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ABSTRACT: The detection of buried avalanche victims not wearing a beacon is an important 
problem for rescue operations. The development of a fast and reliable method not depending on 
active or passive location devices would simplify the task for an organised rescue. A ground 
penetrating radar with high sampling frequency and the possibility to be mounted on a helicopter 
could be a possible solution. Considering the necessity to improve techniques for organised 
search operations, our goal is to create a plug and play system, which is mounted below a 
helicopter and scans in a fixed raster an avalanche deposit automatically. The radar data 
retrieved should be interpretable easily by a layperson or by an automatic process algorithm that 
tells the user where a victim is located. From a small self-made aerial railway system the radar 
signatures for different snow and environmental conditions were measured about 6 m above the 
snow surface. The data we gathered in winter 2006 showed that even extremely different dry 
snow conditions are deeply penetrable by a 400 MHz GPR antenna and a phantom body (3 water 
bags) could easily be detected. 
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1.  INTRODUCTION  

If the avalanche victim doesn’t have a 
transceiver or responder system and nothing 
is visible on the snow surface the currently 
available systems for an organized search 
operation are dogs or snow probing teams. 
It is very time consuming to organise several 
dog teams or an adequate amount of man-
power to locate a buried person 
conventionally. This substantial rescue team 
has to stay within the hazardous zone from 
a few minutes to several hours with the 
consequence of a high risk exposure. 
Additionally the costs for the usage of 
several helicopters and for the transport of 
the team often reach up to 100,000 sFr 
(US$ 70,000) (Tschirky et al., 2000).  

Based on these circumstances, already 
in 1979 there were considerations about 
using radar for the search of avalanche 
victims (Coumes, 1983, Fuks, 1983, 
Osterer, 1983, Paul, 1983). In the past 15 
years a few other researchers have been 
analysing the possibilities for improving an  
______________________________ 
 *Corresponding author address: Achim 
Heilig, alpS Centre for Natural Hazard 
Management, Grabenweg 3, A-6020 
Innsbruck, Austria; tel: +43-512-392929-17; 
fax: +43-512-392929-39; email: heilig@alps-
gmbh.com  

organised avalanche search operation with 
GPR systems (Niessen, et al., 1994) and in 
recent times Jaedicke (2003), Modroo et al. 
(2004) and Instanes et al. (2004). All these 
activities have in common that the radar 
system is used directly on the ground. 

Ground-penetrating radar in 
combination with helicopters would be the 
most efficient solution for a fast and less 
man-power intensive search. In addition the 
risk of exposure to subsequent avalanches 
could be reduced.  

The aim of this project is to find out how 
snow stratigraphy and snow wetness 
influence radar and to find a solution for the 
use of GPR technology above surface. The 
ultimate goal is to develop a combined hard- 
and software system which can be used on-
site without expert radar knowledge. 

2.  METHODS 

For fieldwork a RIS One GPR 
instrument (IDS Ingegneria dei Sistemi, 
Pisa, Italy) with two different antennas was 
used. Measurements were conducted with a 
400 MHz and a 600 MHz antenna triggered 
by an odometer wheel. The radar antenna 
was moved along a line in one direction 
about 6 m above the snow surface on a 
steel cable. Radar scans were triggered 
every centimetre and at different sampling 
rates.  
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During winter 2006, from March till May, 
seven measurements have been analysed. 
For the first four field days the radar line was 
done with both antennas, afterwards only 
the 400 MHz antenna was used.  

2.1 Instrumentation

For the simulation of helicopter flights 
we constructed and built an aerial railway 
system. The railway system was composed 
of a 6 m high mobile and an 8 m stationary 
pole for moving the system in a 360° circle 
around the stationary pylon. The railway 
system was installed on the Stubai Glacier 
in the Austrian Alps near the station Eisgrat 
(2900 m a.s.l.). The fixed pylon was 
mounted on glacier ice, the mobile pylon 
stood on the snow surface. In case of a 
snow height of around 2 m the cable of the 
system was situated about 6 m above the 
snow surface. The length of the railway 
system was 20 m but the measuring length 
was limited to 15 m due to the antenna 
cable. 

For the simulation of avalanches we 
created an artificial snow structure similar to 
an avalanche deposit with a snow grooming 
machine, by shoving a snow-hill right above 
the buried victim.  

Figure 1:  Test arrangement for the 
fieldwork. On the left is the 6 m high mobile 
pylon and on the right of the picture is the 8 
m stationary pylon visible (black arrows). 
The white box nearby the middle between 
the pillars is the antenna. Inset: The 
phantom body (3 water bags), each water 
bag is about 40 cm long and 30 cm wide. 

For the simulation of human victims we used 
three water bags filled with 10 litres of tap 
water per bag. 

2.2 Snow data

Radar reflectivity is determined by 
contrasts in permittivity and conductivity of 
the penetrated medium. A change of these 
parameters in snow is mostly dependent on 
contrasts in snow density and snow wetness 
(Gubler and Hiller, 1984, Marshall et al, 
2004). Therefore, we focused mainly on 
these parameters and measured with the 
highest possible spatial resolution. 

First the radar signature of the snow 
was measured below the cable. Second, 
high-resolution penetration recordings with 
the SnowMicroPen (SMP) profiles 
(Schneebeli, Johnson, 1999) were 
performed with a spacing of 1 or 2 m along 
the radar line. The measuring depth was set 
to 1.5 m but could not always be reached 
because of some impenetrable layers that 
stopped the measurement. Following a 
conventional snow profile (Colbeck et al., 
1990) was dug in the middle of the trace. 
We acquired different snow parameters in 
this profile such as stratification, grain size, 
grain form, density and hand hardness. With 
the Dielectric Moisture Meter we measured 
a relative value of the dielectric number in 
snow compared to the number in air. The 
permittivity of snow was calculated relative 
to the value in air with an empirical formula 
(Denoth, 1990). 

)/(log1 10 refS UUk   (1) 

2.3 Radar processing

The resulting radar raw data was 
processed with the REFLEXW-Software 
(K.J. Sandmeier Scientific Software, 
Karlsruhe, Germany). With this software it is 
possible to apply different filters and gain 
functions to visualise the resulting reflection 
values. We used a 1D filter (dewowing) to 
eliminate noise that occurs because of the 
geometry of the system and conducted a 
background removal to reduce clutter, 
artefacts and static reflections. We applied a 
linear gain for a clear display of the whole 
observed area. For the analysis of the 
resulting reflection energy we used an 
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envelope application. The envelope or 
instantaneous amplitude is a measure for 
the reflectivity strength, which is proportional 
to the square root of the complete energy of 
the signal at an instant of time. The 
envelope gives an overview of the energy 
distribution of the traces and on the other 
hand it can facilitate the determination of 
signal first arrivals (Sandmeier, 1998). 

3.  CALCULATIONS  

3.1 SnowMicroPen – Signal

The SnowMicroPen records the penetration 
force every 4 μm. Pielmeier (2003) found an 
empirical approach to convert the 
penetration force into density.  

)018.0exp(0033.0 xy   (2) 

with:  y = force signal [N] 
  x = density [kg/m³] 

Vertically highly resolved density can be 
calculated with depth using eq. (2). 
These density values can be converted into 
dielectric constant or permittivity values 
including the assumption that in dry snow 
the permittivity is exclusively a function of 
density, eq. (3) (Mätzler, 1996, Kovacs et al, 
1995) 
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where  is the ice – volume fraction. 
Mätzler (1996) and Kovacs et al. (1995) 
used different functions. However, the 
difference between the equations is below 
1%. The average dielectric number for each 
penetration measurement was calculated 
and the variation characterised. 

3.2 Reflection values

10 scans in a row of a radargram were 
picked out with a point of interest (e.g. an 
apex of a hyperbola) in the middle of these 
scan range. The 10 traces were averaged 
for visualisation and analysis.  

4.  RESULTS  

The field days in the winter of 2006 
were dedicated to different specific topics. 
First, the effect of snow layers of different 
density on the recognisability of the phantom 
body was investigated. Secondly, the effect 
of radar footprint and phantom orientation 
was measured. Third, the effect of wet snow 
on the perceptibility was determined. 

4.1 Effect of snow layers

The effect of snow layers of rapidly 
changing density was tested (March 31 
2006). A snow mound was created above 
the phantom body, simulating an avalanche 
deposit. We measured the line twice with the 
400 MHz and the 600 MHz antenna, 
respectively. In Figure 2 the radargram and 
in Figure 3 the reflection energy with 
averaged samples over ten scans are 
displayed, measured with the 400 MHz 
antenna. The diagonal linear reflection lines 
in the radargram are artefacts caused by the 
two pylons.  

Figure 2:  Radargram of the measurement of 
31 March 06. In horizontal direction the 
distance in metre and in vertical direction the 
two-way travel-time of the signal in ns is 
plotted. The air-snow transition and the 
snow – ice transition as well as the position 
of the phantom body are marked. The 
positions of the reflection energy profiles are 
signed by the arrows. 

The averaged scans (Figure 3) taken at 3.0 
m, 5.4 m and 9.0 m show characteristic 

water bags

air – snow  

snow –ice 
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differences between features of the phantom 
body and the surrounding snow. The 
SnowMicroPen signals (Figure 4) show 
qualitatively little variations. The signal at 5.4 
m shows very clearly the reflections caused 
by the phantom body. The first peak at a 
depth of 40 - 50 ns is the phantom body, the 
second peak is the transition snow – ice (50 
- 60).  

Figure 3:  Diagram of the reflection energy 
of selected scans of the 31 March 06 
radargram. Vertically is the two-way travel-
time of the signal (ns) and the horizontal 
direction describes a relative value of the 
reflection energy.  

SMP measurements were performed directly 
on the artificial avalanche deposit (Figure 4, 
2nd and 3rd curve from left to right) as well as 
before and after this snow hill (1st and 4th

curve). The maximal variation of the 
dielectric number is between 1 and 2 in the 
maximum. The mean permittivity of any 
SMP measurement done in dry snow is 
around 1.6.  

In the radargram it is clearly visible that 
the victim reflection, more precisely the apex 
of the hyperbola, is located at a time of 
around 40 – 45 ns. With a velocity of 
propagation of v = 0.23 m/ns the depth of 
the apex is d = 1.87 m in snow calculated by 

mean = 1.67 (curve 2, figure 4). The probed 
depth in the field was around 2 m. The 
reflection energy of the surrounding snow in 
figure 3 is about five times smaller than the 
energy peak above the phantom body 
consisting of 3 water bags.  

4.2 Effect of radar footprint and phantom 
orientation

An important feature of any radar 
system is the footprint of the antenna. In 
other words how far away of the 
perpendicular of the radar line a phantom 
body clearly is detectable as hyperbola. This 
was analysed by offsetting the phantom 
from the railway system. Furthermore, some 
trials have been made if there is a difference 
in the radargram recognisable whether the 
phantom body is overflown across or along. 

Figure 4:  The calculated permittivity curves from the SMP measurements of 31 March 2006 (left 
4 curves) and of 07 April 2006 (2 curves on the right side). Vertical axis describes the depth in 
mm and the horizontal direction shows the permittivity.  
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Figure 5:  Diagram of the reflection energy 
of 2 measurements of 07 April 06. The 
scans were selected directly above the apex 
of the hyperbolas. The vertical direction is 
the two-way travel-time of the signal (ns) 
and the horizontal axis describes a relative 
value of the reflection energy. The 
continuous line corresponds to the reflection 
energy with 1 m distance of the phantom 
body to the perpendicular while in the other 
curve the phantom was 2 m away. The peak 
in a depth of 40 ns corresponds to the 
location of the bags. The peaks between 50 
– 60 ns describe the snow – ice transition. 

The ratio of the reflection energy is 
larger than 1.5 from a measurement where 
the target is first in a distance of 1 m than 2 
m away from the radar line, (Figure 5). The 
reflection energy decreases rapidly with 
distance to the radar line. The reflection 
values for a distance of 3 or 4 m are similar 
to the 2 m value. 

The orientation of the phantom body, 
parallel or across to the radar line, also 
influences the reflected energy. If the victim 
is parallel to the radar line, the reflected 
energy is 1.4 – 1.8 times larger than for 
cross-orientation.  

4.3 Effect of wet snow

Wet snow is known to be almost 
impenetrable by radar (Gubler and 
Weilenmann, 1986). However, most 
measurements were done at a much higher 
frequency (GHz). Therefore, we tested this 
important case in a snow pack where the 

surface was melting. The measurements on 
May 2006 had the same test arrangement 
as described before. We also simulated an 
avalanche deposit directly above the victim 
with a snow grooming machine. 
Furthermore, we dug a cave and recorded 
lines with a human victim lying in the snow 
pack. 

Figure 6:  Radargram of the measurement of 
11 May 06 in wet snow with the phantom 
body and a human victim lying in the snow 
pack. In horizontal direction the distance in 
metre is plotted and in vertical direction the 
two-way travel-time of the signal in ns. 
Marked are the air-snow transition and the 
snow-ice transition, also the artefacts 
caused by the pylons are visible.  

In all cases neither the water bags nor a 
human body was identifiable as a hyperbola 
in the radargram (Figure 6). Because of the 
complexity of the radar picture, we did no 
statistical or reflection energy analysis. No 
reflection could be related to a snow layer or 
an impurity in the snow hill.  
Functions (2), (3) could not be applied with 
the consequence that no permittivity 
calculations of the SMP signal were 
conducted. But the data gathered at the 
snow profile showed the differences to the 
measurements done in March and early in 
April very clearly. Table 1 describes the 
permittivity numbers calculated with (1) from 
the data measured with the Dielectric 
Moisture Meter by Denoth.  

air – snow

snow - ice
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Table 1:  Calculated permittivity values of 
the dielectric numbers recorded with the 
Dielectric Moisture Metre (DMM). 
date mean stddv min  max 
21.03.03 1.42 0.21 1.17 1.74 
31.03.06 1.57 0.23 1.17 1.83 
04.04.06 1.49 0.23 1.08 1.69 
07.04.06 1.54 0.18 1.28 1.74 
28.04.06 1.65 0.34 1.24 2.35 
04.05.06 1.98 0.29 1.68 2.69 
11.05.06 1.99 0.30 1.66 2.89 

5.  DISCUSSION  

We observed quite different snow 
conditions with the 400 MHz and the 600 
MHz antenna. The 400 MHz antenna is 
more adequate for an airborne use for the 
search and location of avalanche victims 
because the resolution is sufficient and the 
resulting radargram is less disturbed by 
static artefacts (K. Sandmeier, personal 
communication). 

The about 40 SMP measurements show 
a strong variation in the penetration 
resistance from almost 0 N up to 50 N or 
more. Accordingly, the density values 
gathered in the profiles have a range of up 
to 400 kg/m³ in one and the same profile. 
The variability of the calculated permittivity 
values of dry snow on the other hand is 
relatively small, only few values are higher 
than  = 2. Solid ice as a maximum possible 
condition of dry snow has a value of  = 
3.15. Compared to the much higher 
dielectric constant of water (  = 81) or 
muscle tissue (  = 50) (Daniels, 2004, 
Jaedicke 2003, Gabriel et al, 1996) the 
question arises whether the influence of 
snow is negligible in relation to a human 
body for a 400 MHz frequency radar. The 
reflection energy shows a remarkably 
stronger reflection for the water bags than 
for dry snow even when the density reaches 
up to quite high values (  > 500 kg/m³). The 
experiments in wet snow confirm earlier 
results that the detection of bodies is 
probably very difficult or impossible under 
such conditions. The explanation is currently 
not completely clear. If we model a 
radargram with the measured permittivity 
values as snow layers, a hyperbola is 
visible. 

The footprint of the antenna is an 
important part of this work. It influences the 

capability of such a radar system to be used 
for a professional search and rescue 
operation. The emitting angle of beam 
across the radar movement direction is 
according to the specifications 60° to both 
sides. But our tests in around 6 m above 
ground showed that the reflection energy 
decreases rapidly for objects that are more 
than 1.5 m away perpendicular to the radar 
line. The used antenna is also very sensitive 
to the orientation of the phantom body.  

6.  CONCLUSION 

We conclude that even strong changes 
in stratigraphy in dry snow have a small 
effect on the perceptibility of phantom 
bodies with dielectric properties similar to 
humans. In contrast, wet snow with a similar 
stratigraphy as in an avalanche deposit 
makes a phantom body impossible to detect. 
Although the height of 6 m is too low for a 
helicopter flight, we could show that such a 
system should be feasible. 
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