systematically underestimated the thermal con-
ductivity of snow, even after correction for anisotropy.

We confirm that many snow types are anisotropic regard-
ing thermal conductivity. This implies that at least one hor-
izontal and one vertical measurement with the NP is re-
quired, and the individual layers must be sufficiently (at least
a few cm) thick. Natural anisotropy can cause an variation of
±25 %. We also found that anisotropy is not always corre-
lated with grain shape (Fig.8). However, the scatter is very
large, and a correction for anisotropy is difficult.

We found that the reproducibility of all methods was sim-
ilar, with relative differences between the methods of about
±10 %. The HFP proved to be reliable. HFP are very time-
consuming, and best suited for laboratory experiments. In
combination with SIM, it could also be used to investigate
the effect of latent heat flux on the microstructure.

The current design of the NP produces two problems for
snow thermal conductivity measurements. The first is sys-
tematically too low a value of the measured thermal conduc-
tivity, and the second is that at least two measurements are
necessary to determine the anisotropy of the thermal conduc-
tivity. HFP and SIM gave similar results. However, HFP is a
very time-consuming method and measures onlykz. Direct
numerical simulations seems to be the most precise method
to obtain reliable values of the effective thermal conductivity
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of snow. Recent improvements in imaging the microstructure
of snow and modeling porous structures make this method
widely available.

Appendix A

Calculation of the latent heat flux

The relevant constants for the calculation of the latent heat
flux in snow are: Avogadro number:Na = 6.022× 1023

[particles per mole], mass of a water molecule:MH2O =

18.016×10−3/Na [kg], Boltzmann constant:kB = 1.38065×
10−23 [J K−1], water diffusivity: DH2O = 2.178× 10−5

×

(1013/840.0)·((Tmean+273.15)/273.15)1.81 [m2 s−1], latent
heat of ice: 3.34× 105 [J kg−1].

The vapor flux in our experiments was calculated as fol-
lows: the mean temperature wasTmean= 257 K, the bottom
temperature wasTbot = 257.25 K, the top temperature was
Ttop = 256.75 K, and the height of the snow sample was
h = 4.5× 10−2 m.

The top and bottom pressure were calculated according to
Murphy and Koop(2005):
bottom pressure:
eb = e(9.55−5723.265/Tbot+3.53068·log(Tbot)−0.00728332·Tbot),
top pressure:
et = e(9.55−5723.265/Ttop+3.53068·log(Ttop)−0.00728332·Ttop).

By applying Eq. (7), we obtained Jz = 3.088×

10−8 kg m−2 s−1 and from Eq. (8): qL = 0.0103 W m−2.

Supplementary material related to this article is
available online at:http://www.the-cryosphere.net/7/217/
2013/tc-7-217-2013-supplement.pdf.
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