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Abstract
Measurements of snow water equivalent (SWE ) constitute an important input to hydrological models used to predict snowmelt runoffs. The new generation of such models
use distributed snow data, including distribution of SWE, as input, and rely on it for
calibration and validation. Using ground penetrating radar (GPR) from snowmobiles or
helicopters is one of the methods to estimate SWE, and it allows for covering large areas
in a short period of time. However, the accuracy offered by GPR is detrimentally affected
by the presence of liquid water in the snow. This is a problem since when a snowpack
is at its peak, and therefore of the largest interest, it has quite often started to melt so
there might be liquid water in the snowpack.
The present work is an attempt to solve this problem for SWE estimates made by
multi-offset GPR operated from a snowmobile. The main idea is to use radar data already
available, and to utilize, in addition to two-way travel time, radar wave attenuation, which
both depend on snow wetness. Thus obtained liquid water content of a snowpack can be
used to get more accurate estimates of SWE.
Using radar wave attenuation to obtain liquid water content requires the relationship
between liquid water content and electrical conductivity, which has to be established
experimentally. The results of several series of experiments, first establishing this relationship for a specific salt content, and then confirming that variation in salt content
does not significantly affect it, are presented in this work.
However, there remains another problem to be solved. Attenuation caused by energy
dissipation in the snow can only be determined from measured radar wave amplitude
if losses due to reflection at the snow/ground interface are known. Since a multi-offset
GPR system is in fact an array of antennas, several measurements can be made at each
point with radar waves reflecting from the ground with different angles of incidence. It
should therefore be possible to calculate angle-dependent reflectivity from radar wave
amplitudes using Snell’s law and one of Fresnel equations. However, applicability of this
method in the presence of measurement errors has to be verified. Initial experiments
point to problems due to antenna ring-down from the direct wave interfering with the
reflected wave, so further tests of the method should be conducted, or ultimately another
method to determine reflectivity of the snow/ground interface should be found.
Theoretical and experimental results presented in this thesis lead to the conclusion
that when SWE is estimated with a multi-offset GPR system, radar wave amplitudes,
available in radar data, can be used to establish liquid water content of a snowpack
and hence improve the accuracy of SWE estimates, provided that the problem with
establishing reflectivity of the snow/ground interface is solved.
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Chapter 1
Introduction
In northern countries, snowmelt is an important source of water used by the hydropower industry, and accurate snowmelt predictions can lead to a more efficient energy
production and reduce both its impact on aquatic ecosystems and the risk of flooding by regulated waters. Obtaining accurate predictions relies on having good hydrological models of snowmelt with accurate input parameter data. The new generation
of such models can use spatial distribution of snow data in the watersheds, such as
snow covered area, snow wetness and snow water equivalent (SWE ) (see examples of
models in [Arheimer et al., 2008, Lindström et al., 2009, Kolberg and Gottschalk, 2006,
Udnæs et al., 2007, Taurisano et al., 2007]). The most useful parameter is spatial distribution of SWE. Accurate SWE measurements are also of interest in other areas, for
example, in the study of polar ice caps and glaciers [Richardson, 2001].
Using ground penetrating radar (GPR) is a time-effective method to measure SWE
over large areas, as radar can be operated from snowmobiles or aircrafts. Radar wave
propagation velocity in snow and two-way travel time, i.e. the time it takes a radar
wave to travel from the antenna through the snowpack to the ground and back to the
antenna, can be obtained from typical GPR data. While two-way travel time can be
determined fairly easily, calculating propagation velocity is more challenging. Velocity
can be determined, for example, using the common mid-point method, but it is often
assumed to be known and constant throughout the snowpack; this assumption, however,
is only valid if no substantial spatial (horizontal) variation in density is present. With
snowpack depth calculated from two-way travel time and velocity, and snow density
estimated from velocity using an empirical formula (e.g., Looyenga’s formula with liquid
water content set to zero [Sihvola, 1999]), accurate estimates of SWE can be obtained
for dry snow. However, presence of liquid water in the snowpack results in a threephase system where snow density and hence SWE cannot be accurately determined from
velocity alone [Lundberg and Thunehed, 2000].
The need for a solution to this problem of measuring SWE of wet snowpacks is
emphasized by the fact that snowpacks quite often contain liquid water around the time
when they reach their maximum, and measurements of SWE at that time are the most
3
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interesting measurements, at least for the hydropower industry.

Goals
The overall goal of this work is to develop a method to estimate SWE with GPR with
higher estimation accuracy and thereby provide better input to hydrological models for
snowmelt runoff prediction. In particular, we would like to increase the accuracy of SWE
measurements conducted on wet snow, since such measurements today typically exhibit
low accuracy.
More specifically, the aim with this work is to develop a new method to estimate
liquid water content of a snowpack using data from measurements performed with a
multi-offset impulse GPR system. The idea is to analyze radar wave two-way travel time
and attenuation (caused by energy transformation into heat) of several radar pulses with
different travel paths in the snowpack.
I will show that achieving this aim requires establishing a relationship between electrical conductivity of snow and snow wetness. It is also necessary to find a method
to separate attenuation, caused by energy transformation into heat, from losses due to
reflection at the snow/ground interface.

Research Approach
This section describes how the research presented in this thesis was conducted.
First, a theoretical analysis of different parameters affecting a radar wave traveling
through a snowpack was performed, and the parameters dependent on liquid water content were identified as electrical permittivity and electrical conductivity of snow. It was
then natural to suggest that these parameters should be determined from radar data
(radar wave amplitude and two-way travel time) and then used to estimate liquid water
content. However, it became obvious that this requires that the relationship between
electrical conductivity of snow and liquid water content is known. This could only be
established experimentally, so several series of experiments were conducted, and a linear
relationship between the two was established.
A new theoretical analysis was then performed to formulate a method to estimate
SWE from radar wave amplitude and two-way travel time. This was done on the basis
that several measurements, obtained using a common mid-point survey, are available for
each measurement point. It was discovered that this approach requires that reflectivity of
the snow/ground interface should be known, which in turn requires knowing the electrical
permittivity of the ground.
The next step was to try to determine the electrical permittivity of the ground without
additional radar measurements, i.e. from a common mid-point survey in a snowpack. The
conducted theoretical analysis showed that this should indeed be possible to do that by
comparing attenuation of at least two radar waves reflected from the same point on
the ground with different angles of incidence. However, this method to determine the
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electrical permittivity of the ground had to be tested to find out if amplitudes can be
measured with accuracy sufficient for this method to work. Unfortunately, the conducted
experiments point to problems due to residual energy, such as the antenna ring-down
(reflections inside the antennas) from the direct wave, interfering with the reflected wave,
so further tests of the method should be conducted, or ultimately another method to
determine reflectivity of the snow/ground interface should be found.

Thesis Outline
This thesis consists of two parts. The first part contains six chapters, including the current chapter (Introduction). Chapter 2 (Background) introduces the concept of SWE
and discusses who are interested in measuring SWE of snowpacks covering large areas. Several methods for measuring SWE using point measurements (good for capturing
distribution of SWE over time) and line measurements (good for capturing spatial distribution of SWE ) are also presented. All these methods can be used for calibration and
validation of remote sensing methods, which allow measuring SWE over large areas, but
with lower accuracy. However, the focus of this work is on using a multi-offset GPR
system for measuring SWE, which is a time-effective method to conduct line SWE measurements. This method is therefore considered in greater detail. At the end of chapter
2, the problem with this method that appears when liquid water is present in the snow
is considered.
In chapter 3, I suggest a solution to the problem of measuring SWE of wet snowpacks.
A summary of the Papers I – III is presented in chapter 4. Chapter 5 discusses strong and
weak sides of the proposed method and future work needed to ensure its applicability. It
also describes related work, where another solution to the problem of measuring SWE of
wet snow is suggested. In chapter 6, the conclusions of my thesis are given.
The second part of the thesis contains three research papers. My contribution to all
the papers consisted of designing and conducting the experiments, analyzing the results,
and writing the texts. The other authors contributed by discussing the experiment setup,
the results, and commenting the texts.

Chapter 2
Background

2.1

Estimation of Snow Water Equivalent

Snow water equivalent (SWE ) (m) is a measure of how much water is contained in a
snowpack. It is defined as

SWE =

dsnow · ρsnow
ρwater

(1)

where dsnow (m) is snowpack depth, ρsnow and ρwater (kg/m3 ) are densities of snow and
water, respectively.
Accurate estimates of SWE over large areas are important as an input parameter
to hydrological models used for prediction of snowmelt runoff. Thus more accurate
forecasts can lead to a more efficient hydropower energy production in regions with
a substantial amount of snow precipitation (see, e.g, [Yao and Georgakakos, 2001] or
[Laukkanen, 2004]). Besides the hydropower industry, there are others interested in estimating SWE for reservoir management, for example, the agriculture industry and water
utility companies, who need to ensure a sufficient supply of fresh water. Moreover, if
extreme runoffs can be predicted, negative effects of floods and drought can be mitigated
[Wood and Lettermaier, 2006].
SWE measurements performed over large areas are also used for estimation of mass
balance of large ice caps, a valuable information for climate change researchers in their
study of the decrease of polar ice caps and glaciers [Dowdeswell et al., 1997]. Knowing
SWE is also important for ecologists studying ecosystems in snow-covered areas, where
the snow covers have a dramatic affect on the ecosystems [Jones et al., 2001]. Another
example is that SWE estimates provide information on spatial snow distribution, which
is useful for prediction of avalanches [Prokop et al., 2008].
Estimation of SWE can be performed with remote sensing techniques from satellites
or aircrafts. The advantage of these techniques is that they cover large areas. On the
7
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other hand, they have quite low accuracy and are therefore dependent on ground-based
SWE measurement techniques for validation and calibration [Lundberg et al., 2008].
Ground-based SWE measurement techniques can be divided into two categories. The
first category includes point measurements; such measurements can often be performed
automatically, which means that the distribution of snow over time can be observed. The
second category includes line measurements, which are performed once or several times
during the winter season to capture spatial distribution of snow. Let us now consider
these two categories separately.

2.2

Point Measurements Techniques

Four instruments for measuring SWE at one single point are presented here: the snow
pillow, the electric SWE pressure sensor, the active gamma ray sensor and the lowfrequency impedance sensor band.

Snow Pillow
Snow pillows are constructed as mattresses filled with antifreeze liquid, and they are
placed on the ground in level with the ground surface before the winter season. They
typically have a circular design with a diameter of about 2-4m and are usually made of
reinforced rubber, though pillows made of stainless steel can also be found. In the winter,
when the pillows are covered by snow, the pressure caused by the weight of the snow is
continually measured, usually remotely. The observed pressure is then used to calculate
SWE.
Snow pillows are suitable for use in areas with heavy snow and with few freeze-thaw
events [Sorteberg et al., 2001]. This type of snow does not normally contain a significant
amount of ice lenses, which are causing problems with snow-bridging1 over the pillow
[Johnson and Schaefer, 2002].

Electronic SWE Pressure Sensor
The electronic SWE pressure sensor is being developed by the U.S. Army Cold Regions
Research and Engineering Laboratory (CRREL) and the US Natural Resources Conservation Service (NRCS). This instrument is installed on the ground also in level with the
ground surface and it has one square panel measuring the pressure from the snowpack.
Instead of having only one panel, several panels can be used together to obtain more
accurate measurements (as snow-bridging events can easily be detected). The idea of
using panels instead of pillows it that panels can be made permeable to avoid the risk
of stagnant water; they can also be constructed of material with thermal properties resembling the properties of soil, so that snow accumulation and melt are not affected by
1

i.e. when ice formations in snow spread out the pressure from the snow lying on the snow pillow to
the area outside of it, or vice versa.
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differences in thermal properties, as is the case with snow pillows. However, this method
needs further development [Johnson et al., 2007].

Gamma Ray Sensor
The active gamma ray sensor consists of two parts, a small radioactive source placed
on the ground and a radiation-detecting sensor placed directly above the source over
the snowpack. The level of radiation reaching the sensor decreases when SWE of the
snowpack increases, and SWE can be estimated from radiation using an empirically
established relationship [Bland et al., 1997]. However, the use of a radioactive source is
an obvious disadvantage.

Low-Frequency Impedance Sensor Band
The low frequency impedance sensor band (earlier known as Snowpower), which has been
developed recently, is designed for measuring both SWE and liquid water content of snow
[Stähli et al., 2004]. The sensor is made of a 10- to 25-meter long flat PVC-band cable,
which can either be mounted horizontally to monitor snow properties at one single depth
or mounted at an angle to the ground to provide information on vertical variations in
SWE and liquid water content of the snowpack. This instrument is measuring electrical
permittivity at multiple frequencies both in the kHz and MHz ranges. Since multiple
frequencies are used and since electrical permittivity of ice has a strong variation in the
kHz range, both liquid water and ice content of snow can be determined.

2.3

Line Measurements Techniques

Two methods used to estimate SWE along a line, suitable for capturing spatial distribution of snow, are presented here. The traditional method is to manually measure SWE
at snow courses. A newer approach involves measuring SWE using ground penetrating
radar (GPR), which can be operated from a snowmobile and thereby cover large lateral
distances in a short period of time.

Manual SWE Measurements
Manual SWE measurements are performed by conducting snow depth and density measurements2 at snow courses, typically once or twice a month during the winter and snow
melt season. Snow courses are permanent sites, which have to be chosen carefully to
represent the area of interest in a satisfying way. Unfortunately, this method is both
time-consuming and labor-intensive, with target areas (such as reservoir catchment areas
or polar ices) often characterized by poor communications and rough weather conditions.
2

Snow depth is measured with graded sticks, while density is determined by weighing snow collected
in tubes with a known diameter.
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Ground Penetrating Radar
Using GPR is an alternative to manual measurements conducted at snow courses. It is a
time-effective method to use over large areas, as radar can be operated from a snowmobile.
Since this method is the subject of this thesis, it will be described in more detail in the
next section.

2.4

Measuring Snow Water Equivalent with Ground
Penetrating Radar

Most GPR systems belong to one of the two categories: frequency-modulated continues
wave3 (FMCW) and impulse radar systems.
FMCW systems transmit a continuous signal with frequency linearly increasing over
time; the reflected waves are recorded, as well as the minimum and maximum frequencies
and the total sweep time. The received signal is mixed with a replica of the transmitted signal, which may be computer-generated rather than recorded by a radar antenna,
and the frequency difference between them is obtained using Fast Fourier Transform.
The frequency difference together with the frequency range (the difference between the
maximum and minimum frequencies) and the total sweep time are used to calculate the
radar wave two-way travel time [Yankielun et al., 2004]. Typically, these systems can
generate frequencies of up to 40GHz, resulting in a vertical resolution of 1-3cm. Such
high-frequency radar equipment can be manufactured at a reasonable cost (as compared
to impulse radars) since the received signal only needs to be sampled with kilohertz frequency, i.e. several orders of magnitude lower than the frequency of the transmitted
signal. This makes FMCW systems particularly suitable for snowpack stratigraphy, as
they provide a high resolution [Koh et al., 1996].
Therefore, such systems can, for example, be used in the study of snow accumulation
rates and SWE in glaciers by the so-called dielectric profiling. In this method, a nonlinear relationship between snow depth and radar wave propagation velocity (and thereby
electrical permittivity as well as snow density) is established separately for each snow
layer using manual measurements at snow pits, and radar is then used to map snow
stratigraphy [Richardson, 2001]. A recent overview of FMCW radar technology and its
application for snow research can be found in [Marshall and Koh, 2007].
Despite the above mentioned advantages of FMCW radar systems, impulse radar
systems are used more frequently for estimation of SWE. Normally, a single-channel
system is used, with one transmitter and one receiver (multi-offset systems with several
antennas are considered below).
When SWE is measured using an impulse GPR system, it is typically assumed to
depend linearly on radar wave two-way travel time, with coefficients calibrated against
manual measurements of SWE. Calibrated SWE estimates with radar have been shown
to exhibit a close correspondence to control manual measurements, at least for dry snow
3

Step-frequency continues wave (SFCW) systems are a discrete version of FMCW systems.
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Figure 1: Sketch of two different radar wave paths, with length l1 and l2 (m), in a snowpack.
T stands for transmitter, R for receiver, dsnow for snow depth (m); and s1 and s2 are the
separations between the transmitters and the corresponding receivers (m). The angles are the
angle of transmission ϕT , reception ϕR and incidence ϕ (rad).

with normal density [Andersen et al., 1987, Sand and Bruland, 1998]. However, different
coefficients have to be used for different values of snow density [Lundberg et al., 2000],
with density either measured manually at selected locations (and assumed to be roughly
constant throughout the area of interest) [Sand and Bruland, 1998], or taken to be linearly dependent on snowpack depth [Lundberg et al., 2006].
When measuring SWE with a multi-channel GPR system, there is another possibility
for estimating snow density. Namely, it can be estimated from radar wave propagation
velocity. Before explaining how density can be estimated from velocity, let us explain
how velocity itself can be determined.
A multi-channel GPR system makes it possible to simultaneously send several radar
pulses from one or several transmitters to one or several receivers. This allows recording
several radar pulses that have traveled different paths in the snowpack. If the antennas
are placed in such a way that the pulses reflect from the same point on the snow/ground
interface, and if the snow and ground surfaces can be assumed to be parallel, a common
mid-point survey can be performed to calculate radar wave propagation velocity and
snow depth.
To explain how such a survey is performed, let us consider a sketch of two different
paths of radar waves traveling through a snowpack (Figure 1).
Let us denote the lengths of the radar wave paths shown in Figure 1 by l1 and l2 (m),
then from the Pythagorean Theorem we have

12
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r 
si 2
+ d2snow ,
li = 2
2

i = 1, 2

(2)

Further, the lengths can also be given as a product of radar wave propagation velocity v
(m/s) and radar wave two-way travel time twt (s), the latter obtained from radar data:
li = v · twti ,

i = 1, 2

(3)

Combining equations (2) and (3) results in the following system of equations:

q

v · twt1 = 2
q

v · twt = 2
2


s1 2
2

s2 2
2

+ d2snow
+

(4)

d2snow

With antenna separations s1 and s2 known and two-way travel times twt1 and twt2
obtained from radar data, equation system (4) can be solved for the unknown variables
snow depth dsnow and velocity v. If more than two different radar wave paths are available,
the equation system will be overdetermined and a least squares solution can then be used.
Now we can estimate snow density. With propagation velocity known, effective electrical permittivity of snow εsnow can be determined from the well-known relationship
c
, where
between radar wave propagation velocity and electrical permittivity, v = √εsnow
c is the speed of light in vacuum (m/s) and εsnow is electrical permittivity. Snow density can then be estimated from permittivity using an empirical formula describing the
relationship between permittivity and content of ice, water and air in snow:
(εsnow )1/q = θice · (εice )1/q + θwater · (εwater )1/q + θair · (εair )1/q

(5)

Here θ is content by volume and q is usually taken to be equal to 3 (Looyenga’s formula) or
2 (Birchak’s formula) [Sihvola, 1999, Frolov and Macheret, 1999]. If the snow is assumed
to be dry, liquid water content should be set to zero, and since εair is known to be equal
to 1 and θice + θwater + θair = 1, ice content and thereby snow density can be determined.
Then with radar wave propagation velocity and snow depth obtained from a common
mid-point survey, SWE can be estimated for dry snow. However, introduction of liquid
water into the snowpack results in a three-phase system where snow density and hence
SWE cannot be accurately determined from velocity alone. For example, it is known
that for a snowpack with density around 300kg/m3 and 5% (by volume) liquid water,
SWE is overestimated by approximately 20% [Lundberg and Thunehed, 2000].
On the other hand, if liquid water content is known, we no longer need to assume dry
snow and hence more accurate estimates of snow density can be obtained from electrical
permittivity via equation (5). Therefore, it would be beneficial to be able to determine
liquid water content of snow from already available radar data.

Chapter 3
Suggested Method for Estimating
Snow Water Equivalent
of Wet Snow
Let us first explain how snow water equivalent (SWE ) of wet snow can be estimated
from radar data obtained from a common mid-point survey (given two-way travel times
and resulting amplitudes for at least two paths). This will be done on the basis that the
relationship between electrical conductivity of snow and snow wetness has been established experimentally (see below).
We assume that the effective source amplitude A0 has been established with a reference measurement (e.g. in air) and that the directivity4 of the transmitter(s) DT and the
receiver(s) DR are known as functions of the angle of transmission / reception ϕ (rad).
The steps of the procedure described below are also presented schematically in Figure 2.
1. A common mid-point survey (see section 2.4) allows us to determine snowpack
depth dsnow and electrical permittivity of snow εsnow from radar wave two-way
travel times twti , provided that the snow and the ground surfaces can be assumed
to be parallel. Then from the snow depth and the distances between the antennas
we obtain the angles ϕ1 , ϕ2 , etc. corresponding to the travel paths of radar pulses.
Note that in the setting of this method, a single angle ϕi characterizes the angles
of transmission and reception as well as the incidence angle at the snow/ground
interface (see Figure 2).
4
Directivity of a transmitter (receiver) antenna is the ratio of the power radiated (absorbed) per unit
solid angle, to the average power radiated (absorbed) per unit solid angle. In other words, it describes
the real transmission (reception) pattern compared with an isotropic transmitter (receiver) radiating
(absorbing) the same total amount of energy. In many radar applications, including a common midpoint survey, the position of the transmitting and the receiving antennas with respect to each other is
fixed. Then directivity can be considered as a function of the (one-dimensional) angle in the plane formed
by the antennas and the reflection point. Everywhere below, the angle between the radar wave travel
pulse and the perpendicular to the line connecting the antennas will be called the angle of transmission
(reception).
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Figure 2: Scheme of the procedure for estimating SWE from measured radar wave amplitudes
Ai and two-way travel times twti obtained from a common mid-point survey.

2. For radar antennas placed on the snow surface, the measured amplitude of a reflected wave can be expressed as [Cai and McMechan, 1995]:

A=

A0 · DT (ϕ) · DR (ϕ) · R −α·d
e
,
G

where α =

σsnow
2

r

µ0
ε0 εsnow

(6)

Here G is geometrical spreading (determined from the length of the travel path d
(m)), R is reflectivity of the snow/ground interface, σsnow is electrical conductivity
of snow (S/m), µ0 is magnetic permeability (V s/Am) and ε0 is electrical permittivity (As/V m) of free space. Reflectivity can be expressed from one of Fresnel
equations5 using Snell’s law. For an s-polarized radar wave (with electrical field
vector perpendicular to the plane of incidence) we have
√


√

√
εsnow sin(ϕ)
√
εsnow cos (ϕ) − εground cos sin−1
εground

√

R= √
√
εsnow sin(ϕ)
√
εsnow cos (ϕ) + εground cos sin−1
εground

(7)

Reflectivity from equation (7) can be substituted into equation (6), which yields
one equation with two unknowns: electrical conductivity of snow σsnow and the
electrical permittivity of the ground εground . Considering two radar pulses, reflected
5

Which equation should be used depends on polarization of the radar wave.
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from the same point on the ground with different angles of incidence, we obtain a
system of two equations with two unknowns, which can be solved numerically.
3. Liquid water content of the snowpack θwater can now be determined from the experimentally established relationship between electrical conductivity of snow σsnow
and snow wetness θwater (see chapter 4).
4. The value of electrical permittivity of snow εsnow together with snow wetness θwater
can be substituted into Looyenga’s empirical formula (equation (5) with q = 3),
which gives us ice content θice . As snow is a combination of ice, water and air, we
can now determine snow density ρsnow .
5. With snow density and depth known, SWE can be obtained from equation (1).
It now remains to explain how the relationship between electrical conductivity of snow
and snow wetness was established, and consider validation of the method. In particular,
the problem of separation of attenuation caused by energy transformation into heat from
losses due to reflection from the ground needs to be addressed, as we need to verify that
the theoretically solid approach works in practice in the presence of measurement errors
in radar wave amplitude.

Chapter 4
Summary of the Papers

4.1

Establishing the Relationship between Electrical
Conductivity of Snow and Snow Wetness

In Paper I, we use Maxwell’s equation to derive a formula for calculating electrical conductivity from radar wave attenuation, electrical permittivity of snow and snow depth.
This formula is then used to calculate electrical conductivity from radar data measured
in several experiments. From the data obtained in these experiments, electrical conductivity of snow is calculated from radar wave attenuation, with each value of conductivity
corresponding to a known liquid water content of snow. The values of conductivity are
then plotted against the values of liquid water content and a curve is fitted to the data.
The results of Paper I strongly suggest a linear relationship between liquid water content θwater (expressed in volume parts) and electrical conductivity of snow σsnow (µS/cm):
σsnow = 20 + 3 · 103 · θwater

(8)

However, to validate this formula, further studies of the influence of liquid water salinity
on this relationship were required. Therefore, a new series of experiments were conducted
and presented in Paper II. In these new experiments liquid water salinity was controlled
and a multiple regression analysis was performed on the measured data.
Paper II confirms the earlier established relationship between electrical conductivity
and liquid water content of snow (equation (8)) with a slight change in the constant term:
σsnow = 10 + 3 · 103 · θwater

(9)

It is also shown that the influence of liquid water salinity on this relationship is negligible,
at least in the range of salinity covered in the experiments (up to 65.6mg/l). Snow salinity
beyond that range is unlikely to be found in a natural snowpack on land.
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4.2

Summary of the Papers

Measuring Radar Wave Attenuation Caused by
Energy Transformation into Heat

The method to estimate snow water equivalent of wet snow, presented in chapter 3,
involves measuring the amplitude of reflected waves in a common mid-point survey and
comparing it to a reference amplitude, e.g., of a radar pulse traveling through air. Note
that we measure amplitude of a pulse in the time domain at a specific point of the pulse;
for thus measured amplitudes to be comparable, it is vital to choose the same point in
all radar traces, including the traces of reference measurements.
The problem with this approach to measuring attenuation is that some of the energy
is transmitted into the ground when radar waves reflect from it, and this has to be compensated for. This can be done if the reflection coefficient of the snow/ground interface
is known. However, determining reflectivity requires not only that electrical permittivity
of snow should be known (it can be found from the common mid-point survey), but
also that the electrical permittivity of the ground should be known. Moreover, it would
be advantageous if we could determine the electrical permittivity of the ground without
performing additional measurements, i.e. only using the data from a common mid-point
survey of the snowpack.
Therefore, in Paper III we present a method to estimate electrical permittivity of the
ground under a snowpack by analyzing amplitudes of two radar pulses reflected from the
same point on the snow/ground interface with different angles of incidence. The theory
behind this method was considered and formulas for estimating the electrical permittivity
of the ground using a common mid-point survey of the snowpack were derived. This
method was then tested by conducting an experiment in the simplest possible scenario,
where electrical permittivity of lake ice was estimated with this method and compared
with the true value of permittivity.
The conclusions drawn in Paper III are that the proposed method is sensitive to the
accuracy of measured amplitudes. We have observed problems when residual energy,
such as antenna ring-down, interferes with the reflected wave. Moreover, the difference
in travel distance between the direct wave and the reflected wave has to be large enough
to avoid interference.
In order to move forward towards estimating snow wetness from a common mid-point
survey, other radar equipment, producing less ring-down, should be considered, or an
altogether different method to determine the electrical permittivity of the ground should
be used.

Chapter 5
Discussion

In chapter 3, a method to estimate snow water equivalent (SWE ) of snowpacks containing liquid water using a multi-offset ground penetrating radar (GPR) system was
proposed. This chapter discusses advantages and disadvantages of this method and future work that has to be performed to achieve accurate SWE estimates of wet snow.
I also discuss an alternative method to determine liquid water content of snow.

Advantages and Disadvantages of the Method
One of the advantages of the proposed method to estimate SWE of wet snow is that all
required information can be obtained from one single common mid-point survey (provided
that the electrical permittivity of the ground can be established as described above).
Another advantage is that only two parameters of radar pulses have to be measured,
namely, amplitude and two-way travel time. It should though be noted that a reference
measurement has to be conducted to establish effective source amplitude and time offset,
but it is possible to use the same reference measurement for both parameters.
The main disadvantage of the method is that amplitude is to be measured at specific
points of radar traces, and there is currently no reliable method to find these points in all
traces completely automatically. Such points are necessary for measuring both two-way
travel time and radar wave amplitude. Another disadvantage is that the method involves
many calculation steps, which makes it more sensitive to measurement errors as these
tend to increase with each step. Besides that, some of the equations are empirical, so
they are in fact approximations and thus contribute to estimation errors. Moreover, if
the proposed method is used, then the assumption that the snow and the ground surfaces
are parallel has to be valid for the majority of measurement points.
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Discussion

Future Work
There are several outstanding issues that have to be resolved for the proposed method
to be applicable in real life. Firstly, the problem of determining reflectivity of the
snow/ground interface has to be solved. New tests, similar to the experiment described
in Paper III, have to be carried out with antennas placed on snow (or another medium
with electrical properties similar to snow) rather than in air. As a result, the ring-down
from the direct wave will hopefully be reduced so that the amplitude of reflected radar
pulses could be measured with sufficient accuracy. However, it is possible or even likely
that radar antennas with less ring-down will have to be used to achieve this goal. If
this approach does not succeed either, a different method to determine reflectivity of
the snow/ground interface will have to be considered. Secondly, the whole method to
estimate SWE of wet snow must be validated by carrying out additional tests.
There also remains another issue that needs resolution if the proposed method is
to become effective, which is required if it is to be used by the industry. It involves
developing a method to automatically choose the points in radar traces that should be
used for determining radar wave amplitude and two-way travel time. This method should
be implemented in computer software. Even with the existing methods of estimating
SWE from two-way travel time alone, there is a strong demand for such software. This is
because today picking the points in radar traces used for measuring two-way travel time
(“pulse arrivals”) is usually performed at least partly manually, which makes the process
time-consuming and decreases the accuracy of SWE estimates. Of course, the need for
such software is amplified if amplitude is used for SWE estimation, since choosing a
wrong point in the trace is likely to change amplitude to a greater extent than it would
change two-way travel time.

Related Work
An alternative approach to estimate liquid water content using a multi-offset GPR system
was described in [Bradford and Harper, 2006]. The authors suggest using the frequency
shift method to estimate complex electrical permittivity, which, with the real part of electrical permittivity determined using the common mid-point method, gives liquid water
content. They use the fact that the frequency-dependent component of GPR attenuation
(Q∗ ) can be approximated in snow (and in some other media) as a function of the center
frequency of a radar wave before and after it travels through the snow [Bradford, 2007],
which both can be obtained from radar data using Fast Fourier Transform. Q∗ can also be
expressed as a quotient between the real and the imaginary parts of electrical permittivity (with the real part determined from a common mid-point survey). Finally, with both
the real and the imaginary parts of the electrical permittivity known, snow wetness and
snow density can be estimated using empirical formulas established in [Tirui et al., 1984]
and [Sihvola and Tirui, 1986].

Chapter 6
Conclusion
The work in this thesis has taken us closer to the goal of developing a method to estimate liquid water content of snowpack (and hence SWE of wet snow) from radar wave
amplitudes and two-way travel times measured with a multi-offset ground penetrating
radar system. A method has been proposed, and the required relationship between effective electrical conductivity and wetness of snow has been established experimentally.
However, some questions remain regarding how attenuation caused by energy transformation into heat can be separated from losses due to reflection from the snow/ground
interface. In particular, our tests have shown that our method requires that the ring-down
from the direct wave should be sufficiently low to avoid interference with the reflected
wave.
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Laboratory Test of Snow Wetness Influence
on Electrical Conductivity Measured with GPR
Nils Granlund, Angela Lundberg, James Feiccabrino and David Gustafsson

Abstract
Ground penetrating radar operated from helicopters or snowmobiles is used to determine
snow water equivalent (SWE ) for annual snowpacks from radar wave two-way travel
time. However, presence of liquid water in a snowpack is known to decrease the radar
wave velocity, which for a typical snowpack with 5% (by volume) liquid water can lead
to an overestimation of SWE by about 20%. It would therefore be beneficial if radar
measurements could also be used to determine snow wetness. Our approach is to use
radar wave attenuation in the snowpack, which depends on electrical properties of snow
(permittivity and conductivity) which in turn depend on snow wetness. The relationship
between radar wave attenuation and these electrical properties can be derived theoretically, while the relationship between electrical permittivity and snow wetness follows a
known empirical formula, which also includes snow density. Snow wetness can therefore
be determined from radar wave attenuation if the relationship between electrical conductivity and snow wetness is also known. In a laboratory test, three sets of measurements
were made on initially dry 1m thick snowpacks. Snow wetness was controlled by stepwise addition of water between radar measurements, and a linear relationship between
electrical conductivity and snow wetness was established.
Keywords electrical conductivity, ground penetrating radar, radar wave attenuation,
snow, snow water equivalent, snow wetness
Nomenclature
A
A0
DR
DS
G
R
S
T
c
d
h
n
r

Resulting amplitude
Effective source amplitude
Receiver antenna directivity
Source antenna directivity
Geometrical spreading
Reflection coefficient
Area of a wavefront sector
Transmission coefficient
Speed of light in vacuum
Radar wave trip length
Cone frustum height
Number of approximation steps
Cone frustum radius

t
α
ε
ε0
εr
ϕ
θ
µ
µ0
µr
σ
ω
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Radar wave travel time
Attenuation (due to energy transformation into heat)
Electrical permittivity
Electrical permittivity of free space
Relative electrical permittivity
Angle used to define a wavefront sector
Content by volume
Magnetic permeability
Magnetic permeability of free space
Relative magnetic permeability
Electrical conductivity
Angular velocity of a radar wave
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Introduction

Accurate estimates of snow water equivalent (SWE ) over large areas are important for
the Scandinavian hydropower industry, since good predictions of spring floods (obtained
from SWE estimates) allow a more efficient energy production. SWE measurements are
also employed by hydrologists in the studies of movement, distribution and quality of
water. Moreover, they are useful for climate change research and for the study of the
polar ice caps and glaciers.
SWE can be estimated from manually measured snow depth and density. Such measurements are conducted at snow courses, which have to be chosen carefully to represent
the area in a satisfying way. Unfortunately, this method is both time-consuming and
labour-intensive, with target areas (such as reservoir catchment areas or polar ices) 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 radar can be operated from a helicopter
or a snowmobile, which allows covering large areas much faster and cheaper than using
traditional manual measurements.
In Sweden, Ulriksen [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 (see [Ulriksen, 1989] for a good summary of Swedish radar projects
for the period 1982–1989). Both ground-based GPR and airborne GPR have been used
to measure snow depth and/or SWE, producing similar results (the latter has a tendency
to underestimate snow cover depth) [Marchand et al., 2003]. GPR has also been used
to measure snow accumulation rates and SWE in glaciers, with a focus on spatial and
temporal variation [Richardson, 2001, Pälli, 2003, Maurer, 2006].
When SWE is measured using ground penetrating radar, it is typically assumed to depend linearly on the radar wave two-way travel time, with coefficients calibrated against
manual measurements of SWE. Calibrated SWE measurements with radar have been
shown to exhibit a close correspondence to control manual measurements, at least for dry
snow with normal density [Andersen et al., 1987, Sand and Bruland, 1998]. However, different coefficients have to be used for different values of snow density
[Lundberg et al., 2000]. Snow density is either measured manually at selected locations
(and assumed to be roughly constant throughout the area of interest)
[Sand and Bruland, 1998], or it is taken to be linearly dependent on snowpack depth
[Lundberg et al., 2006]. It is also possible to determine average snow density for dry
snow from radar wave propagation velocity (e.g. with the common mid-point method)
using an established empirical relationship between radar wave velocity and snow density.
Another solution used in the study of snow accumulation rates and SWE in glaciers is
so-called dielectric profiling, where a nonlinear relationship between snow depth and snow
density/electrical permittivity / radar wave propagation velocity is established separately
for each snow layer using manual measurements at snow pits [Richardson, 2001].
However, if the snow is wet, taking into account snow density alone does not pro-
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duce accurate SWE estimates. For example, it is known that for a snowpack with
density around 300kg/m3 and 5% (by volume) liquid water SWE is overestimated by
approximately 20% [Lundberg and Thunehed, 2000]. Introduction of liquid water into
the snowpack results in a three-phase system (ice, water and air), where SWE cannot be determined from the radar wave two-way travel time unless liquid water content has been determined, even if wave propagation velocity is known. In this case
snow density, necessary for the calculation of SWE, has to be estimated from electrical
permittivity/radar wave propagation velocity using one of the known empirical formulae for mixtures, all of which contain liquid water content as one of its components
[Frolov and Macheret, 1999, Sihvola, 1999, Lundberg and Thunehed, 2000].
It would therefore be beneficial to be able to determine liquid water content using
ground penetrating radar and avoid manual measurements. This can be done, for example, by using the frequency shift method to estimate complex electrical permittivity
which, with the real part of electrical permittivity determined using the common midpoint method, gives us liquid water content [Bradford and Harper, 2006]. Our approach,
on the other hand, relies on estimating liquid water content in snow from effective electrical conductivity, which can be obtained from radar wave attenuation, two-way travel
time and propagation velocity.
With amplitudes readily available from GPR data, either the effective source amplitude or a reference measurement of amplitude is needed to determine attenuation; the
question of determining the reflection coefficient of the snow/ground interface also has
to be addressed. When radar wave attenuation has been determined, effective electrical conductivity can be calculated using a formula derived from Maxwell’s equations.
Then it only remains to establish the relationship between snow wetness and electrical
conductivity in order to be able to estimate liquid water content from radar data.
The overall aim of this work is to experimentally establish the relationship between
liquid water content (by volume) and effective electrical conductivity of snow, which
should lead to an improved accuracy of SWE estimates with ground penetrating radar.

2

Theory

In typical GPR applications, the resulting amplitude A depends on effective source amplitude A0, source and receiver antenna directivity DS and DR , geometrical spreading
G, reflection coefficient of the target R, attenuation due to energy transformation into
heat α (m−1 ), and trip length d (m). If a radar wave passes several layers with different
electromagnetic properties, attenuation and trip length have to be considered separately
for each layer and the resulting amplitude also depends on transmission coefficients Tj .
When radar waves only travel in one direction without reflection from a target, as is the
case in our experiments, there is no reflection term in the formula for resulting amplitude:

A=

A0 DS DR
−α d
Π Tj e j j
G
j

(1)
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Let us now consider this equation in detail.

Attenuation
Attenuation in a medium is caused by transformation of a part of electromagnetic energy
into heat. For each layer, attenuation α can be derived from Maxwell’s equations:

α=ω

r

µε
2

r

 σ 2
1+
−1
ωε

!1/2

≈

σ
2

r

µ
ε

(2)

where ω is angular velocity (rad/s), σ is electrical conductivity (S/m), µ is magnetic permeability (V s/Am), and ε is electrical permittivity (As/V m) of the medium
[Jordan and Balmain, 1968]. The approximation found in equation (2) is valid for
σ ≪ ωε, which is typical for GPR applications [Annan, 2003]. Here ε = ε0 εr and
µ = µ0 µr , where εr and µr are relative values of electrical permittivity and magnetic
permeability and the constants ε0 (As/V m) and µ0 (V s/Am) represent electrical permittivity and magnetic permeability of free space, respectively.
When equation (2) is used to describe radar wave propagation in a layer where electrical properties vary between different points, such as snow, effective electrical conductivity
and permittivity have to be considered [Kärkkäinen et al., 2001].
Effective relative permittivity of snow can be estimated using an empirical formula
for mixtures:
(εr snow )1/q = θice · (εr ice )1/q + θwater · (εr water )1/q + θair · (εr air )1/q

(3)

where θ is content by volume and q is usually taken to be equal to 3 (Looyenga’s formula)
or 2 (Birchak’s formula) [Frolov and Macheret, 1999, Sihvola, 1999].
Alternatively, effective relative permittivity can be determined from radar wave travel
time tsnow (s) and trip length dsnow (m):

εr snow =

c2 · t2snow
d2snow

(4)

where c is the speed of light in vacuum (m/s).

Effective source amplitude
Considering equation (1), we notice that to determine attenuation it is necessary to
know effective source amplitude A0 . In the absence of such measurements, it is possible
to use amplitude of a reference measurement taken through a medium with well-known
electromagnetic properties: in our case, air. As electrical conductivity of air is equal to
zero, the amplitude of a radar wave traveling through air is given by:
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Figure 1: Cross-section of a 3D wavefront traveling in a single homogeneous medium (left) and
from e.g. air to snow (right), with wavefront sectors defined by the same angle ϕ.

Aair =

A0 DS air DR air
Gair

(5)

By positioning the receiver with respect to the source identically in both actual measurements and reference measurements, and ensuring that radar waves follow the same
path in both cases (which is achieved by maintaining a 90◦ angle between the direct line
connecting the source and the receiver and all the interfaces between layers, such as the
air/snow interface), we obtain DS air = DS and DR air = DR . Equation (5) yields:

A0 =

Aair Gair
D S DR

(6)

Geometrical spreading
Let us first consider a simple model of geometrical spreading where energy is spread
equally in all directions from a point source. If radar waves travel in a single homogeneous
medium, the wavefront has a spherical shape. However, if radar waves travel through
layers with different propagation velocity, the wavefront is no longer spherical as bending
occurs at layer interfaces with differing refraction angle which depends on the varying
incidence angle [Annan, 2003] (Figure 1).
Let us now compare geometrical spreading of a radar wave traveling through several
layers with different electrical properties to that of a radar wave propagating through
air only, with the same relative position of the receiver with respect to the source. Let
us consider a certain angle ϕ (rad) measured from the direct line connecting the source
to the receiver. This angle will define a sector of the wavefront containing the receiver
(Figure 1).
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Figure 2: Approximation of wavefront sector area.

From the principle of conservation of energy, it follows that for a given angle ϕ the
amount of energy spread over the corresponding wavefront sector will be the same in
actual and reference measurements. For a sufficiently small angle it is a good enough
approximation to assume that the energy is equally spread over the corresponding wavefront sectors, even if our initial assumption that energy is spread equally in all directions
from the source is not valid. Geometrical spreading G and Gair in equations (1) and (6),
respectively, can therefore be taken equal to a square root of the area of the corresponding
wavefront sector, provided that the same angle ϕ is used for both actual measurements
and reference measurements.
For reference measurements through air, the area of the wavefront sector is easily
calculated as the area of a sphere segment. For more complicated cases when radar
waves travel through two or more layers with different electrical properties, the following
approximation can be used.
Let us choose a small angle ϕ and a number of approximation steps n. Let us then
trace (using Snell’s law) radar rays from the source at angles ϕ/n · k, k = 0, 1, 2, . . . , n
measured from the direct line connecting the source to the receiver. We can then use
radar wave propagation velocity in each layer to calculate the points of the wavefront Pk
including the receiver P0 . The area of the wavefront sector can then be approximated as
a sum of lateral surface areas of right cone frustums, each defined by two adjacent points
(Figure 2).
Geometrical spreading for reference measurements through air Gair and for actual
measurements G can therefore be calculated as follows:

Gair =

p
p
Sair = 2πd(1 − cos ϕ)

(7)
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G=

√

S=

n−1
X
k=0

!1/2
q
2
π (rk + rk+1 ) (rk+1 − rk ) + h2k

(8)

where d is the radar wave trip length from the source to the receiver (m), rk is the
distance from the point of the wavefront Pk to the direct line connecting the source and
the receiver (m), and hk is the height of the k-th cone frustum (m) (Figure 2).

Transmission coefficients and thin-layer effects
Apart from the above-mentioned attenuation and geometrical spreading, the resulting
amplitude of a radar wave depends on scattering at interfaces between layers with different electrical properties. Transmission coefficients for thick interfaces (thick compared
to radar wavelength) are given by Fresnel equations [Tsang, 1997]. Reflection from thin
layers can be substantially smaller (and transmission respectively larger) than specified
by Fresnel equations, demonstrated by layers with thickness below 1/10 of radar wavelength not normally reflecting enough energy to be detectable by GPR [Olhoeft, 1998]
(note that the exact limit of detectability also depends on the contrast in electrical permittivity between adjacent layers).
A special case when the presence of a comparatively thin layer can lead to a considerable change in amplitude can be observed when a direct wave is superimposed with one
or several reflected waves ‘bouncing’ in the thin layer before leaving in the same direction
as the direct wave. Depending on layer thickness with respect to radar wavelength and
possible phase shifts at interfaces, this radar wave superposition may significantly affect
the amplitude at the point of measurement [Annan, 2003].

The final formula for radar wave amplitude
Substituting equations (2) and (6) – (8) into equation (1) gives:

A=

√
Aair Sair
−α d
√
Π Tj e j j ,
j
S

αj =

σj
2

r

µ0 µr j
ε0 εr j

(9)

Here j traverses all layers encountered by the radar wave, and the areas of the wavefront segments for an actual measurement S and for a reference measurement Sair are
calculated as described above.

3

Method

A series of three experiments were conducted to establish the relationship between liquid
water content and electrical conductivity of snow.
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Experiment setup
In each experiment, initially dry snow (initial snow wetness was visibly low when compared to snow wetness observed later in the experiment) was placed in a plywood box
with dimensions 0.69 × 0.70 × 0.99m (width, length and height). In the first two experiments the snow was ‘old’ with salinity (concentration of total dissolved solids determined
from DC conductivity of melted snow at room temperature) 0.0053g/l and density 285
and 290kg/m3 , respectively. The third experiment was conducted with fairly recently
fallen snow with salinity 0.0028g/l and density 204kg/m3. Prior to the experiments,
snow was stored in a climate-controlled room at temperature close to but below 0◦ C for
several days, achieving the temperature of −2 to −4◦ C at the time of the experiment.
During the experiment, liquid water content of the snow was stepwise increased by
adding weighed amounts of water (about 4 and 1kg in the first experiment and the last
two experiments, respectively). The water was sprinkled on the snow surface to achieve
an even horizontal distribution of water throughout the snow while keeping the snow
surface as plane as possible. The water used in the experiments was tap water chilled to
the temperature of 0◦ C with salinity 0.18g/l.
After each addition of water, radar measurements were taken through the snow followed by reference measurements through air. Multiple measurements were taken at
each step with the resulting radar trace obtained as the average of each measurement
set. The equipment used for the experiments was a ground penetrating radar system
RAMAC/GPR from Malå Geoscience AB, Malå Sweden, with shielded antennas with
800MHz centre frequency. A complete description of the equipment and the radar software settings can be found in [Granlund, 2007].
For actual radar measurements, the antennas were placed near the centre of the
upper and lower sides of the box with the receiver precisely under the transmitter. This
ensured that radar waves travelled through the snow only in one direction and the direct
line connecting the source and the receiver was perpendicular to the snow surface as well
as the bottom of the box (Figure 3). The position of the antennas together with the
dimensions of the box ensured that the largest cross-section of the first Fresnel volume
was inside the snow [Spetzler and Snider, 2004, Johnson et al., 2005]. The antennas were
housed in a separate wooden frame (built without any metal parts to avoid interference),
which could easily be pulled away from the box for reference measurements through air
and which ensured that radar waves followed the same path in both actual and reference
measurements (as stipulated in the Theory section).
An inevitable complication was the resulting layering encountered by radar waves
during actual measurements; radar waves passed through an air layer above the snow
(up to 23cm thick; the air layer above the snow increased from 20 to 23cm in the first
experiment and from 2 to 4cm and to 9cm in the second and third experiment, respectively), through the snow layer (81, 99 and 99cm at the beginning of the first, second and
third experiments, respectively), through the 2cm bottom of the box, and finally through
a 1cm air layer below the box. The effect of this layering on the resulting amplitude,
including thin-layer effects, is analyzed below.
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Figure 3: Experiment setup: radar signals sent through snow (left) and air (right).

Radar data
For each measurement, radar pulse amplitude and one-way travel time had to be determined. Since it was impossible to start recording radar amplitudes at exactly the same
time as when the pulse was sent from the transmitter, the pulse travel time did not coincide with its recorded arrival time. The first clearly identifiable minimum in each radar
trace was used to identify the arrival time of the pulse (Figure 4).
With travel time of a reference pulse through air calculated from the distance between
the antennas, arrival time of the reference pulse was used to perform time zero correction
on the arrival time of the corresponding radar pulse through snow (note that a reference
measurement was taken immediately after each actual measurement). Thus the travel
time of the pulse was determined; it had to be decreased by the time it took the pulse to
travel through the air layers above and below the box, as well as the bottom of the box,
to obtain radar pulse one-way travel time in the snow.
Pulse amplitude was defined as the amplitude measured at pulse arrival time, but it
had to be corrected for the DC level shift, an increase in the amplitude by a constant value
as a result of analogue-to-digital conversion in the receiver. This shift was calculated by
taking the average of a number of amplitudes at the beginning of the trace where no
transmitted signal was present.

Calculating effective electrical conductivity of snow
After radar pulse amplitudes and one-way travel times had been determined from radar
data, effective electrical conductivity was calculated for each value of liquid water content.
The formula for electrical conductivity was obtained from equation (9) with relative
magnetic permeability of snow equal to unity (µr snow ≈ 1), assuming that attenuation
in the air and in the bottom of the box can be neglected:
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Figure 4: Radar traces from measurements through snow and air, with radar pulse arrivals.

σ=−

2
dsnow

r



√
ε0 εr snow
S
A

√
· ln 
µ0
Aair Sair Π Tj

(10)

j

Here snow height dsnow was assumed to decrease linearly (only the initial and final snow
heights were measured). Effective electrical permittivity used in this equation was determined using two methods: estimated using Looyenga’s formula (liquid water and ice
content by volume were calculated from the mass of added water, the initial mass of
snow and the snow volume) (equation (3) with q = 3), and calculated from snow height
and radar wave one-way travel time in snow (equation (4)). The areas of wavefront
sectors for reference measurements Sair and for actual measurements S were calculated
using equations (7) and (8) with angle ϕ = 0.01◦ and the number of approximation steps
n = 20.
Three interfaces could cause considerable scattering losses: air/snow, snow/bottom
of the box, and bottom of the box/air. Since it is reasonable to assume that layers
thinner than 1/10 of the wavelength cause negligible scattering losses at interfaces (see the
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Theory section and [Olhoeft, 1998]), layer thickness was compared with radar wavelength
in respective materials. We immediately found that the thickness of the upper air layer
varied from 3% to 68% of the wavelength in air while the bottom of the box and the lower
air layer constituted about 9% and 3% of the wavelength in respective media. We could
therefore assume that reflection from the second and the third interfaces was insignificant,
and it was only necessary to consider scattering losses at the air/snow interface. In these
calculations, thin-layer effects of the first and second order in the air above the snow
were taken into account.

Analyzing the results
For each value of liquid water content, effective electrical conductivity was calculated:
• with effective electrical permittivity of snow (a) estimated using Looyenga’s formula
for mixtures, and (b) calculated from radar wave one-way travel time;
• with and without taking into account scattering at the air/snow interface (calculated using Fresnel equations) and thin-layer effects in the air layer above the
snow.
In total, four data sets were analyzed: a dataset for each experiment and a fourth data
set containing combined experimental data from all three experiments. On each dataset,
linear regression analysis was performed in MATLAB using the least squares method.

4

Results

The results from the experiments 1 – 3 are presented in Figure 5, with effective electrical
conductivity (µS/cm) plotted against liquid water content (vol%). These results were
obtained with electrical permittivity calculated from radar wave one-way travel time and
without taking into account scattering at the interfaces between layers and thin-layer
effects. Equations of linear trend lines for each experiment as well as for combined data
from all experiments are presented in Table 1 (first column) together with coefficients of
determination.
Other methods of calculating effective electrical conductivity were tested, and it was
found that the choice of method of calculating effective electrical permittivity did not
significantly influence the results, and neither did taking into account scattering at the
air/snow interface together with thin-layer effects in the air layer above the snow. In
the latter case, the difference in electrical conductivity was less than 5% in all three
experiments. Equations of linear trend lines together with coefficients of determination
can be found in Table 1, and the results for the second experiment are presented in
Figure 6.
Irrespective of the method used to calculate effective electrical conductivity, the coefficient of determination for the linear trend line for the dataset made up of combined
experimental data was very high (97%), and it can serve as the basis of the proposed
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Figure 5: Data from the experiments with linear trend lines.

linear relationship between effective electrical conductivity σ (µS/cm) and liquid water
content θ (in volume parts):
σ = 20 + 3 · 103 · θ

5

(11)

Discussion

Before discussing the obtained results and their projected applicability, let us examine
possible sources of error in the obtained experimental data. Several factors besides those
taken into account in the equations above could influence radar wave amplitudes and
should be considered as possible sources of error.
Firstly, amplitude measurements were affected by multipath interference caused by
reflections from the sides of the box and possibly from other objects in the room where
the experiments were conducted. The effect of interference was minimized by ensuring
that the receiver was not located at an interference maximum or minimum of the direct
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Figure 6: Variations in electrical conductivity due to different calculation methods (Exp. 2).

Table 1: Linear approximation of the relationship between liquid water content θ (in volume
parts) and electrical conductivity σ (µS/cm) for different calculation methods: εr snow calculated
from one-way travel time (method 1) and from Looyenga’s formula (method 2).

Exp. 1
Exp. 2
Exp. 3
Exps.
1-3

Method 1
Scattering
not included
σ = −17 + 3689 · θ
R2 = 99.6%
σ = 14 + 3455 · θ
R2 = 98.1%
σ = 41 + 3001 · θ
R2 = 95.7%
σ = 22 + 3303 · θ
R2 = 97.0%

Scattering
included
σ = −15+3559·θ
R2 = 99.6%
σ = 14 + 3400 · θ
R2 = 98.0%
σ = 41 + 2924 · θ
R2 = 95.4%
σ = 23 + 3194 · θ
R2 = 96.8%

Method 2
Scattering
not included
σ = −7 + 3626 · θ
R2 = 99.3%
σ = 15 + 3466 · θ
R2 = 97.7%
σ = 43 + 2851 · θ
R2 = 94.4%
σ = 22 + 3286 · θ
R2 = 97.2%

Scattering
included
σ = −6 + 3504 · θ
R2 = 99.2%
σ = 14 + 3410 · θ
R2 = 97.6%
σ = 43 + 2787 · θ
R2 = 94.0%
σ = 23 + 3180 · θ
R2 = 97.0%
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wave and the waves reflected from the sides of the box. Moreover, any interference should
be negligible since the amplitudes were measured at the first clearly defined minimum
when the reflected waves had not arrived at the receiver.
Secondly, amplitudes could be affected by planarity of the snow surface. Non-planarity
would lead to focusing or dispersion of the radar wavefront and therefore affect the resulting amplitude. To minimize such errors, the snow surface was kept as plane as possible
by leveling it at the start of the experiment and by sprinkling water using a watering
pot rather than pouring it. Finally, addition of water could lead to formation of waveguides within the snow which could influence the resulting amplitude. Unfortunately, this
process would be very hard to prevent or even to detect.
Calculations of liquid water content and ice content relied on two assumptions: that
the snow was initially dry and that no substantial state transitions (melting of ice and
freezing of water) took place during the experiments. As snow at the start of the experiments was visibly dry compared to its condition later in the course of the experiments,
liquid water content, even though not equal to zero, could be assumed to be equal to zero
at the start of the experiments. State transitions during the experiments were minimized
by keeping the temperature of both snow and water very close to 0◦ C.
While the average liquid water content in the snow was thus controlled, the question
of liquid water content within the volume of snow that affected attenuation the most had
to be addressed separately, as it depended on the distribution of water throughout the
snow. Sprinkling of water as evenly as possible over the whole snow surface minimized
uneven horizontal distribution. Uneven vertical distribution of water, which in the worst
case could have caused layering within the snow (with layers having contrasting water
content and therefore electrical properties), could be assumed to only have a limited affect
on the results since the radar waves travelled the whole height of the snowpack. (Note
that a better accuracy of the results can be achieved by performing measurements at
multiple points of the snow surface. This would require a box with a considerably larger
cross-section area to keep the first Fresnel volume around the radar wave propagation
path inside the snow.)
Apart from the above-mentioned sources of error in the experiment setup, several
approximations used in calculation of effective electrical conductivity should also be discussed here. One of them was the linear approximation of the decrease in snow height
(snow sank with addition of water by 3 and 2cm in the first two experiments with ‘old’
snow and by 7cm in the third experiment with fairly recently fallen snow). This approximation was necessary since only the initial and final values of snow height were recorded.
As the approximation error was largest in the third experiment, this could account for a
somewhat lower coefficient of determination for the linear trend lines (94 – 96% instead
of 98 – 99% in the first two experiments; see Table 1).
The model used to account for geometrical spreading losses was also an approximation,
partly because energy was not spread equally over a segment of the wavefront and partly
because the area itself was calculated by an approximation. However, this approximation
should be valid for sufficiently small angles ϕ, and our tests showed that for small ϕ (even
larger than the value of 0.01◦ used in our calculations) the quote of geometrical spreading
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in actual measurements to geometrical spreading in reference measurements remained
constant as ϕ decreased towards zero. It has to be noted, however, that the obtained
negative values of electrical conductivity for dry snow in the first two experiments (see
Figures 5 and 6) (even though they are very close to zero) either indicate that the model
of geometrical spreading was incomplete or are a manifestation of some measurement
errors.
Having completed an examination of possible sources of error in experiment setup
and in calculations of effective electrical conductivity, let us now discuss the results of
the experiments and their applicability to improving SWE measurements in the field.
It is clear from the results that neither the choice of the method to estimate effective
electrical permittivity (using Looyenga’s formula or radar wave one-way travel time), nor
including scattering losses at the air/snow interface together with thin-layer effects in
the model of geometric spreading, significantly affects the obtained formula for effective
electrical conductivity as a function of liquid water content (equation (11); see Table 1
and Figure 6). On the other hand, the differences between the formulae obtained for
different experiments are somewhat larger (Table 1). The observed spread indicates that
the proposed method of determining liquid water content from radar wave attenuation
via effective electrical conductivity is likely to have an error margin of about 1% of liquid
water content by volume, which is still sufficiently precise to considerably improve SWE
estimates for wet snow.
It has to be noted that for the proposed method of determining liquid water content
from radar wave attenuation to be usable, we need to be able to determine effective
source amplitude and reflection coefficient of the snow/ground interface. Note also that
as the salinity of added water was higher than what is normally found in natural snowpacks, further experiments are needed to determine if and how snow salinity affects the
established relationship.

6

Conclusion

The experiments produced promising results paving the way for future use of radar wave
attenuation to estimate snow wetness. The results strongly suggest a linear relationship
between liquid water content (expressed in volume parts) and effective electrical conductivity (µS/cm) σ = 20 + 3 · 103 · θ. However, for this result to be applicable in real life,
further studies of snow salinity influence on this relationship as well as studies of attenuation due to reflection from the ground should be conducted. Note also that if initial
amplitudes of radar waves are not available, reference measurements will be needed to
determine radar wave attenuation in snow.
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P. (2003). Comparison of ground-based and airborne snow depth measurements with
georadar system, case study. Nordic Hydrology, 34(5):427–448.
[Maurer, 2006] Maurer, J. (2006). Local-scale snow accumulation variability on the
greenland ice sheet from ground-penetrating radar (GPR). Master’s thesis, University
of Colorado at Boulder, USA.
[Olhoeft, 1998] Olhoeft, G. R. (1998). Electrical, magnetic, and geometric properties
that determine ground penetrating radar performance. Proceedings of GPR’98, 7th
International Conference on Ground Penetrating Radar, pages 177–182.
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Laboratory Study of Salinity Influence
on the Relationship between Electrical Conductivity
and Wetness of Snow
Nils Granlund, Angela Lundberg and David Gustafsson

Abstract
Snow water equivalent of a snowpack can be estimated using ground-penetrating radar
from the radar wave two-way travel time. However, such estimates often have low accuracy when the snowpack contains liquid water. If snow wetness is known, it is possible
to take it into account in the estimates; it is therefore desirable to be able to determine
snow wetness from already available radar data. Our approach is based on using radar
wave attenuation, and it requires that the relationship between electrical conductivity
and wetness of snow should be known. This relationship has been tentatively established
in previous laboratory experiments, but only for a specific liquid water salinity and radar
frequency. This article presents the results of new laboratory experiments conducted to
investigate if and how this relationship is influenced by salinity. In each experiment,
a certain amount of snow was melted and a known amount of salt (different for different experiments) was added to the water. Water salinity was measured, and the water
was stepwise added to a one-meter thick snowpack, with radar measurements taken between additions of water. Our experiments have confirmed the earlier established linear
relationship between electrical conductivity and wetness of snow, and they allow us to
suggest that the influence of liquid water salinity on electrical conductivity is negligible
when compared to the influence of liquid water content in snow.
Keywords ground penetrating radar, snow water equivalent, electrical conductivity,
snow wetness, snow salinity, radar wave attenuation

1

Introduction

Snowmelt is an important source of water used by the hydropower industry, and accurate
snowmelt predictions can lead to more efficient energy production and reduce both impact
on aquatic ecosystems and risks of flooding by regulated waters. Obtaining accurate
predictions relies on having good models of snowmelt with accurate input parameter
data. One important input parameter is spatial distribution of snow water equivalent
(SWE ) in the watersheds. Accurate SWE measurements are also of interest in other
areas, for example, in the study of the decrease of polar ice caps and glaciers.
Using ground-penetrating radar (GPR) is a time-effective method for measuring SWE
over large areas, as radar can be operated from snowmobiles or aircrafts. Radar wave
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propagation velocity and two-way travel time, i.e. the time it takes a radar wave to
travel through the snowpack to the ground and back to the antenna, can be obtained
from typical GPR data. While two-way travel time can be determined fairly easily,
calculating propagation velocity is more challenging. Velocity can be determined, for
example, using the common mid-point method, but it is often assumed to be known and
constant throughout the snowpack; this assumption, however, is only valid if no substantial spatial (horizontal) variation in density is present. With snowpack depth calculated
from two-way travel time and velocity, and snow density estimated from velocity using
an empirical formula such as Looyenga’s formula with liquid water content set to zero
[Sihvola, 1999, Frolov and Macheret, 1999], accurate estimates of SWE can be obtained
for dry snow. However, introduction of liquid water in the snowpack results in a threephase system where snow density and hence SWE cannot be accurately determined from
the velocity alone [Lundberg and Thunehed, 2000].
Solutions to the problem of wet snow have been proposed, for example, by Bradford and Harper [Bradford and Harper, 2006], who used the frequency shift method to
estimate complex electrical permittivity. With the real part of electrical permittivity
determined using the common mid-point method, this gives us liquid water content.
Our approach, on the other hand, relies on estimating liquid water content in snow
from effective electrical conductivity, which can be obtained from radar wave two-way
travel time, propagation velocity, and attenuation caused by energy dissipation in the
snowpack [Granlund et al., 2009]. With the relationship between attenuation and electrical conductivity of snow known from Maxwell’s equations [Wangsness, 1979], it only
remains to determine the relationship between electrical conductivity and snow wetness to be able to estimate snow wetness from radar wave attenuation. This relationship has to be established experimentally. The experiments conducted earlier suggested that a linear relationship exists between electrical conductivity and snow wetness
[Granlund et al., 2009]. However, the water added to the snow in those experiments was
tap water with much higher salinity than the salinity of snowmelt or rainwater, and the
question remained if and how this relationship depends on salinity of liquid water in
snow.
This article presents the results of new experiments examining how different liquid
water salinity affects this relationship. The aim of the experiments was to find out if the
earlier established linear formula between electrical conductivity and liquid water content
in snow is valid for different liquid water salinity and if not, establish a new formula for
the relationship between electrical conductivity, content and salinity of liquid water.

2

Method

A series of six experiments were conducted to establish how electrical conductivity
changes with content and salinity of liquid water in snow. Water salinity was kept
constant in each experiment but varied between the experiments, while liquid water content was controlled in each of the experiments by stepwise adding water, obtained by
melting snow, to the snow of a known mass. At each step, approximately one liter of
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water was sprinkled on top of the snow, and after each addition of water, a radar pulse
was sent from a transmitter placed on top of the snow to a receiver placed below the
snow. To be able to determine radar wave one-way travel time and attenuation in the
snow, a reference measurement was taken through air after each measurement through
the snow.
All the experiments were characterized by the following conditions. Before the experiments, the snow was stored in a climate-controlled room with a temperature just
below 0◦ C for several days, and the added water was kept close to 0◦ C by mixing it with
snow. Thus state transitions (melting of snow and freezing of added water), which could
negatively influence the accuracy of calculations of liquid water content, were minimized.
To keep the snow conditions as similar as possible in the experiments, all the snow was
collected at the same spot at the same time; at the beginning of the experiments, the
snow had a density between 374 and 410kg/m3 and contained no or very little liquid
water at the temperature just below 0◦ C.
The snow in the experiments was placed in a water-resistant plywood box. The
dimensions of the box were chosen to be 0.69 × 0.70 × 0.99m (width, length, and height)
to ensure that the first Fresnel volume (i.e. the volume that mainly affects the radar
signals) was inside the snow during the experiments [Spetzler and Snider, 2004]. The
radar equipment was an impulse GPR system from Malå Geoscience AB, Malå, Sweden,
with two shielded antennas with center frequency 800MHz. The antennas were placed
above and below the box in a separate wooden frame, making it possible to pull the
antennas away from the box to take reference measurements through air with the distance
between the antennas kept constant (Figure 1). Note that both the plywood box and
the wooden frame housing the antennas were built without any metal parts, which could
have caused interference with the radar signals. The positioning of antennas above and
below the snow meant that the radar waves traveled vertically through the snow without
any reflection from the ground. This was important since a reflection from the ground
would have caused additional attenuation that would have been difficult to separate
from the attenuation caused by energy dissipation in the snow. Another reason for such
positioning of the antennas was that it allowed an uneven vertical distribution of liquid
water to be dealt with by using effective values of electrical permittivity and conductivity,
while the horizontal distribution of liquid water was more or less even since the water
was sprinkled evenly on top of the snow1 .
The experiment setup allowed measuring radar wave attenuation caused by energy
dissipation in the snow for each value of content and salinity of liquid water. Liquid
water content was calculated at each step of the experiments from the volume of added
water and of the snow, and it was gradually increased from 0 to 4.5% vol., which seemed
to be the maximum water content that the snow in our experiments could hold (compare
[Lundberg, 1997]).
1
With snow wetness controlled by sprinkling water on top of the snow, it is not possible to avoid
uneven vertical distribution since most of the water is concentrated in the upper part of the snow until
the liquid water content in this part reaches the residual water content. However, it should still be
possible to use the effective values of conductivity and permittivity to describe the electrical properties
of the snow as a whole.
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Figure 1: Experiment setup with radar waves traveling through the snow (left) and air (right).

Salinity of the added water was controlled by adding a known amount of salt and
measuring DC electrical conductivity of a water sample. The measured salinity in the
experiments was 1.3, 3.3, 7.7, 9.9, 22.8, and 65.6mg/l, which should cover the range of
salinity of natural snowpacks on land.
For each value of content and salinity of liquid water, effective electrical conductivity
of snow σ (S/m) was calculated using the formula:
2
σ=−
h

s

ε0 · c2 · owt2
ln
µ0 · h2



Asnow
·γ
Aair



(1)

where h is snow height (m), Asnow and Aair are amplitudes of radar signals sent through
the snow and through air, respectively, ε0 is electrical permittivity (As/V m) and µ0 is
magnetic permeability (V s/Am) of free space, c is the speed of light in vacuum (m/s), and
owt is one-way travel time of a radar wave traveling through the snow (s). This formula is
derived from Maxwell’s equations, and it differs from the traditional attenuation equation
by the factor γ that accounts for the difference in geometric spreading losses between
radar wave propagation through air and through the snow2 . Attenuation was calculated
as the ratio of amplitudes Asnow /Aair measured in the time domain after performing DC
level shift on radar traces. The amplitudes were measured at the first clearly identifiable
local extremum in the radar signals to minimize the effect of multi-path interference. The
same local extrema were used to determine one-way travel time, using the measurements
through air as reference for time zero correction. To eliminate the effect of possible system
drift, reference measurements through air were taken after each measurement through
the snow.
2

This factor can be calculated for each value of effective electrical permittivity of snow, which is
obtained from the radar wave one-way travel time.
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Figure 2: Effective electrical conductivity vs. liquid water content in experiments with different
salt content in liquid water.

Finally, step-wise multiple regression analysis was performed on the obtained values
using the least squares method, with data from all the experiments considered as one
dataset.

3

Results

The measurement data is presented in Figure 2, with effective electrical conductivity σ
(µS/cm) plotted against liquid water content θ (vol.%) separately for each of the six
experiments. The calculated estimation error for the values of electrical conductivity
does not exceed 6%.
In all the experiments, the results are relatively close to each other until after liquid
water content of about 2-2.5% vol., independently of liquid water salinity. At higher
liquid water content, the spread of the results increases, but no clear influence of water
salinity can be detected. For example, the measurement points with the lowest salt
content in the liquid water 1.3mg/l are below the points with salt content 9.9mg/l but
above the points with salt content 3.3mg/l.
To clarify the relationship between effective electrical conductivity, liquid water content and salinity, step-wise multiple regression analysis was performed on the data using
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the least squares method. With liquid water content in snow, salt content in liquid water, and an interaction term of the two considered as predictors of effective electrical
conductivity, linear regression analysis results in the following formula:
σ = 11 + 2786 · θ + 38 · sc + 229 · θ · sc

(2)

where σ is effective electrical conductivity (µS/cm), θ is water content (in volume parts)
and sc is salt content (g/l). The coefficient of determination for this linear regression
is 88.89%. The 95% confidence intervals for both salt content ([−163, 238]) and the
interaction factor between salt content and liquid water content ([−7654, 8112]) contain
zero, hence the contribution from these variables is not significant. Removing the secondorder term gives the following equation:
σ = 11 + 2790 · θ + 43 · sc

(3)

Here the coefficient of determination remains unchanged at 88.89%. Since the 95% confidence interval for salt content again contains zero ([−61, 146]), it is confirmed that its
contribution is not significant. The resulting formula is:
σ = 12 + 2791 · θ ≈ 10 + 3 · 103 · θ

(4)

with the coefficient of determination practically unchanged at 88.83% (this linear relationship between σ and θ can be seen in Figure 3). This leads to the conclusion that the
influence of liquid water salinity on effective electrical conductivity is negligibly small as
compared to the contribution of liquid water content, for the values of liquid water content (0 – 4.5% vol.) and liquid water salinity (1.3 – 65.6mg/l) covered in the experiment.

4

Discussion

The suggested formula (4) for effective electrical conductivity of snow gives, as expected,
small positive values for dry snow (θ = 0). However, the values of conductivity calculated
for θ = 0 from the measured radar wave amplitude and one-way travel time are slightly
below zero (see Figure 2). This can only be explained as a result of measurement or
approximation errors.
As we mentioned above, estimation of such errors shows that the error in the calculated values of electrical conductivity does not exceed 6%. Note that the difference
between the experiments, at least for snow wetness above 2-2.5% vol. is larger than 6%,
but it is not possible to identify any relation between the difference in liquid water salinity and the variation in electrical conductivity (see Figure 2). This is also confirmed by
the results of the multiple regression analysis. The conclusion is that the influence of
liquid water salinity on the relationship between snow wetness and electrical conductivity
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Figure 3: Combined data from all experiments with a linear trend line.

can be neglected (as the range of salinity in the experiments covers the range of salinity
normally found in natural snowpacks on land).
However, it may still be desirable to try to find an explanation to the difference
between the experiments observed in Figure 2 for the larger values of snow wetness. One
hypothesis is that this variation is a result of different relationships between snow wetness
and electrical conductivity in the pendular and funicular regime. In other words, the
sensitivity of electrical conductivity to variation in liquid water content may be larger
if there are continuous liquid water paths in the snow (funicular regime), rather than
isolated pendular rings3 of water (pendular regime). If this is true, then the unexplained
variation might be a result of transition from pendular to funicular regime taking place
at different water contents in the experiments.
Finally, we note that the obtained formula (4) compares well to the formula established in an earlier set of experiments with one specific liquid water salinity, around
180mg/l [Granlund et al., 2009]:
σ = 20 + 3 · 103 · θ

(5)

These experiments were conducted using similar but not identical radar equipment.
3

rings at the points of contact between snow particles
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Conclusion

Our experiments have confirmed the experimentally established relationship between
effective electrical conductivity and liquid water content in snow and have shown that
the influence of liquid water salinity on this relationship is negligible within the range
of salinity covered by our experiments, which includes the range of salinity normally
found in natural snowpacks on land. This takes us one step closer to the overall aim
of improving SWE estimates (with GPR) by estimating liquid water content from radar
wave attenuation. However, to be able to apply our method to natural snowpacks when
both radar transmitter and receiver are placed above the snow, studies of attenuation
due to reflection from the ground have to be conducted.
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Testing the Accuracy of Electrical Permittivity
Estimation from Angle-Dependent Reflectivity with
Ground Penetrating Radar
Nils Granlund and David Gustafsson

Abstract
When snowpack water equivalent is estimated with ground penetrating radar, it may
also be desirable to estimate the electrical permittivity of the ground. In many cases,
this can be done by performing a common mid-point survey of the ground layer, but
it can also be beneficial (and in some cases, necessary) to only use the data from a
common mid-point survey of the snowpack. The method presented in this work involves
determining the electrical permittivity of the ground via angle-dependent reflectivity of
the snow/ground interface, from attenuation of radar pulses reflected from the ground
with different incidence angles.
We also present the results of an experiment conducted to test the accuracy of electrical permittivity estimation with the proposed method. The simplest possible scenario
is examined; in the experiment, electrical permittivity of lake ice is estimated from amplitudes of radar pulses traveling through air and reflecting from the ice surface. The
obtained values of permittivity are compared with the true values determined from the
radar wave two-way travel time through the ice layer and the measured ice thickness.
The experimental results show that estimating electrical permittivity from angledependent reflectivity is sensitive to the accuracy of measured amplitudes. We have
observed problems when residual energy, such as antenna ring-down, interferes with the
reflected radar wave.
Keywords angle-dependent reflectivity, ground penetrating radar, electrical permittivity
of the ground, Fresnel equations, snow water equivalent

1

Introduction

The ground penetrating radar (GPR) is an instrument frequently used in various geological applications. An important parameter that can be determined using GPR is
electrical permittivity of, e.g., a ground layer. The most common method for estimating
electrical permittivity with GPR is by conducting a common mid-point survey. In this
case, two-way travel time of two or more radar pulses, traveling along different paths
through a certain layer but sharing the same reflection point at its lower interface, are
analyzed to determine electrical permittivity and thickness of the layer. However, this
63
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method requires that the reflection from the layer’s lower interface is visible in radar
data.
When the reflection from the layer’s lower interface is not clearly visible in radar data,
an analysis can be performed on the amplitudes of radar pulses reflected from the layer’s
upper interface. For example, Reppert et al. [Reppert et al., 1999] estimate electrical
permittivity of a ground layer by conducting a Brewster angle analysis of a common
mid-point survey of the layer above the layer of interest. This method only works if
radar pulses travel from a low-velocity to a high-velocity medium. Another example
is the work by Saarenketo and [Saarenketo and Scullion, 1999], where they determine
electrical permittivity of a road by comparing amplitudes of pulses reflected from the
road surface with reference amplitudes of pulses reflected from an ideal reflector.
In the cases when multi-offset GPR is used to measure snow water equivalent of a
snowpack, it may be beneficial to simultaneously measure the electrical permittivity of
the ground (or, e.g., ice) beneath the snow. In our work, the need for such measurements
arises in the following scenario.
In [Granlund et al., 2009], we discussed the problem of estimating snow water equivalent of wet snow with GPR and proposed a solution based on the experimentally established relationship between electrical conductivity of snow and liquid water content in
snow. Our solution requires that electrical conductivity is determined from radar wave
attenuation caused by energy transformation into heat. However, in reality, it is difficult
to separate this kind of attenuation from losses due to reflection from the snow/ground
interface.
With electrical permittivity of snow determined from a common mid-point survey of
the snowpack, reflectivity of the snow/ground interface can be determined from the angle
of incidence using one of Fresnel’s equations1 if the electric permittivity of the ground is
known. This can be obtained from a second common mid-point survey in the ground, but
in many cases, using a common mid-point survey of the ground layer is not an option, for
example, when there is no clear reflection from its lower interface. Neither is this method
applicable when the ground layer is too thick compared to the antenna separation in a
multi-offset GPR system (as the difference in two-way travel time between different wave
paths decreases, the accuracy of electrical permittivity estimation also decreases).The
other methods mentioned above cannot be used together with measurements of snow
water equivalent of a snowpack: it is not possible to use a Brewster angle analysis since
only few measurements with only few incidence angles are normally conducted at each
point, and Saarenketo and Scullion’s method is clearly not applicable either.
Our goal is to develop a method for estimating the electrical permittivity of the
ground under a snowpack without conducting a common mid-point survey in the ground.
Instead, we rely on radar data obtained from a common mid-point survey of the snowpack
itself.
In this paper, we present an experiment conducted to test if measurements of radar
wave amplitudes can be accurate enough for such a method to be useful in practice. In
the simplest scenario chosen for the tests, a common mid-point survey is performed in a
1

The choice of the equation depends on the polarization of the radar wave.
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non-conducting medium to avoid losses due to energy transformation into heat, and the
underlying reflecting medium is chosen so that its true electrical permittivity can easily
be estimated with some other method. In our case, the experiment was conducted with
radar pulses traveling through air and reflecting from one specific point on lake ice, and
the electrical permittivity of the ice layer was determined from radar wave attenuation
via angle-dependent reflectivity. At the same time, its true electrical permittivity was
determined from the radar wave two-way travel time in the ice and the measured ice
thickness.

2

Theory

In this section, we present a method for estimation of both electrical conductivity of a
snowpack and the electrical permittivity of the ground from a common mid-point survey
of the snowpack. Further, for an experiment conducted to test if the accuracy of radar
amplitude measurements is sufficient for this method to work, we derive the formulas for
calculating electrical permittivity of lake ice. The first formula describes how electrical
permittivity of ice can be determined from the amplitude of a radar pulse reflected from
the ice surface with a known incidence angle. The second formula is used to evaluate the
accuracy of the method, and it describes how the true electrical permittivity of lake ice
can be determined from the two-way travel time of a radar pulse reflecting from both the
ice surface and the water surface beneath the ice.

2.1

Method for Estimation of Electrical Conductivity of a Snowpack and Electrical Permittivity of the Ground

Reflectivity, or reflection coefficient, of an interface between two media is one of the
parameters affecting the resulting amplitude of a radar pulse reflected from that interface.
It is known that reflectivity is highly dependent on the difference between the electrical
permittivity of the media, which makes it a good choice for analysis conducted to estimate
electrical permittivity of one medium when the permittivity of the other medium is
known.
The reflectivity of the snow/ground interface R can be expressed from Fresnel’s equation and Snell’s law as a function of electrical permittivity of snow εsnow and ground
εground and the angle of incidence θ (rad):
√


√

√
εsnow sin(θ)
√
εsnow cos(θ) − εground cos sin−1
εground

√

R= √
√
εsnow sin(θ)
√
εsnow cos(θ) + εground cos sin−1
εground

(1)

This equation is valid when the radar wave is s-polarized (the electrical field vector is perpendicular to the plane of incidence) [Reitz et al., 1993], as in the experiment presented in
this paper.
It can be combined with the radar wave equation
[Cai and McMechan, 1995]:
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A=

A0 · DT (θ) · DR (θ) · R −α·d
·e
,
G

where α =

σsnow
2

r

µ0
ε0 εsnow

(2)

Here d is the length of travel path in snow (m), σsnow is electrical conductivity of snow
(S/m), µ0 is magnetic permeability of free space (V s/Am), ε0 is the electrical permittivity of free space (As/V m), A is resulting amplitude, G is geometrical spreading, A0
is effective source amplitude, and DT and DR are directivity of the transmitter and the
receiver, respectively.
In the equation obtained by combining equations (1) and (2), electrical permittivity
of snow εsnow , the angle of incidence θ, and even geometrical spreading G (via snowpack
depth) can be determined from a common mid-point survey of the snowpack. Effective
source amplitude A0 and antenna directivity DT and DR can be assumed to be known,
but this still leaves us with two unknowns (electrical conductivity of snow σsnow and
the electrical permittivity of the ground εground ) in one equation. The solution is to use
measurements of two radar pulses, reflecting from the same point on the ground with
different incidence angles (available since a common mid-point survey of the snowpack
is conducted). The resulting system has two unknowns in two equations, and hence
both electrical conductivity of snow and the electrical permittivity of the ground can be
determined.

2.2

Estimation of Electrical Permittivity of Lake Ice from Radar
Wave Attenuation via Angle-Dependent Reflectivity

It is unclear how sensitive the proposed method for determining the electrical permittivity
of the ground is to measurement errors in resulting radar wave amplitude. To verify this,
we choose the simplest scenario where radar waves travel through air (instead of snow), so
there is no attenuation due to energy transformation into heat and equation (2) becomes

A=

A0 · DT (θ) · DR (θ) · R
G

(3)

We also choose lake ice as the reflecting medium (instead of the ground) since its true
electrical permittivity can be easily determined. In this case equation (1) becomes (since
εair = 1):
√




√
εice cos sin−1 sin(θ)
εice



R=
√
−1 sin(θ)
√
cos(θ) + εice cos sin
εice
cos(θ) −

Combining equations (3) and (4) gives

(4)
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√




−1 sin(θ)
√
ε
cos
sin
ice
εice
AG



=
√
−1 sin(θ)
A0 DT DR
√
cos(θ) + εice cos sin
εice
cos(θ) −

(5)

In far-field regions of a radar antenna, the geometrical spreading G of a spherical
wave traveling in a homogenous medium is usually assumed to be proportional to the
distance r traveled by the wave from the transmitter [Cai and McMechan, 1995]. This
is because the energy in this case is assumed to be equally spread over the surface of a
sphere with the area S = 4πr 2, and since the amplitude is simply the square root of the
energy, the geometrical spreading is thereby expressed as:

G=

√

S=

√

√
4πr 2 = 2 πr

(6)

Substituting equation (6) into equation (5) yields:
√




−1 sin(θ)
√
ε
cos
sin
ice
√
εice
Ar



2 π
=
√
−1 sin(θ)
A0 DT DR
√
cos(θ) + εice cos sin
εice
cos(θ) −

(7)

The parameters A0 , DT and DR are all properties of the equipment, but the effective
source amplitude A0 is also dependent on environmental conditions, mainly the temperature. With these parameters known, and the length of radar wave travel path r, incidence
angle θ and resulting amplitude A measured in the experiment, electrical permittivity of
lake ice can be determined.

2.3

Estimation of Electrical Permittivity of Lake Ice from Radar
Wave Two-Way Travel Time

In order to validate the values of electrical permittivity of lake ice estimated from the
resulting amplitudes via angle-dependent reflectivity, the true electrical permittivity of
the ice is required. This reference permittivity can be calculated from the two-way travel
times of a radar pulse that has reflected from both the ice and the water surfaces.
Let us assume that the transmitter antenna (T) and the receiver antenna (R) are
located at the height hair above the ice (m), the distance between them is s (m), and the
thickness of the ice layer is hice (m) (Figure 1).
From Snell’s law (with εair = 1) and the geometry in Figure 1 we have the following
system of equations:
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Figure 1: Sketch of the wave paths of a radar pulse reflecting from both the ice and the water
surfaces.


√

sin(θ1 ) = εice sin(θ2 )





 y = tan(θ1 )
hair
x


= tan(θ2 )

hice



s = x + y
2

(8)

Here the unknown variables are x and y (m), θ1 and θ2 (rad) (marked in Figure 1),
and the electrical permittivity of the ice εice . As we have five unknowns but only four
equations, the system cannot yet be solved.
The two-way travel times for the two wave paths shown in Figure 1 can be expressed as:

√2 2
√2 2

twtair ice = 2 yv +hair + 2 xv +hice
air
ice
√

twt = 2 (s/2)2 +h2air
air
vair

(9)

Here twtair is the two-way travel time along the air path (s), twtair ice is the two-way travel
time along the air/ice path (s), vair and vice are the radar wave propagation velocities in
air and in the ice (m/s).
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We can now substitute the well-known relationship between radar wave propagation
velocity and electrical permittivity, v = √cε , into equation (9), where c is the speed of
light in vacuum (≈ 3.0 · 108 m/s). Since εair = 1 we have

√
√2 2
√
εice x2 +h2ice

air
twtair ice = 2 y +h
+2
c
c
√

twt = 2 (s/2)2 +h2air
air
c

(10)

It is often the case that two-way travel times as such are not available, but the difference
between the two-way travel times of the waves taking different paths is easily determined
from radar data:

∆twt = twtair ice − twtair

p
√ p 2
εice x + h2ice
y 2 + h2air
=2
+2
−2
c
c

q

(s/2)2 + h2air
c

(11)

Adding this equation to the equation system (8), we obtain a system of five equations
with five unknowns. This system can be solved (though it requires a numerical solution),
and the true electrical permittivity of the ice can thus be established.

3

Method

In this section, we describe two experiments conducted with GPR. The first experiment,
the ice experiment, was conducted to test if the accuracy of radar amplitude measurements is sufficient to correctly estimate electrical permittivity of lake ice with the proposed method. As we have established in section 2.2, this type of estimation requires
that the radar equipment parameters (the effective source amplitude A0 , the directivity
of the transmitter DT and of the receiver DR ) are known.
Therefore, a second experiment, the directivity experiment, was conducted to map DT
and DR for the radar equipment used in the ice experiment. For simplicity, the effective
source amplitude A0 was included together with DT and DR in a single term. In order
to map the value of this term, equation (3) was modified to exclude reflectivity R (there
was no reflection in the directivity experiment) and then solved for A0 DT DR . Combining
the result with equation (6) gives:
√
A0 DT DR = 2 π · A r

(12)

where r is the distance between the antennas.
As is typical of GPR applications, in our experiments the transmitter and the receiver
antennas were always positioned in the same way with respect to each other (see Figure
4). Hence it was sufficient to map the directivity as a function of the angle between the
normal to the underside of the antenna and the propagation path of the radar pulse. Note
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that in both experiments described here, the angle of transmission was always equal to
the angle of reception, and it was also equal to the incidence angle in the case of reflection
(in the ice experiment). Hence the term A0 DT DR only had to be mapped as a function
of one angle.
There is, however, an additional complication. Since the environmental conditions
differed between the experiments and since the measurements were taken with different
numbers of stacking2 , the effective source amplitude A0 in the two experiments could
not be considered to be the same. Therefore, A0 was eliminated from equation (7)
by substituting the measured amplitudes from two radar pulses, reflected from the same
point on the lake ice but with different angles of incidence, into equation (7) and dividing
one of the obtained equations by the other one.

3.1

Ice Experiment Setup

The ice experiment was conducted on a lake in Luleå, Sweden, using the radar system
RAMAC/GPR from Malå Geoscience AB, Malå Sweden. This system employed shielded
antennas with a center frequency of 800MHz. The temperature at the time of the
experiment was about −5◦ C, so there was no significant melting of the ice.
At the beginning of the experiment, the snow from an area of approximately 1 × 3m
was removed from the ice. A smaller area near the center, which was relatively smooth,
was used as the reflector. Then two wooden beams just over 4m long with a cross-section
area of 30 × 40mm were placed on two plastic shelves with their mid-points directly
above the reflector (Figure 2). The choice of the non-conducting materials, wood and
plastic, allowed us to minimize any effect of the structure on measured wave amplitudes.
The receiver and the transmitter antennas were then placed in between the two beams
supported by plastic frames, both with their underside parallel to the ice surface. This
meant that the transmission angle θT and the receiving angle θR were always equal and
both were always equal to the incidence angle θ (Figure 4a).
The experiment included 10 measurement series. In the first 5 series, the distance
between the antennas and the ice surface was 2.03m and in the last 5 it was 1.14m. These
distances were measured from the underside of the antennas vertically down to the ice
when the antennas were placed close to the mid-point of the beams (the distances were
larger by about 1cm when the antennas were instead placed close to the shelves; this
difference was due to the bending of the beams under the antennas’ weight).
The distance between the antennas varied from 0.28 to 4.08m with steps of 0.2m, so
each measurement series consisted of measurements taken at a total of 20 distances. The
measurements in each series were taken in a randomized order, so that they could be
treated as independent. At every distance in each series, three radar measurements were
taken. Note that the distance between the transmitter and the mid-point of the beams
and the distance between the mid-point of the beams and the receiver were kept equal,
2
Stacking is the process when multiples of a radar pulse are transmitted and the mean value of them
is recorded as a radar trace. This process is preformed automatically by the radar software with the
number of stackings chosen in the radar settings.
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Figure 2: Photo of the ice experiment setup. Wooden beams are placed between two plastic
shelves with the antennas hanging between them. The control unit is placed on a third shelf
approximately 1.5m away.

so that the same point on the ice surface was used as the reflection point throughout the
experiment.
At the end of the experiment, a hole was drilled in the ice at the reflection point to
measure the thickness of the ice layer, which was found to be 44.8cm.

3.2

Directivity Experiment Setup

Before analysis of the ice experiment could be performed, the antenna directivity of the
radar equipment used in the experiment had to be mapped. For that purpose, another
experiment, the directivity experiment, was conducted.
The experiment was conducted in an inner courtyard and the temperature at the time
of the experiment was about 15◦ C. In the experiment one antenna was placed upside
down on the ground with the other antenna hanging over it between two wooden beams
(Figure 3), similarly to the setup of the ice experiment. This experiment was constructed
for the radar pulses to travel between the transmitter and the receiver without any
reflection, which would have affected the resulting amplitudes in a way that would have
been difficult to control.
The antenna on the ground was used as the transmitter and the second one as the
receiver. The antennas were the same as in the ice experiment and the direction of the
transmission and of the reception (compared to the orientation of the transmitter and
the receiver) were also the same, so that directivity could be considered as a function of
the angles θT and θR , which were equal (see Figure 4).
The antennas were initially placed so that the receiver was located precisely over
the transmitter. After measurements were taken, the receiver antenna was moved (to

72

Paper III

Figure 3: Photo of the directivity experiment setup. One antenna is placed upside down on the
ground with the other antenna hanging over it between two wooden beams.

(a) The ice experiment.

(b) The directivity experiment.

Figure 4: Comparison between the wave paths in the experiments. Note that the direction of
the transmission and of the reception is the same in the two experiments (compared to the
orientation of the antennas).
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the right in Figure 3) in steps of 2.5cm until the total horizontal distance between the
antennas reached 2.10m; at each step three radar measurements were taken. With all
these steps of the experiment performed, the whole experiment was repeated three times
with the beams at three different heights, giving the vertical antenna separations 0.77,
1.21 and 1.66m.

3.3

Data Analysis

This section describes how the data from the two experiments was analyzed using the
equations (12), (7), (8) and (11). As the results from the directivity experiment were
required for the analysis of the data from the ice experiment, the data from the former
was analyzed first.
Directivity Experiment
Let us recall that the purpose of the directivity experiment was to map the term A0 DT DR
as a function of angle θT (with θR = θT , see Figure 4). The first step was to identify
the points in the traces where the amplitudes were measured; the largest (by absolute
value) extremum was chosen. Further, mean amplitude values for every group of three
measurements corresponding to each antenna position were calculated. After that, the
lengths of the wave propagation paths connecting the transmitter and the receiver, as well
as the angles between each path and the normal to the underside of the corresponding
antenna, were calculated from the vertical and horizontal distances between the antennas.
With all the angles and distances available, equation (12) was used to calculate
A0 DT DR for every measurement point in the experiment. These values were then plotted
against the corresponding angles for each of the antenna heights in the experiment. A
polynomial of degree 3 was then fitted to each dataset using the least squares method
(Figure 5).
We can see that the values from the two experiments with the larger vertical antenna
separation, 1.21 and 1.66m, follow roughly the same curve, but the curve from the experiment with the smallest separation, 0.77m, has a different shape in the range from 0◦
to about 30◦ . This could be due to near-field effects. However, the lengths of the travel
paths in the ice experiment are closer to the heights for the two upper curves than to the
height for the lower curve. Hence, we choose to fit a curve to the data from both these
two experiments and use that in the analysis of the ice experiment to provide the values
of A0 DT DR for a given angle.
Ice Experiment
The first step was to calculate the length of the travel path of the reflected radar wave
for each measurement, together with the corresponding incidence angle. These were
calculated from the antenna separations and antenna heights. It should be noted that
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Figure 5: Fitted polynomial curves for A0 DT DR together with the corresponding experimental
data, separately for each height. In the last subplot all three fitted curves are plotted together
for comparison.

the data from the first measurement series was corrupted3 , which led to having 4 sets
of data from the 2.03m height and 5 sets from the 1.14m height. The angles and the
distances together with the resulting amplitudes (measured in the same way as in the
directivity experiment, see above) were now available.
The next step in the analysis was to calculate the electrical permittivity of the lake
ice for every possible pair of measurements with different incidence angles (separately
for each antenna height hair ). We considered pairs of measurements instead of individual measurements to eliminate the effective source amplitude A0 and thus overcome the
problem that the effective source amplitude could be different in the directivity and the
ice experiments. The measured amplitudes and incidence angles were, together with the
length of the radar wave travel path and a value of A0 DT DR (calculated using the function of transmission/reception/incidence angle established in the directivity experiment),
substituted into equation (7). Each two measurements gave use two variants of equation
3

One value was missing and it could not be attributed to a specific measurement, making it impossible
to attribute the other measurements correctly and thus corrupting the whole dataset.
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(a) Antenna height 1.14m.

(b) Antenna height 2.03m.

Figure 6: The number (out of 25 possible in (a) and out of 16 possible in (b)) of estimated
permittivity values within 10% interval of the true permittivity, plotted against two incidence
angles.

(7), and by dividing one of these equations by the other one, we eliminated the effective
source amplitude. The resulting single equation was then solved numerically for electrical
permittivity of ice.
Finding the True Electrical Permittivity of Ice
The true electrical permittivity of the ice was determined from the difference in two-way
travel time of radar pulses reflected from the ice and the water surfaces. The calculations
were performed using equation system (8) together with equation (11). The true electrical
permittivity of ice was determined as the average value for all measured radar pulses and
was equal to 3.27.

4

Results

In total, about 4000 values of electrical permittivity are calculated for the experiment
with the antenna height of 1.14m and about 2500 values for one with the height of
2.03m. For each pair of incidence angles there are 25 (for 1.14m height) and 16 (for
2.03m height) possible combinations of observations. To evaluate the accuracy of the
proposed method, we plot the number of values we consider acceptable (within 10%
interval of the true electrical permittivity of the ice), separately for each height (Figure
6). The values on the x- and y-axes represent different incidence angles (as two different
angles were used for each estimation). Note that all the values are concentrated in the
lower-right triangle of the plot, since there are the same combinations of angles in the
upper-left and lower-right triangles, and all those are plotted in the latter.
We would have hoped that there would exist an interval of incidence angles and/or
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Figure 7: Traces of radar pulses reflected from the lake ice with the incidence angles 6.8◦ , 14.9◦ ,
24.9◦ and 35.4◦ , with approximative maximum residual energy affecting the reflected waves
marked out with dotted horizontal lines. The first wave visible in each picture is the direct
wave, the second is the wave reflected from the ice (the one we are interested in) and the third
is the wave reflected from the water beneath the ice. All traces are from the same dataset, with
the antenna placed 2.03m above the ice.

an interval of angle difference, for which the proposed method for estimation of electrical
permittivity would produce acceptable results. This would translate into a (continuous)
region on the plot where a large share of observations produce acceptable results. As
this is not the case, the results are clearly far from satisfactory. Indeed, in Figure 6a,
the largest number of acceptable permittivity values for one pair of angles is 15 out
of 25. Furthermore, over 50% of all pairs do not produce a single acceptable value of
permittivity. The corresponding values in Figure 6b are not better: even though there
are more pairs with acceptable values of permittivity, the largest number of acceptable
permittivity values for one pair of angles is only 4 out of 16.
Let us now study the amplitudes closer by looking at four different radar traces
measured at the incidence angles 6.8◦ , 14.9◦, 24.9◦ and 35.4◦ (Figure 7). All graphs are
from the fourth dataset with the antenna height of 2.03m.
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As can be seen in Figure 7, the residual energy from the direct wave is clearly affecting
the reflected wave. Part of this is antenna ring-down (reflections inside the antennas),
part appears to be external reflections, especially for the small incidence angle. The
reflections are probably from the other antenna since the incidence angle is small when
the antennas are placed close to each other. For small angles (up to 10◦ ) the maximum
amplitudes of the residual energy are about one-third of the maximum amplitude of the
reflected wave, and for larger angles it is about 10%. The corresponding graphs for the
experiment with the lower antenna height show that the error from the residual energy
there is larger, about 20%.
The presented results demonstrate that the values of electrical permittivity of ice
estimated from angle-dependent reflectivity are unsatisfactory, i.e. that the accuracy
in radar amplitude measurements in the conducted experiment was not sufficient. Our
analysis of radar traces indicates that this is due to the residual energy from the direct
wave interfering with the reflected wave.

5

Discussion

This section discusses errors in experiment setup and the ways to improve the proposed
method for estimating electrical permittivity from radar wave attenuation via angledependent reflectivity.
The first type of errors to be discussed is errors in the measuring of the antenna
heights and separations. As the heights were measured when the antennas were placed
close to the mid-points of the beams, the antenna height was (due to the bending of the
beams) greater by about 1cm when the antennas were placed at the ends of the beams.
Besides, measurement errors were also present; however, these errors could not be larger
than 1cm. As for the antenna separations, they were measured using prepared distance
markings on one of the beams. The markings were all measured from the mid-point of the
beam, so possible measurement errors would not be added to each other, and neither of
the errors could have been larger than a few millimeters. These errors in the heights and
separations were, however, relatively small when compared to the measured distances,
which meant that the incidence angles and wave paths calculated from them were not
greatly affected. This reasoning is valid for the ice experiment; however, the reasoning
for the errors in the measuring of the distances in the directivity experiment is analogous.
The next type of errors to be discussed is interference. This type of errors was more
likely to be found in the ice experiment than in the directivity experiment as reflected
pulses were measured there; therefore, only the ice experiment will be discussed here. The
most serious interference that could occur was when the difference between the length
of the direct and reflected wave paths was so small that the waves started to interfere
with each other. When analyzing traces from the ice experiment, it can be seen that
this type of interference occurred in the experiment with the 1.14m antenna height (the
lower height) for large incidence angles, larger than 45◦ .
Besides this kind of interference, there are other types of interference that could
take place, namely, interference from radar waves reflected from other objects in the
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antennas proximity. However, this type of interference was minimized by conducting
the experiment outdoors, where there were no walls and hardly any other objects for
the radar pulses to reflect from. The only objects that radar pulses could reflect from
were the wooden beams, the plastic shelves, the people conducting the experiments,
and the antennas themselves. However, the beams were rather thin, so the bottoms
of the antennas were below the edge of the beams and thereby the risk of interference
caused by them was reduced. Moreover, both the beams and the shelves were made
of non-conducting materials, which reduced the effect of possible reflections from them.
Furthermore, the people conducting the experiment were not affecting the measurements;
this was ensured by conducting a smaller test to see how close a person could get to the
antennas without affecting the measurements. On the other hand, the interference from
radar waves reflecting inside the antennas, the ring-down, is generally very hard to prevent
and this is probably the main reason why considerable errors are seen in the results.
So how can the proposed method be improved? The most important issue to be solved
is minimization of the ring-down from the direct waves. It is likely that the ring-down will
be somewhat reduced if the antennas are placed on another medium than air, since they
are built and tested for measurements in mediums with electrical permittivity typical
for the ground. However, we do not think that placing the antennas in another medium
alone will solve the problem with the ring-down, so another type of antennas than the
ones used in this experiment, producing less ring-down, should probably be used.

6

Conclusions

In this paper, we have presented a method for estimating the electrical permittivity of
the ground under a snowpack from a common mid-point survey of the snowpack. The
method involves determining electrical permittivity via angle-dependent reflectivity of the
snow/ground interface, from attenuation of radar pulses reflected from it with different
incidence angles.
Further, we have presented the results of an experiment conducted to test if the accuracy of radar wave amplitude measurements is sufficient for this method. The experimental results show that estimation of electrical permittivity obtained with this method
is sensitive to the accuracy of measured amplitudes. We have observed problems when
residual energy, such as antenna ring-down, interferes with the reflected wave. Moreover,
the difference in the travel distances between the direct wave and the reflected wave has
to be large enough to avoid interference.
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