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An investigation of the thermal conductivity of snow

A. K. SINGH
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ABSTRACT. Thermal conductivity of snow has been investigated experimentally
using the thermal-probe method, which is a transient method of measurement. The meas-
urements have been made over a wide range of snow density (for fresh and dense snow), for
varying temperatures and for different conditions of water content, snow-grain type, etc.,
both in the ficld and in the laboratory. The results are presented along with detailed sample
descriptions. Thermal conductivity of snow increases with density and water content. It
also increases with temperature, and the effect is more pronounced for temperatures
between -ISo and O°e.

INTRODUCTION

The thermal conductivity of snow is one of the parameters
governing the energy exchange and thermal regime of a
snow cover. Thus, accurate estimates ofthermal conductivity
of snow arc important in the numerical simulation of heat
transfer through a snmN cover and in understanding the be-
haviour of the snow. Snow is a multiphase medium consist-
ing of air, liquid water, water vapour and solid. The solid,
arranged in various geometries, forms the icc skeleton, w'ith
voids bet ween the solid grains and particles. The voids may
contain either liquid water, water vapour, air or all of these.
The components of heat conduction in natural snow cover
are (i) conduction through the ice skeleton, (ii) conduction
through pore space, and (iii) latent-heat transport across
pore space due to vapour sublimation and condensation.

The ice skeleton provides a much better path for heat
transfer than the pore space since the thermal conductivity
of ice is about 100 times that of air/vapour. Thus, the tem-
perature gradient must exist largely across the pore spaces,
and is responsible for the transport of water vapour. The flux
of vapour due to molecular diffusion also depends on the
vapour density gradient that develops due to temperature
gradients. In addition, an evaporation-condensation process
occurs among particles of high local temperature gradients
of inter-particle structure (clusters and chains of grains pro-
viding high heat conduction). ~ew grains may grow into
pores at the expense of source grains (evaporation). J'\ew
ice ice contacts in pores may act as short circuits to the flow
of heat. At the same time, the ice grains hinder water-vapour
diffusion. For low-density snow, conduction through air and
transfer oflatent heat is probably important. In high-density
snow, the porosity is less as are temperature differences
among neighbouring grains, so conduction through the ice
lattice may dominate the heat-transfer processes.

Because of the complexity of the heat-transfer processes,
the thermal conductivity of snow is generally taken as
"effective" conductivity, to account for the effect of all heat-
transfer processes, and its magnitude depends on snow
density, free-water content, temperature, compactness and
microstructure. The experimental data of Pitman and
Zuckerman (1967) show the expected trends with tempera-
ture; but the magnitude of change in effective thermal con-
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duetivity with temperature that they observed is too high to
be eXplained by the temperature dependence of the vapour-
diffusion term. Estimates of heat transport by vapour arc in
the range 10-40% (Yosida and others, 1955;Yen, 1965; Arons,
1994), depending on the type of snow and its temperature. In
some thermal-conductivity relations, a term is included for
vapour diffusion (Morris, 1983).

Considerable scatter in the measured values of effective
thermal conductivity has been reported in the literature.
This has been related to vapour transport ('l:osida and Iwai,
1954; Maeno and others, 1986; Fukusako, 1990; Colbeck,
1993). \Vater vapour may be responsible for some of the scat-
ter but there are other causes. It has been shown that vari-
ations in snow microstructure arc responsible for some of
the variations in thermal conductivity (Mellor, 1977; Arons,
1994; Arons and others, 1994; Sturm and others, 1997). Albert
and McGilvary (1992) suggested that water vapour transfers
a very small amount of heat, although this result is
analytical, not experimental. The reported values of thermal
conductivit y may also vary due to different methods of meas-
urement, i.e. transient or steady-state, as pointed out by
Sturm and others (1997).

As a way of measuring thermal conductivity, steady-state
methods are simple in theory, but their practical application
involves an elaborate experimental set-up, including the
thermal-guard system (Pitman and Zuckerman, 1967) to
eliminate lateral heat flow. The eHect of moisture migration
is also a problem due to prolonged steady-state temperature
gradients imposed on a test sample. A large test sample is
required for such measurements. ~loreover, these methods
do not permit in-situ measurement. For any thermal-con-
ductivity measurement, a measurable steady-state or transi-
ent temperature gradient is imposed on the sample. If the
sample is dry the imposed gradient can be large and there-
fore can be measured accurately. But in the case of moist
makrials, a temperature gradient causes moisture migra-
tion, which may result in large errors in the estimation of
thermal conductivity. All these disadvantages of steady-state
mdhods can be overcome by using a transient method. In
this study, the transient-probe method (or needle-probe
method) has been used to determine the thermal conductiv-
ity of snow.

Jaafar and Picot (1970) were the first to use the needle-
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where ~(is Euler's constant. Keglecting terms of the order of
lit and higher in Equation (2), gives

T (t) = -.!L [In (4at) - In ,]
47r'\ r'2

T(t) = .q, [lnt+ln(4~) -Ill,]
47r/\ 7.1-

where A is thermal conductivit y, a is thermal diffusivit y and
Ej is the exponential integral. For large time t, the exponen-
tial integral can be approximated by a series expansion

[ () '" ("»)2 ]q 4at r" 1 r-
T(t) =- In - -In,+-. -~ - + ....

47r A r'2 4at 4 4rd .

(2)

For fixed values of.,.' and u, the temperature increases
logarithmically with time. It is apparent from Equation (4)
thaL if the temperature at the surface r' is plotted as a func-
tion onn t, the slope is q/ 47rA, from which thermal conduc-
tivity can be determined. At any point in the medium, the
temperature Tl at time t1 can bc related to the temperature
rise T2 at any time t2, by the following equation:

q (t2)T2 - Tl = -~Ill ~ .
47rA t]

during the test. As discussed earlier, for any thermal-con-
ductivity measurement a measurable steady-state or transi-
ent temperature gradient is imposed on the sample. If the
sample is dry, the imposed gradient can be large, so that it
can he measured accurately using simple instrumentation.
In the case of snow, being in the vicinity of the melting
point, a temperature gradient results in moisture migration,
and melting of snow may even occur, which may cause large
errors in the thermal-conductivity measurement. '10 avoid
such errors, two requirements must be met. Firstly, the tem-
perature rise must be small, and secondly, long run times
must be avoided. Because of the first requirement, sensitive
instrumentation is needed to record the change in tempera-
ture.

Thermal probes arc metallic cylinders in which a con-
stant power heater and a temperature sensor are embedded.
After being buried in the sample the probe is allowed to
come to thermal equilibrium with the medium, and the
power is switched on. The temperature of the cylinder rises
and heat is dissipated into the surrounding medium. The
rate of heat dissipation is a function of the thermal conduc-
tivity of surrounding material, among other factors. There-
fore, provided the variation of probe temperature with time
is recorded, the thermal conductivity of snow can be evalu-
ated. This method of analyzing recorded time- temperat ure
data is derived as follows. At uniform temperature, begin-
ning at time t = 0, heat is released by this source at a rate
of q per unit source length. The temperature T (above the
initial temperature) at a distance r' from the line source of
heat is given as a function of time t by the following equa-
tion (Carslaw andJaeger, 19.59):

q (rI2
)T(r) = --Ei -- ,

47rA 4at

MEASUREMENT OF THERMAL CONDUCTIVITY

probe method to measure thermal conductivity of snow.
Lange (198.5) measured effective thermal conductivity along
with a stratigraphy profile and presented the results as a
function of density. Thermal-conductivity measurements
made by Sturm and Johnson (1992) were mainly for depth
hoar. Existing studies on the thermal conductivity of snow
are reviewed by Sturm and others (1997), who highlight the
limitations of earlier studies and point out that the key attri-
butes of snow thermal conductivity are temperature and
microstructure.

Variation of thermal conductivity with temperature is
another important aspect of the heat-transport mechanism,
but relevant experimental data are sparse (Sturm and
others, 1997). The present paper provides more information
about the influence of temperature on thermal conductivity
and is intended to contribute to the development of a data
bank containing detailed information on snow conditions
and temperatures when measurements were made.

The thermal-conductivity relations (generally thermal
conductivity as a function of densit y) available in literature
are mostly empirical and have been derived through curve-
fitting from measured values, or in some cases derived from
geometric models developed for other materials (soils, pow-
ders, etc.). These have achieved only partial success for the
full range of density and snow conditions. There is no substi-
tute for experimental data for heat-transport analysis. Dis-
cussions on heat transport in snow inelude Yosida and others
(19.55), de Quervain (1973), ~lellor (1977), Yen (1981), Morris
(1983) and Arons and Colbeck (1995). Yosida and others
(1955) derived formulae for the contributions of moist air
and ice to heat flow through the aggregate, and suggested
that the two constituents could be considered as a hybrid of
series and parallel processes. They used the concept from
optics to provide an index of parallelism, but did not provide
a practical solution. Arons (1994) provides a comprehensive
review of geometric snow models. Adams and Sato (1993)
and Arons and Colbeck (1995) attempted Locorrelate effec-
tive thermal conductivity and microstructurc. Adams and
Sato considered snow to be composed of uniform spheres of
ice. The eHect ofliquid-water content and temperature was
not accounted for. It is essential that free-water content in
snow should be considered along with temperature or
microstructure, hecause it also contributes to the change in
thermal behaviour of snow. \Vater provides a much better
path for heat conduction when present in snow than when
present in air. This relationship may not be simple and war-
rants extensive study.

This paper deals with the measurement of thermal con-
ductivit y of different types of snow using a transient
thermal-probe method under varying conditions of density,
liquid-water content, microstructure, temperature, etc. The
probes used were self-designed, developed and calibrated in
the laboratory. The main objective of this investigation is to
develop a data bank of snow thermal-conductivity values
for which detailed samplc descriptions are also available.

One of the most widely used methods of measuring thermal
conductivity of a porous media is the transient thermal-
probe method (Steinmanis, 1982). The main problem to be
overcome during experimental determination of effective
thermal conductivity is that of water-content changes

If the probe is considered to be a line heat source, then
Equation (5) is valid, and the value of.,.' becomes immater-
ial. This assumption is generally made in calculations. In
the determination of thermal conductivity, the temperature
rise during the first few seconds is neglected in order to elim-
inate spurious effects associated with contact resistance and
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RESULTS AND DISCUSSION

Fig. 1. Variation of measured effective thermal conductivity of
dry snow with density.
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tests were conducted in a walk-in cold chamber under con-
ditions of controlled temperature and humidity. The test
samples were collected (vertical sample) from the field and
transported to the laboratory in pre-cooled containers by
helicopter.

Tables 1-3 present some of the test results for different
types of snow,along with sample descriptions. Equi-tcmpera-
ture (ET) refers to rounded grains, temperature gradient
(TG) to depth-hoar grains, sugar grain to cubic or hexagonal
type of grains and MF to the melt-freeze cycle of snow.

Figures 1 and 2 show measured values of effective thermal
conductivity of snow for a wide range of natural snow den-
sity which is a direct consequence of bonding and micro-
structure. Effective thermal conductivity of snow shows a
strong dependence on snow density, and the data form a
widcly scattered field. The scatter in the values of thermal
conductivity is the result of (i) natural variation in the con-
ductivity of snow (phase volume, packing, grain-size and
type), (ii) variation in Ae with temperature, and (iii) meas-
urement error. The increase in thermal conductivity of snow

warming-up of the probe. l'vIoredetails about probe theory,
its applications and limitations can be found in Blackwell
(1954),de Vries and Peck (1958),Jaeger (1958),Ewen and
Thomas (1987),Singh and others (1990) and Sturm and
Johnson (1992). Ewen and Thomas (1987) is an in-depth
analysis of the thermal-probe method.

The probe was calibrated by performing laboratory tests
for glycerol, which was considered suitable because contact-
resistance errors can be neglected when the probe is in
liquid. Since glycerol is a viscous liquid, convective-heat
flow effects are also minimized. The conductivity of glycerol
was estimated to be 6-7%. The thermal probe was made of
a thin stainless-steel needle, was 134mm long and 1.2mm in
diameter, and had a thread-insulated constantan resistance
heatcr wirc (36 gauge) and enamellcd coppcr-constantan
thermocouple (32 gauge) up to its midpoint to sense the
temperature change. A d.c. power supply was used to supply
constant current (±o.l mAl to the probe heater. To record
the temperature change, a 6.5 digit Hewlett Packard multi-
meter was used.

To start the test, power is switched on when the probe
temperature becomes stable. The temperature of the probe
is recorded at each 5 s interval up to 3 4 min duration. The
probe current is chosen such that the overall rise in tempera-
ture during the experiment is <4-5°C. From the slope of
the temperature time curve (time on natural logarithm
scale), thermal conductivity is calculated using the least-
squares curve-fitling technique on a desktop computer. For
each sample, two tests wcre conducted after allowing the
probe enough time to attain thermal equilibrium. The aver-
age of the two readings is the thermal conductivity of the
test sample. For the thermal-conductivity values of snow re-
ported in this paper, the order of error in the measurement
is <10%. The tests were carried out both in the field (two
Jocations) and in the laboratory from 1993 to 1996.At one
field location the ambient temperatures were quite low
(minimum -30°C), while at the other location they were
moderate (minimum -IOOe). The results reported were for
low or negligible wind-activity periods, and some of the tests
were conducted during weekly stratigraphy measurements
inside the pit by inserting the probe horizontally to avoid
the effect of snowpack temperature gradients. Laboratory

'Table1. Aleasured thermal conductivity with densi£v (field study)

Sample .Yo.

1
2
3
4
5
6
7
8
9

10
II
12
13
14
15
1G
17

Density Temperature 7hermal Snow characteristics Free-water content
p, conductivi~y

O'C Wm lK 1 % volumegcm

0.16 0.0 OJJ78 Fresh, felt (2 days old) 0.39
tm 0.0 0.113 hesh, ~;I (3 days old) 0.53
0.17 0.0 0.29 Fresh, ET (3 days old) 1.65
0.17 -8.0 0.11 Fresh, ET (3 days old) 0.0
0.1% -0.1 0.110 EI: medium-sofi 1.43
0.196 2.6 0.113 ET, soft 0.19
0.228 -3.5 0.073 ET, soft 0.05
(1.2li2 -:1.7 0.3li2 ET, medium-soft 0.0
0.27 -3.2 0.35 ET medium-soli 0.0
0.29 3.0 0.43 ET, medium-soft 0.0
0.30 -2.7 0.438 ET, medium-soft 0.0
0.30 -2.2 0.43 ET, compact 0.0
0.32 -1.7 051 El~eompact 0.0
0.34 -0.2 1.279 ]vlF, sugar grain, moist 0.299
0.358 -0.2 1.028 MF, sugar grain, moist 0.033
0.34 -0.2 0.985 .\U; medium-hard 0.0
0.375 -0.2 1.095 .\IF, medium-hard 0.0

Comment

Value not convincing

Some big iee grains
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Table 2. A1easured thermal conductivitv with densitvfor dif-
fi;rent tvfles of snow grain (field stu~v )
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Fig. 2. Variation of measured effictive thermal conductivity of
snow with density.
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where Po and Pice are the densities of snow and ice, respec-
tively. Figure 3 shows the variation of effective thermal con-
ductivity with coordination number, using Equation (6).
Thermal conductivity is in general much greater for well-
bonded snow.

Figure 4 shows measured values of the cfh:etive thermal
conductivity with snow-pit observation (stratigraphy).
Several measurements of effect ive thermal conductivity with
stratigraphy were taken, but only one set of results is pre-
sented here. It can be observed that effective thermal con-
ductivity of snow varies with Rammsonde (RAM) index, a

that influences physical and mechanical properties of snow.
It depends on the density, shape and size of grains and pore
space present inside the material. Exact determination of
coordination numher can be a time-consuming task. The
number can be estimated accurately by measuring micro-
structure from closely spaced serial sections (thick and thin
sections), but this is a complex job, and thus oflimited prac-
tical application. One of the simplest ways to evaluate coor-
dination number N, is to use the density-dependent
equation used by Adams and Sato (1993):

N = 3.565 - 7.435¢iee + 24.825rjJ~cc, (6)
where ¢ice is the icc-volume fraction, which can be written
in simplified form as 0ice = (1 - porosity) and has been cal-
culated from the relation

--)gem

Sugar grain
Densi()' p, Ae

gcm

FG
De",i()' p, Ap

o.on 0.052 0.:,27' (U3 0.324 0.188
0.088 o.om 0.277' 0.173 0.302 0197
0.088 0.059 0.324 ' 0.182 0.339 0.288
O.I.'i2 o.m 0.:,24* O.Il) 0.363 0.267
O.1l5 0.15 0.348' 0.324 0.302 0295
0.148 0.139 O.:rJ' 0.254 0.372 0.38
o.n 0.10 0.339' D.:'.'>4 D.:).'i O.2.'i
0.128 0.12 o.:mj' 0.3 0.34 0.18
0.164 0.177 O.34G' 0.265 0.3·]5 0.195
0.218 0.225 0.33' 0.209 0.293 OTiS

(2.5mml*
O.27G 0.37:, O.IH4 O.Il) 0.30 0.135

(4 G IIlIn:' * n.s 2.0mm
0.462 O.71:'i 0.405 0.144-

(1--1.5 nun) *

0.302 0.266 0.236 0.12·1
(0.5-1.0 mm)

0.3 0.237
0.296 O.3G
0.316 0.445

FF
Densi(v p, A,.

gem

with density occurs because with an increase in density,
more ice particles are packed into a unit volume and the
number of contact points between the particles increases.
The increase in contact points provides an incrcased num-
ber of paths for heat flow and hence increases the effective
thermal conductivity of snow. This can be confirmed by
studying the variation ofefIective thermal conductivity with
porosity. The relationship between thermal conductivity
and densit y can also be eXplained in terms of the complex
relationship between microstructure and density.

To corrcIate the effective thermal conductivity of snow
with microstructure (the scale on which multigrain struc-
ture occurs) and to obtain the structural details of snow,
stereological techniques (i.e. study of three-dimensional
ohjects using two-dimensional analysis) can he applied. Co-
ordination number (i.e. the number of bonds per grain) is
an important microstructural parameter and defines the
snow-grain arrangement. It is a basic packing parameter

lable 3. lv!easured thermal conductivity with temperature (laboratory stuc£v)for different types rimaw grain

Samfi/" ,[i'llIPerature Ae ,\. Ae .\.e A"
.\0 f,"r,jresh, til)' E'T, til)' Kr, ti,:) MF TG (broken)

grain-si~e = 0.5 1.0mm ~l!,rain -Jl't:.e = 0.5 1.0mm grain-si"e = 0.5 1.0mm
p, ~ 0.262 (g 01,-3) p, = 0.41 (gem .i) p, = 0.45 (g em--3) p, = 0.15 (g em ') p, - 0.44 (R em )

C \Vm 'K ,
\ \' m 'K I V\' III 'K ,

Wm 'K ,
Wm IK I

-30 0.086 0.10 0.44- 0.37 0.113
2 -25 (um 037 0.40 0.33 (Ull
3 20 0.123 0.37 0.35 0.34 0.114
4 )', 0.115 0.35 0.32 0.31 0.121
'; -10 0.117 031 OS\ 0.347 0.107
6 '; 0.179 0.32 0.3\ (U49 0.11.'>

,\ntff: Although the results are presented up to three decimal places, they are accurate to ±O.OI\V m IK '.
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Fig. 3. Variation ofeflective thermal conductivify oIsnow with
coordination number.

Fig. 5. Variation of measured ej]ective thermal conductiviry of
ETand TG fvpes ofsnow with temperature_

measure of snow hardness/compactness, besides the other
parameters mentioned above. The higher the RAM index,
the higher the efh~ctive thermal conductivity of snow.

Figure 5 shows the effect of temperature on the thermal
conductivity of ETand TG types of snow having densities of
0.262 and 0.28 g cm -3, respectively. Variation in thermal con-
ductivity with temperature is presented, to separate the
eHects of temperature, density and type of grain. ~lost
authors suggest that for snow with a density of 0.200 g cm-3

,

typical for depth hoar, the thermal conductivity (in the
absence of convection) should lie in the ranges 0.10-
0.20 W m 1 K \ but Albert and McGilvary (1992) reported
values of 0.04-0.10 W m-1 K-1

• Lange (1985) and Sturm and
Johnson (1992) reported measured values of thermal con-
ductivity of depth hoar (TG) in the ranges 0.04-0.0.':1 and
0.09-0.11 W m ] K-\ respectively. In Figure 5, high values
of effective thermal conductivity at O°C are mainly due to

the presence of water/water vapour in snow. This effect can
also be eXplained using vapour diffusion which depends on
vapour pressure gradient and diffusion coefficient, both of
which increase with temperature.

This variation o[thermal conductivity with temperature
is in agreement with the results of Sturm and others (1997)
which are based on kinetic theory and the diffusion equation
for vapour transport (after Arons, 1994). This analysis points
to the efTectof vapour transport on snow thermal eonduetiv-
ity. As evident from experimental results presented here, at
around O°C the amount of vapour present in snow is high, so
the effect of temperature is very marked. As temperature de-
creases towards -30°C, there is a decrease in the amount o[
vapour present in snow. ~1ost of the change in thermal con-
ductivity occurs between 00 and -15cC.

To separate the effect of water content [rom that of den-
sity, measurements were made for a constant-density snow
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Fig. 6. Variation qf eJJectivethermal conductivity qfsnow with
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The values reported here arc lower than some o[ the
rcsults reported for similar density ranges. JlvIeasurements
made in a natural environment include heat transport by
solar radiation or convection, hence the higher values that
tend to be reported in the literature. The snow conditions
under which these measurements were made must also have
been different. Few studies have reported the type of snow or
the temperature in which the measurements were made, and
as thermal conductivity is a [unction of temperature and
snow texture as well as density, the cause of the discrepancy
cannot bc ascertained exactly. However, the values reported
in the present paper are within the range obtained by Sturm
andJohnson (1992). Based on thc results of this study, as well
as intuition and inferences [rom other studies, it appears that
microstructure, free-water content (around aOC) and tem-
perature playa vital role in determining the thermal con-
ductivity of snow.

with varying water contents. Figure 6 shows the int1uence of
free-water content in snow for a fixed-density snow. The
free-water content was measured using a dielectric capaci-
tance meter. It can be seen that thermal conductivity of
snow increases with watcr contcnt. This can be explained
by solid-liquid interaction. In snow the pore space is filled
with air and liquid watcr. Thc liquid water forms thin film
around the solid particles, and [ormation of wedges takes
place, causing solid particles to touch each other at the
wedge points, which increases the thermal conductivity of
snow.
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