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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 am-
plitudes 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 angle-dependent
reflectivity is sensitive to the accuracy of measured amplitudes. We have observed prob-
lems when residual energy, such as antenna ring-down, interferes with the reflected radar
wave.

Keywords: angle-dependent reflectivity, ground penetrating radar, electrical permit-
tivity of the ground, Fresnel equations, snow water equivalent.



1 Introduction

The ground penetrating radar (GPR) is an instrument frequently used in various ge-
ological 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
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 Scullion [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] and [Granlund et al., 2010], 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

1The choice of the equation depends on the polarization of the radar wave.

1



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
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 pa-
rameters 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 esti-
mate 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):
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R =

√
εsnow cos(θ)−

√
εground cos

(

sin−1
(√

εsnow sin(θ)
√
εground

))

√
εsnow cos(θ) +

√
εground cos

(

sin−1
(√

εsnow sin(θ)
√
εground

)) (1)

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

A =
A0 ·DT (θ) ·DR(θ) ·R

G
· e−α·d, where α =

σsnow
2

√

µ0

ε0εsnow
(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 permittiv-
ity 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):
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Combining equations (3) and (4) gives

AG

A0DTDR
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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 = 4πr2, and since the amplitude is simply the square root of the
energy, the geometrical spreading is thereby expressed as:

G =
√
S =

√
4πr2 = 2

√
πr (6)

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

2
√
π

Ar

A0DTDR
=
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√
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(

sin−1
(

sin(θ)
√
εice

))

cos(θ) +
√
εice cos

(

sin−1
(

sin(θ)
√
εice

)) (7)

The parameters A0, DT and DR are all properties of the equipment, but the effec-
tive 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).
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Figure 1: Sketch of the wave paths of a radar pulse reflecting from both the ice and the
water surfaces.

From Snell’s law (with εair = 1) and the geometry in Figure 1 we have the following
system of equations:































sin(θ1) =
√
εice sin(θ2)

y
hair

= tan(θ1)

x
hice

= tan(θ2)

s
2 = x+ y

(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:











twtair ice = 2

√
y2+h2

air

vair
+ 2

√
x2+h2

ice

vice

twtair = 2

√
(s/2)2+h2

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 = c√

ε
, into equation (9), where c is the speed of

light in vacuum (≈ 3.0 · 108m/s). Since εair = 1 we have











twtair ice = 2
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air

c + 2
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εice

√
x2+h2

ice

c

twtair = 2

√
(s/2)2+h2

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

= 2

√

y2 + h2air

c
+ 2

√
εice

√

x2 + h2ice

c
− 2

√

(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 experi-
ment, 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 A0DTDR.
Using equation (6) we obtain:

A0DTDR = 2
√
π ·Ar (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.
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Note 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 A0DTDR 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 Lule̊a, Sweden, using the radar system
RAMAC/GPR from Mal̊a Geoscience AB, Mal̊a Sweden. This system employed shielded
antennas with a nominal 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,

2Stacking 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

8



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 di-
rection 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 A0DTDR

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 corre-
sponding 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
A0DTDR 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):

A0DTDR(θT ) = 103
(

75 · θ3T − 163 · θ2T + 22 · θT + 112
)

. (13)

This formula is valid for θt ∈ [0◦, 60◦]
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 A0DTDR 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
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Figure 5: Fitted polynomial curves for A0DTDR together with the corresponding exper-
imental data, separately for each height. In the last subplot all three fitted curves are
plotted together for comparison.
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calculated from the antenna separations and antenna heights. It should be noted that
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 individ-
ual 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 A0DTDR (calculated using the
function of transmission/reception/incidence angle established in the directivity experi-
ment), substituted into equation (7). Each two measurements gave use two variants of
equation (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
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)

3One 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.

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.

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.
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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.
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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 angle-
dependent 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
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.
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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. It is also possible to use antennas that produce less ring-down
than the ones used in our experiment.

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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