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Abstract 
 
Snow water equivalent (SWE) of annual snowpacks is of major importance for Scandinavian 
hydropower industry, since reliable predictions of snowmelt are needed for an efficient energy 
production. SWE over large areas can be estimated using ground penetrating radar operated 
from helicopters or snowmobiles from the two-way travel time of radar wave propagation 
through a snowpack. Radar estimates of SWE can either be based directly on empirical 
relationships with the two-way travel time, or calculated from snow density and snowpack 
depth, which can be measured manually at selected locations or estimated from the radar 
wave two-way travel time and propagation velocity in snow. However, it is known that 
presence of liquid water in a snowpack creates uncertainties, which for a typical snowpack 
with 5% (by volume) liquid water can lead to an overestimation of snow water equivalent by 
about 20%.  It would therefore be beneficial if radar data could also be used to determine 
snow wetness. 
 
Radar wave amplitude is reduced when the wave passes through a snowpack. This attenuation 
depends on electrical properties of snow: permittivity and electrical conductivity, which in 
turn depend on snow wetness. The relationship between wave attenuation and these electrical 
properties can be derived theoretically from Maxwell’s equations. The connection between 
snow permittivity and snow wetness and density follows an empirical formula known to be 
highly accurate. However, to be able to determine snow wetness from wave attenuation the 
relationship between electrical conductivity and snow wetness also has to be known. The 
present work attempts to establish this relationship experimentally. 
 
A laboratory test was set up to study the relationship between snow wetness and electrical 
conductivity of snow.  Three sets of radar amplitude measurements, two with “old” and one 
with new-fallen snow, were made on initially dry one-meter thick snow samples contained in 
a plywood box with cross-section area about 0.5 m2. Snow wetness was controlled by 
stepwise adding water to the snow in between radar measurements. Permittivity of snow was 
obtained in two different ways: estimated using Looyenga’s empirical formula for mixtures, 
and calculated from the radar wave one-way travel time and path length (both methods 
produced similar results). Electrical conductivity of snow was calculated from snow 
permittivity, snowpack depth, and radar wave attenuation.  
 
A tentative relationship between electrical conductivity and snow wetness was found, but 
further tests including studies of the effect of variations of salt content in snow are needed to 
assess the generality of the result. 
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Sammanfattning 
 
Markradar kan användas för att mäta snös vattenekvivalent. Då den kan placeras på en 
snöskoter eller på en helikopter är det möjligt att täcka större områden såsom fjällområden, 
eller glaciärer och polarisar. Vattenekvivalenten uppskattas då från radarvågornas 
tvåvägstider med empiriska samband. När snön innehåller fritt vatten så ökar osäkerheten i 
uppskattningen av vattenekvivalenten. För ett normalt snötäcke med en vattenhalt på ca 5 
volymprocent kommer vattenekvivalenten att överskattas med ungefär 20 %. Därför är det 
önskvärt att kunna uppskatta snövåtheten från samma radardata som tvåvägstiden. 
 
Radarvågor dämpas när de färdas genom ett snötäcke. Denna dämpning beror på snöns 
elektriska egenskaper (permittivitet och elektrisk konduktivitet) vilka i sin tur är beroende av 
snövåtheten. Sambandet mellan amplituddämpningen och snöns permittivitet och 
konduktivitet kan härledas teoretiskt från Maxwells ekvationer. Det empiriska sambandet 
mellan permittiviteten och snöns densitet och våthet är kända med hög noggrannhet, till 
skillnad från sambandet mellan den elektriska konduktiviteten och snövåtheten. Detta arbete 
går ut på att experimentellt bestämma det senare sambandet. 
 
Ett experiment gjordes för att bestämma sambandet mellan den elektriska konduktiviteten och 
snövåtheten. Tre experiment utfördes, två med gammal snö och ett med nysnö. 
Radarmätningar gjordes genom ett 1 m tjockt snölager som förvarades i en plywood låda med 
en tvärsnittsarea på ca 0,5 m2. Vattenhalten kontrollerades genom att stegvis sprinkla en känd 
mängd vatten på snön. Snöns permittivitet bestämdes på två olika sätt, genom uppskattning 
med Looyengas formel och genom beräknig från radarvågens envägstid och sträckan den 
färdats genom snön. Den elektriska konduktiviteten beräknades från snöns permittivitet, 
snölagrets tjocklek och utsläckningen av radar vågen. 
 
En formel för sambandet mellan snövåtheten och den elektriska konduktiviteten föreslås, men 
ytterligare undersökningar behövs för att utvärdera resultatets generalitet. Till exempel bör 
salthaltens inverkan på sambandet undersökas. 
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1 Introduction 
 
The snow water equivalent (SWE) is the depth of water produced when a snowpack melts 
(Figure 1). It is defined as  
 

water

snowsnowh
SWE

ρ
ρ⋅

= , (1.1)

 
where hsnow (m) is snowpack depth, snowρ  (kg/m3) and waterρ  (kg/m3) are densities of snow and 
water, respectively. Accurate estimates of SWE over large areas are important for 
Scandinavian hydropower industry, since good predictions of the spring floods (which are 
obtained from SWE estimates) lead to a more efficient energy production. SWE measurements 
are also employed by hydrologists in the studies of movement, distribution, and quality of 
water. They can be used by town planners to predict possible flooding. Another area of 
research where SWE measurements can be useful is climate change research, in the study of 
the decreasing of polar ices and glaciers.  
 

 
Figure 1. Snow water equivalent – the amount of water that can be obtained from a given amount of snow 

when it melts. 
 
SWE can be estimated from manually measured snow depth and density. Such measurements 
are conducted at snow courses (sets of locations chosen to represent a large area), which have 
to be chosen carefully to represent the area in a satisfying way. Unfortunately, this method is 
both time-consuming and labor-intensive. Besides, the target areas (such as reservoir 
catchment areas or polar ices) are often characterized by poor communications and rough 
weather conditions. 
 
Measuring SWE with ground penetrating radar (GPR) is an alternative to manual 
measurements. This method is based on analysis of the two-way travel time of radar wave 
propagation through a snowpack (the time it takes for a radar wave to travel through the 
snowpack, reflect from the ground, and travel back through the snowpack). The radar can be 
operated from a helicopter or a snowmobile, which allows covering large areas much faster 
and cheaper than using traditional manual measurements. 
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In Sweden, Ulriksen (1982) was the first to conduct research on the use of ground penetrating 
radar for SWE measurements. Radar operating from a helicopter was first used in 1986, 
leading to significant time gains. A good summary of Swedish radar projects of the period 
1982-1989 can be found in (Ulriksen 1989). At the same time several studies showed that 
GPR measurements of SWE had a relatively low accuracy when compared to manual 
measurements (Andersen et al. 1987; Killingtveit and Sand 1988). In the early 1990s several 
new commercial radar systems were introduced and subsequent studies showed a good 
correspondence between GPR measurements and manual measurements of SWE (Sand and 
Brunland 1998; Marchand et al. 2001). A good correspondence between results from ground-
based GPR and airborne GPR measurements was also confirmed (Marchand et al. 2003).  
 
At the same time it was shown that the two-way travel time of a radar wave is affected by 
factors like snow density and snow wetness (Lundberg at al. 2000). A number of 
improvements to the methods of radar data analysis have been suggested, such as using snow 
density to adjust the empirical formula used for SWE estimates. In this case snow density can 
be measured manually or estimated using the relationship between snow density and 
snowpack depth (Lundberg at al. 2000, 2006). However, SWE estimates are still inaccurate 
when wetness differs considerably from normal. For example, it is known that liquid water in 
a snowpack increases the uncertainty of SWE measurements with GPR. For a snowpack with 
density around 300 kg/m3 and 5% (by volume) liquid water SWE will be overestimated by 
approximately 20% (Lundberg and Thunehed 2000). 
 
To be able to estimate SWE accurately, both snow density and snowpack depth have to be 
known. If a snowpack contains a substantial amount of liquid water, it is not currently 
possible to determine both snow density and depth from the same radar data that the two-way 
travel time is obtained from. At present, this is not possible even if wave propagation velocity 
in snow (i.e. permittivity) is known, since snow density will have to be estimated using 
Looyenga’s empirical formula for mixtures (Frolov and Macheret 1999; Sihvola 1999; 
Lundberg and Thunehed 2000), which also includes snow wetness1. However, if snow 
wetness could be determined from radar data, then snow density could be obtained from radar 
wave propagation velocity, which can also be used together with radar wave two-way travel 
time to determine snowpack depth. Thus SWE estimates could be substantially improved. 
 
It can be shown that snow wetness can be determined from radar wave amplitude, two-way 
travel time, and propagation velocity (amplitudes are available from GPR data). This cannot 
be done directly, but it can be done via electrical conductivity of snow. The relationship 
between electrical conductivity and the parameters mentioned above (radar wave attenuation2, 
two-way travel time, and propagation velocity in snow) can be derived theoretically from 
Maxwell’s equations. The relationship between snow wetness and electrical conductivity has 
to be established experimentally.  
 
The overall aim of this work is to experimentally establish the relationship between liquid 
water content (by volume) and electrical conductivity of snow. This should lead to an 
improved accuracy of SWE estimates made using ground penetrating radar. 
 

                                                 
1 In Looyenga’s formula, snow permittivity depends on liquid water and ice content, but the formula can be re-
written to include snow density and wetness instead. 
2 i.e. reduction of radar wave amplitude 
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2 Theory 
 
This chapter explains how electrical conductivity of a dielectric medium can be obtained from 
attenuation of a radar wave passing through this medium. The notion of Fresnel volume and 
the effect of multi-path interference, which are important for the experiment setup, are 
presented. Looyenga’s empirical formula for snow permittivity is also given. 
 

2.1 Wave Attenuation due to Dissipation Losses 
 
Electromagnetic waves propagating in a medium suffer attenuation due to transfer of a part of 
their energy into thermal energy of the conducting medium. This is known as energy 
dissipation. In this section the scalar wave equation for a homogenous isotropic medium will 
be derived, taking into account energy dissipation. 
 
Electromagnetic waves, such as radar waves, are normally described using Maxwell’s 
equations. These are differential equations describing the connection between electric and 
magnetic fields, and they can be written in the following form (Wangsness 1979): 
 

⎪
⎪
⎪

⎩

⎪
⎪
⎪

⎨

⎧

=⋅∇
∂
∂

+=×∇

=⋅∇
∂
∂

−=×∇

0B
t
DJH

D
t
BE

fρ
 (2.1)

 
Here E is the electric field (V/m), D is the electric displacement field (C/m2), H is the 
magnetic field (A/m), B is the magnetic flux density (T), J is the free current density (A/m2), 
and fρ  is the free electric charge density (C/m3). 
 
We will also need the following constitutive equations, describing the relationships existing in 
a homogenous isotropic medium (Wangsness 1979): 
 

EJ
HB
ED

σ
μ
ε

=
=
=

 (2.2)

 
Here ε  is permittivity (As/Vm), μ  is magnetic permeability (Vs/Am), and σ is electrical 
conductivity (S/m) of a medium. Using equations (2.2), Maxwell’s equations can be rewritten 
to exclude D, H, and J: 
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When there are no external free charges in the region of interest ( 0=fρ ) the source-free 
Maxwell’s equations can be obtained (Orfanidis 2004): 
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Here B can be eliminated by taking the curl of the first equation in (2.4), differentiating the 
third equation in (2.4), and combining the resulting equations.  
 
Taking the curl of the first equation gives 
 

( ) ⎟
⎠
⎞

⎜
⎝
⎛

∂
∂
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t
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Since ( ) ( ) AAA ⋅∇−⋅∇⋅∇=×∇×∇ 2  equation (2.5) becomes 
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∂
∂
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Combining with the second equation in (2.4) ( 0=⋅∇ E ) gives 
 

t
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∂
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×∇=⋅∇ 2 . (2.7)
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Let us now differentiate the third equation in (2.4): 
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The last transformation is valid since ∇  does not depend on time ( 0=
∂
∂∇

t
). 

 
Combining equations (2.7) and (2.10) gives 
 

2

2
2

t
E

t
EE

∂
∂

+
∂
∂

=⋅∇ μεμσ . (2.11)

 
If E is considered in just one of its rectangular components, it becomes a scalar function 

 and equation (2.11) can be rewritten as: ( tx,Ψ )
 

( ) ( ) ( ) 0,,,
2

2

2

2

=
∂

Ψ∂
−

∂
Ψ∂

−
∂
Ψ∂

t
tx

t
tx

x
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If  is a sinusoidal plane wave with a constant frequency, the solution of equation (2.12) 
must have the form 

( tx,Ψ )
( ) ( tkxietx ω−Ψ=Ψ 0, )  (Wangness 1979), where 0Ψ  is the initial intensity of 

the source, k is the propagation constant, and ω is the angular velocity (rad/s). Substituting 
 in equation (2.12) and solving this equation we find that k and ω must be related by 

the so-called dispersion relation (Wangness 1979): 
( tx,Ψ )

 
μσωμεω ik += 22 . (2.13)

 
Since k is complex, it has the form βα ik += , where α and β are real. Substituting k into the 
dispersion relation (2.13) gives 
 

μσωμεωαββα ii +=+− 222 2 , (2.14)
 
where μ, ε, and σ are real-valued constants and ω is real. The real and imaginary parts of the 
left-hand side and the right-hand side of the equation must be separately equal: 
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The solution of equation system (2.15) is 
 

⎪
⎪
⎪

⎩

⎪
⎪
⎪

⎨

⎧

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−⎟

⎠
⎞

⎜
⎝
⎛+=

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
+⎟

⎠
⎞

⎜
⎝
⎛+=

2
1

2

2
1

2

11
2

11
2

ωε
σμεωβ

ωε
σμεωα

 (2.16)

 
This gives the scalar wave equation 
 
( ) ( ) ( ) ( ) xtxitxixitkxi eeeetx βωαωβαω −−−+− Ψ=Ψ=Ψ=Ψ 000, . (2.17)

 
Since  should be a real-valued function therefore ( tx,Ψ ) 0=− tx ωα  and  
 
( ) ( ) xextx β−Ψ=Ψ=Ψ 0, , (2.18)

 
where β  is given in (2.16). 
 
In the case when4 εωσ << , the higher-order term in a binominal expansion of β  can be 
neglected (Jordan and Balmain 1968): 
 

22

2

44
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22

2

22

2

2
1

42
11

εω
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εω
σ

εω
σ

εω
σ
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Substituting equation (2.19) into the expression for β  (2.16) gives 
 

ε
μσ

ωε
σμεω

εω
σμεωβ

222
1

2
1

2 22

2

==−+≈ . (2.20)

 
Hence  
 

( )
x

ex ε
μσ

2
0

−
Ψ=Ψ . (2.21)

 
Equation (2.21) describes an electromagnetic wave as a function of distance from the source. 
It takes into account wave attenuation due to energy dissipation (transformation of electro-
magnetic energy into thermal energy) (Wangsness 1979). 
 
It should be noted that this equation is valid for a sinusoidal plane wave propagating in one 
direction in a homogenous isotropic medium, with no external free charges in the region of 
interest; the wave must not be time-dependent. We also assumed εωσ <<  to simplify the 
expression.  

                                                 
4 This is the case for the impulse radar (Annan 2003). 
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2.2 Wave Attenuation due to Geometric Spreading Losses 
 
Apart from attenuation due to energy dissipation, the wave also gets weaker as energy spreads 
from the source in a three-dimensional space. A point source that radiates with equal intensity 
in all directions spreads the energy equally over a spherical surface with its center at the 
source and its radius equal to the distance from the source. 
 
When a radar wave front passes from the air into a dielectric (a medium with relative 
permittivity5 larger then one, such as snow) radar beams bend toward the normal according to 
Snell’s law (Nordling and Österman 2002): 
 

( ) ( )2._1_ sinsin Φ⋅=Φ⋅ dielrairr εε . (2.22)
 
Here  is the angle of incidence and 1Φ 2Φ  is the angle of refraction. Relative permittivity of 
the air airr _ε  is equal to 1, and when the wave front arrives at the surface of a dielectric the 
largest angle of incidence is , so the largest angle of refraction as obtained from 
equation (2.22) is: 

°=Φ 901

 

.1arcsin
._

2 ⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
=Φ

dielrε
 (2.23)

 
Since airrdielr _._ εε > , the wave front in the dielectric is more focused than the front traveling 
through the air (Figure 2).  
 

 
Figure 2. Wave front passing from the air into a dielectric (a) and traveling through the air (b). 

 

                                                 
5 rεεε ⋅= 0 , where  As/Vm and 12

0 10854187817.8 −⋅=ε rε  is relative permittivity 
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In the first case the same amount of energy is distributed over a smaller segment of a sphere 
than in the second case. The size of the segment depends on the angle of refraction , 
which, according to Snell’s law, depends on 

2Φ

._ dielrε . The area of this segment of the sphere 
can be calculated from the radius , where x is the distance to the source, and the angle 
of refraction  (Råde and Westergren 2005) (

xR =
2Φ Figure 3): 

 
( )[ ] ( )( ) ( )( )2

2
2

2
2. cos12cos12cos2 Φ−⋅=Φ−⋅=Φ⋅−=== xRRRhRhAdiel πππ . (2.24)

 

 
Figure 3. Area of a segment of a sphere. 

 
If a source radiates with equal intensity in all directions, the energy is equally spread over the 
corresponding spherical surface. So a radar wave that passes from the air into a dielectric and 
travels a certain distance x through the dielectric will have the intensity (given the initial 
intensity ) 0Ψ
 

( ) x

diel

x

diel
diel

dieldiel

dieldiel

e
A

e
A

x ⋅−

−
Ψ

=
Ψ

=Ψ ..

..

.

02

.

0
.

βε
μσ

. (2.25)

 
Considering the same part of radiation that reaches the dielectric (a half sphere) gives 

 (22 22 xRAair ππ == Figure 2). A radar wave that travels the same distance x through the air 
will have the intensity 
  

( )
x

air
air

air

airair

e
A

x ε
μσ

20
−

Ψ
=Ψ . (2.26)

 
Since electrical conductivity of the air is close to zero ( 0≈airσ ) equation (2.26) takes the 
form 
 

( )
air

air A
x 0Ψ
=Ψ . (2.27)

 
The presented equations describe electromagnetic waves traveling through a dielectric and 
through the air. When the value of the initial intensity 0Ψ  is not available, we have to use a 
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relation between amplitudes of a wave passing through a dielectric and a wave passing 
through the air, measured at the same distance from the source. Dividing equation (2.25) by 
equation (2.27) gives 
 

( )
( ) ( )

( )
( )( ) ( )( )22

2

2

0

.

.

0.

cos1cos12
2 ...

Φ−
=

Φ−⋅
⋅

=
Ψ

⋅
⋅Ψ

=
Ψ
Ψ ⋅−⋅−⋅− xx
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diel

x
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diel
dieldieldiel e

x
exxA

xA
e

x
x βββ

π
π . (2.28)

 
Solving for  gives .dielΨ
 

( ) ( ) ( )( ) ( ) ( )( )2

2

2
. cos1cos1

.

..

.

Φ−
Ψ=

Φ−
Ψ=Ψ

−

⋅−
x

air

x

airdiel

diel

dieldiel

diel exexx
ε
μσ

β

. (2.29)

 
This equation was obtained from equation (2.21) for an electromagnetic wave traveling 
through a dielectric by taking into account geometric spreading losses and focusing of a radar 
wave front when passing from the air into a dielectric. This equation also allows a reference 
measurement through the air  to be used instead of the initial intensity . airΨ 0Ψ
 

2.3 Wave Attenuation and Electrical Conductivity 
 
In field measurements radar waves travel through the snowpack, reflect from the ground, and 
travel back through the snowpack, leading to some energy losses ξ  when the waves reflect 
from the ground. Then the wave equation (2.29) has to be modified accordingly:  
 

( ) ( ) ( )( ) ξ
ε
μσ

+
Φ−

Ψ=Ψ

−

2

2

. cos1

.

.. x

airdiel

diel

dieldiel

exx . (2.30)

 
Solving the equation for electrical conductivity gives 
 

( )( ) ξ
μ
ε

σ f
x air

diel

diel

diel
diel +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
Φ−⋅

Ψ
Ψ

−= 2
.

.

.
. cos1ln2 ( ), (2.31)

 
where ( )ξf  is some function of ξ . 
 
Note that attenuation due to energy dissipation and geometric spreading losses should be 
studied separately from wave energy losses due to reflection from the ground. The formula for 
electrical conductivity for the case of no energy losses due to reflection is: 
 

( )( )⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Φ−⋅

Ψ
Ψ

−= 2
.

.

.
. cos1ln2

air

diel

diel

diel
diel x μ

ε
σ . (2.32)

 
This equation is valid under the same conditions as equation (2.21), and it will be used in the 
experiment. 
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2.4 The Fresnel Volume 
 
In ray theory it is assumed that electromagnetic waves propagate along the shortest path 
between the transmitter and the receiver. In reality, propagation of waves with frequency 

 extends beyond that path (Johanson et al. 2005). A (theoretically infinite) number of 
Fresnel volumes around the shortest path are defined, with the cross-section radius of the N-th 
Fresnel volume given by the formula

∞<f

6: 
 

21

21

ll
llNrN +

=
λ

. (2.33)

 
Here l1 and l2 are the distances (m) from the cross-section to the transmitter and the receiver, 
respectively, and λ is the wave length (m) (Figure 4). 
 

 
Figure 4. A cross-section of the first Fresnel volume. 

 
The waves with paths closest to the shortest path between the transmitter and the receiver will 
have the largest amplitude, therefore the first Fresnel volume affects the received signal the 
most (Johanson et al. 2005). To be able to simulate field conditions in laboratory experiments 
it is important that this volume is inside the dielectric medium. The largest cross-section 
radius of the first Fresnel volume is given by the formula 
 

f
lvr
2

= , (2.34)

since the cross-section radius is largest when 21 lll ==  and 
f
v

=λ , where v is the speed of 

light in the medium (m/s) and f  is the frequency of the wave (s-1). The notion of Fresnel 
volume and formula (2.34) will be used in the experiment setup. 
 

2.5 Multi-Path Interference 
 
If two or more electromagnetic waves meet at some point, the resulting wave will be a 
superposition of these waves. This is known as interference, which can be constructive or 
destructive.  
 

                                                 
6 The first Fresnel volume is defined as a set of waves delayed after the shortest travel time by less than half a 
period (Watanabe 1999). 
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Multi-path interference is interference of waves coming from the same source but traveling 
different paths. This can happen when an electromagnetic source radiates in many directions 
at the same time and the waves are reflected from various surfaces, combining at some point. 
 
For example, assume a radar transmitter radiating with a constant frequency f, radar beams 
traveling along the direct path S0 and the reflected path S1 +S2 to the receiver (Figure 5). 
Depending on the wave length and the length of the paths, interference between the waves at 
the receiver can be either constructive or destructive. Note also that if the reflecting surface 
has a higher index of reflection than the medium, there will be a phase inversion in the 
reflected radar wave (Young and Freedman 2000). 

 
receiver 

transmitter 

S2 

S1 

S0 

Figure 5. Multi-path interference. 
 
Multi-path interference has to be considered when conducting experiments with radar. The 
experiment setup must ensure that interference does not significantly affect the results of the 
experiment. 
 

2.6 Looyenga’s Formula 
 
Wet snow is a mixture of water, ice, and air, and as the content of water and ice at different 
points varies, the electrical properties of the mixture (permittivity and electrical conductivity) 
also vary between these points. To overcome this, so-called effective permittivity and 
effective conductivity, modeling snow as a homogenous isotropic medium, can be used 
(Kärkkäinen et al. 2001). Everywhere below by conductivity of snow we mean its effective 
conductivity, and by permittivity of snow – its effective permittivity. 
 
Relative permittivity of snow is known to follow Looyenga’s empirical formula for mixtures7:  
 

3
_

3
_

3
_

3
_ airrairwaterrwatericericesnowr εθεθεθε ⋅+⋅+⋅= , (2.35)

 
where θ  is the content of ice, water, and air by volume (Sihvola 1999). Since 1_ =airrε  then 
 

( ) ( )( 3
3

_
3

__ 111 +−⋅+−⋅= waterrwatericericesnowr εθεθε )

                                                

. (2.36)

 
7 In the analogous Birchak formula permittivity is in the power ½. Both variants have been used for snow.  
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3 Material and Methods 
 
The goal of this work is to find the relationship between liquid water content and electrical 
conductivity of snow. In the experiment the focus is on wave attenuation due to energy 
dissipation in snow. To exclude wave energy losses due to reflection from the ground, 
transmitter and receiver antennas used in the experiment should be located in such a way that 
radar waves only travel through the snow in one direction.  
 
Electrical conductivity of snow can be calculated from measured values of radar wave 
amplitude, travel distance in snow, and snow permittivity using equation (2.32). The 
conditions for validity of equation (2.32) are satisfied: 

• there are no external free charges in snow since it can be considered an insulator 
(Kärkkäinen et al. 2001); 

• when effective permittivity of snow is used (it can be calculated directly from radar 
wave travel time and travel distance or estimated using Looyenga’s formula), snow 
can be treated as a homogeneous isotropic medium (see section 2.6); 

• for the ground penetrating radar snowradarsnow εωσ <<  (Annan 2003) and radar waves 
are sinusoidal plane waves with a constant frequency (that is they are not time-
dependent). 

 
Note also that the initial amplitude  is not known, and reference measurements of radar 
waves traveling the same distance through the air are used instead. As snow is a paramagnetic 
material, magnetic permeability of snow is close to one (

0Ψ

1≈snowμ ) (Engström 2000), and with 

snowrsnow _0 εεε ⋅=  equation (2.32) takes the form: 
 

( )( )⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Φ−⋅

Ψ
Ψ

⋅−= 2_0 cos1ln2

air

snow
snowrsnow x

εεσ . (3.1)

 

Substituting  from equation (2.23) and simplifying the formula (2Φ
2

0 2
π

<Φ< ) gives: 
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⎟
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⎜
⎜

⎝

⎛

⎟
⎟
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⎞
⎜
⎜
⎝

⎛
−−⋅

Ψ
Ψ

⋅−=
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snow
snowrsnow x _
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111ln2

ε
εεσ . (3.2)

 
When liquid water content in snow is known, relative permittivity snowr _ε  can be estimated 
using Looyenga’s empirical formula (see section 2.6). In this experiment it can also be 
calculated from radar wave travel time in snow (one-way travel time owtsnow) and travel 
distance in snow (snowpack height hsnow): 
 

2

22

_
snow

snow
snowr h

owtc ⋅
=ε . (3.3)

 
Therefore, varying the liquid water content in the snow and measuring the amplitude of radar 
waves traveling through the snow  and through the air snowΨ airΨ , it is possible to 
experimentally establish the relationship between liquid water content and  electrical 
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conductivity of snow. This is done by plotting the values of conductivity, calculated using 
equation (3.2), as a function of liquid water content, and fitting a curve to the experimental 
data. 
 
This chapter describes the experiment setup and the tools used in the experiment (radar 
equipment, software, and software settings). It also describes how the experiment was 
conducted and, finally, how the experimental data was analyzed. 
 

3.1 Experiment Setup 
 
During the experiment initially dry snow was placed in a box with a radar transmitter antenna 
on top of it and a receiver antenna under it so that radar waves traveled through the snow only 
in one direction (Figure 6 and Figure 7). The antennas were housed in a separate wooden 
frame, so that reference measurements through the air could be taken while keeping the 
distance between the transmitter and the receiver constant. The liquid water content was 
controlled by sprinkling known amounts of water onto the snow with a watering pot.  
 
 

 
Figure 6. Radar signals sent through the air (a) and through snow (b). 

 

 
a) 

 
b) 

Figure 7. Experiment setup for measurements through the air (a) and through snow (b). 
 
Radar waves induce electrical currents on the surfaces of metal parts, and these currents 
radiate additional radar waves (Ellefsen and Wright 2005). To avoid such errors in the radar 
signals, the plywood box containing the snow as well as the frame housing the antennas were 
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built without metal parts. The dimensions of the box were 99.070.069.0 ××  m ( ), 
with an opening at the top. The dimensions were chosen close to those used in an earlier 
experiment conducted by Lundberg and Thunehed (2000) to make it easier to compare the 
data from the two experiments. The aim of Lundberg and Thunehed’s experiment was to 
study how liquid water content affects travel time of a radar wave. 

hlw ××

 
Another consideration that was taken into account when the dimensions of the box were 
chosen was that the whole first Fresnel volume (see section 2.4) should be inside the snow. 
With the distance between the antennas 1.05 m ( 525.0=l  m), the radar frequency 800 MHz, 
and the highest speed of light in the snow8  m/s, the largest cross-section radius of 
the first Fresnel volume from equation (2.34) was:   

81058.2 ⋅

 

291.0
108002

1058.2525.0
6

8

=
⋅⋅
⋅⋅

=r  m. (3.4)

 
That was less than 43% of the shortest side of the box (69 cm). Since the antennas were 
placed near the center of the upper and lower sides of the box, the whole Fresnel volume was 
inside the snow as required. 
 

3.2 Ground Penetrating Radar 

3.2.1 Radar Equipment 
 
The radar equipment used in this experiment was a ground penetrating radar system 
RAMAC/GPR from Malå Geoscience AB, Malå, Sweden. The system has a high travel time 
accuracy and is constructed to be used in field conditions. The system consists of a control 
unit (CUII s/n 003630) (Figure 8), a multi-channel unit with four channels (MC 16 s/n 
003994) (Figure 9), two 800 MHz antennas RAMAC/GPR (s/n 002724, A338 and s/n 11053, 
A569) (Figure 10), and shielded antenna electronics (s/n 003522, A324 and s/n 003558, 
A325). The radar system operates on batteries. 
 

 
Figure 8. Control unit. 

 
Figure 9. Multi-channel unit. Figure 10. 800 MHz antenna. 

 
The antennas, containing a transmitter and a receiver, are connected by fiber optical cables to 
the multi-channel unit. This unit is directly connected to the control unit, which is controlled 
by a computer (Figure 11). The control unit initiates a measurement by sending a triggering 
signal to both antennas at the same time and marking the time. The transmitter emits a radar 
                                                 
8 The largest value of Fresnel volume is obtained from the highest speed of light in the medium (see equation 
(2.34)), i.e. from the smallest value of relative permittivity since rcv ε= . The smallest value of snowr _ε  in 
this experiment was close to 1.35.  
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impulse, while the receiver starts measuring the incoming wave amplitude with a certain 
sampling frequency. The measured amplitude together with the time when the signal was 
received is sent to the control unit. In a sampling radar system, the digital converter in the 
receiver cannot capture a sufficient number of points to measure the whole impulse in one 
measurement. Therefore the whole procedure is repeated until enough amplitude values to 
present the whole impulse have been captured.  
 

 
Figure 11. Components of the radar system. 

 

3.2.2 Radar Software 
 
The control unit is connected to a computer running Windows-based software RAMAC 
Ground Vision, version 1.4.5, specially designed for RAMAC/GPR systems by Malå 
Geoscience AB, Malå, Sweden. It has functions for acquisition, filtering, multi-channel 
operation, and printing of RAMAC/GPR data (see http://www.malags.com for more 
information).  
 

3.2.3 Radar Software Settings 
 
A number of program settings in Ground Vision have to be used to achieve correct, clear, and 
relevant results in the experiment. For example, the time window9 has to be large enough to 
capture the whole impulse. It is also important that the resolution is sufficiently high, with 20 
or more samples per wave period. Both conditions were satisfied in the experiment by 
choosing a sampling frequency of 28745 Mhz and taking 1024 samples in each window. The 
choice of these settings results in a time window of about 36 ns.  
 
To minimize measurement errors the program calculates the mean value of a number of 
impulses in a process known as stacking. The stack size was chosen to be 32 impulses and 
since the radar system was stationary, there was no need for the measuring system to be fast. 
                                                 
9 The time window is the interval calculated as the inverse of the sampling frequency multiplied with the number 
of samples in one measurement. 
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3.2.4 Radar Measurements 
 
Each measured impulse can be represented graphically as a trace. Normally, the wave 
amplitude is plotted against the time (Figure 12). 
 

 
Figure 12. Trace of a measured impulse. 

 
Measurements can be triggered in three different ways. The first option is to trigger 
measurements manually from the computer keyboard; the second option is to take 
measurements with a certain time interval; and the third option is to take measurements when 
the radar system has been moved a certain distance, using a measuring wheel that follows a 
reference surface or a hip-chain trigger. The latter is connected to a fixed point by a string and 
triggering occurs when the string is pulled out. 
 
To make it easier to analyze the radar data, many traces can be put together in the order they 
were taken, producing what is called a radargram (Figure 13).  
 
 

   16



 
Figure 13. Radargram with time-triggered measurements.  The white stripes are amplitude minima and 

the black stripes are amplitude maxima. 
 
On the x-axis of the radargram the time of measurement (s) is given; on the y-axis the travel 
time (ns) for the radar impulse or the distance (m) is given (provided that the speed of light in 
the medium is known or assumed).  
 
The measurements in this radargram are time-triggered. If the measurements are triggered by 
movement of the system the distance is given on the x-axis, and if they are triggered manually 
then the trace number is given on the x-axis. 
 

3.2.5 Time Drift and DC-Shift 
 
This section introduces the notions of time drift and DC-shift that are important for correctly 
analyzing radar data.  
 
Time drift 
The signals between the control unit and the antennas travel through fiber optical cables and 
through radar electronics. Since it is difficult to determine how long time communication 
between these units can take, it is necessary to calibrate the radar data to establish when the 
radar pulses were sent from the transmitter. The calibration is performed by sending a radar 
impulse through a medium where the speed of light is known (typically through the air), to 
find the difference between the time when the impulse arrived to the receiver and the time 
when it should have arrived. All traces should then be shifted by that difference. The 
communication time will change if optical cables are moved (changes the traveling path of 
light inside of them) or if radar electronics gets warmer or cooler (alters the resistance in the 
electronics). It is therefore important to make sure that the optic fiber cables are fixed in 
relation to the radar system. Unfortunately, drift caused by temperature-dependent variation in 
the resistance of the electronics cannot be avoided, and it may be necessary to recalibrate the 
system after a certain time. When the battery voltage decreases the system starts to drift a lot, 
so it is important to change the batteries in time.  
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DC-shift 
As a result of the A/D (analog to digital) conversion the amplitude values are increased by a 
certain margin, and the amplitude function is “lifted” above the x-axis. This is known as DC-
shift (direct current shift). The shift margin can be calculated by taking the mean value of a 
number of amplitudes at the beginning of the trace (see Figure 12). The correct amplitude 
function, with the points of zero amplitude placed on the x-axis, can be obtained by 
subtracting the calculated margin from all amplitude values. 
 

3.3 Conducting the Experiment 
 
In the experiment a 99 cm high plywood box with a 70.069.0 ×  m2 ( ) opening at the 
top was filled with initially dry snow. The snow’s temperature was kept close to 0˚C by 
storing it in a climate-controlled room for several days before the experiment. The snow was 
weighed and then added to the box. The initial density of snow was calculated from its weight 

 (kg), the height of the snow layer h

boxbox lw ×

snowm snow (m), and the box’s dimensions. In the 
experiments the initial height of the snow layer in the box was between 81 and 99 cm with an 
initial density range of between 204 and 290 kg/m3 (see Appendix 3). Three similar 
experiments were conducted, the first two with “old” snow, and the third with new-fallen 
snow. 
 
The first radar measurement was taken through dry snow. At each step certain amounts of tap 
water chilled close to 0˚C were added to the box, followed by several radar measurements 
through the snow and through the air (Figure 7 in section 3.1). The added water was weighed 
and sprinkled as evenly as possible over the snow surface using a watering pot. In the first and 
the other two experiments the amount of water added to the snow at each step was about 4 
and 1 liter, respectively. The air temperature in the room during the experiments varied 
between +1 and -1.5˚C, and the snow temperature varied between -2 and -4˚C (see Table 1).  
 
Table 1. Conditions of the experiment. 

 
 
 

 
 

Experiment 1 2 3 
Air temperature (˚C) -1.5 1.0 0.0 
Added water temperature (˚C) 0.0 0.5 0.0 
Initial snow temperature (˚C) -4 -2 -2 

In each experiment, samples of snow and water were taken to test total dissolved solids (the 
total concentration (g/l) of  and ) by measuring 
electrical conductivity (see 

, , , , , , , 3
2
4

22 −−−++++ HCOSOClKNaMgCa 2SiO
Table 2). 

 
Table 2. Electrical conductivity and total dissolved solids in (melted) snow and added water. 

Snow Water  
Exp. 1 and 2 Exp. 3 Exp. 1 and 2 Exp. 3 

Electrical conductivity (mS/cm) 0.0083 0.0043 0.289 0.281 
Total dissolved solids (g/l) 0.0053 0.0028 0.185 0.180 
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3.4 Analysis of Experimental Data 
 
The radar control program Ground Vision used in the experiment saves radar data as a binary 
RAMAC file *.rd3. This file is loaded into Matlab as a matrix. Each column of the matrix 
corresponds to one measured impulse, and every element of the matrix represents one point of 
the impulse. 
  
Since several measurements10 were taken at each step of the experiment, traces had to be 
grouped accordingly (Figure 14). To decrease the risk of measurement errors, a new trace 
equal to the average of each group of traces was calculated in Matlab.  
 
 

 
Figure 14. Radargram from the experiment. 

 
To be able to accurately determine radar wave amplitude, DC-shift was performed on each 
trace (see section 3.2.5). The next step was to choose the point for measuring comparable 
amplitudes. This point had to be chosen identically in all traces, and the choice was 
complicated by the necessity to minimize the effect of multi-path interference (see section 
2.5) and “ringing” (multiples of emitted waves contained in the raw signals). Choosing the 
first clearly defined minimum as such point ensures that reflected waves as well as multiples 
in the raw signal had not yet arrived at the receiver, and therefore do not affect the measured 
amplitude (Figure 15). 
  
The arrival time of the first clearly defined minimum was used as the “first arrival time” of a 
radar impulse. To determine the radar wave one-way travel time, the “first arrival time” of an 
impulse sent through snow was shifted by a value calculated from the corresponding reference 
impulse sent through the air. The shifting value represents the delay between the start of 
measurement by the receiver and the start of emission of a radar impulse by the transmitter 
(see section 3.2.5), and it was calculated as the difference of the measured “first arrival time” 

                                                 
10 3 to 5 measurements through snow and 3 to 6 reference measurements through the air were made at each step. 
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of the reference impulse and the calculated time it took the reference impulse to travel the 
known distance between the antennas. 
 

 
Figure 15. Traces from measurements through snow and the air (time shift has not been applied).  

The first minima treated as the “first arrivals” of radar impulses, with the difference between them 
representing the difference in travel time. 

 
The values of amplitude and one-way travel time of each radar impulse were exported from 
Matlab to Excel. The corresponding values of liquid water content in snow were calculated 
directly in Excel. 
 
For every measurement liquid water content in snow snowwaterwater VV=θ  and electrical 
conductivity of snow had to be determined. Using equation (3.2), electrical conductivity was 
calculated from measured amplitudes of radar waves traveling through snow and through the 
air. This equation also includes radar wave travel distance in snow, equal to the height of the 
snow layer, and snow permittivity. 
 
Snow permittivity was determined in two ways. The first method involved direct calculation 
from radar wave one-way travel time and travel distance in snow using equation (3.3). The 
one-way travel time in snow was obtained from the total one-way travel time by subtracting 
the time it took the wave to travel through the bottom of the snow box and the small stretches 
of the air between the antennas and the snow layer (the distances and the permittivity of these 
substances were known).  
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The second method used Looyenga’s empirical formula (2.36) to estimate snow permittivity 
from content of liquid water waterθ  and ice iceθ : 
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and  
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Here  (kg) is the total mass of water added to the snow after the n-th step, and Vwaterm snow (m3) 
is the volume of the snow at the n-th step of the experiment.  The height of the snow layer 
hsnow (m) was only measured in the beginning and at the end of each experiment (see 
Appendix 3), and it was assumed to decrease linearly (this also applied to the first method 
used to determine snow permittivity). The mass of ice  (kg), equal to the mass of dry 
snow, as well as the width w

icem
box (m) and the length of the box lbox (m) were constant. The 

density of ice iceρ was taken to be equal to 912 kg/m3 and the density of water waterρ  was 
taken to be equal to 1000 kg/m3. All experiment parameters and measured values are listed in 
Appendix 1 and Appendix 3, respectively. The detailed step-by-step description of the 
calculations can be found in Appendix 2. 
 
Finally, electrical conductivity of snow was plotted as a function of liquid water content, 
separately for the two methods used to determine snow permittivity. Excel’s curve fitting 
algorithm was applied to the data from all three experiments to obtain curve equations 
describing the relationship between liquid water content and electrical conductivity of snow. 
Coefficients of determination were also found using Excel. 

   21



4 Results 
 
Three experiments were conducted, two with “old” snow and a third with new-fallen snow. In 
each experiment the content of liquid water in the initially dry snow was increased stepwise. 
The amplitude of radar waves traveling through snow and through the air was measured 
between additions of water.  
 
The complete experimental data are presented in Appendix 3. For the measured values of 
radar wave amplitude and one-way travel time, the values of liquid water content (by volume) 
and electrical conductivity of snow were calculated (see Appendix 2). Electrical conductivity 
was then plotted in Excel as a function of liquid water content. The values of electrical 
conductivity varied to a certain extent depending on whether snow permittivity was estimated 
using Looyenga’s empirical formula for mixtures, or calculated from radar wave travel time 
and travel distance in snow (Figure 16 and Figure 17). To establish the relationship between 
liquid water content and electrical conductivity of snow, a linear trendline was added to each 
data series (Figure 18 and Figure 19). Lastly, data from all three experiments were combined 
into one data set and plotted (Figure 20 and Figure 21). A trendline for the combined data was 
also added. 
 
Excel uses regression analysis to make the best possible linear approximation. The equations 
for the linear trendlines together with the values of the coefficient of determination (R2) are 
listed in Table 3. Since the values of the coefficient of determination are very close to 1, the 
relationship can be assumed to be linear. 
 
Table 3. Linear approximation using Excel. 
 Equations of Linear Trendlines 

( bm snowsnow +⋅= θσ ) 
Coefficient of 

Determination (R2) 
Experiment 1:   
(a) 0051.05416.0 +⋅= snowsnow θσ  0.9968 
(b) 0029.05627.0 +⋅= snowsnow θσ  0.9922 
Experiment 2   
(a) 0066.04802.0 +⋅= snowsnow θσ  0.9849 
(b) 0065.04814.0 +⋅= snowsnow θσ  0.9901 
Experiment 3   
(a) 0086.04220.0 +⋅= snowsnow θσ  0.9676 
(b) 0083.04560.0 +⋅= snowsnow θσ  0.9800 
Combined data from all 
three experiments   

(a) 0062.05089.0 +⋅= snowsnow θσ  0.9826 
(b) 0060.05173.0 +⋅= snowsnow θσ  0.9849 

(a) – snow permittivity estimated using Looyenga’s empirical formula for mixtures 
(b) – snow permittivity calculated from radar wave one-way travel time and travel 

distance in snow 
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The graphs and the trendline equations clearly demonstrate that the results are hardly 
influenced by the method used to determine snow permittivity. Based on these equations, a 
tentative formula for the relationship between liquid water content and electrical conductivity 
of snow can be suggested: 
 

006.05.0 +⋅= θσ . (4.1)
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Figure 16. Experimental data from all three experiments  

(snow permittivity estimated using Looyenga’s empirical formula for mixtures). 
 

 
Figure 17. Experimental data from all three experiments  

(snow permittivity calculated from radar wave one-way travel time and travel distance in snow). 
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Figure 18. Experimental data from all three experiments, with trendlines  

(snow permittivity estimated using Looyenga’s empirical formula for mixtures). 
 

 
Figure 19. Experimental data from all three experiments, with trendlines  

(snow permittivity calculated from radar wave one-way travel time and travel distance in snow). 
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Figure 20. Combined experimental data, with a trendline  

(snow permittivity estimated using Looyenga’s empirical formula for mixtures). 
 

 
Figure 21. Combined experimental data, with a trendline  

(snow permittivity calculated from radar wave one-way travel time and travel distance in snow). 
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5 Discussion 
 
Snow permittivity 
Snow permittivity was determined using two methods: it was estimated using Looyenga’s 
empirical formula for mixtures (see section 2.6), and it was also calculated from radar wave 
travel time and travel distance in snow. Both methods produced very close results (see 
Appendix 3), which is a good validation of applicability of Looyenga’s formula. 
 
Experimental results  
As demonstrated by the high values of the coefficient of determination for the linear 
trendlines (see Table 3), the experimental data strongly supports a linear dependency between 
liquid water content and electrical conductivity of snow. The values of the slope m and the 
interception point b in the equations for the trendlines vary. Considering this variation, it is 
possible to conclude that only the first significant digit of these values can be trusted. The 
tentative formula (4.1) is based on the trendlines for combined data from all three experiments 
(results obtained using snow permittivity determined by both methods were considered): 

006.05.0 +⋅= snowsnow θσ . 
 
Error from linear approximation of snow layer height 
The experimental results are based on a linear approximation of the decrease in snow layer 
height. In the first two experiments with “old” snow the snow sank by 3 and 2 cm, 
respectively, while in the third experiment with lower-density new-fallen snow the sinking 
was as large as 7 cm (see Appendix 3). Hence the possible approximation error was largest in 
the third experiment. This can be the reason why the plotted data from the third experiment 
looks “less linear” (Figure 16 and Figure 17) and why the coefficient of determination for the 
corresponding trendline is slightly smaller (Table 3). 
 
Other possible sources of error 
Several other possible sources of error can be identified in the experimental setup, some of 
which can be eliminated in future work. For example, in the experiment the salt content in the 
tap water added to the snow was much higher than the salt content in the snow itself (Table 2 
in section 3.3). A higher salt content results in a higher conductivity of the water, leading to 
an increased electrical conductivity of snow. Therefore, the value of the slope of the electrical 
conductivity function should be smaller in field measurements. To eliminate this source of 
error, water from melted snow, rather than tap water, should be used in future experiments. 
However, since salt content in snow can vary, additional experiments are needed to 
understand exactly how it affects the relationship between liquid water content and electrical 
conductivity. 
 
It should also be noted that the calculated values of liquid water content and ice content in 
snow are only valid if the added water does not freeze and the snow does not melt. To achieve 
this, the temperature of both the snow and the added water in the experiments was kept close 
to zero (see Table 1 in section 3.3). However, it is not possible to guarantee that no transition 
from water to ice or vice versa takes place.  
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Another possible source of error is uneven distribution of the water added to the snow during 
the experiment. Water will not disperse evenly throughout the height of the snow layer, but 
since a radar wave travels the whole height of the layer, the error due to uneven vertical 
distribution is limited. However, uneven horizontal distribution of added water may lead to 
skewed values of radar wave amplitude if the measurements are only conducted at one point 
of the snow surface, as was the case in the experiments. In the future, the measurements 
should be performed at multiple points of the snow surface, which requires a box with a larger 
cross-section area to be able to keep the first Fresnel volume inside the snow. 
 
Multi-path interference from reflected radar waves from the transmitter may also affect the 
measured amplitude. In the experiments this was taken care of by choosing the first clearly 
defined minimum of radar wave amplitude. The effect of interference can also be decreased 
by using a box with a larger cross-section area. 
 
Another possible source of error is non-planarity of the snow surface. If the snow surface has 
a concave or convex form, the radar wave front will be less or more focused than if the 
surface was plane (due to refraction of incoming waves in accordance with Snell’s law).  As a 
result, the amplitude at the point of measurement will be enhanced or weakened. This type of 
error can be decreased by ensuring that the snow surface is as plane as possible. 
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6 Conclusion 
 
The experiments produced promising results allowing future use of radar wave amplitudes to 
measure snow wetness, expressed as liquid water content in snow. The results suggest a linear 
relationship between snow wetness and electrical conductivity (4.1): 
 

006.05.0 +⋅= snowsnow θσ . 
 
However, to assess the generality of the relationship additional experiments should be 
conducted. For example, it is necessary to establish how salt content in snow affects the 
relationship between liquid water content and electrical conductivity. Note also that in field 
measurements radar waves will travel through a snowpack, reflect from the ground, and travel 
back through the snowpack. Therefore, for this method to be applicable in real life, additional 
research is needed to establish how reflection affects amplitude attenuation. Methods for 
taking reference measurements of radar amplitude also have to be studied.  
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Appendix 1. Experiment Constants and Variables. 
 
Constants 
Constant Notation and Value Error Margin 
Density of water ρwater =1000 kg /m3 3 kg/m3

Relative permittivity of water εr _ water = 86  6 
Density of ice ρice = 912 kg /m3  5 kg/m3

Relative permittivity of ice εr_ ice =3.19  0.05 
Relative permittivity of plywood 1.2_ =plywoodrε  0.05 
Permittivity in vacuum ε0 = 8.854187817 ⋅10-12 As /Vm  - 
Width of the box mwbox 069.0=  0.001 m 
Length of the box mlbox 700.0=  0.001 m 
The error margin for density and relative permittivity was set to the variation in values 
between different publications. The error margin for width and length of the box was 
estimated from the possible measurement error.  
 
Variables Measured before the Experiment 
Variable Notation Error Margin 
Mass of dry snow (= mass of ice) mice  1.0 kg 
Initial height of snow layer hsnow _ start  0.005 m 
The error margin for mass of ice was set to the error margin of the scale used in the 
experiment. The error margin for initial snow layer height was estimated from the experiment 
setup. 
 
Variables Measured after the Experiment 
Variable Notation Error Margin 
Final height of snow layer hsnow _ end  0.005 m 
The error margin for final snow layer height was estimated from the experiment setup. 
 
Variables Measured at Each Step of the Experiment 
A step in the experiment is an addition of water to the snow, followed by several 
measurements of radar wave amplitude through the snow and reference measurements 
through the air. The variable  denotes the step number (K,2,1,0=n 0=n  denotes the state 
before any water was added), with  being the total number of steps in the experiment. nmax

 
Variable Notation Error margin 
Mass of added water madded _ water n( ) 0.001 kg 
Amplitude of radar impulse sent 
through the snow 

Ψsnow n( ) 1% 

Amplitude of radar impulse sent 
through the air 

Ψair n( ) 1% 

One-way travel time, from sender 
antenna to receiver antenna 

( )nowttotal  0.1 ns 

The error margin for mass of added water was set to the error margin of the scale used in the 
experiment. The error margin for amplitude and travel time was set to the error margin of 
radar equipment. 
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Appendix 2. Formulas for Analysis of Experimental Data. 
 

1. Snow volume at the n-th step of the experiment: 
 

a) Linear approximation of the height of the snow layer: 
 

hsnow n( )= hsnow _ start − n
hsnow _ start − hsnow _ end

nmax

 (A2.1)

 
b) The volume of snow:  

 
Vsnow n( )= wbox ⋅ lbox ⋅ hsnow n( ) (A2.2)

 
2. Ice content at the n-th step of the experiment: 

 
a) The volume of ice (equal to the volume of dry snow):  

 

Vice =
mice

ρice

 (A2.3)

 
b) The content of ice:  

 

θice n( )= Vice

Vsnow n( )
 (A2.4)

 
3. Water content at the n-th step of the experiment: 

 
a) The total mass of added water:  

 

mwater n( )= madded _ water i( )
i=1

n

∑  (A2.5)

 
b) The volume of water:  

 

Vwater n( )= mwater n( )
ρwater

 (A2.6)

 
c) The content of water by volume:  

 

θwater n( )= Vwater n( )
Vsnow n( )

 (A2.7)
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εr _ snow n( )= θice n( )⋅ εr _ ice
3

4. Relative permittivity of snow at the n-th step of the experiment: 
 

a) Estimated using Looyenga’s empirical formula (2.35):  
 

−1( )+θwater n( )⋅ εr _ water
3 −1( )+1( )3

( ) ( )

 (A2.8)

b) Calculated from radar wave travel time and travel distance in snow (3.3): 
 

( )( )
( )nh

nowtnowt
cn

snow

snownottotal
snowr 2

2
_2

_

−
⋅=ε

( ) ( )

5. Electrical conductivity of snow at the n-th step of the experiment (3.2): 
 

 (A2.9)

 
Here owttotal is the travel time between the antennas, measured by the radar, and 
owtnot_snow is the calculated travel time through the bottom of the box and the 
small stretches of air between the antennas and the snow layer. 
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Appendix 3. Experimental Data. 

Experiment 1. 
Mass of dry snow,  

kg ( ) icem
Initial snow density,  

kg/m3 ( snowρ ) 
Initial snow layer height,  

m ( ) startsnowh _

Final snow layer height,  
m ( ) endsnowh _

112 285 0.81 0.78 
 

 Measured values Calculated values 
Snow permittivity calculated 

from radar wave travel time and 
travel distance in snow 

Snow permittivity estimated 
using Looyenga’s empirical 

formula 

S 
T 
E 
P 

(n) 

Amplitude 
through 

snow 
( ) snowΨ

Amplitude 
through 

air 
( ) airΨ

One-way 
travel time, 

ns 
( ) totalowt

Mass of 
added water, 

kg 
( )wateraddedm _

Content of 
water,  
%vol 

( waterθ ) Snow 
permittivity, 

( snowr _ε ) 

Snow 
conductivity, 
mS/m ( snowσ ) 

Snow 
permittivity, 

( snowr _ε ) 

Snow 
conductivity, 
mS/m ( snowσ ) 

0 5070 4131 4.2 0.000 0.00% 1.55 0.006 1.51 0.006 
1 4057 4156 4.3 3.968 1.02% 1.65 0.010 1.66 0.010 
2 2836 4144 4.5 4.022 2.05% 1.79 0.014 1.81 0.015 
3 1946 4150 4.5 3.883 3.06% 1.82 0.019 1.97 0.020 
4 1156 4160 4.6 3.918 4.09% 1.86 0.025 2.14 0.028 
5 803 4124 4.7 3.855 5.10% 2.01 0.030 2.32 0.035 
6 747 4145 4.9 4.004 6.16% 2.20 0.034 2.52 0.038 
7 522 4123 5.2 3.862 7.19% 2.57 0.043 2.72 0.045 
8 431 4057 5.5 3.911 8.24% 2.93 0.050 2.94 0.051 
9 405 4109 5.6 3.937 9.30% 3.12 0.054 3.17 0.055 
10 336 4121 5.7 3.848 10.34% 3.27 0.059 3.41 0.061 
11 258 4122 6.0 3.942 11.42% 3.73 0.069 3.67 0.068 
12 284 4126 6.4 3.890 12.49% 4.34 0.076 3.94 0.071 

 
 
 

   35 



Experiment 2. 
Mass of dry snow,  

kg ( ) icem
Initial snow density,  

kg/m3 ( snowρ ) 
Initial snow layer height,  

m ( ) startsnowh _

Final snow layer height,  
m ( ) endsnowh _

139 290 0.99 0.97 
 

 Measured values Calculated values 
Snow permittivity calculated 

from radar wave travel time and 
travel distance in snow 

Snow permittivity estimated 
using Looyenga’s empirical 

formula 

S 
T 
E 
P 

(n) 

Amplitude 
through 

snow 
( ) snowΨ

Amplitude 
through 

air 
( ) airΨ

One-way 
travel time, 

ns 
( ) totalowt

Mass of 
added water, 

kg 
( )wateraddedm _

Content of 
water,  
%vol 

( waterθ ) Snow 
permittivity, 

( snowr _ε ) 

Snow 
conductivity, 
mS/m ( snowσ ) 

Snow 
permittivity, 

( snowr _ε ) 

Snow 
conductivity, 
mS/m ( snowσ ) 

0 5661 4204 4.3 0.000 0.00% 1.54 0.004 1.52 0.004 
1 4341 4212 4.4 0.957 0.20% 1.57 0.007 1.55 0.007 
2 3371 4193 4.4 0.994 0.41% 1.60 0.009 1.58 0.009 
3 3014 4171 4.5 1.005 0.62% 1.62 0.010 1.61 0.010 
4 2685 4182 4.5 0.984 0.83% 1.65 0.011 1.64 0.011 
5 2301 4195 4.5 0.957 1.03% 1.65 0.012 1.67 0.013 
6 2114 4159 4.5 0.974 1.24% 1.68 0.013 1.70 0.013 
7 1987 4188 4.5 0.972 1.44% 1.68 0.014 1.73 0.014 
8 1918 4143 4.6 0.992 1.65% 1.74 0.015 1.76 0.015 
9 1725 4177 4.6 0.968 1.86% 1.77 0.016 1.79 0.016 

10 1655 4170 4.7 0.944 2.06% 1.80 0.016 1.82 0.017 
11 1545 4180 4.7 0.957 2.26% 1.83 0.017 1.86 0.018 
12 1410 4167 4.7 0.975 2.47% 1.86 0.018 1.89 0.019 
13 1265 4176 4.8 0.998 2.69% 1.89 0.020 1.92 0.020 
14 1176 4179 4.8 0.964 2.89% 1.92 0.021 1.96 0.021 
15 1104 4166 4.8 0.993 3.11% 1.95 0.022 1.99 0.022 
16 1114 4183 4.9 0.984 3.32% 2.01 0.022 2.03 0.022 
17 1086 4144 5.0 0.964 3.53% 2.10 0.023 2.06 0.023 
18 975 4151 5.0 0.974 3.74% 2.14 0.025 2.10 0.024 
19 949 4132 5.0 0.989 3.95% 2.14 0.025 2.14 0.025 
20 898 4150 5.1 0.990 4.17% 2.23 0.027 2.17 0.026 
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Experiment 3. 
Mass of dry snow,  

kg ( ) icem
Initial snow density,  

kg/m3 ( snowρ ) 
Initial snow layer height,  

m ( ) startsnowh _

Final snow layer height,  
m ( ) endsnowh _

98 204 0.99 0.92 
 

 Measured values Calculated values 
Snow permittivity calculated 

from radar wave travel time and 
travel distance in snow 

Snow permittivity estimated 
using Looyenga’s empirical 

formula 

S 
T 
E 
P 

(n) 

Amplitude 
through 

snow 
( ) snowΨ

Amplitude 
through 

air 
( ) airΨ

One-way 
travel time, 

ns 
( ) totalowt

Mass of 
added water, 

kg 
( )wateraddedm _

Content of 
water,  
%vol 

( waterθ ) Snow 
permittivity, 

( snowr _ε ) 

Snow 
conductivity, 
mS/m ( snowσ ) 

Snow 
permittivity, 

( snowr _ε ) 

Snow 
conductivity, 
mS/m ( snowσ ) 

0 4375 4266 4.1 0.000 0.00% 1.37 0.005 1.35 0.005 
1 3380 4248 4.2 1.000 0.21% 1.42 0.007 1.38 0.007 
2 2689 4214 4.2 0.994 0.42% 1.44 0.009 1.41 0.009 
3 2147 4243 4.2 0.968 0.62% 1.44 0.011 1.43 0.011 
4 1588 4215 4.2 0.993 0.84% 1.44 0.013 1.46 0.013 
5 1328 4231 4.2 0.982 1.05% 1.45 0.014 1.49 0.015 
6 1241 4192 4.3 0.990 1.26% 1.50 0.016 1.52 0.016 
7 1144 4194 4.3 0.979 1.47% 1.55 0.017 1.55 0.017 
8 1082 4197 4.4 0.996 1.69% 1.58 0.018 1.58 0.018 
9 1130 4197 4.5 0.952 1.89% 1.67 0.018 1.61 0.018 

10 1179 4206 4.6 0.986 2.11% 1.72 0.019 1.64 0.018 
11 1257 4202 4.6 1.006 2.33% 1.78 0.019 1.68 0.018 
12 1198 4177 4.6 0.983 2.55% 1.79 0.019 1.71 0.018 
13 1108 4196 4.7 0.977 2.77% 1.85 0.021 1.74 0.020 
14 1074 4193 4.7 0.946 2.98% 1.85 0.021 1.78 0.020 
15 966 4181 4.7 0.997 3.20% 1.88 0.022 1.81 0.022 
16 897 4155 4.7 0.999 3.43% 1.88 0.023 1.85 0.023 
17 819 4182 4.7 1.012 3.66% 1.89 0.024 1.88 0.024 
18 681 4190 4.8 0.998 3.88% 1.95 0.026 1.92 0.026 
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 Measured values Calculated values 
Snow permittivity calculated 

from radar wave travel time and 
travel distance in snow 

Snow permittivity estimated 
using Looyenga’s empirical 

formula 

S 
T 
E 
P 

(n) 

Amplitude 
through 

snow 
( ) snowΨ

Amplitude 
through 

air 
( ) airΨ

One-way 
travel time, 

ns 
( ) totalowt

Mass of 
added water, 

kg 
( )wateraddedm _

Content of 
water,  
%vol 

( waterθ ) Snow 
permittivity, 

( snowr _ε ) 

Snow 
conductivity, 
mS/m ( snowσ ) 

Snow 
permittivity, 

( snowr _ε ) 

Snow 
conductivity, 
mS/m ( snowσ ) 

19 609 4170 4.8 0.987 4.11% 1.98 0.028 1.96 0.028 
20 607 4185 4.9 0.987 4.34% 2.05 0.029 2.00 0.028 
21 601 4183 4.9 1.016 4.57% 2.08 0.029 2.04 0.029 
22 532 4193 5.0 0.986 4.80% 2.15 0.032 2.08 0.031 
23 556 4180 5.1 1.006 5.04% 2.29 0.033 2.12 0.031 
24 566 4144 5.1 0.986 5.27% 2.26 0.032 2.16 0.031 
25 572 4167 5.2 0.991 5.50% 2.37 0.034 2.20 0.032 
26 561 4189 5.3 1.012 5.74% 2.44 0.035 2.24 0.032 
27 552 4176 5.3 1.000 5.98% 2.48 0.036 2.29 0.033 
28 602 4152 5.4 0.996 6.22% 2.52 0.035 2.33 0.033 
29 626 4174 5.4 1.006 6.47% 2.56 0.035 2.38 0.033 
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