
Durham E-Theses

High resolution radar imaging of snow avalanches

KOEHLER, ANSELM

How to cite:

KOEHLER, ANSELM (2018) High resolution radar imaging of snow avalanches, Durham theses, Durham
University. Available at Durham E-Theses Online: http://etheses.dur.ac.uk/12556/

Use policy

This work is licensed under a Creative Commons Attribution 3.0 (CC BY)

Academic Support O�ce, Durham University, University O�ce, Old Elvet, Durham DH1 3HP
e-mail: e-theses.admin@dur.ac.uk Tel: +44 0191 334 6107

http://etheses.dur.ac.uk

http://www.dur.ac.uk
http://etheses.dur.ac.uk/12556/
https://creativecommons.org/licenses/by/3.0/
http://etheses.dur.ac.uk


DURHAM UNIVERSITY

DOCTORAL THESIS

High resolution radar imaging of

snow avalanches

Author:

Anselm KÖHLER

Supervisor:

Prof. Dr. Jim N. MCELWAINE

Dr. Betty SOVILLA

A thesis submitted in fulfillment of the requirements

for the degree of Doctor of Philosophy

in the

Geohazards Reseach Group

Department of Earth Sciences

April 16, 2018

https://www.dur.ac.uk
https://www.dur.ac.uk/earth.sciences




iii

Declaration of Authorship
I, Anselm KÖHLER, declare that this thesis titled, “High resolution radar imaging of

snow avalanches” and the work presented in it are my own. I confirm that:

• This work was done wholly while in candidature for a research degree at

Durham University.

• Where I have consulted the published work of others, this is always clearly

attributed.

• Where I have quoted from the work of others, the source is always given. With

the exception of such quotations, this thesis is entirely my own work.

• I have acknowledged all main sources of help.

• Where the thesis is based on work done by myself jointly with others, I have

made clear exactly what was done by others and what I have contributed my-

self.

Signed:

Date:





v

Durham University

Abstract

Department of Earth Sciences

Doctor of Philosophy

High resolution radar imaging of snow avalanches

by Anselm KÖHLER

Snow avalanches are a complex type of gravity driven mass-movement phenomena

and can exhibit very different flow dynamics. They may flow as a dilute and fast

powder snow avalanche, or cohesive snow may cause a dense and slow gliding

motion. The current knowledge and understanding of the processes involved are

partly limited due to the lack of high-resolution spatial measurements of full-scale

avalanches. The diversity of avalanches is known from point measurements and

deposits, but only radar can connect those observation spatially.

This thesis explores the newly developed radar sensor GEODAR. The radar sig-

nal can penetrate a powder cloud and measures reflections from the underlying

denser flow structures. GEODAR allows us to track the evolution of flow features

such as surges, flow regimes and transitions between them in time and space. In

three chapters, I present interpretation of the GEODAR data and add greatly to the

understanding of dynamic processes in snow avalanches.

In particular, I identify typical avalanche signatures in the radar data and classify

the variety of avalanches in terms of seven flow regimes. I investigate in detail the

influence of surges on the intermittent regime which is uniquely found in large pow-

der snow avalanches. And in a third study, I analyse transitions between cold and

warm flow regimes and explain the occurrence with the temperature of the snow

cover.
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Chapter 1

Introduction

Snow avalanches are a type of naturally occurring, gravity driven mass movement.

Large avalanches are both stunning and disastrous phenomena. Observed from a

position of safety, we are able to witness their true scale and magnitude. Witnessed

live, a large powder snow avalanche seizes the attention of the spectators, over-

whelming them with both the silence of the motion and the potentially devastating

force of the event. Once the powder cloud has settled, the altered landscape reveals

the destructive force involved. Large snow deposits are left in the valley floor, clearly

showing the vulnerability of structures directly in a snow avalanche’s path.

In the past, the Alps and other mountainous regions have encountered severe

and catastrophic avalanche events, e.g.in the winters of 1951 and 1999 where many

large avalanches reached roads and even villages (Laternser and Ammann, 2001; SLF,

2000). These events spurred the development of hazard mitigation and risk assess-

ment methods, so that these areas could be safely inhabited (Fuchs et al., 2004). In

support of hazard mitigation measures, research has lead to an improved under-

standing of avalanche dynamics. Nowadays, experts have developed methods to

evaluate avalanche danger and to deal with associated risks. The application and

knowledge of those strategies has been proposed to become part of the UNESCO

cultural heritage of Switzerland (SLF, 2017).

Today’s advances in technology have enabled us to improve our understand-

ing of snow and avalanches more than ever before. We can forecast snow fall. We

can simulate weak layers in the snow pack. We can detect avalanches in remote

areas from space. We can employ computer models to predict an avalanche’s mo-

tion. Increased reliance on these forecasting tools comes along with a great need
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of high-resolution measurements to validation the performance of these models in

their finest details. The radar used in this research is known as GEODAR (GEO-

physical flow dynamics using pulsed Doppler radAR) and I will show that it adds

greatly to existing dynamic measurements. The radar GEODAR allows us to trace

the evolution of an avalanche in unprecedented spatial and temporal resolution.

The present work explores the capability of GEODAR to detect structures in

avalanches and follow their evolution in time and space. These results are used

to: firstly, improve the current knowledge of flow regimes; secondly, explore the com-

plex nature and the denser flow features of powder snow avalanches; and thirdly,

understand in detail and parameterize the frequently occurring transition between

cold and warm flow regimes while an avalanche descends a long slope.

1.1 Flow dynamics in snow avalanches

It has long been known, that snow avalanches can exhibit a variety of very different

and complex flow behaviour (Voellmy, 1955). For the manifold of behaviours, the

term avalanche dynamics is used in analogy to the term fluid dynamics which de-

scribes the whole field of fluid motion. From a dynamic point of view, avalanches

differ in the occurrence of various flow regimes — a region in the avalanche where

similar flow processes play a role. An air-borne avalanche is fast, dilute and may

even detach from the ground. The interaction of single particles with the air con-

trols the movement. In contrast, compacted snow moves slowly and can glide on

icy shear planes. The friction with the ground is the main retarding force. In be-

tween, snow acts more as a granular material, and the interaction between particles

and granules as aggregates of particles dominate the motion. A differentiation of

these flow processes can be achieved by observation of the flow and the resulting

depositional structures.

Measurements of deposits are often the only source of information on the preced-

ing dynamic processes. The deposits can reveal the total mobilized snow mass, the

runout length and structural patterns, which help to differentiate the prevailing flow

regime and the composition of the avalanche (Issler, 2003). Cold and dry snow usu-

ally yields smooth and wide-spread deposits of snow cover fragments embedded in
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fine grained snow. The deposits of warm snow are significantly rougher, consist of

well-rounded granules or large lumps of snow and are sometimes confined in steep

levées (Bartelt and McArdell, 2009). Even though avalanche deposits are an impor-

tant source of information, they only detail the end state and the preceding motion

must be deduced. When and where a flow regime was initiated and (presumably)

transitions between flow regimes cannot be inferred.

Avalanches, particularly mixed powder snow avalanches, can reach unexpect-

edly long runouts. When fully developed and thus have a certain size and travel a

certain drop height, they can cross over gentle terrain and even climb up a counter-

slope (Schweizer et al., 2015). Such high mobility is interpreted as evidence of a flu-

idized flow regime (Salm and Gubler, 1985). Measurements with a pulse-Doppler

radar (Gauer et al., 2008) in conjunction with studies of deposit patterns (Issler and

Gauer, 2008) have shown that avalanches can contain several flow regimes at the

same time and this leads to the concept of a mixed avalanche.

Mixed avalanches are described as avalanches containing a dense flowing part

and a more dilute fluidized region (called light flow in Schaerer and Salway (1980) and

saltation layer in Issler (2003)) under a turbulent suspension or powder cloud. There

are strong indications that these flow regimes feed each other and material fluxed

exist between them, but they can also evolve and move separately (Gauer et al., 2008;

Sovilla et al., 2015). The above described mixed avalanches are referred to in this

thesis as powder snow avalanches (PSA).

Observations in the frontal region of powder snow avalanches are going back at

least as far as the 1980s and were performed all over the world from Canada (Schaerer

and Salway, 1980), Russia (Bozhinskiy and Losev, 1998) and Japan (Shimizu et al., 1980).

Even though the used measurement devices were quite primitive, they all come to

a similar structure at the front of an PSA. The main observations were that there is

no continuous flow of material, but an avalanche contains many wave. Different no-

tions like airblast, jets and vortices were used, but most-likely mean exactly the same

observation: the flowing material passes the sensor with an intermittent character.

More recently, velocity and pressure measurements performed at the testsite

Vallée de la Sionne, Switzerland, reveal that the interior structure of such large

avalanches contains complex clusters of denser material together with more dilute



4 Chapter 1. Introduction

zones (Sovilla et al., 2015). These denser clusters in the so-called intermittent frontal

region cause a pulse-like movement with high impact pressures and fluctuating ve-

locity (Sovilla et al., in prep.). Additionally, Doppler spectra from radar indicate a

wider velocity distribution in this region than elsewhere in the avalanche, which is

interpreted as surging and “stop and go” motion (Gauer et al., 2008). The length of

the intermittent frontal region increases with the availability of cold snow on the

surface and its mobilization due to entrainment (Steinkogler et al., 2014).

However, most of the available measurements of this region are done in one

point of the slope or have a coarse spatial resolution. This makes it difficult to

track the evolution of these denser clusters and to investigate how they affect the

avalanche’s dynamics. Today, it is still unknown when, where and how the clusters

start to form. Even though indications for this fluidized flow regime have existed

for a long time, the scientific debate about the governing physical processes and the

consequences for hazards mapping and avalanche mitigation is ongoing. Experi-

mental avalanche scientists In contrast, todays numerical avalanche models do not

include this region, different depth–averaged parametrisations are used to mimic

the mobility of large, medium and small avalanches, and only provide information

on the bulk behaviour rather than for example peak impact forces.

These described powder snow avalanches form when the available snow along

the track is cold and dry (Steinkogler et al., 2014). As soon as the snow temperature

increases towards −1 ◦C and eventually the snow becomes damp or wet, the rheo-

logical characteristics change and yield the formation of dense granules (Steinkogler

et al., 2015a). The dynamics of warm-wet avalanches are notably different to PSAs:

the suspension cloud disappears, the flow height and velocity decrease, the pres-

sure distribution on obstacles changes (Sovilla et al., 2016) and the static friction co-

efficient increases (Naaim et al., 2013). Cohesion causing plastic material behaviour

is accounted for the substantial difference between cold-dry and warm-wet snow

(Ancey, 2007). While a vertical shear profile is found for cold-dry snow (Kern et al.,

2004), the cohesion in warm-wet snow leads to diminishing shear and gives rise to a

solid-like plug flow above a highly sheared zone (Rognon et al., 2008). Recent inves-

tigations aim to provide a link between snow cover properties such as temperature

and the form of avalanche motion (Naaim et al., 2013; Steinkogler et al., 2014).
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It has been demonstrated with numerous field measurements, that entrainment

significantly influences avalanche dynamics (Sovilla et al., 2006). The initially re-

leased mass can be only a fraction of the total mass found as deposits in the runout

area. Not only the size of the avalanche increases, but also the composition changes.

Usually, large avalanches travel along a varying snow cover, which frequently changes

from cold in the release area to warm in lower elevations. Furthermore, the snow

temperature increases inside the snow cover and is often 0 ◦C at the ground inter-

face. Large entrainment depth or even erosion of the complete snow cover is not

unusual in large avalanches (Issler, 2014). To what extent the entrainment of warmer

snow alters the composition of the avalanching snow and eventually causes a flow

regime transition is a “hot topic” from the perspective of modelling (Vera Valero et al.,

2015) and from the challenge of insitu flow composition measurements (Steinkogler

et al., 2015b). It is surely intuitive that the intake of warmer snow into a powder

snow avalanche has to lead finally to a warm-wet avalanche. However, the dynamic

data of full-scale avalanches from point measurement and deposits are not enough

to quantify those thoughts. With the multitude of recorded avalanche data from the

last couple of years, an approach to those cold-to-warm flow regime transitions is

presented in Chapter 5.

1.2 Avalanche measurements in Vallée de la Sionne

The challenges in snow avalanche research outlined above have to be tackled with

experiments on full-scale avalanches. The existence of different flow regimes, tran-

sitions between them and the role of snow cover characteristics due to entrainment

cannot be answered exclusively on a laboratory scale or with numerical modelling.

One main difference between a laboratory setting and the case of full-scale avalanche

observations is that we are only an observer. We cannot systematically vary any

avalanche parameter, such as release size, snow composition or entrainment rates.

Our experimental research involves arranging our measurement devices to capture

raw data, and carefully interpret and substantiate the gathered data.

To obtain a comprehensive idea of what happens in a single avalanche event,

measurements from various sensors have to be interpreted jointly. For this purpose,
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the best-equipped testsite is Vallée de la Sionne in the western part of Switzerland

(Barbolini and Issler, 2006). There are a multitude of different sensor systems at this

site (see a map in Fig. 3.2 for an overview). They are deployed along the avalanche

track and also on the counter-slope with a full view on the avalanche track. Vallée

de la Sionne can offer the most comprehensive data on avalanches, and in particular,

on their internal structure (Sovilla et al., 2015).

At the Vallée de la Sionne testsite (Sovilla et al., 2013), the majority of sensors

are mounted on a 20 m high pylon situated at the beginning of the runout area.

The pylon is equipped with sensors at different heights to measure impact pres-

sure, flow velocity, flow height, density and temperature. These sensors measure the

temporal evolution of vertical flow profiles. Higher up in the avalanche track, two

upward-looking radars are installed in underground caverns. These radars capture

flow height data and give qualitative information on snow entrainment. The snow

cover characteristics in the release and runout areas can be reconstructed with two

weather stations in direct proximity of the testsite.

Sensors recording spatial measurements are installed in a concrete bunker. The

bunker is situated slightly above the valley floor on the counter-slope of the avalanche

track. Here, conventional cameras capture videos and pictures. Any reliance upon

camera data are determined by specific visibility conditions. Independent of weather

and night variables, data is captured from two complementary radar systems. One

is a pulsed-Doppler radar which resolves the velocity content in avalanches based

on the Doppler principle (Schreiber et al., 2001). The other radar is GEODAR which

can track flow features in range and time (Vriend et al., 2013) and is the main sensor

used throughout this thesis.

Furthermore, seismic measurements using seismometers at several locations in

the avalanche track record the ground movement caused by avalanches (Pérez-Guillén

et al., 2015). Seismic sensors also provide the trigger signal to start the recording of

all other sensors as soon as naturally released avalanches are detected. Unfortu-

nately, an avalanche has to reach a certain size before it is detected so that often the

start and initial phases of the flow are missed. However, this problem doesn’t occur

when avalanches are released artificially. Such artificial releases are attempted when

a snow storm brings approximately one meter of new snow. A more comprehensive
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set of field data can be acquired during those experiments including detailed mass–

balance observations with laserscans (Sovilla et al., 2010), infra-red video thermog-

raphy (Steinkogler et al., 2015b) and manual snow profiles in the release and runout

area. Up until now, GEODAR was able to record three successful artifical experi-

ments in winter season 2014/15, 2015/16 and 2016/17, which resulted in detailed

and complete dataset.

The deployed sensors can be classified in two groups, either point measurement

sensors or spatial measurement sensors. Point measurements have the advantage to

show precise information from their location, but do not resolve any slope-parallel

spatial inhomogeneity of the avalanche flow. Spatial measurement sensors generally

enable such a complete view, but can be significantly more challenging to interpret.

With the multitude of sensors, the automatic recording of natural avalanche activ-

ity and the possibility for artificial releases, the testsite is the best way to calibrate,

validate and interpret the radar system GEODAR.

1.3 Radar measurements and GEODAR

Since the 1980s, radar technology has been used in avalanche dynamic measure-

ments. Pioneering scientists would drive in cumbersome military vehicles through

snow-laden mountains, using artillery to release a chosen slope and measure the

avalanche in its approach (M. Hiller, pers. comm., SLF). At this time, radar systems

of continuous wave type were used to resolve velocity spectra by the Doppler prin-

ciple (Salm and Gubler, 1985). A spatial resolution was achieved by geometric means,

as several narrow-beam radars were positioned to measure different portions of the

track.

To overcome this ranging limitation, pulse-Doppler radars have been employed

since then (Schreiber et al., 2001). Such a radar transmits the signal in short pulses

and a time-of-flight measurement yields the desired range. Modern devices achieve

a range-gate resolution of 25 m and return a full velocity spectrum of the targets in

each range-gate at 10 Hz pulse repetition frequency. This mean, the data represent

the velocity spectrum of a 25 m large volume in range which extends over the full

avalanche width laterally. Four different motion measures can be extracted from the
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velocity spectrum. These are the maximum velocity, the mean velocity, the width

of the velocity spectrum and the velocity of maximum intensity. The latter is inter-

preted as the velocity at which most material by volume is flowing. Additionally,

a front velocity can be derived from the arrival times in consecutive range-gates

(Gauer et al., 2007). The use of pulse-Doppler radar has significantly enhanced the

understanding of the flow processes in avalanches (Gauer, 2014). However, many

questions remain due to the coarse spatial and temporal resolution which inhibits

clarity of detail.

To improve the temporal and spatial resolution, a different radar type has to

be used. Such type is found in a frequency modulated continuous wave (FMCW)

radar. The ranging by time-of-flight measurements of discrete pulses is replaced

by continuous time-marks (Skolnik, 2001, chap. 3.3). A commonly used frequency

modulation is a chirp signal with linear frequency ramp and the ranging bases on

the instantaneous frequency of the chirp signal. A Doppler velocity is only resolved

as a by-product, the main data are reflectivity per range and time.

The radar system GEODAR is such an FMCW radar. A high spatial and temporal

resolution is achieved, and in the first setup is 75 cm in range with a pulse repetition

frequency of 50 Hz (Ash, 2013). Furthermore, the receiver design consists of eight

antennae distributed along a horizontal line. Such a setup is known as a phased-

array receiver and is used to achieve also lateral resolution beside resolving targets in

range. Basically, the idea is to illuminate the complete field of view and a direction of

the impinging signal can be resolved with signal processing from phase information

at each antenna. Such beam–forming method is well established for single point

targets (Steinberg, 1976), but for large and distributed targets like avalanche there

has only been done some initial work by (Ash et al., 2014a).

Without such digital beam–forming, the main GEODAR data consist of one-

dimensional range-time-intensity plots known as Moving Target Identification (MTI)

images (Vriend et al., 2013). An MTI filter is required to distinguish between the sta-

tionary background and the moving avalanche. Up until now, only the most simple

MTI filter has been applied which is basically the difference between two adjacent

pulses. Using this filter, two very first avalanche measurements of GEODAR have

been analysed by Vriend et al. (2013). They verified the radar data with existing point
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measurements and reported a good agreement in the timing of the tracked fronts

and internal surges. However, much more details inside the avalanche and a bet-

ter suppression of the static background is expected from the use of different MTI

filter which have longer filter length and thus a more versatile frequency response.

Furthermore, the extraction of Doppler velocities from the GEODAR data has not

been done yet as this requires the development of new signal processing techniques

which work on large distributed targets rather than discrete point reflectors (Vriend

et al., 2013).

GEODAR and the pulse-Doppler radar are operating in C-band frequency. The

corresponding wave length is in the order of 5 cm. The wave length is directly re-

lated to the target size which yields reflections. Smaller particles will let the radia-

tion pass without much attenuation (Salm and Gubler, 1985). This gives one of the

most important motivations for radar measurements: the denser flow structure of

large avalanches are frequently obscured under a dilute powder cloud, which limits

the visual observation of these structures. Since the powder cloud consists of a sus-

pension of millimetre-sized snow particles (Rastello et al., 2011), the radar signal can

penetrate through and detect all the denser flow structures underneath.

Radar is the only spatial measurement technique which is able to measure these

dynamically important denser regions in avalanches. However, many high-resolution

applications of radar aim on the tracking of point targets. But as mentioned be-

fore, avalanches are distributed targets which can be thought of many point tar-

gets in close proximity to one another. The total returned signal for even a sim-

ple distributed target made of two closely spaced point targets can be anything be-

tween cancellation and super-position of both signals (Skolnik, 2001). Transfering

this though to a large avalanche, its internal signal is expected to have a nose-like

and scintillating character. However, identifying different and common MTI pat-

terns inside the avalanche has not been done yet.

Radar imaging is a challenging task, as the radar senses the field-of-view with

different perspective to that of humans. In the simplest analogy, an active radar il-

luminates the scenery and reflections rather than emissions are recorded. However,

radar signals contain more than just that. Polarisation, phase information, Doppler

frequency shift and the super-position of all these effects for distributed targets are
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elusive to interpret. Preliminary results of the GEODAR data indicate a multitude

of signatures in the MTI images, but their occurrence is not yet understood and they

need to be associated with particular structures of snow avalanches. There are many

directions for improving our knowledge on radar measurement of snow avalanches:

from the basic research of the best radar hard-ware, over finding the most suited

waveform and the exploration of effects from distributed targets to finally the phys-

ical interpretation of the MTI signatures.
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1.4 Scientific questions and thesis structure

The objective of this thesis is to explore the potential and capability of the recently

developed and installed radar system GEODAR to measure snow avalanches. Inter-

pretation and discussion of MTI signatures in the radar images appear throughout

the complete thesis. Furthermore, the signal processing is developed to enhanced

the clarity of the avalanche signal and to suppress the static background signal. Be-

side the software side, the hardware of the radar has been constantly updated to

improve the signal quality and temporal resolution.

The scientific purpose of the thesis is to interpret the recorded radar images of

full-scale avalanches in regard to open questions in the field of avalanche dynamics.

In particular, the occurrence of different flow regimes in avalanches are studied.

A second focus is placed on the dynamically important flow regime in the frontal

region of powder snow avalanches. And lastly, a transition between flow regimes

due to snow entrainment is analysed. The following three questions are the topic

of three peer-reviewed journal articles and each study is presented in a separate

Chapter:

1. Which flow regimes in snow avalanches can be detected by GEODAR, and

when and where do they occur?

2. What types of surges can be tracked with GEODAR, and what is their influence

on the flow dynamics and mobility of powder snow avalanches in particular?

3. Can the transition between cold and warm flow regimes be explained by the

snow temperature distribution along the avalanche track?

The thesis starts with a general chapter about the GEODAR system. Chapter 2

give a description of the FMCW principles and specifically of the GEODAR sys-

tem. The required signal processing steps to generate the MTI images, as well as

advanced processing methods, are presented. A section on signal disturbances and

noise helps to differentiate between avalanche signatures and other signals. Finally,

preliminary results on Doppler velocity, beam–forming and snow cover scanning

are shown and discussed.

In the following chapters, the three self-contained journal articles are presented:
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Chapter 3: GEODAR Data and the Flow Regimes of Snow Avalanches

Köhler, A., J. N. McElwaine, and B. Sovilla (2018), GEODAR Data and the Flow

Regimes of Snow Avalanches, J. Geophys. Res., doi: 10.1002/2017JF004375

Chapter 3 compares the GEODAR data of 77 avalanches with flow height mea-

surements, snow cover conditions and pictures. Typical radar signatures of snow

avalanches are defined as MTI signatures of starting, flowing and stopping pro-

cesses. A combination of observed MTI signatures gives a classification of seven

flow regimes, which GEODAR is able to track in space and time. The occurrence of

flow regimes and transitions between them are discussed.

Chapter 4: The dynamics of surges in the 3 February 2015 avalanches in VdlS

Köhler, A., J. N. McElwaine, B. Sovilla, M. Ash, and P. V. Brennan (2016), The

dynamics of surges in the 3 February 2015 avalanches in Vallée de la Sionne, J.

Geophys. Res., 121(11), 2192–2210, doi: 10.1002/2016JF003887

Chapter 4 is a detailed investigation of surges in the avalanche flow and two types

can be identified. The major surges are related to secondary releases and entrain-

ment of snow slabs. The minor surges are interpreted as denser clusters of snow in

the intermittent regime of fully developed powder snow avalanches. Their evolu-

tion in the frontal region and their effect on the flow dynamics are discussed.

Chapter 5: Cold-to-warm flow regime transition in snow avalanches

Köhler, A., J.-T. Fischer, R. Scandroglio, M. Bavay, J. N. McElwaine, and B. Sovilla

(2017), Cold-to-warm flow regime transition in snow avalanches, submitted to

Cryosphere

Chapter 5 combines simulations of the snow cover temperature with the analysis of

cold-to-warm flow regime transitions. MTI images and pulse-Doppler radar data are

compare to characterize those transitions. A transition factor is defined to assess if a

cold or a warm flow regime dominates the dynamics in the deposit area. The factor

is approximately linear with a parameterization of snow cover temperature, and

enables the prediction of the avalanche typology. This study is not only of scientific

value, but may also be helpful in the daily work of avalanche practitioners.
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GEODAR related and other publications by the author not included in the thesis:

Tanha, M. A., P. V. Brennan, M. Ash, A. Köhler, and J. N. McElwaine (2017),
Overlapped Phased Array Antenna for Avalanche Radar, IEEE Trans. Anten-
nas., 65(8), 4017–4026, doi: 10.1109/TAP.2017.2712183

Ash, M., M. A. Tanha, P. V. Brennan, A. Köhler, J. N. McElwaine, and C. J. Keylock
(2015), Practical implementation of a 16-channel C-band phased array radar
receiver, in Proceedings of the 2015 IEEE Radar Conf., pp. 66–70, IEEE, Sandton,
South Africa, doi: 10.1109/RadarConf.2015.7411856

Ash, M., M. A. Tanha, P. V. Brennan, A. Köhler, J. N. McElwaine, and C. J. Keylock
(2014b), Improving the sensitivity and phased array response of FMCW radar
for imaging avalanches, in Proceedings of the 2014 IEEE Radar Conf., pp. 1–5,
doi: 10.1109/RADAR.2014.7060387

McElwaine*, J. N., A. Köhler*, B. Sovilla, M. Ash, and P. V. Brennan (2017),
GEODAR data of snow avalanches at Vallée de la Sionne: Seasons 2010/11,
2011/12, 2012/13 & 2014/15 [Data set], Zenodo, doi: 10.5281/zenodo.1042108,
*equally contributing authors

Fischer, J.-T., A. Köhler, A. Kofler, B. Sovilla, and J. McElwaine (2016), Front and
internal velocity distribution in powder snow avalanches, International Snow
Science Workshop, Breckenridge, Colorado

Sovilla, B., T. Faug, A. Köhler, D. Baroudi, J.-T. Fischer, and E. Thibert (2016),
Gravitational wet avalanche pressure on pylon-like structures, Cold Reg. Sci.
Tech., 126, 66–75, doi: 10.1016/j.coldregions.2016.03.002

Pérez-Guillén, C., B. Sovilla, E. Suriñach, M. Tapia, and A. Köhler (2015), Deduc-
ing avalanche size and flow regimes from seismic measurements, Cold Reg. Sci.
Tech., 121, 25–41, doi: 10.1016/j.coldregions.2015.10.004
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Chapter 2

The radar system GEODAR

2.1 Overview

This chapter gives a detailed description of the GEODAR system (GEOphysical flow

dynamics using pulsed Doppler radAR). First the underlying principles are intro-

duced and then the specific details of the implementation for each version of GEO-

DAR are given. Next, the data processing algorithms and the software implementa-

tion for basic MTI (Moving Target Identification) processing are covered. Then, the

sources of noise and signal disturbances are discussed. And finally, more advanced

processing methods, in particular using frequency super-resolution for beam form-

ing are introduced.

2.2 FMCW principle and radar equation

Radar (RAdio Detection and RAnging) uses electromagnetic waves with a wave-

length longer than the visual spectrum for the purpose of obejct localization and

detection. An electromagnetic signal is transmitted, reflected by a target and then

received and processed. The amplitude of the received signal gives informations

on the target’s radar cross-section, that is, the reflective properties. The time delay

τ between transmit and receive of a pulse gives the target’s range r = c
2τ , where

c is the speed of light in air and r is the line-of-sight distance or range, which is

travelled twice by the pulse. Furthermore, moving targets offset the frequency of

the electromagnetic signal due to the Doppler effect, thus shifts in the received fre-

quency relative to the transmitted frequency can be used to calculate the velocity

component of a target towards the radar system.
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FIGURE 2.1: Sequence of two chirp pairs each containing an up-chirp and

down-chirp. The chirp characteristic is defined by its duration T and the

bandwidthB around the carrier frequency f0. The signal from a static target

(blue) is received with a delay τ , a moving target (red) additionally imposed

the Doppler frequency fd on the received signal. After demodulation, the

measured beat frequencies are fup and fdown.

GEODAR is a frequency modulated continuous wave (FMCW) radar system, in

which chirp pulses, with linearly changing frequency, are modulated on a continu-

ous carrier signal f0 (baseband). Figure 2.1 is a sketch of a sequence of four different

chirp pulses. Each chirp signal is characterized by linearly increasing (up-chirp) or

decreasing (down-chirp) frequency over bandwidth B and duration T . The instan-

taneous transmitter signal st(t) of a linear chirp can be written

st(t) = W (t) sin

(
f0t+

1

2
αt2
)

with − T

2
≤ t ≤ T

2
, (2.1)

where W (t) is an amplitude window function, f0 is the constant carrier frequency

and α is the chirp rate. The chirp rate is the slope of the chirp and defined by the

fraction of bandwidth by duration α = B
T (Fig. 2.1), and α > 0 for up-chirps and

α < 0 for down-chirps. The window W (t) is 1 during a chirp and 0 otherwise with a

smooth taper in between. This is necessary to prevent ringing, which would occur if

there were sharp amplitude changes. The signal generator in GEODAR, a Tektronics

AWG (Arbitary Waveform Generator), gives the ability to vary the bandwidthB and

duration T , rather than having them fixed by the hardware, so that a sequence of

different chirps can be transmitted.

Suppose that a moving target has range (including delays due cables between
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antenna and receiver) r = r0 + vt from the radar system. The received signal sr is

proportional to the transmitted signal st delayed by the two-way travel time τ , so

that

sr(t) ∝ st(t− τ) with τ =
2

c
(r0 − vt) . (2.2)

Neglecting second-order terms in τ yields

sr(t) ∝ sin

(
f0t+

1

2
αt2 − 2f0r0

c
+

2f0v

c
t− 2αr0

c
t+

2αv

c
t2
)
. (2.3)

In the receiver unit, the transmitted signal st is mixed with (multiplied by) the re-

ceived signal sr. The mixing process, or demodulation, produces a signal made of

the sum and the difference of both frequencies. An analog low-pass filter removes

the high frequency content from the summation, so that the remaining signal sb con-

tains only the beat frequency fb.

sb = st(t) sr(t) ∝ cos

(
2

c
(αr0 − f0v) t+

2

c
f0r0

)
. (2.4)

This low frequency signal can then be digitized for further processing.

If the target is static, so that v = 0, the range can be calculated directly from the

beat frequency

fb =
2αr0

c
. (2.5)

However, if the target is moving, the contribution from the Doppler frequency fd =

2f0v
c needs to be taken into account. This can be achieved by the use of up-chirp

and down-chirp signals together as the contribution from the Doppler frequency

changes sign in their beat frequencies

fup =
2αr0

c
− 2f0v

c
and fdown =

2αr0

c
+

2f0v

c
. (2.6)

Range r0 and velocity v can be recovered by substitution of both chirps:

r0 =
c

4α
(fup + fdown) and v =

c

4f0
(fdown − fup) . (2.7)

The contribution of the range r0-term and the Doppler v-term is, for example
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FIGURE 2.2: Two skiers acting as point targets illustrate velocity and range

estimation. The plot shows the difference of signal from both chirp types, so

that positive values in red correspond to the frequency of the up-chirp and

negative ones in blue correspond to the down-chirp. The beat frequency

varies strongly with range. But the skiers with velocity of v0 ≈ 8 m s−1

cause only a small frequency difference between both chirps. This causes an

apparent shift in range of 8× 35/333 = 0.84 m. (Dataset 2013-03-02-11-46-

45).

for the GEODAR III setup with B = 200 MHz, T = 4 ms and f0 = 5.3 GHz (see sec-

tion 2.3.3), approximately fb = 333r0 ± 35v. A change in velocity of 1 m s−1 gives an

apparent change in range of only 35/333 = 0.11 m. Thus the frequency contribution

due to the target’s range is dominant for the GEODAR system. This becomes even

more clear as the range r0 covers usually values between 500 m to 2500 m, whereas

the maximal expected velocity v is up to 100 m s−1. Figure 2.2 shows the beat fre-

quencies fb generated by two moving point targets for up-chirp and down-chirp

and illustrates equations 2.6. The change in beat frequency is large for a varying

range, and the skier’s approach towards the radar can be followed easily. However,

the difference in frequency of both chirps due to the Doppler shift is rather small.

The Doppler velocity and range estimation will be further covered in section 2.6.1

The maximum range rmax depends not only on the chirp characteristic α, but

also on the sampling rate fAD = 2 MHz of the analog-to-digital converter. To be able

to resolve the range unambiguously, the Nyquist sampling limit has to be met and

all expected beat frequencies need to stay below half the sampling rate fb ≤ 1
2fAD.
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For a stationary target, equation 2.5 gives as maximum range rmax = c
4αfAD, i.e.

rmax = 3000 m for GEODAR III.

In the radar literature (e.g. Skolnik, 2001), the range resolution ∆ refers to the min-

imum distance between two targets where they can be separately resolved, and in

the case of GEODAR is ∆ = c
2B = 0.75 m with the pulse bandwidth B and the speed

of light c (Ash, 2013). However, snow avalanches are so-called distributed or com-

plex targets, and possible reflectors are expected to exist much closer to each other.

Therefore the received signals will be a complicated superposition of many reflec-

tions, and result in returns at all ranges covered by the avalanche volume. In this

situation, the extent of the range bins is a more useful quantity to define a resolu-

tion. A range bin is the size of a pixel in the MTI image (fig. 2.2). Provided that the

Nyquist criterion is met by the acquisition system, the size of a range bin equals the

range resolution and is the same ∆ = 0.75 m. Note, as we will discuss later in sec-

tion 2.6, if we can assume prior knowledge, i.e. a single point target, super-resolution

can be achieved and a higher precision than a range bin extend is possible.

Until now in the FMCW equations (eq. 2.2–2.4), we have ignored the amplitude

of the signal and written the received signal as being proportional to the transmitted

signal. This link depends on the radar system, the reflective properties of the tar-

get (radar cross-section), and the geometric attenuation with range r. The received

power Pr can be described by the radar equation (Ash et al., 2014a):

Pr(r) = PtGtGr
λ2∆θσ

cosψ
(4πr)−3. (2.8)

The equation has five terms representing the above mentioned contributions. These

are the transmit power Pt, the gain of the transmit antennaGt, the gain of the receive

antenna Gr, the radar cross-section and a geometric attenuation factor (4πr)−3. The

cross-section scales with the illuminated area for distributed targets and involves the

wavelength of the base-band λ, the azimuthal opening angle of the antenna θ, the

range bin extent ∆ and the grazing angle ψ between the incident beam and the target

surface. The target backscatter coefficient σ depends on the microwave properties of

snow. The last term describes the geometric attenuation with range, which is further

discuss in section 2.4.2.
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There has been a large amount of work on the microwave properties of snow

(Hallikainen et al., 1986) for the purpose of remote sensing (Mätzler, 1987), and the

results were used to estimate the general power budget of GEODAR during its de-

velopment (Ash, 2013). But to my knowledge, a detailed study on the radar cross

section of flowing snow does not exist. Results of avalanche signal studies presented

in Chapter 3 (Köhler et al., 2018) and in Chapter 4 (Köhler et al., 2016) suggest that the

returned intensity depends on flow height and thus possibly also on mass flux and

avalanche size. Investigating the radar cross section in more detail is an interesting

direction for further research.

In general, during the course of an avalanche the returned intensities change

from pulse to pulse, and equation 2.8 varies with time. This introduces another time

scale, the so-called slow-time. This slow-time refers to the timing of the chirp pulses,

and for example GEODAR III transmits 111 chirp-sequences every second. That is,

the MTI images are discretized in chirps. In contrast to slow-time, the time in the

FMCW equations (eq. 2.1 to eq. 2.4) is called fast-time. From this fast-time signal

the range information is extracted. It is practical to divide the data processing into

fast-time processing steps (ranging) in section 2.4.1 and slow-time processing steps

(moving target identification) in section 2.4.2.

2.3 The GEODAR system

The radar system was designed and developed by Ash (2013), and was first installed

at the Vallée de la Sionne testsite in winter season 2010/11. Since then, GEODAR

has undergone several improvements and modifications. We divide these into five

marks. GEODAR is installed in a concrete shelter or bunker on the counter-slope

approximately 50 m above the valley floor of the testsite (Fig. 3.2) . The radar signals

are carried with high-frequency cable between the outside mounted antennas and

the radar hardware inside.

For all systems, the same transmit antenna is used and is situated on the right

side of the Bunker (looking from the avalanche track). An overview of the different

receive antenna installations mounted outside at the bunker’s front is given in Fig-

ure 2.3a) to d). GEODAR I to III are characterized by eight similar receive antennae
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FIGURE 2.3: Panels a), b), c) and d) show the antenna set-ups of the dif-
ferent GEODAR systems. Panels e) and f) show the installation inside the
bunker for the case of GEODAR V. b) Together with Jim McElwaine (left)
after the successful experiment in 2015 and c) together with Matthew Ash
(right) during a maintenance field-trip later this year.
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8 channel Input from
receive antenna

8 channel output to 
analog-to-digital converter

Internal power supply

Demodulation signal
from transmitter

Demodulation signal
from transmitter
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FIGURE 2.4: Picture of opened receiver unit which performs the FMCW fre-

quency mixing process before digitization. The receiver consists of eight

duplicate signal paths, each built from several integrated microwave com-

ponents.

at different locations. GEODAR II has the same antenna configuration as mark III.

GEODAR IV was a complete redesign (Ash et al., 2015), and consists of 16 equally

spaced receive antennae inside a white radome. GEODAR V uses six narrow-beam

directional antenna steered into different directions across the slope in additio to

two wide-beam receive antennae. The characteristics of each GEODAR system are

described in more detail in the following sub-sections 2.3.1 to 2.3.5.

The installation inside the bunker consist of a rack to house the radar hardware

and a set of front-end boxes (Fig. 2.3e) & f)). The radar units inside the rack are the

signal generator, the transmitter, the power amplifier, the receiver and the analog-

to-digital converter. Additionally, supplementary hardware such as backup storage,

heating, power supplies and a network switch are placed in the rack. The front-end

boxes are connected in between the receive antennae and the receiver unit. A band-

pass filter removes any signal with frequency outside the bandwidth (f0±B/2) and

the signal sr(t) is pre-amplified.

The general radar design follows a modular concept, that is, each unit is made of

single electronic modules. These can be replaced easily in case of any degradation

with time or failure. Simply speaking, these integrated microwave components such
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as filters, frequency mixers and power splitters are put together to form the trans-

mitter and receiver unit. As an example, Figure 2.4 shows the inside of the receiver

box made of eight identical signal paths for each receive antenna. The electronic de-

sign is described in detail in Ash (2013), which is valid for GEODAR I, II, III and V.

Reference for GEODAR IV is given in section 2.3.4.

Besides the customized transmit and receive units, GEODAR contains commer-

cially available products for the signal generation, the amplification of the trans-

mitted signal and the analog-to-digital conversion. Furthermore, the antennae are

off-the-shelf products from the wireless network market. Table 2.1 summarizes these

products, and their usage in the different GEODAR systems.

Even though the hardware changed between the systems, the key radar charac-

teristics stayed the same. The carrier frequency of all systems is f0 = 5.3 GHz with

a corresponding wavelength of λ0 = 56 mm. The bandwidth covered by each chirp

pulse is B = 200 MHz, so that the transmitted signal covers the frequency range

between 5.2 GHz to 5.4 GHz. The transmit power is Pt = 15 W, the transmit antenna

TABLE 2.1: Commercial hard-ware components used by the different GEO-

DAR systems. Notably different is GEODAR IV as it contains a specialized

signal generator and antenna array.

GEODAR mark I II III IV V

Signal generator:
Tektronix AWG5002B X X X – X

Power amplifier
Tellumat Ltd. custom-made X X X – –
Bonn Elektronik BLMA 5254-15 – – – X X

Analog-to-digital converter
NI chassis PXIe-1062Q X X X X X
NI controller PXIe-8130 X X X X X
NI ADC PXIe-6366 X X – X –
NI ADC PXIe-6368 – – X X X
NI storage NI 8260 (4x750 GB) – X X X X

Transmit antenna
Solwise ANT58-012PN X X X X X

Receive antenna
Solwise ANT58-012PN X X X – 2x
Ubiquiti AM-5G20-90 – – – – 6x
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gain is Gt = 12 dB, and the polarisation is vertical. The analog-to-digital converter

is set to maximum sampling rate of 2× 106 samples per second, or fAD = 2 MHz,

giving a 1 MHz baseband width. Other radar characteristics and specialities are de-

scribed in the following sub-sections for each system individually.

2.3.1 GEODAR I

GEODAR I was operating from November 2010 to April 2012. This system is exten-

sively described in Ash (2013). The positions of the eight receive antennae (Fig. 2.3a)

are listed in Table 2.2. There was an additional set of inside mounted antennae,

TABLE 2.2: Antenna positions for GEODAR I system. Positions are mea-

sured from the left edge of the bunker facing the mountain.

Antenna Nr. 8 7 6 5 4 3 2 1

PXI channel ai7 ai6 ai5 ai4 ai3 ai2 ai1 ai0

Position [m] 0.60 1.35 2.35 2.82 3.65 4.20 5.25 5.91

which has been used only once during an artificial release experiment1. No actively

reflecting target (sec. A.2) for calibration reasons have been present in the field of

view.

The transmitted chirp sequence consists of three chirp pairs with different dura-

tions Ti = 1 ms, 2 ms and 5 ms. Each chirp pair consists of an up-chirp followed by

a down-chirp. Between all chirps a short blank of 0.5 ms was introduced to prevent

signal leakage into the following chirp. A 1.5 ms initial blank at the beginning of the

sequence helps to find and to extract each chirp sequence from the fast-time signal

(sec. 2.4.1). The total duration of the chirp sequence was 0.02 s long, which equates to

a chirp sequence repetition rate of 50 Hz. The sampling rate of the signal generator

was 400 MHz, thus only twice the chirp bandwidth, thus just satisfying the Nyquist

limit.

There was no phase lock loop or timing between the signal generator and the

data acquisition (sec. 2.5.1), and a marker signal at start and end of the chirp se-

quence did not exist. The chirp extraction from the raw fast-time data signal has to

1The experiment wasn’t successful, only a small avalanche was recorded in file
2011-12-19-15-16-02.
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be done by correlation with the amplitude window. This causes a weak phase sta-

bility needed especially for advanced processing such as beam-forming (sec. 2.6.2).

By December 2010, three large avalanches had been recorded. But the maxi-

mal recording time of 3 min was too short to capture them completely. Neverthe-

less, these avalanches have been the subject of two publications. Vriend et al. (2013)

showed the impressive potential of the radar by validating the radar data with ve-

locity and flow height sensors from the Vallée de la Sionne. Later, Ash et al. (2014a)

did initial work on the aspects of beam-forming and two-dimensional tracking of

flow features. In total, 25 avalanche events were recorded with GEODAR I.

2.3.2 GEODAR II

GEODAR II was operating from November 2012 to April 2013. Compared to the

previous system, the high frequency cables on the receiver side were exchanged for

low-loss cables. The antenna positions (Fig. 2.3b) are listed in Table 2.3. Channel

TABLE 2.3: Antenna positions for GEODAR II system. Positions are mea-

sured from the left edge of the bunker facing the mountain.

Antenna Nr. 8 7 6 5 4 3 2 1

PXI channel ai7 ai3 ai6 ai2 ai5 ai1 ai4 ai0

Channel data 8 4 7 3 6 2 5 1

Position [m] 0.60 1.349 2.389 2.843 2.987 5.915 6.161 7.300

data2 refers to the naming convention in the processing (sec. 2.4.1).

The chirp sequence was not changed compared to the previous system: three

chirp pairs with durations Ti = 1 ms, 2 ms and 5 ms and blanks in between, giving

a temporal resolution of 50 Hz pulse repetition rate. The sampling rate of the signal

generator was increased to 600 MHz.

The signal generator and the analog-to-digital converter were synchronized and

phase-locked with a 10 MHz clock signal. If the start of one chirp sequence is found

with correlation, the other chirps can be extracted by translating the window of the

2Unfortunately, the cables between receiver unit and analog-to-digital converter have been mixed
up, so that the channel naming is not sequential, but the data was still recorded.
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chirp sequence by its length (details in sec. 2.4.1). No marker signal was used. Larger

storage increased the recording length to 9 min.

In February 2013, the acquisition software was rewritten, and a 1 s measurement

every hour was recorded for the rest of the season (sec. 2.7). In total, 36 avalanche

events were captured with GEODAR II.

2.3.3 GEODAR III

GEODAR III was operating from November 2013 until May 2015. The antenna po-

sitions were unchanged from GEODAR II. Because snowfall can accumulate on top

of the antennae and eventually bend them down, a wooden plank was installed as

simple, but effective protection (Fig. 2.3b). In season 2013/14 the cable mix-up per-

sisted, but was corrected in season 2014/15. The antenna positione (Fig. 2.3b) and

cabling are listed in Table 2.4.

TABLE 2.4: Antenna positions for GEODAR III system. Positions are mea-

sured from the left edge of the bunker facing the mountain.

Antenna Nr. 8 7 6 5 4 3 2 1

20
13

/1
4

PXI channel ai7 ai3 ai6 ai2 ai5 ai1 ai4 ai0

Channel data 8 4 7 3 6 2 5 1

20
14

/1
5

PXI channel ai7 ai6 ai5 ai4 ai3 ai2 ai1 ai0

Channel data 8 7 6 5 4 3 2 1

Position [m] 0.60 1.349 2.389 2.843 2.987 5.915 6.161 7.300

The chirp sequence was shortened to only one pair of up-chirp and down-chirp

of T = 4 ms each duration. Instead of sending blanks in between the chirps, a pulse

of T = 0.4 ms constant frequency was transmitted3. Together with 0.2 ms amplitude

tapering, the total duration of the chirp sequence was 0.09 s giving a pulse repetition

rate of 111 Hz.

The signal generator and the analog-to-digital converter were set up to transmit

a marker signal indicating the start of the chirp sequence. This marker proved to be

very useful to extract the single chirps from the fast-time series. Additionally, the

3The idea of the constant pulse is to capture a pure Doppler signal. But a filter for range compensa-
tion (sec. 2.4.2) cancels all low frequencies in the beat signal (see eq. 2.6 with α = 0).



2.3. The GEODAR system 27

Radome

Transmit antenna

16 overlapping integrated patch antenna
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PCB failure

FIGURE 2.5: Picture of opened GEODAR IV receiver unit containing 16

patch antennae and the receiver signal processing on the outside mounted

circuit board. A microwave absorbent foam decouples the transmit signal

feed and the receiver module.

forward and reflected power as well as the temperature of the power amplifier have

been recorded.

GEODAR III continuously took 1 s measurements of the static slope over the

winter seasons at an hourly resolution. An active reflector was mounted on the

measurement pylon (sec. 3.3.1) in the avalanche track. This target gives a strong and

phase stable target for calibration. Additionally, extensive work was done on acquir-

ing calibration data from different points in the slope. The available calibration data

are listed in Appendix A.4.

In February 2015, a successful artificial release experiment gave a high-quality

data set with 3 large and 4 medium size avalanches. Two of these avalanches are

described in chapter 4 about the relevance of surges in avalanche dynamics and the

flow regime of large powder snow avalanches. In total, 36 avalanche events were

captured with GEODAR III.

2.3.4 GEODAR IV

GEODAR IV, or GEODAR HD, was operating from November 2015 until May 2016.

The system was a complete new design to overcome limitations of the previous sys-

tem (Ash et al., 2014b). This new design, shown in Figure 2.5, tackles three main lim-

itations: i) the low receiver sensitivity due to long high-frequency cables connecting

the outside mounted antenna with the receiver unit situated inside the bunker, ii)

the previously weak array response due to the sparsely sampled receiver array with

large inter-element spacing, and iii) the relatively unreliable signal generator.
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The first main advantage of the GEODAR IV design is that the complete FMCW

demodulation process is carried out in the immediate vicinity of the antenna array.

This not only saves some 10 m of high-frequency cables, but also ensures absolutely

equal signal path lengths and therefore phase stability between the different chan-

nels (Ash et al., 2015).

The second improvement is the custom design of the fully sampled antenna ar-

ray. The designed array has a total width of 1.95 m with 16 channels giving an inter-

element spacing of twice the wavelength. Compared to the previous designs with

an average antenna spacing of around 14 wavelengths (Ash et al., 2014a), the GEO-

DAR IV array has a lower side-lobe level (Tanha et al., 2017).

The third major design change was the use of DDS (Direct Digital synthesis) to

generate the chirp signal instead of relying on the arbitrary waveform generator

present in the other GEODAR systems (Ash et al., 2014b). The chirp sequence was

similar to GEODAR III, and contained a set of up-chirp and down-chirp with each a

duration of T = 4 ms each. Without any blanks in between, the pulse repetition rate

increased to 125 Hz.

Unfortunately, the system did not work as expected and suffered from three

problems. First, the circuit board design was too complicated for reliable manufac-

turing. Possibly, the copper layers acted as a heat sink and prevented the insulator

layers glueing together homogeneously. The varying colour of the circuit board in-

dicates slightly burned areas (black circle in Fig. 2.5). As a result, only eight out of

16 channels worked. Second, there was an increasing amount of electronic noise ap-

pearing in the data throughout the winter season (Fig. 2.11d). As it appears in all

channels, the transmit unit may have been the source. And finally, the full radar sys-

tem stopped working on the 4th of May 2016. Nevertheless, in total 29 avalanches

were recorded with GEODAR IV.

2.3.5 GEODAR V

GEODAR V, or GEODAR directional, has operated since November 2016. Hardware-

wise it is based on GEODAR III, but six narrow-beam directional antennae substitute

the previously used broad-beam antennae. Each of these antennae scans its own 4◦

sector of the slope, rather than having all antenna arranged in a phased array. Such a
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“manual beam-forming” makes a lot of processing steps easier as there is no need for

high phase stability. Two remaining broad-beam antennae observe the full slope. As

a test, one of them is rotated and measures the cross polarisation (V–H) compared to

the transmitted vertical polarisation4. The other is set up in parallel polarisation (V–

V). The six narrow-beam antennae measure also in parallel polarisation. The chirp

sequence and the other radar hardware are unchanged from GEODAR III.

With this system the antenna position at the bunker front is no longer important,

instead the direction is critical. To measure them accurately, a traverse of approx-

imately 30 points across the full slope has been carried out using a portable active

target (sec. A.2). Appendix A.5 lists these calibration data, which have been acquired

after every antenna adjustment. The directions changed on 8th of March 2017 as a

large avalanche hit the bunker, and have been readjusted for season 2017/18. The

rough directions are are listed in Table 2.5. To obtain more precise directions of the

TABLE 2.5: Antenna directions for GEODAR V system. Each angle is an

azimuth relatice to North at 0◦. The bunker front at 31.1◦ is approximately

orthogonal to the main track. The line between the bunker and the pylon

line at 303.4◦.

Antenna Nr. 1 2 3 4 5 6 7 8

PXI channel ai0 ai1 ai2 ai3 ai4 ai5 ai6 ai7

Directions [◦ N]

Nov. 16 – 8 Mar. 17 V–V V–H 294◦ 296◦ 302◦ 305◦ 308◦ 313◦

8 Mar. 17 – Jun. 17 V–V V–H 293◦ 295◦ 300◦ 303◦ 308◦ 311◦

Jun. 17 – today V–V V–H 293◦ 296◦ 300◦ 304◦ 307◦ 311◦

antennae, the antenna pattern (see app. A.6) should be fitted to the calibration data.

In total 23 avalanches were recorded with GEODAR V through season 2016/2017.

2.4 Data processing

The GEODAR raw data consist of a fast-time series for each channel. Here, chan-

nel refers to a channel of the analog-to-digital converter (ai0 to ai15), which is ei-

ther connected to an antenna, to a marker channel or to other observables such
4The transmit and receive polarisation is vertical for all systems.
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FIGURE 2.6: Flow chart of GEODAR radar and the data processing. The

high-frequency processes are implemented in hardware, and the demodu-

lated signal is digitized. The following processing steps are done in soft-

ware. These can be divided into fast-time processing (sec. 2.4.1), slow-time

processing (sec. 2.4.2) and physical interpretation (chap. 3 to 5).

as output power and temperature sensors. The fast-time series are sampled with

fAD = 2 MHz, and a full 9 min recording contains a bit more than 109 samples per

channel so that a computer with a large memory is needed.

The data processing (Fig. 2.6) can be divided into two main tasks: i) the fast-time

processing to estimate the range-intensity information for each chirp and channel

(sec. 2.4.1), and ii) the slow-time processing to evaluate the intensity variation at

each range from chirp to chirp (sec. 2.4.2). The slow-time processing results in the

range-time-intensity images of any moving object, which are known as Moving Tar-

get Identification (MTI) plots, e.g. the panels in Figure 2.2. Further processing steps

are later described in advanced processing (sec. 2.6).

The majority of processing functions are written in MATLAB. Some computa-

tionally intensive functions have been implemented as MATLAB executables (.mex)

compiled from C/C++ sources. A lot of work on the general processing structure

and especially the fast-time processing has been done by Jim McElwaine and Ash

(2013). Advances in the slow-time processing have been developed during the the-

sis.

The processing software has evolved into a large collection of functions, sub-

functions and driving scripts. This software is maintained in a Git repository (ver-

sion control system). The GEODAR Git repository is hosted on a server from SLF

(models.slf.ch). A description of all the developed functions would exceed the scope

of this section, but the interested reader is pointed to the documentation in front of

each function’s source code and to a general documentation in the repository.

http://models.slf.ch/p/geodar/
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FIGURE 2.7: Flow chart of the fast-time processing. Each box names a pro-

cessing step and these are described in the text of section 2.4.1. Highlighted

steps could be subjects for future research.

2.4.1 Fast-time processing

Figure 2.7 gives an overview of the fast-time processing chain. The fast-time pro-

cessing starts from the output of the analog-to-digital converter (A/D–C) and ends

with the range estimation. An extensive description of the fast-time processing can

be found in Ash (2013) and Ash et al. (2014a).

The digitized fast-time series (eq. 2.4) are stored inside a single binary .tdms file

in the National Instruments proprietary data format. The data of each channel are

split into a single fast-time series per channel and a polynomial voltage correction is

applied.

In the next step, the chirp sequence is localized in the fast-time series. Three

methods for chirp finding have been developed and are used depending on the GEO-

DAR system. Basically, an array of indices indicating the start of every chirp se-

quence is returned. Method 1 is the correlation of the chirp waveform window W (t)

with the fast-time series (Ash, 2013). It is applied in GEODAR I where no phase-lock

and no marker signal is present. Method 2 is an extension to the previous one and

uses the synchronization of the signal generator and the analog-to-digital converter

in GEODAR II. As soon as a first chirp sequence has been found, the following in-

dices are found by a linear shift about the waveform length. Method 3 makes use of

a marker signal which is transmitted at every start of the chirp sequence. The chirp

sequence start is found by applying a threshold to the marker signal.

The start indices are used for the chirp extraction. Each chirp signal sb(t), i.e. up-

chirp and down-chirp of variable length, is extracted from the fast-time series. This

can be thought of as reshaping each channel into a 3-D array with the dimensions
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being chirps (up-chirps and down-chirps), fast-time (samples in chirp) and slow-

time (pulses). This process is nicely visualized in Ash et al. (2014a, Fig. 7).

This radar data cube is the starting point for further processing. First a phase

correction can be applied to correct for a potential drift between the signal generator

and the analog-to-digital converter due to a missing reference clock. The benefit of

this time-consuming step is an improved MTI plot, i.e. having less vertical stripes

(sec. 2.5 and Fig. 2.11f). Potential problems can be identified by calculating chirp

statistics, e.g. standard deviation over slow-time and fast-time. Examples for the

chirp statistics are given in Figure 2.12 and Figure A.2.

The last step of the fast-time processing is to calculate the range from the chirp

signal sb(t) by estimating the frequency content fb (eq. 2.5). Two methods are used

in GEODAR. The cos-fit ranging gives a very precise range estimate for point targets.

The cos-fit algorithm is discussed and applications are presented in section 2.6.

The usual method of ranging is to employ FFT ranging by the use of a fast-Fourier

transform. It has been found that a custom window function applied to the chirp

w(t) · sb(t) prior to FFT enhances the stability of the derived spectrum ŝ(fb) (see

sec. 2.5.1). This custom window5 notches out unstable regions in the chirp signal

and tapers the start and end to zero. The frequencies fb of the derived spectrum

ŝ(fb) are translated to range by use of equation 2.5. Section 2.6.1 discuses the reason

why the Doppler shift is neglected and equation 2.6 is not used.

Not yet mentioned is the issue of detection. Currently GEODAR does not run

continuously so cannot detect an avalanche event and self-trigger. Instead it is either

triggered manually or by an external trigger signal generated by geophones. With

the amount of acquired data including false trigger and avalanche events (sec. 2.7),

it should be possible to develop a detection algorithm which would work on the

raw time-domain signal in real time. This algorithm could be implemented directly

into the analog-to-digital converter, process a continuous data stream and trigger a

recording. Such self-triggering would enable the deployment of GEODAR-like radar

systems for various mass-movement measurements. By using a looping buffer, data

from before the start of the avalanche detection could also be kept thus allowing

automatic capture of the starting process.

5In the processing software, the window is called cubic33 as the notch is located around 33MHz.
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FIGURE 2.8: Flow chart of slow-time processing. Each box names a pro-

cessing step and these are described in the text of section 2.4.2. Highlighted

steps could be subjects for future research.

2.4.2 Slow-time processing

The output of the fast-time processing and the FFT ranging are the Fourier coeffi-

cients as a function of range ŝ(r) for each chirp pulse. Slow-time refers to the timing

of each pulse, and the purpose of slow-time processing is to resolve the change of

ŝ(r) during the course of the avalanche by generating MTI plots. The acronym MTI

refers to the process of Moving Target Identification filtering, which is a core function

of the slow-time processing. Figure 2.8 gives an overview of the slow-time process-

ing chain.

However, the spectrum ŝ(r) from FFT ranging can also be used directly to mea-

sure the background reflected signal in a season scan, thus exploring the snow cover

over time from snowfall at begin of winter till melting in spring time. Preliminary

scan results are presented in section 2.6.3. Furthermore, some spectrum statistics such

as mean and standard deviation are useful to verify the correct operation of GEO-

DAR. Typical mean values of the magnitude of ŝ(r) are shown in Figure A.2c and

A.2d.

The first step in the following processing is range correction. For now, the resolved

ranges are just shifted by the cable length of the receiver side Ci and transmitter side

Cti . The cable length is not the physical length, but an apparent length corrected for

the slower speed of light in the cables6.

The spectrum ŝ(r) contains a strong static background component which ob-

scures the signal of the moving avalanche. A high-pass filter is used to remove

6GEODAR (except mark IV) uses around 17m of HUBER+SUHNER coaxial cable S_04272_B.
These cables have a velocity of 0.82c.
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FIGURE 2.9: Filter response for the MTI filters normalized to half the sample

rate fAD.

those static components and enhances changes of ŝ(r) with slow-time. This tech-

nique is known as Moving Target Identification (MTI) or MTI filtering. Up to now,

two different MTI filters have been used with GEODAR.

The DIFF filter is simply the difference between two adjacent pulses. The time-

domain filter coefficients are [−1, 1]. This short filter (N = 2) has a very gentle

frequency attenuation towards the static (low frequency) signals (Fig. 2.9). Since the

filter includes only two pulses, it can be computed very quickly. The DIFF filter has

been used in the early publication on the GEODAR data (Vriend et al., 2013; Ash et al.,

2014a).

Much clearer results are obtained with a longer filter. Good results are achieved

with a finite impulse response (FIR) filter with a length of N = 150 samples and

a normalized cut-off frequency of fc = 0.12. The filter coefficients are generated

by the function fir2.m in the OCTAVE signal processing toolbox. Since the filter

length corresponds to 3 s in GEODAR II, and 1.5 s in GEODAR III, the application

of forward and reverse filtering prevents a time shift at the computational costs of

filtering twice. This filter has a much sharper frequency response and the unwanted

low frequencies of the static background are more strongly attenuated while the

pass-band for the higher frequencies is flat (Fig. 2.9). This FIR-150-12 filter is used

throughout the thesis.
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In the future, more complicated filter and sequences of filters in a filter-bank may

provide new insights in the GEODAR data. For example a band-pass filter with a

very narrow pass-band (fc = [0.12 0.13], N = 150) is shown in Figure 2.9. Such a

filter may be used to analyse specific frequencies. In section 3.4.1 blank spots have

been identified in the MTI plot to appear in one flow regime, i.e. the warm plug

regime (sec. 3.5.2). When a series of band-pass filters with varying cut-off frequen-

cies are applied, these blank spots move in time and range. This may indicate that

the form of avalanche movement and the flow velocity is connected with the cut-off

frequency.

The next important processing step is MTI normalization. Equation 2.8 shows

that the returned signal intensity of a distributed target, i.e. the background signal

intensity, roughly decreases with the inverse cube of range I ∝ r−3. An analog

baseband filter is built into the receiver system to compensate for this geometric

attenuation prior to digitization (Ash, 2013). The MTI must be normalised to account

for these two effects since they do not cancel perfectly and other components in the

hardware chain also do not have a flat frequency response.

The mean intensity at each range gives a simple normalization factor. This nor-

malization scheme has been applied in chapter 4. Since the normalization factor is

estimated from each data set, the MTI intensities of different avalanches are diffi-

cult to compare. For example, if the avalanche duration is long in respect to the

recording length, the mean values are biased towards higher values and the normal-

ized MTI intensity will be lower. Otherwise this normalization scheme can be used

to suppress noise at certain ranges like waving trees or disturbed frequency bands

(sec. 2.5).

However, a better normalization would be independent of the data set and equal

for all data sets acquired with the same GEODAR setup. Such a normalization can be

calculated from the false trigger data (sec. 2.7). To obtain an even cleaner background

level, the mean values are calculated in 7 s intervals and the lowest value at each

range is further processed. It is desired to have a smooth normalization curve with

range, and a cubic smoothing spline with eight knots is found to describe the curves

well.

Figure 2.10 shows the smooth normalization curves for the first three GEODAR
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FIGURE 2.10: MTI background level for longest chirps of GEODAR I to III.

These normalization values are used to equalize the MTI signal from the

antennae as each has a slightly different attenuation. The dashed line gives

the general form of the analog baseband filter (Ash, 2013, Fig. 4.22).

systems. The frequency response of the analog filter on the receiver side is shown for

comparison, which matches nicely with the shape of the normalization curves. This

normalization scheme enables comparison of the MTI intensities between individual

avalanches. Furthermore, the normalization curves equalize the gain of each channel

which is a requirement for beam-forming (sec. 2.6.2). The normalization does not

differ between up-chirps and down-chirps.

After the MTI data are normalized, MTI averaging is used to sum up the MTI of all

channels. Averaging the complex MTI values is equivalent to beam-forming when

a correct phase shift is applied to each channel. Beam-forming — the possibility

to focus electronically in a certain direction — is further discussed in section 2.6.2.

Averaging the absolute values increases the signal to noise ratio, that is the signal of

a moving target is enhanced with respect to the static background (Ash et al., 2014a).

The MTI data are usually displayed with a logarithmic colour scale in decibels.

More precisely, the MTI intensity is I(r, t) = 20 log10(MTI), where MTI means the

signal after filtering normalized to the background signal from Figure 2.10. A colour

scale of [0 to 35] has proven a good range of values to include most details. The static

background will be zero, and normally the avalanche signal does not exceed 35 dB.

Finally, the physical interpretation of the MTI images to improve the understand-

ing of avalanche dynamics is the content of the following three chapters 3 to 5.
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FIGURE 2.11: Different type of signal disturbances observable in MTI plots.

Each panel covers the full range of 0 m to 3000 m (y-axis) and 100 s time (x-

axis), and the same yellow-to-red colour scale is used [0 dB to 35 dB]. Each

panel is discussed in section 2.5.

2.5 Signal disturbances

Signal disturbances, noise and failure of the radar hardware do occur. In general,

these incidents degrade or obscure the avalanche signal and may even make a mea-

surement impossible. It is of interest to identify the various sources to be able to

reduce or even remove the unwanted signal and noise. Electronic noise can occur at

any point in the signal path from generation, to amplification, to transmission, and

during reception, demodulation and acquisition. The noise can come from the GEO-

DAR system itself or from external sources such as other equipment in the bunker or

on the mountain. Figure 2.11 summarizes signal disturbances from various sources.

This section does not cover thermal noise, which is of great importance in the radar

design and power budget of the receiver as it determines the signal-to-noise ratio.

The thermal noise consideration of each radar component is described in Ash (2013,

sec. 4.3.3).
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The “simplest case” for a disturbed measurement is a failing component. Unfor-

tunately, such a failing arises erratically and is difficult to reproduce in test measure-

ments. This makes it generally complicated to track down the particular component.

In the case of the example a) in Figure 2.11, the power amplifier had dropouts from

time to time in random but increasingly appearing over the winter season. After an

exchange of equipment in November 2015, these blank intervals were mostly gone.

Electrical interferences are much more complicated to track down in the GEO-

DAR system as specialised high-frequency laboratory measurement equipment is

needed but is not available at the test-site. In case of panel b) in Figure 2.11, the

chirp signal is saturated in an approximately 50 Hz interval. Again, this distur-

bances occurred in the measurements only randomly. However, 50 Hz is a strong

indication for interferences with the mains power supply, which in the case of GEO-

DAR is filtered with an uninterruptible power supply. Unfortunately sometimes the

power circuits in the bunker were incorrectly labelled so that GEODAR was run-

ning directly from the mains. Note that the mains supply in the bunker is of very

poor quality (large voltage and phase shifts) due to its remote location. During the

experiment in 2017, the mains power cut out and no data were collected. After the

radar had been correctly plugged into the power supply, which filters the power and

removes noise and transients, these bursts of 50 Hz disappeared. Note that the full

chirp is usually not saturated and processing with a custom window may be used

to recover some signal during disturbed intervals.

The interference due to poor mains covers signals at all ranges, which indicates

that the problem affects the time-domain chirp signal. But electrical interferences

can also occur at certain ranges and therefore influence only some beat frequencies

fb. Panel c) but also a) and b) in Figure 2.11 contain (horizontal) disturbances in

several discrete frequency bands. Even now, the source of them is not clear. Signals

from external sources such as 5 GHz WLAN7 or a nearby weather radar8 may cor-

rupt the received signal. But also internal sources such as the signal generation or

components of the mixing stages may be responsible. Interestingly, some of these

frequency bands appear to be shifted or even mirrored to each other.

7The frequencies of channels 40,42 . . .64 overlap with GEODAR’s 5.2GHz to 5.4GHz.
8In 2013, MeteoSwiss set up such a radar with a frequency of 5.4GHz at the 11km distant ski resort

“Plaine Morte” (Willemse and Furger, 2016, chap. 9).
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In the case of the GEODAR IV such discrete disturbed frequencies are more di-

verse and stronger (Fig. 2.11d). Several strong lines degraded the MTI plots so that

avalanches are hardly recognizable (there is a small avalanche in the example). They

even change in apparent range with time rather than being fixed in horizontal bands.

Again, some of the lines appear shifted, mirrored and scaled to each other. Over the

season, these disturbances became more frequent. This increasing amount of noise

was one reason why GEODAR IV has not been continued. Since the full radar broke

down at the end of the season, the source could not be deciphered. Noteably, the

integrated design of GEODAR IV can be problematic for fault finding.

Not only electronic sources can disturb the signal, but also the environment in the

field of view may produce unwanted ground clutter which degrades the avalanche

signal. Avalanche recordings during snow storms often include strong moving tar-

get in a range below 1000 m (Fig. 2.11e). The most likely explanation are trees to the

side of the track, which are waving in the wind. In some data sets, a signal with

similar characteristics appear after the passage of a large powder snow avalanche

disturbing trees in the forest which then are detected.

Additionally, the avalanche signal can disappear from the radar at certain ranges.

These ranges correspond to terrain depressions which are shaded from the radar

beam. Fortunately, theses shaded areas are rare in Vallée de la Sionne (Fig. 3.2).

More details are given in section 3.4.1.

2.5.1 Chirp signal disturbances

The ideal chirp signal has a perfect linear frequency ramp α with a constant ampli-

tude W (t) and is generated with precise synchronisation to the acquisition system.

Such behaviour can only be approximated and in reality the chirp is more or less dis-

torted. One main advantage of the GEODAR design is that the full chirp sequence is

recorded in fast-time and later off-line processing can be used to identify and even

correct such disturbances.

A deviation from linearity of the frequency ramp reduces the range resolution,

as the beat frequency fb of a point target would smear into neighbour frequencies

(Brennan et al., 2011). This problem is of minor importance in the application to

snow avalanches, as the complicated signals from a distributed target are expected
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FIGURE 2.12: Top row: Standard deviation of up-chirps (left) and down-

chirps (middle) of 111 pulses from GEODAR III in volts. Lower row: A cus-

tom window function (black) notches out an unstable frequency at 33 MHz

above baseband (f0), which reduces the MTI noise by around 2 dB (right).

to span multiple frequencies/ranges. Chirp non-linearity may be discovered with a

spectrogram of single chirps for a static background or an active target to identify a

fast-time dependent frequency content.

The other crucial property is the synchronisation of the chirp generation with the

analog-to-digital converter. The example in panel f) in Figure 2.11 corresponds to a

dataset acquired with the GEODAR I system. Strong vertical streaks are visible. A

phase lock between the signal generator and the analog-to-digital converter was not

present in this system configuration, so that the chirp starts drifted slightly during a

measurement. This causes time-domain shift in the recording of the chirp sequences

and results in phase shifts between the individual chirps. These phase shifts can

be estimated by finding a sub-sample correlation between consecutive chirps opti-

mized for maximal phase stability. The vertical stripes in the MTI output (Fig. 2.11f)

can be reduced by applying the reverse of these phase shifts to the spectrum of the

beat signal or by resampling the fast-time signal of the chirp. The processing to

correct the missing phase lock is computationally expensive and time consuming.

From GEODAR II onwards, this issue was resolved hardware-wise with a 10 MHz

reference clock.
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Other distortions in the chirp signal can be identified by calculating the stan-

dard deviation of the fast-time domain across multiple chirp pulses for a static back-

ground (Fig. 2.12, left and middle). It can be seen that major distortions occur at

the start and end of the chirp, but also at certain instantaneous frequencies9. These

unstable frequencies occur in both the up-chirp and down-chirp, which indicates a

problem in the chirp generation. The main peak is at 33 MHz above f0 and has a

width of 2.5 MHz. Minor peaks occur at other frequencies. In the corresponding

MTI image, obvious vertical streaks are visible (Fig. 2.12, top-right). If the main

peak is notched out with an appropriate custom window function w(t) in the time-

domain (called cubic33 in the processing software), the MTI image is much smoother

(Fig. 2.12, bottom row). This particular window function uses a cosine square over a

4 MHz width to taper the transitions smoothly between zero and one.

2.6 Advanced processing

The above described data processing steps result in MTI images averaged across the

slope. These images are just giving the range but the instanteous velocity and lat-

eral direction of targets are missing. Based on the function principle of FMCW, the

Doppler velocity is always aquired together with the range information (eq. 2.7) and

a combination of the signal from up and down chirp may be used to separate velocity

and range. The direction of any impinging signal manifests in small range difference

and thus in a phase shift between the laterally spaced reveiving antennae. This sec-

tion presents some data processing ideas to extract both informations. However, the

developed processing algorithms do not yet given clear results in terms of their us-

ability for avalanche dynamics measurement. Notably, some processing steps have

been successfully applied to point targets, but their transfer towards avalanches as

distributed targets is still unsolved.

The FMCW radar principle relies on the ability to estimate the frequency content

fb of the chirp signal (eq. 2.6). Usually, the spectrum of a chirp is calculated with

the fast-Fourier transform. For point targets, e.g. an active reflector, single snow-

balls, rockfall, or a skier, the chirp signal sb contains single discrete frequencies. In

9The fast-time can be connected to an instantaneous frequency with the chirp rate 1
2
αt, where t = 0

is centred in the chirp duration T (eq. 2.1). It refers to the frequency before demodulation.
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such cases the frequency, the phase and amplitude can be estimated with a least-

squares optimization procedure (Rice and Rosenblatt, 1988). This is known as super-

resolution since a frequency can be identified with much more accuracy than with

a direct Fourier transform. A model for the fast-time series sb is in the form of a

periodic function

x = a cos(ωt+ φ) , (2.9)

with amplitude a, frequency ω and phase φ. The optimization can be written as a

minimization problem between sb and x

X(a, ω, φ) = min
∑

(sb − a cos(ωt+ φ))2 . (2.10)

This minimization is not only computationally expensive but also the convergence

can be complicated since many local minima exist due to the periodic nature of the

signal model (eq. 2.9). Notably problematic are multiple targets close to each other

(small ∆ω), a small amplitude a and the phase wrapping every 2π. The numerical

implementation of the Rice and Rosenblatt (1988) algorithm has been done by Jim

McElwaine. An initial guess for a, ω and φ is used from the fast-Fourier transform, so

that the parameter space can be reduced. This discrete frequency estimation enables

localization of a target with an accuracy of around 1 cm in range, which is a great

improvement over the FFT resolution ∆ = 75 cm.

In the following sub-sections, initial results of this so-called cos-fit optimization

are presented. Subsection 2.6.1 presents a method to estimate Doppler velocities

from the combined use of up-chirps and down-chirps. Subsection 2.6.2 discusses

the ability to steer the antenna array into certain directions, and some initial success

of this beam-forming is shown.

The third subsection 2.6.3 describes an completely seperate usage of GEODAR.

The physical properties of the static snow cover influence absorption and reflection

of microwaves and thus alter the background signal. GEODAR may be used to

determine snow pack parameters such as liquid water content in the avalanche path.
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FIGURE 2.13: Left: MTI plot of a snow ball rolling down the slope. Coloured

circles show the found maximum signal in up-chirp (red) and down-chirp

(green). Right: Velocity estimates of the snow ball. The change of range

with time gives the velocity for up-chirp and down-chirp. The difference

in beat frequency of both chirps corresponds to the instantaneous Doppler

velocity. (data set 2013-03-02-11-46-45, Fig. 2.15)

2.6.1 Doppler velocity

The effect of a target’s range r0 and Doppler velocity v is coupled in the beat fre-

quency of the chirp signal. Utilising two chirps with opposite frequency ramps en-

able the individual calculation of r0 and v0 according to equation 2.7. For a point

target, the discrete beat frequency can be estimated at high precision using the cos-fit

algorithm (eq. 2.10), and therefore the precise range and the Doppler velocity can be

extracted.

Figure 2.13 shows the extraction result for a short bit of a snow ball trajectory.

Even though the signal of the snow ball in the MTI image is quite weak, the snow

ball location can be inferred at several times. The derivative of the range δr/δt in

each chirp gives two reference velocities. The Doppler velocity follows from the dif-

ference in beat frequency of down-chirp and up-chirp (eq. 2.7). These three velocities

are shown in the right panel of Figure 2.13. They appear well correlated, although

the Doppler velocity is around 0.5 m s−1 lower.

In the first 6 s, the snow ball approaches with a velocity of 2.5 m s−1 to 3.5 m s−1.

For the next 6 s, the velocity diminishes to nearly 0 m s−1, but increases again to

1 m s−1 to 2 m s−1. Note, the deceleration in the middle of the trajectory does not

need to be real. The resolved velocity is always a radial velocity along the line of
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sight. Such apparent deceleration could be equivalent to movement in a lateral di-

rection, and it is likely that the snow-ball trajectory follows a curve.

However, the example in Figure 2.13 is chosen because of the relatively low

velocities. The resolution of a frequency bin in the fast-Fourier transformation is

∆fb = 200 Hz. To see a difference in one frequency bin between up-chirp and down-

chirp, the velocity needs to exceed v ≥ c∆fb
4f0

= 2.8 m s−1. Figure 2.13 shows that

the cos-fit algorithm enables estimation of the Doppler velocity of point targets with

super-resolution.

For distributed targets like avalanches, where the reflected signal changes rapidly

with time, it is very complicated or even impossible to match up the signal of the

same reflector in the up-chirp and the down-chirp. Suppose the avalanche moves

at 50 m s−1, then a possible reflector moves approximately 25 cm between up-chirp

and down-chirp. During this downward movement, the reflector may also rotate

or change its orientation. This causes the reflective properties (radar cross-section)

to vary and the spectral components of the reflector will differ between both chirps.

This seems to be especially likely for granular flows where the flow surface under-

goes constant changes due to shear in the vertical flow profile (sec. 3.5). Because of

these reasons, a correlation of parts of the up-chirp spectrum with the down-chirp

spectrum to extract the corresponding Doppler shift is expected to be weak.

Currently we still have not managed to implement a general algorithm for cal-

culating (and correcting for) Doppler velocities. Throughout this thesis, the range

in all MTI plots is estimated on the basis of non-moving targets, i.e. with equa-

tion 2.5. This introduces a certain error for precise ranging of the avalanche. For an

avalanche moving at 50 m s−1, the ranging error is ±5 m due to the chirp character-

istics (eq. 2.7).

2.6.2 Beam-forming

Beam-forming is the process of focusing the antenna array into different direction.

In GEODAR I to III, a single transmit antenna illuminates the scenery and a linear

array of eight antennae is placed approximately orthogonal to the avalanche path to

sense the returned signal. Suppose a target exists somewhere to the side of the field-

of-view, then the returned signal will arrive at each receive antenna with a different
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delay. This delay causes a small range difference ∆rik and a phase difference ∆φik

between antenna i and antenna k. By resolving these quantities, the array can be

steered electronically in post-processing.

From geometrical considerations the relative range between a reference antenna

k = 1 and antenna i is

∆ri1 = ri − r1 + Ci − C1 , (2.11)

with range ri and the receiver side cable length Ci. Under the far field assumption

(r � λ), the impinging signal arrives at each antenna at the same angle Θ, and the

range ri can be expressed by parallel and perpendicular components of r1

ri =

√
(r1 · cos Θ)2 + (r1 · sin Θ +Ai)

2 ≈ r1

√
1 +

A2
i + 2Air1Θ

r2
1

, (2.12)

with distance Ai being the separation of antenna i from the reference antenna at

position A1 = 0 m. The second step follows from the trigonometric Pythagorean

theorem and that angle Θ is smaller than 15◦ so that the sine is approximated with

its argument. Equation 2.12 can be further simplified with a Taylor series

a
√

1 + x ≈ a+
a

2
x . . . ⇒ ri ≈ r1 +

A2
i

2r1
+AiΘ ≈ r1 +AiΘ . (2.13)

Neglecting the middle term is valid as it is small compared to the other two for

the GEODAR configuration (A1 < 6.5 m, r1 between 500 m and 2500 m, Θ < 0.25).

Equation 2.11 simplifies into a linear relation between the target angle Θ and the

relative range ∆ri1 offset by the difference in cable lengths ∆Ci = Ci − C1

∆ri1(Θ) = ΘAi + ∆Ci . (2.14)

Ai and ∆Ci can be determined with a calibration data set (Tab. A.1 to Tab. A.3), for

which the geometry (ri, r1 and Θ) has been measured precisely with a differential

GPS. When the array is calibrated and Ai and ∆Ci are known, the target range r1

and its angle Θ can be inferred with GEODAR.

The angular term ΘAi in equation 2.14 is smaller than 1.5 m for the above men-

tioned values, so that a precise range estimation from the radar data is necessary.
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FIGURE 2.14: Left: GPS locations of calibration data set A.3. Right: Point

target beam-forming (blue) resolves the location of the measurement point

(red).

The cos-fit algorithm in equation 2.10 enables this for point targets. Figure 2.14

shows the derived position of 102 measurements performed with an active target

(sec. A.2) along a zigzag track all the way up to Cavern A at a range of 2000 m. The

right panel displays the resolved range r1 and cross range r⊥ = r1 sin Θ purely from

the GEODAR data (blue) and shows the dGPS position for comparison (red). The

mean distance between the position estimated with GEODAR and the GPS position

is σr = 14.9 m. Thus for point targets, the geometric beam-forming approach can be

successfully applied thanks to the cos-fit algorithm with the draw back of computa-

tional expense.

For distributed targets, however, a precise ranging is not possible with the cos-fit

algorithm (eq. 2.10). The impinging signal causes the phase φ to differ between the

antennae, however, which can be resolved by the fast-Fourier transform. Prelimi-

nary beam-forming results based on the phase difference ∆φik were published in

Ash et al. (2014a). They were able to derive two-dimensional maps of the avalanche

flow. However, the 2-D images also show limitations, namely the initial range res-

olution of 1 m reduces to roughly 10 m, and artefacts at the same range but neigh-

bouring cross ranges are visible. These artefacts have been identified with the use

of pictures from the deposits. Ash et al. (2014a) suggested that the largest uncer-

tainty for the phase method is phase clutter. Phase clutter originates from targets



2.6. Advanced processing 47

at the same range but different cross ranges. These targets can be static features of

the background, but the avalanche with a certain cross range extent and variable

Doppler uncertainty may produce phase clutter itself.

The phase difference ∆φi1 of antenna i relative to the phase of a reference an-

tenna φ1 can be calculated by multiplying equation 2.14 with the wave number

k = 2πλ−1 and adding a phase clutter term δφ(r, t), which is likely to be range-

and time-dependent

∆φi(Θ) = kΘAi + k∆Ci + δφ(r, t) . (2.15)

The cable length Ci turns into a phase offset for each antenna. The phase differ-

ence can be applied to the complex chirp spectrum ŝi(r, t), and summing over all

antennae gives a steered spectrum Ŝ

Ŝ(r, t,Θ) =
1:8∑
i

Wiŝi(r, t)e
−i∆φi(Θ) , (2.16)

where Wi ia a weighting function to normalize the gain of each channel. Ŝ can be

further processed with a MTI filter as described in section 2.4.2.

In the following some beam-forming results are presented as a qualitative proof

of concept exploring two questions: what is the effect of the unknown phase clutter

δφ(r, t) on beam-forming? And what is the influence of beam-forming on the MTI

plots? Panel c) in Figure 2.15 shows a picture of avalanche #13-3028. The avalanche

consists of two arms. The left arm is faster than the right arm and belongs to the

front in the MTI in panel a). The right arm releases a snow ball from its deposit

and is visible in panel b). The ball is also given in panel a) to show the successful

suppression of its signal.

For each arm, a few areas in the MTI are manually selected and are indicated

with Front 1–3 and Ball 1–2 in Figure 2.15. In these areas, the mean MTI intensity is

calculated giving Ifront and Iball as a measure for the suppression or enhancement

of each arm due to beam-forming. The steered spectrum Ŝ is evaluated for angles

Θ between −10◦ and 10◦, and panel d) shows the difference between the mean front

intensities and the mean ball intensities (Ifront − Iball). Panel d) can be interpreted
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FIGURE 2.15: Beam-forming by suppressing MTI intensity at known lateral

direction. Panel a) and b): MTI plots of avalanche #13-3028 each highlight

one arm of the avalanche (maximum and minimum of Panel d). Manually

picked regions which belong to each arm are indicated with Front 1–3 and

Ball 1–2. Panel c): Picture at time t = 24 s showing the two fronts flowing

separated by around 100 m. Panel d): Sum of normalized MTI intensities of

region Front 1–3 minus the intensities of Ball 1–2 as function of lateral direc-

tion. The maximum at 0.7◦ highlights the left arm, whereas the minimum at

6.3◦ enhances the MTI of the right arm where the ball originates from. Note

the angular pattern is highly ambiguous.

as an apparent antenna array pattern. The MTI of the left arm (a) corresponds to the

maximum, and the MTI of the right arm (b) corresponds to the minimum. However,

the pattern consists of a rather chaotic sequence of many maxima and minima with

similar amplitudes separated by only small angles. The pattern is ambiguous and

the angle of lateral direction can not be truly resolved. An optimal pattern would

have only one discrete maximum and one minimum.

Comparing panel a) and b) of Figure 2.15 shows that the left arm is always visible

but the ball can be suppressed completely. This corresponds to a stronger minimal

value for Iball = 2 dB compared to the minimum of Ifront = 5 dB. Additionally, the
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maximum values are larger for the ball (Iball = 15 dB) than for the front (Ifront =

12 dB). This may indicate that the ball as a point target does not suffer as much from

phase clutter as the front does, and therefore can be enhanced and suppressed more

successfully. The left arm as a distributed target contains a certain amount of phase

clutter so that summing the antenna into Ŝ(r, t,Θ) is accompanied by destructive

interferences due to off-phase antenna. And the MTI intensity of the left arm cannot

be suppressed or enhanced as well as that of the ball.

If now a 2-D image is generated, the cross-range pattern will consist of rapidly

varying MTI intensities as artefacts. To remove some of them, a high threshold may

be applied to the 2-D image at the cost of signal strength. The initial results presented

by Ash et al. (2014a) have around 9 dB signal difference between the background and

the avalanche components. Whereas usually in the MTI plots the background is

around 20 dB lower than the avalanche signal (Fig. 2.15b).

Since the installation of GEODAR V the ability of the radar to resolve the cross

range does not depend on software-based beam-forming. Six directional high-gain

antennae replace the original phased array antenna (Fig. 2.3d). The directional an-

tennae are steered in different directions, so that resolving the cross range is now

hardware-based. If an avalanche is only sensed in the right antenna, then it is clear

that the avalanche followed the track on the right side.

2.6.3 Snow cover scanning

As well as avalanches, GEODAR can measure changes in the properties of the snow

cover. Since the winter season 2012/2013, GEODAR has been set up to record a one

second measurement every hour. Such a measurement plan was originally started

to monitor GEODAR performance and rapidly identify problems such as compo-

nent failure. However, the scan data also clearly show features which can only be

explained by snow cover changes (Fig. 2.16).

The backscatter coefficient σ of microwaves for snow cover is made of three con-

tributions: surface scattering, volume scattering and ground scattering. Microwaves

have a large penetration depth in dry snow, so that all three contributions play a

role. For snow containing liquid water, the absorption in the snow cover increases

and the volume and ground scattering decrease with rising wetness (Venkataraman
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FIGURE 2.16: Snow cover scan measurements for spring season 2013. The

raw spectrum intensities are shown in background, and the averaged inten-

sity in 250 m wide bands (red dashed lines) is shown with white lines. The

air temperature for meteo station VDS2 in blue and VDS3 in red is shown

in the lower panel. The highlighted observations a) to e) are discussed in

section 2.6.3.
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and Singh, 2011). Therefore, the backscatter for wet snow is expected to be lower

than for dry snow.

Figure 2.16 shows preliminary results of a snow cover scan during spring season

2012/2013. The data are not corrected for any geometric attenuation with range, in-

cident angle or baseband filter, thus give only a qualitative picture and the relative

values should be looked at. The coloured background is the spectrum intensity |ŝ(r)|

for every hourly measurement (sec. 2.4.1). A typical plot for |ŝ(r)| is shown in Fig-

ure A.2d. For visualisation purposes, |ŝ(r)| is averaged over 250 m wide bands (red

dashed lines) and is displayed with white lines. In the bottom panel, the air temper-

ature at two nearby weather stations (VDS2 in blue, VDS3 in red, see sec. 3.3.4) is

plotted for comparison. A daily variation in radar intensity mostly correlates clearly

with temperatures above 0 ◦C. Five interesting observations are highlighted with

letters a) to e) to show the potential of those scan measurements.

Detail a) shows a step-change in intensity at ranges below 1500 m. Several large

avalanches occurred at this time and changed the snow cover significantly with their

large deposits. Avalanche events may thus be detected with the scan measurement.

Detail b) corresponds to the beginning of a period with daily variations. It can be

seen that the variations start first at the lower altitudes (smaller ranges) and two days

later appear at all ranges. The temperature measurements indicate that the daily

variations correspond to times when the air temperature rose above 0 ◦C during the

day, giving strong suggestions that they may resemble melt-freeze cycles of the snow

cover. As expected, the intensity drops during the day when the snow cover melts

and increases again when the snow cover refreezes at night.

Those melt-freeze cycles occur also in detail c), but with a more diverse pattern.

The strongest cycles occur at medium range. Below, the intensity stays small, indi-

cating that no refreeze at night occurred. And at large ranges, no daily cycles are

visible indicating that the snow cover stayed dry.

Detail d) shows a rise of intensity over four days. This time period corresponds

to a snow fall event with a sum of 50 cm new snow. This indicates a dependence of

σ on snow type.

Detail e) shows a general decrease in intensity. A daily cycle is visible during the
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first week of April, but later the intensity stays at the prior mid-day low value, in-

dicating no refreeze at night. This observation correlates with a temperatures rise to

above 0 ◦C also during the night times from the 14th of April onwards. Interestingly,

the highest warm-wet avalanche activity for the Swiss Alps in season 2012/2013 was

reported on this weekend (SLF, weekly reports).

These five observations are undoubtedly a great motivation for future research

to explore the seasonal scan measurements in a quantitative way. This would in-

volve snow cover modelling (see chap. 5) and the application of an active microwave

model for the snow cover such as MEMLS3&a (Proksch et al., 2015).

2.7 Acquired data sets

During the last 6 years, the radar has recorded a lot of data sets including 149

avalanche events. Figure 2.17 and Table 2.6 summarize the number of data files

in the following categories: Avalanches, False-trigger, Test, Hourly and Unassigned.

Avalanches are classified as all avalanche events, even if the depositional signatures

were if only recorded for a few seconds.

False-trigger are classified as all data which were recorded due to a automatic trigger

signal, but no avalanche was visible in the GEODAR data.

Test are classified as the data during maintenance fieldtrips, but also during the

season from manual remote test measurements.

Hourly are classified as the 1 s scan measurements every hour.

Unassigned are classified as data with often a lot of noise so that an avalanche signal

cannot be identified clearly and require more detailed analysis.

w. active Target indicates that the active reflector at the pylon (r = 655 m) was turned

on (pink in Fig. 2.17).

Data sets of 77 avalanches up to and including season 2014/15 have been published

under open access (sec. 3.9). The data repository is provided by Zenodo (https:

//zenodo.org/).

https://zenodo.org/
https://zenodo.org/
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Avalanche False trigger UnassignedTest Hourly Active target at Pylon

2010/2011 2011/2012 2012/2013 2013/2014 2014/2015 2015/2016 2016/2017

FIGURE 2.17: Overview of acquired datasets (Tab. 2.6). Each stem corre-

sponds to a single data file. The data sets have been classified as avalanche,

false trigger event, test measurement, still unassigned and hourly scan mea-

surement. The stem for active target indicates if active target at the pylon

was turned on.

McElwaine*, J. N., A. Köhler*, B. Sovilla, M. Ash, and P. V. Brennan (2017),

GEODAR data of snow avalanches at Vallée de la Sionne: Seasons 2010/11,

2011/12, 2012/13 & 2014/15 [Data set], Zenodo, doi: 10.5281/zenodo.1042108,

*equally contributing authors

TABLE 2.6: Number of datasets acquired per season and per class as

shown in Figure 2.17. Last row gives number of datasets with active tar-

get mounted on the pylon turned on.

Season 10/11 11/12 12/13 13/14 14/15 15/16 16/17 All

Avalanche 3 22 36 10 26 29 23 149

False trigger 4 29 10 21 16 4 11 95

Test 0 14 64 70 185 0 238 571

Hourly 0 0 1971 4561 4564 4010 4950 20056

Unassigned 0 0 0 0 0 166 8 174

Total sum 7 65 2081 4662 4791 4209 5230 21045

w. active Target 0 0 0 2621 3115 3755 4151 13642
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GEODAR Data and the Flow

Regimes of Snow Avalanches
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3.1 Abstract

Avalanche classifications base on either point measurement or deposit structure, but

miss spatial information on the dynamics between the release, the data at a single

location and the form of the deposit. With GEODAR, a custom radar system, we

image avalanches over an entire hill slope with high spatial and temporal resolu-

tion at the experimental test-site Vallée de la Sionne in Switzerland. Between winter

seasons 2009/10 and 2014/15, data have been acquired from 77 avalanches. These

data sets describe a wide variety of avalanches, which we classify in terms of seven

flow regimes and combinations thereof. These flow regimes expand on previous

classifications, with four identifiable dense flow regimes (where interaction between

granules and with the flow bed dominates the dynamics) and two different dilute

flow regimes (where interaction between snow particles and the air becomes dom-

inant). There is a further regime identified where snow balls simply roll down the

mountain.

A cold dense regime and a warm shear regime behave like non-cohesive gran-

ular flows with velocity shear throughout the flow. A sliding slab regime and a

warm plug regime occur when cohesion dominates and causes the flow units1 to

act as solid-like objects sliding on a thin shear zone. An intermittent regime con-

nects the cold dense regime with the suspension regime, and is characterised by

highly fluctuating density and surging activity. GEODAR enables localization of

these flow regimes and transitions between them in time and space. We discuss

flow regime transitions in terms of snow properties, topography, speed and size of

the avalanches.

This paper also serves as a reference for the data set which is made publicly avail-

able and should prove to be an invaluable resource for the development of physi-

cally based avalanche models.

1We are using unit in its geological sense. Units are the basic units of geologic mapping and refer to
regions with similar properties.
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FIGURE 3.1: Diversity of snow avalanches. Panel A: Large powder snow

avalanche with separate fronts (#15-0016, Fig. 3.3F). B: Cold dense avalanche

with rollwaves (lines), and fragments (arrows) rolling independently (Flüe-

lapass, 2011, Steinkogler et al. (2015b)). C: Warm plug avalanche around

Davos in 2015 with levées (circle) and independent flow units (outlines).

D: Two fronts of warm shear avalanche with single granules passing the

pylon (#12-3060, Fig. 3.7). E: Fracturing cold slab and the formation of a

suspension cloud (#15-0020).

3.2 Introduction

Snow avalanches are a major natural hazard in mountainous regions both for people

and infrastructure. Large and catastrophic avalanches can reach inhabited areas and

their danger potential is managed with land-use planning like hazard maps, tempo-

rary measures like road closures, or permanent structures like dams. To successfully

design and apply these measures, a quantitative model of the avalanche flow dy-

namics is essential for prediction of potential runout, impact forces on structures

and the flow around dams.

It has long been known that avalanches can exhibit very different flow behaviour

(Fig. 3.1), which has led to multiple avalanche classification schemes, e.g. Gauer et al.

(2008), De Quervain et al. (1973). In the early stages of avalanche dynamics research,
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airborne and dense avalanches were differentiated (Voellmy, 1955). The movement

of airborne avalanches is controlled by the interaction of particles with air as the flow

density is usually low and particles are not in close contact to each other (Hopfinger,

1983). Dense avalanches were further divided into dry and wet avalanches, and

the international avalanche classification scheme (UNESCO, 1981) emphasises the

influence of liquid water content. Dry dense avalanches act approximately as non-

cohesive granular flows, whereas in wet avalanches the cohesion plays an important

role and generally causes the mobility to decrease, leading to shorter runouts (Issler,

2003).

Here, we emphasise the importance of the snow temperature by classifying re-

gions of avalanches as cold or warm. Indeed, Steinkogler et al. (2015a) showed re-

cently with small-scale granulation experiments in a rotating drum that there is a

sharp transition at around −1 ◦C. Below this temperature individual snow grains

keep their identity, but above it the grains rapidly agglomerate into large rounded

clumps.

This sharp increase in the average particle size by upto two orders of magnitude

and therefore in cohesion is very important for the dynamic behaviour of avalanches

(Steinkogler et al., 2014). Naaim et al. (2013) draws a similar conclusion by analysing

many large avalanches in combination with snow cover modelling, finding a tem-

perature dependence of the effective friction.

The study of the deposits from large avalanches shows that they are often of

mixed type (Issler, 2003). Mixed avalanches are defined as avalanches containing a

dense flowing part and a more dilute region (light-flow in Schaerer and Salway (1980),

saltation layer in Issler (1998)) under a turbulent suspension or powder cloud. De-

posits of avalanches also reveal that the dilute regions usually travel much farther

than the denser parts, which supports the theory that mixed avalanches are not only

made of layers which feed each other, but that these regions can also separate from

each other (Gauer et al., 2008). Sovilla et al. (2015) enhanced the understanding by

including a comprehensive set of dynamic data (flow height, pressure, density and

velocity) into the typical structure of powder snow avalanches (PSA) (Turnbull and

Bartelt, 2003), and characterised the above-mentioned regions as dense core, inter-

mittent frontal region and dilute suspension region. The dense core can be further
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divided into the main body and the tail, and the dilute region into an energetic tur-

bulent suspension, which is fed by the intermittent frontal region, and a decaying

powder cloud, where the density and turbulent intensity are decreasing.

In this paper, we use the radar system GEODAR (Keylock et al., 2014) to investi-

gate the denser flow processes that are optically obscured under the powder cloud.

The radar gives reflectivity data at high spatial (0.75 m) and temporal (111 Hz) res-

olution. A moving target identification (MTI) processing is applied to the data to

remove the non-moving background clutter. We call the characteristic patterns in

MTI images caused by flow structures and by the interaction of the flow with the

terrain MTI signatures. These can advect with the flow, i.e. streaks and lines, or can

be induced by local topography, i.e. light and dark spots.

We are able to differentiate between starting, flowing and stopping signatures.

The appearance of typical combinations of signatures is connected to the form of

movement. Based on that, we characterise the dynamical processes which control

the mobility of snow avalanches into different flow regimes and discuss their devel-

opment in time and space.

The aim of this paper is to improve and extend previous classifications of avalanche

flow regimes. Previous classifications lack in spatiality (point measurements) and

dynamic data (deposit structures), however, they include in principle the flow regimes

proposed here. The novelty from this work adds the wealth of GEODAR data and

measurements of flow heights and snowcover characteristics, which enable to iden-

tify and track flow regimes and transitions between them in space and time. We

provide a classification that is linked to certain snow conditions and that is based on

physical processes that are dominant in different regions of the flowing avalanche.

In this paper we define a region of an avalanche as a connected volume in space in

which the same physical processes are dominant. Groups of physical processes in

one region are then defined as flow regimes.

The structure of this paper is as follows. In section 3.3 we explain the differ-

ent measurement systems and procedures used to generate the raw data and we

provide a summary of all the observed avalanches and what data are available. In

section 3.4 we present the avalanche data in detail. We describe typical MTI starting

and flowing signatures and identify three different stopping signatures. We connect
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these with snow-cover properties, flow height and flow velocities. These results

lead in section 3.5 to the definition of seven flow regimes, and in section 3.6 we give

four full-scale avalanche examples to show the occurrence of multiple flow regimes

within each event. Transitions between flow regimes are discussed in section 3.7.

Section 3.8 give a brief conclusion of the paper. All acronyms used in the text are

listed in the List of Abbrevations on page xvii. A supplementary Chapter 3.9 gives

the details of the GEODAR data repository, where documentation of the different

versions of GEODAR and more detailed information on radar data processing can

be found.

3.3 Methods and data

3.3.1 Vallée de la Sionne (VdlS) avalanche test-site

The Vallée de la Sionne (VdlS) avalanche test-site is situated in western Switzerland,

in Canton Valais (Ammann, 1999). The avalanche path faces south-east and extends

between the mountains peaks of Pra Roua and Crêta Besse (Fig. 3.2). The release

area is approximately 1500 m wide and the total vertical drop is 1200 m. In the lower

section, the path is channelled into two prominent couloirs. Only the left couloir is

instrumented, therefore, avalanches releasing from Pra Roua (PRA) towards Crêta

Besse (CB1 & CB1/2) provide the widest variety of data, whereas avalanches flowing

down Crêta Besse (CB2) are observed only by GEODAR.

The GEODAR system and two cameras are situated 40 m up the counter slope in

a concrete bunker facing the avalanche path. In the avalanche runout, a 20 m high

steel pylon is instrumented with sensors at various heights which measure velocity,

flow heights, impact pressures, temperatures and densities (Sovilla et al., 2013). Seis-

mic sensors situated in Cavern B and Cavern A capture the ground motion caused

by avalanche activity and trigger the data acquisition. Three Frequency Modulated

Continuous Wave (FMCW) radars are installed in the caverns and close to the py-

lon (Gubler and Hiller, 1984), and are used to extract the flow depth and evaluate the

avalanche trajectory. A weather station located close to the avalanche release zone

(VDS2) and one at the deposition zone (VDS3) provide information to reconstruct

the snow cover conditions along the avalanche path (sec. 3.3.4).
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FIGURE 3.2: Overview of the Vallée de la Sionne (VdlS) test-site. Blue con-

tour lines cover the area observed by GEODAR and indicate the radar range.

Areas not visible to GEODAR are coloured with the yellow–black colour

map giving the vertical shadow depth. Red points mark the locations of the

pylon, the caverns, the meteo stations (VDS2&3) and the bunker hosting the

GEODAR system. The four typical release areas are outlined in yellow, and

green dots mark the representative coordinate for PRA, CB1, CB1/2 and

CB2 release locations giving the typical thalweg as green line. The original

map is obtained from the Swiss Geoportal (2015) in Swiss coordinate system

CH1903 (SRID 21781). Figure reproduced from Köhler et al. (2016).

3.3.2 GEODAR

The GEODAR system (GEOphysical flow dynamics using pulsed Doppler radAR)

was developed by an international consortium (Brennan et al., 2009) and has been in

operation in VdlS since the winter 2010/11. The GEODAR system hardware and

software have undergone continuous improvement. GEODAR I, II and III built

upon the original design (Ash et al., 2010). GEODAR IV was a complete redesign
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(Ash et al., 2015; Tanha et al., 2017) which unfortunately suffered severely from elec-

tronic noise. GEODAR V uses the original hardware but with a different antenna

system. Data presented in this paper have been obtained using the first three sys-

tems, and each of them is described in detail in the documentation of the data repos-

itory (Appendix 3.9).

The radar parameters define the resolution in space and time: the chirp band-

width of 200 MHz, chirp length 4 ms and sampling frequency 2 MHz give a range

resolution of 0.75 m, a repetition rate of 111 Hz and a maximum range of 3 km (GEO-

DAR III). The base-band frequency is 5.3 GHz, and the corresponding wave length

of around 57 mm is roughly the minimal object size providing reflection. Therefore,

GEODAR only sees the denser flow structures below the dilute powder cloud (Köh-

ler et al., 2016). A key feature of GEODAR is that it records the full chirp signal as a

raw time-domain signal. After the data have been acquired the signal can be anal-

ysed in various ways so that improved algorithm design can increase the utility of

previously captured data. An important step in the processing chain is the applica-

tion of a moving target identification (MTI) filter. Such filtering is used to suppress

the static background signal and enhance different details of the moving avalanche.

Here, we use a FIR filter with a normalised cutoff frequency of 0.12 and normalise

the output for each channel at each range before averaging across all antenna. The

signal processing details are described in Chapter 2 and in the data repository doc-

umentation (Appendix 3.9).

Typically, the MTI data are displayed in range-time plots, where the radar is at

range 0 m, and the MTI intensities are colour-coded (e.g. Fig. 3.3). The MTI intensi-

ties in decibels are related to the reflective area, called the radar cross section. Zero

intensity corresponds to the background signal. Positive values quantify the reflec-

tion properties of the flow surface and dielectric changes throughout the flow height

(Köhler et al., 2016). The avalanche front gives normally the strongest signal and it

appears as a strong step change in the range-time diagram. Many internal avalanche

details appear behind the front. Since these internal details are often very faint fea-

tures, manual extraction and interpretation are necessary. This introduces a certain

subjectivity in the results. The error is rather small for the extraction of the front and

the back-edge or for highly-visible internal surges. But the recognition of certain
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MTI signatures relies to a certain extent on expertise. The detailed description of

MTI signatures in section 3.4.1 provides a classification to make such analyses more

consistent between different users. We define MTI flowing signatures as those within

the flow path, and MTI stopping signatures as those near where the avalanche stops.

3.3.3 Release location, avalanche trajectory, front velocity

The release location for each avalanche event was estimated by using four different

data sources, namely pictures, FMCW radars, seismic sensors and the GEODAR.

Pictures of the slope were taken every half an hour. If the full avalanche is visi-

ble in the images, we applied a geo-referencing scheme to get the full outline and

defined the release location as the point of highest elevation (Köhler et al., 2016).

For avalanches that occurred during snowfall or periods of cloudy weather (typi-

cally PSA), the release location could not be determined from pictures alone. In this

case, the FMCW radars and seismic instruments in Cavern B and Cavern A indicate

whether the flow went over them and thus determine the favoured couloir followed

by the avalanche and the most probable release location. Further, the GEODAR im-

age includes characteristic shadow spots which correspond to specific shaded areas

in the terrain (Fig. 3.2), and can be used as a terrain orientation.

Knowledge of the avalanche trajectory is crucial to obtain the ground-parallel

velocity, since the radar beam hits the terrain surface at a particular line-of-sight

angle. We define the 1D avalanche thalweg as the line of steepest descent starting

from the release location. The procedure to project the range and time data from

the front along this thalweg, that is to gain the trajectory s and the ground-parallel

front velocity ṡ, is described in detail in Köhler et al. (2016). Throughout the paper

distances are referring to range from the bunker rather than arc-length, since the

start of an avalanche is often missed due to a delayed trigger.

Even if the release location is not known precisely, the line of steepest descent

from a certain region converges quickly to a common thalweg. So for the GEODAR

data it is sufficient to know roughly the release region to estimate the ground-parallel

velocity in the lower part of the path. In this case, we define the release coordinates

[N, E, Z in m] manually at a fixed arbitrary point for each region in the Swiss coordi-

nate system CH1903 (SRID 21781): PRA [127425, 593311, 2491], CB1 [127663, 593265,
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2582], CB1/2 [127930, 593378, 2586] and CB2 [128331, 593540, 2656] (Fig. 3.2).

3.3.4 Snow properties

Snow cover properties have a large influence on the avalanche dynamics (Steinkogler

et al., 2014). In particular, the snow temperature and the liquid water content are

crucial properties which cause different rheological behaviour of the flowing snow

(Naaim et al., 2013; Steinkogler et al., 2015a).

Unfortunately, very few manual snow profiles are available for the avalanches

in our data archive since most of them occurred naturally and the path was rarely

accessible immediately after the events. To overcome this problem, we used the

numerical model SNOWPACK (Lehning et al., 2002) to reconstruct the snow cover

temperature and liquid water content for each avalanche event. The data from two

automatic weather stations were used as the input for the simulations. The weather

station VDS2 (2390 m a.s.l.) was used as a proxy for the snow conditions in the re-

lease areas, and the weather station VDS3, close to the pylon at 1680 m a.s.l., was

used to reconstruct the snow cover in the deposition area (Fig. 3.2). Both meteo

stations were set up in flat fields.

The calculated snow properties must be taken with care. In particular, the mod-

elled snow cover will be different from the actual conditions in the flow path since

former avalanche activity and entrainment/deposition can alter the old snow cover

significantly. However, the SNOWPACK model accounts for energy fluxes within

the snow cover through the ground and the atmospheric boundary. The meteo data

parameterising the atmospheric boundary are more important for simulations of

new snow precipitation and its metamorphism rather than influences from the old

snow cover underneath. Additional uncertainty arise as the simulations were per-

formed on meteo data from flat-field measurements, and incoming global radiation

is expected to be different compared to the east-facing slopes of Vallée de la Sionne.

This results in situations with typical spring conditions, e.g. diurnal melt-freeze cy-

cles, in a delayed warming in the simulation compared to expected warming in the

avalanche path.

As a first approximation, we define the uppermost 0.5 m of the snowpack to be

representative for the snow properties of the flowing avalanche. Snow properties are
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averaged over this depth and the simulated snow temperature, liquid water content

(Wever et al., 2014) and new snow sum are summarized for each avalanche in Ta-

ble 3.1 for the lower (b) and upper (t) weather stations. We have manually chosen

the relevant time window up to six days before each avalanche to estimate the sum

of new snow precipitation.

3.3.5 Flow heights

Avalanche flow heights for the cold avalanches in our data archive are derived from

FMCW measurements performed in Cavern B. FMCW radars operate like ground

penetrating radar but point up through the flowing snow rather than downwards to

the ground (Gubler and Hiller, 1984). Due to large attenuation of the electromagnetic

signal by liquid water content, the radars have limited usefulness in wet snow condi-

tions or if large snow deposits cover the radar. For nearly all warm flow avalanches

no flow height information from FMCW can be obtained.

The interpretation of the FMCW radar signal is not straightforward since the

signal is influenced by multiple reflections of layers in the snowpack (Schmid et al.,

2014), and the depth accuracy is dependent on the unknown density of the snow

pack as well as the flowing snow. Nevertheless the FMCW radar gives a detailed

picture of the flowing avalanche including entrainment, deposition, flow height

changes, wave heights and flow structure (Sovilla et al., 2006). Flow heights of surges

and waves were manually extracted and connected to the surge flowing signatures

in the GEODAR data (Köhler et al., 2016).

3.3.6 Avalanche cadastre

Since the initial deployment in December 2010 until May 2015, the GEODAR sys-

tem has measured 77 avalanche events, summarized in Table 3.1. Each avalanche

is identified by the archive number (SLF-Nr) which is the hydrological season fol-

lowed by a four digit running number. The GEODAR data are identified by the

trigger timestamp in the date format year-month-day-hour-minute-second. Most of
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TABLE 3.1: List of avalanche events recorded with GEODAR system. For a

detailed description see subsection 3.3.6. The first block summarises meta-

data including release area, runout, stopping signature and velocity vs. The

second block contains the availability of additional data from cameras, Cav-

erns A and B, and the pylon (C). The third block gives meteorological and

nivological conditions.

SLF-Nr GEODAR timestamp Release Altitude Runout Stop Slope vs Img A B C TSb TSt LWCb LWCt HNb HNt

[m] [m] [◦] [m/s] [◦C] [◦C] [%] [%] [cm] [cm]

20113002 2010-12-06-07-46-21 CB2 >2600 360 A 21 15 1 0 0 0 - -4.3 - 0.0 - 27

20113003 2010-12-06-18-36-18 PRA >2500 490 A 23 16 1 0 1 1 - -2.3 - 0.0 - 41

20113004 2010-12-07-03-36-43 CB1/2 >2600 150 - 23 8 1 1 1 1 - -1.9 - 0.0 - 54

*20123013 2011-12-19-15-16-02 CB1/2 ∼2550 1560 A 30 13 0 - - - - -11.3 - 0.0 - 125

20123023 2011-12-30-23-55-22 CB1/2 >2100 670 A 23 15 0 0 1 - - -9.1 - 0.0 - 50

20123024 2011-12-31-06-59-34 unknown - 1820 A - 15 0 - - - - -7.0 - 0.0 - 56

20123026 2011-12-31-07-44-25 CB1 >2300 850 A 22 14 0 0 1 - - -6.5 - 0.0 - 58

20123028 2011-12-31-09-01-41 unknown - 670 A - 19 0 0 1 - - -6.1 - 0.0 - 61

20123029 2012-01-02-21-22-15 PRA 1906 995 C 26 2 2 - - - - -4.5 - 0.0 - 13

20123031 2012-01-04-07-21-42 CB1 >2100 965 C 25 14 0 0 1 0 - -4.3 - 0.0 - 16

20123032 2012-01-04-07-42-50 CB1/2 >2600 955 C 25 19 0 1 1 0 - -4.2 - 0.0 - 16

20123035 2012-01-05-16-45-21 CB1/2 >2650 150 A 18 28 1 1 1 1 - -5.1 - 0.0 - 26

20123040 2012-01-10-00-03-06 PRA 2264 675 B 23 16 2 - - - - -7.8 - 0.0 - 0

20123041 2012-01-12-17-19-07 CB1/2 2500 1255 B 30 18 2 - - - - -6.1 - 0.0 - 0

20123042 2012-01-13-02-42-41 CB1/2 2014 1000 C 26 2 2 - - - - -7.4 - 0.0 - 0

20123048 2012-02-03-16-25-32 CB1 2051 850 B 22 16 2 - - - - -8.8 - 0.0 - 0

20123051 2012-02-24-12-24-47 CB1/2 2586 1395 - 38 6 2 - - - - -7.5 - 0.0 - 0

20123053 2012-02-29-16-48-02 CB1 2394 940 C/B 24 15 2 - - - - -4.0 - 0.6 - 0

20123055 2012-03-01-14-44-36 PRA 2540 930 C 24 9 2 0 0 - - -3.0 - 0.8 - 0

20123060 2012-03-15-10-56-28 PRA 2458 950 B 25 17 2 0 0 - - -1.9 - 0.1 - 0

20133003 2012-12-04-04-46-05 CB1 >2450 545 A 23 25 1 0 1 1 -0.8 -4.4 0.0 0.0 50 59

20133005 2012-12-06-01-54-50 CB1 >2200 890 A 23 16 0 0 1 - -5.5 -9.8 0.0 0.0 87 94

20133006 2012-12-07-14-00-39 unknown - 1625 A - 12 0 - - - -5.5 -10.1 0.0 0.0 79 102

20133007 2012-12-10-08-12-49 CB1/2 >2050 825 A 22 14 0 0 1 - -4.4 -9.1 0.0 0.0 34 35

20133018 2013-02-01-16-52-45 CB1/2 >2500 880 C 22 10 1 1 1 - 0.0 -2.2 1.7 0.0 15 35

20133019 2013-02-01-17-14-50 CB1/2 >2450 200 C 19 1 1 1 1 1 0.0 -2.2 1.7 0.0 15 35

20133020 2013-02-01-20-18-46 CB2 >2600 155 C 18 2 1 - 1 - 0.0 -2.2 1.8 0.0 15 44

20133021 2013-02-02-05-27-31 PRA >2450 180 C 18 6 1 0 1 1 -0.0 -2.6 1.9 0.0 15 69

20133022 2013-02-02-15-38-13 CB1 2069 960 B 25 10 1 - 1 - -0.3 -5.8 1.6 0.0 25 79

20133023 2013-02-05-21-13-35 CB1 ∼2250 1190 A 30 16 0 0 1 - -1.4 -6.3 0.2 0.0 44 92

20133024 2013-02-05-23-31-53 CB1/2 ∼2600 460 A 22 18 0 1 1 0 -2.5 -8.1 0.0 0.0 52 99

20133025 2013-02-19-13-13-31 CB1/2 2506 1775 A 29 8 2 - - - -2.4 -6.5 0.0 0.0 0 0

20133028 2013-03-02-11-46-45 CB1/2 2029 940 B 24 12 2 - - - -0.8 -5.8 0.1 0.0 0 0

20133030 2013-03-03-11-29-11 CB1/2 2608 1940 - 34 10 2 - - - -0.6 -6.1 0.4 0.0 0 0

20133031 2013-03-03-12-23-33 CB1/2 2602 1900 - 31 10 2 - - - -0.6 -5.4 0.4 0.0 0 0

20133037 2013-03-18-23-50-57 CB1/2 >2550 1720 A 28 18 0 1 - - -1.1 -6.0 0.0 0.0 16 45

20133038 2013-03-19-03-24-48 unknown - 1125 A - 16 0 - - - -1.7 -7.3 0.0 0.0 24 57

20133040 2013-03-19-04-21-42 CB1 >2100 1050 A 27 19 0 0 0 - -1.7 -7.8 0.0 0.0 24 58

20133041 2013-03-22-10-03-29 CB1/2 2547 1525 A 30 7 1 1 0 - -0.0 -3.1 0.6 0.0 38 40

20133043 2013-04-06-18-35-09 CB1/2 2486 1725 C 28 2 2 - - - 0.0 -1.7 2.6 0.0 0 0

20133044 2013-04-06-19-23-47 CB1/2 2488 1010 B 26 20 2 - - - 0.0 -1.7 2.6 0.0 0 0
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TABLE 3.1: Continued: List of avalanche events recorded with GEODAR

system. For a detailed description see subsection 3.3.6. The first block sum-

marises metadata including release area, runout, stopping signature and

velocity vs. The second block contains the availability of additional data

from cameras, Caverns A and B, and the pylon (C). The third block gives

meteorological and nivological conditions.

SLF-Nr GEODAR timestamp Release Altitude Runout Stop Slope vs Img A B C TSb TSt LWCb LWCt HNb HNt

[m] [m] [◦] [m/s] [◦C] [◦C] [%] [%] [cm] [cm]

20133046 2013-04-10-15-07-55 PRA 2350 990 C 26 6 2 - - - 0.0 -1.0 2.8 0.1 29 44

20133047 2013-04-12-13-33-47 PRA 2319 785 C 21 17 2 - - - 0.0 -0.5 3.1 0.1 0 37

20133048 2013-04-13-04-06-44 CB1 2432 775 C/B 21 1 2 - - - -0.1 -1.8 1.8 0.0 10 51

20133049 2013-04-13-12-37-24 CB1 2300 965 C/B 25 5 2 - 0 - 0.0 -0.4 3.2 0.2 10 51

20133050 2013-04-13-14-19-46 CB1/2 2380 995 B/C 26 11 2 - 0 - 0.0 -0.4 3.2 0.3 10 51

20133051 2013-04-13-23-59-42 CB1 2215 975 C/B 25 4 2 - 0 - -0.2 -0.9 1.8 0.1 10 51

20133052 2013-04-14-11-25-56 CB1/2 2501 1795 B/C 29 18 2 - 0 - 0.0 -0.6 3.5 0.2 0 14

20133053 2013-04-14-22-49-51 CB1/2 2415 960 C/B 25 4 2 - 0 - -0.0 -0.3 2.1 1.3 0 0

20140011 2014-02-13-17-37-30 CB1/2 >2450 1150 A 29 13 0 - 1 - -2.2 -3.8 0.0 0.0 27 28

20140012 2014-02-13-19-21-32 CB1/2 >2500 160 A 18 30 0 1 1 1 -2.2 -4.3 0.0 0.0 32 38

20140013 2014-02-20-11-15-05 CB1/2 2596 1890 A 32 9 2 - - - -1.2 -3.2 0.0 0.0 18 20

20140014 2014-02-21-14-53-19 CB1 2210 770 C/B 21 1 2 - - - -0.8 -1.8 0.0 0.0 0 0

20140016 2014-03-11-11-54-57 CB1 2042 1000 C 26 6 2 - - - -0.5 -2.0 0.2 0.1 0 0

20140017 2014-03-12-13-09-43 PRA ∼2250 1160 B/C 34 9 0 0 0 - -0.4 -1.8 0.4 0.2 0 0

20140019 2014-03-13-14-30-06 CB1/2 2483 1610 C 30 6 2 - - - -0.0 -1.1 1.1 0.7 0 0

20150003 2014-12-27-20-18-49 CB1 ∼2550 600 A 24 22 0 0 1 1 -6.4 -9.2 0.0 0.0 57 73

20150004 2014-12-27-22-38-15 unknown - 1105 A - 19 0 0 0 - -6.7 -9.7 0.0 0.0 61 73

20150009 2015-01-29-05-18-08 CB2 ∼2550 710 A 18 18 0 0 1 - -1.3 -5.3 0.0 0.0 21 26

20150011 2015-01-29-06-22-02 CB1/2 >2450 860 B 22 24 0 1 1 - -1.3 -5.4 0.0 0.0 22 31

20150013 2015-01-30-02-12-22 CB2 ∼2650 100 A 18 29 0 0 1 1 -3.6 -7.3 0.0 0.0 42 78

20150015 2015-01-30-20-58-55 CB1/2 >2450 1085 A 28 12 0 1 1 - -5.2 -10.5 0.0 0.0 51 93

*20150016 2015-02-03-10-20-16 PRA 2510 100 - 18 34 2 0 1 1 -4.2 -10.0 0.0 0.0 50 97

*20150017 2015-02-03-11-45-30 CB1 2574 110 - 18 43 2 0 1 1 -2.0 -8.7 0.0 0.0 50 97

*20150019 2015-02-03-11-54-44 CB1/2 2606 870 A 22 8 2 1 1 - -2.0 -8.7 0.0 0.0 50 97

*20150020 2015-02-03-12-04-39 CB2 2649 150 A 18 17 2 0 1 1 -2.0 -8.7 0.0 0.0 50 97

*20150022 2015-02-03-12-14-47 CB1/2 2607 970 A 25 16 2 - - - -2.0 -8.7 0.0 0.0 50 97

20150028 2015-03-11-12-16-07 CB1/2 2471 1835 - 30 5 2 - - - 0.0 -1.4 0.0 0.1 - 0

20150035 2015-04-03-11-42-26 CB1 >2400 945 C/B 25 1 0 0 0 - - -0.1 - 0.1 - 78

20150037 2015-04-03-12-39-00 CB1/2 >2450 1220 B 30 3 0 0 0 - - -0.1 - 0.2 - 78

20150038 2015-04-03-13-04-39 unknown - 1985 - - 5 0 0 - - - -0.1 - 0.2 - 78

20150040 2015-04-08-22-35-13 CB1/2 2497 765 C 21 1 2 - - - - -1.1 - 0.1 - 23

20150043 2015-04-09-17-21-45 CB1 2212 955 B 25 4 2 - - - - -0.2 - 1.4 - 23

20150044 2015-04-10-16-11-33 CB1/2 ∼2400 1170 C 29 10 0 0 0 - - -0.1 - 1.8 - 0

20150046 2015-04-11-10-05-55 CB1/2 2481 1890 - 31 5 2 - - - - 0.0 - 1.7 - 0

20150047 2015-04-11-14-37-05 PRA 2215 1100 C 28 10 2 - - - - 0.0 - 1.7 - 0

20150048 2015-04-12-00-08-39 CB1 2376 1315 B 34 8 2 - - - - -0.2 - 1.5 - 0
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the avalanches were naturally released and only few were artificially released dur-

ing an experiment. Artificially released avalanches are marked with an asterisk in

the SLF-Nr in Table 3.1.

The first part of the table contains metadata and information directly derived

from the GEODAR measurements. The release area and altitude are derived as de-

scribed in section 3.3.3, and the runout length is defined as the smallest radar range

(equates to furthest downslope point) reached by the avalanche (Pérez-Guillén et al.,

2015). The column stop characterises the stopping signatures visually identified

from the GEODAR plots: (A) starving, (B) backward propagating shock and (C)

abrupt stopping (sec. 3.4.2). For some events a combination of two stopping signa-

tures exists. In such case, we have indicated this by mentioning the main and a sub-

signature. For avalanches which stopped above a range of 1800 m (sluff avalanche

size) or stopped in the valley floor (very large), no stopping signature could be in-

ferred (-). We also average the slope angle over the last 100 m (range) of the trajectory

before the avalanche stops, and give the velocity vs at 100 m in range before the stop-

ping point. This is an arbitrary distance which we chose since we have this data for

a large number of avalanches and it gives a robust measure of the avalanche speed

and the following deceleration.

Pictures prior to and after the event (Img) are number coded regarding their

information content: (0) no images, (1) deposit visible as lower path outline, (2) full

outline. Availability of FMCW data in Cavern A and B (column A and B) is coded

with the following criteria: (1) avalanche signal, (0) no avalanche signal, (-) missing

signal due to wet snow interference. Column C indicates the availability of pylon

measurements.

The last part of Table 3.1 contains information on the snow cover derived from

snowpack simulations as described in section 3.3.4. The fields TSb, TSt, LWCb and

LWCb are the mean snow cover temperatures and the liquid water content at the bot-

tom b (VDS3) and top t (VDS2) weather stations, and refer to the average of the up-

permost 50 cm of the snow cover. HNb and HNt are the sum of new snow precipitation

in up to 6 days prior to the avalanches at the bottom and top stations, respectively.
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FIGURE 3.3: Common MTI flowing signatures of snow avalanches shown

in a 2D range-time representation of the GEODAR data. A–E show streak

signatures indicating structures flowing with the avalanche. F–J show sig-

natures of flow structures which are connected to a location in the avalanche

path. Avalanche number and scale in range r (y-axis) and time t (x-axis) are

include in each panel. The colour scale of logarithmic MTI intensity is the

same in all panels. A detailed description of each panel is given in Sec-

tion 3.4.1.

3.4 Results

Snow avalanches are geophysical flows with diverse flow behaviours of which some

of them are shown in the pictures in Figure 3.1, and with different composition of

flow units2 from fine grained to rounded granules to large clusters as shown by Ancey

(2007). Differences can be observed in the radar signatures of the internal flow struc-

tures and in particular in the stopping signatures, which we categorised into three

types. We also present data on flow velocities, snow properties and flow height

where this is available.

For naturally released avalanches the GEODAR system is triggered seismically

from geophones in Caverns A and B, so, generally we miss the initial release and

early stages of the flow. For artificially released avalanches this problem does not

arise and in addition sometimes a sequence of multiple avalanche releases only a

few minutes apart could be captured.

2We are using unit in its geological sense. Units are the basic units of geologic mapping and refer to
regions with similar properties.
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3.4.1 MTI flowing signatures

Figure 3.3 is a collection of MTI flowing signatures which frequently occur in the

GEODAR data. The upper row shows streak signatures which move with the flow,

and the lower row shows internal signatures which are fixed relative to the topogra-

phy. We discuss them in more detail in section 3.5 when connecting them with flow

regimes.

The MTI images show most clearly the front (Fig. 3.3A) and the tail of an avalanche.

Inside the avalanche, where the flow is steady, the signature is homogeneously

coloured (Fig. 3.3A). If, instead, internal structures in the flow exist, they become

visible because they are in general a sequence of darker and light MTI intensities.

The most obvious flowing signatures in the MTI are dark streaks (Vriend et al.,

2013), whose steepness give the flow velocity towards the radar. Köhler et al. (2016)

connected these streaks to internal surges, which are denser and give stronger reflec-

tions than the surrounding flow. These surges can have long trajectories and appear

throughout the full avalanche (Fig. 3.3B), or they can have short trajectories and exist

only in the proximity of the avalanche front (Fig. 3.3C).

Fig. 3.3B shows an example of long trajectory surges. These surges can be gen-

erated when the topography splits the avalanche into several arms, in which case

we call them separate fronts (Fig. 3.1A). Or they can originate from secondary slab

releases and move along the same thalweg in which case we call them major surges

(Köhler et al., 2016). In both cases, they can be regarded as individual avalanches with

independent flow dynamics and flow regimes (Köhler et al., 2016).

Fig. 3.3C shows an example of short trajectory surges. These minor surges only

occur in fully developed powder snow avalanches. As long as they are behind the

front, they can have velocities larger than the front velocity and thus, they have a

large influence on the front dynamics and avalanche mobility due to overrunning

(Köhler et al., 2016).

Fig. 3.3D shows an example of streaks often present in very slow avalanches.

These streaks are running parallel to the front and are probably the result of flow

units which change their structure only little during motion. Figure 3.1C shows an

example picture of such solid-like flow units, which did not interact with each other.
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They do move slowly, otherwise they would have been filter out by the MTI filter.

Often completely blank spots are visible together with this parallel streak signature

(Fig. 3.3D). These blank spots can have zero intensity even when the surrounding

signal can be very strong. The location of these blank spots depends on the fre-

quency response of the MTI filter. They may occur when the flow surface is smooth

so that there is no change in reflected amplitude from one chirp to another, or in

cases where the variations are narrow band and resemble very coherent movement,

they are filtered out by the MTI filter.

Beside streaks which are located inside the avalanche, we can identify single line

features often starting from the main deposit or running in front of the avalanche

as shown in Fig. 3.3E. Comparison with videos and photos of the debris reveal that

these are traces of single snow balls or snow-wheels (Fig. 3.1B). These have been

observed to roll down the slope for as far as one kilometre (Fig. 3.7 or in 3.1D).

Some types of flowing signatures always occur in the same place on the slope

and do not advect with the avalanche flow, so that it is strongly suggestive that they

are triggered by certain topographic features. They can be areas of greater or lesser

variation in reflected signal corresponding to darker or lighter signatures in the MTI

plots. Fig. 3.3F shows an example of a light spot typically observed in avalanches

from the PRA release area. The location of the spot corresponds to a shaded area,

which is not reached by the GEODAR beam because of topographic obstructions

(Fig. 3.2). Figure 3.1A shows the corresponding picture of this avalanche: The sus-

pension cloud overtops the small gully (black circle) while the denser parts are

shaded from the radar. These spots can be used as a reference to trace the avalanche

trajectory, and to estimate an upper limit of the flow height of denser material below

the suspension cloud.

Fig. 3.3G shows an example of a darker region. This one is located at the steep

entrance of the left couloir. The dark spot indicates an increase in radar cross sec-

tion (Salm and Gubler, 1985). In steep terrain, the avalanche head may become more

turbulent or fluidize and may exhibits a larger area causing reflections of the signal.

Fig. 3.3H shows that avalanches may contain structures which leave a triangular

outline in the MTI plots. Here, the avalanche consists of four surges of which three
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trigger a triangular signature beginning at the same range. While the upper bound-

ary is connected to a certain location, the lower boundary moves upward with time.

These are presumably standing shocks or jets triggered by topography. This partic-

ular avalanche has been described with flow height and velocity data in Köhler et al.

(2016).

Fig. 3.3I shows that the flowing signature can change locally and may indicate

an abrupt change of the flow properties. This panel shows further that almost any

radar image contains horizontal bands (e.g. see Figure 3.7 to 3.10). When they

exist through the full recording length or are outside the avalanche area, they be-

long to noise from electronic or environmental sources like waving trees in the wind

(Fig. 3.10). But such horizontal bands can also appear inside avalanches, and may

result from interaction with topography.

Finally, for a few avalanches we have captured the release of the snow slab as Fig-

ure 3.1E shows. It is possible to observe the complete slab starting simultaneously

and leaving a vertical starting signature in the MTI plot. While in the beginning

some streaks may indicate the movement of large snow blocks, with time the sig-

nature becomes homogeneous as the blocks fragment to small grains (e.g. Fig 3.3J).

Point release avalanches would give a different MTI starting signature (Fig. 3.9C)

but we have little data on this, presumably because we miss the start of the vast

majority of avalanches.

3.4.2 MTI stopping signatures

The stopping phase of an avalanche is nearly always recorded by the GEODAR sys-

tem. By stopping signature we mean the pattern which the stopping mechanism of the

avalanche traces in the radar images. We identify three distinct stopping signatures

in the data sets, with typical examples shown in Figure 3.4.

We define the corresponding stopping mechanisms as: (A) starving, (B) back-

ward propagating shock, and (C) abrupt stopping. A further tail deposition mech-

anism (D), often visible at large ranges, has also been included. The stopping sig-

natures (A–C) were manually assigned to each avalanche event, and summarized in

Table 3.1 in column stop. In the following we describe the characteristics of each

deposition mechanism.
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FIGURE 3.4: Top row: Four stopping signatures of avalanches measured in

VdlS: (A) starving (#11-3002), (B) backward propagating shock (#12-3048),

(C) abrupt stopping (#14-0014), and (D) tail deposition (#15-0009). Middle

row: The characteristic stopping signature is shown below as a synthetic

MTI. Bottom row: Sketch of the corresponding stopping mechanism. Only

moving parts (grey), but not deposits (striped), will show up in the synthetic

MTI. The MTI is in fact the grey area of the sketch.

Starving (Fig. 3.4A): Almost 40 % of the avalanches in the database are charac-

terised by a progressive decrease in avalanche flowing length just before deposition.

Material is deposited at the avalanche tail, while at the same time, the front continues

to flow. The flowing length gradually diminishes and the front finally starves. Only

a small part of the avalanche mass reaches the final runout position. This mechanism

is often associated with the presence of surging in the avalanche flow (Köhler et al.,

2016). The avalanche deposits are usually smooth and wide spread (Issler, 2003) and

the deposit heights are generally lower than the flow height (Sovilla et al., 2010).

Backward propagating shock (Fig. 3.4B): Around 20 % of the avalanches in the

database are characterised by a stop of the avalanche front, followed by a progressive

piling up of the incoming material. There is an upslope, or backward propagating

shock clearly visible on the MTI plots. Often the shock travels with a fairly constant

velocity and appears as an upward-sloping line in the MTI plots. The shock velocity

is a phase and not a group velocity: only the shock wave and no material travels

upward (Köhler et al., 2016). Typically the deposits of these flows are rough and
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granular, but they have little large scale structure above the size of the snow particles

or blocks.

Abrupt stopping (Fig. 3.4C): Around 30 % of the avalanches in the database are

characterised by an abrupt and almost instantaneous stop throughout the complete

flow length. This stopping mechanism is characterised by a vertical signature in

the MTI plots. The signal is often characterised by streaks which run parallel to the

avalanche front and avalanche tail, suggesting that the avalanche velocity is con-

stant over large parts of the flow. Typically, these flows are laterally confined by

levées or icy shear planes and the deposits are often rough with steep and sharp

boundaries (Issler, 2003). For around 30 % of these avalanches, the dominant abrupt

stopping mechanism coexists with the backward propagating shock mechanism, e.g.

Figure 3.7C and at 1000 m in Figure 3.8.

Tail deposition (Fig. 3.4D): Snow deposition can occur not only in the avalanche

runout zone but also along the avalanche path when the slope angle is smaller than

around 30 degrees (Sovilla et al., 2010). Indeed, at higher altitudes the MTI plots are

often characterised by a gradual decrease in MTI intensity towards the tail. Such

a signature is consistent with a progressive decrease in flow depth which can be

caused by both loss of material at the avalanche base or by the avalanche elongation

and consequent retention of material at the avalanche tail (Sovilla et al., 2010).

3.4.3 Snow properties and flow velocity in the stopping phase

In Figure 3.5, we connect each stopping mechanism with the snow temperature (left),

the liquid water content (middle) and give the distribution of front velocity vs corre-

sponding to the velocity at 100 m in range before the avalanches stop (right).

The starving deposition mechanism (Fig. 3.4A) is a specific feature of cold avalanches,

i.e. avalanches with average snow temperature below−1 ◦C, no liqiud water content

and moderate to high velocities vs. At these temperatures snow has a low ability to

sinter and to form granules, and fragmentation is more important than aggregation

(Steinkogler et al., 2015a). The avalanche composition is mostly fine grained material

and some fragments of released slabs and entrained snow.

In contrast, the backward propagating shock (Fig. 3.4B) is characteristic for avalanches

with average snow temperatures close to zero degrees, at least in the deposition zone
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FIGURE 3.5: Correlation of stopping mechanisms with snow cover prop-

erties and front velocity. Box plots for snow temperature (left) and liquid

water content (middle) correspond to quantities averaged over the upper-

most 0.5 m of the snowpack. The snow conditions in the release area are

represented by the weather station VDS2 (blue), and for the deposit region

by the weather station VDS3 (red). The number of data per box are given by

n, cross gives the mean, line is the median, the box spans the inter-quartile

range and the whiskers show the 9 to 91 percentiles. Right: Histogram of

vs, the velocity 100 m before the avalanches stop.

(Fig. 3.5). For the liquid water content our data are inconclusive due to a large vari-

ation between 0.2 % and 3 % caused by only seven data points in the box plots, but

greater than for the starving deposition mechanism. For these snow cover char-

acteristics we believe that aggregation of snow crystals exceeds fragmentation and

may give rise to the formation of persistent-moist granules (Steinkogler et al., 2015a).

However, this stopping mechanism can also occur in dry granular flows (Gray et al.,

2003), if they encounter a sharp reduction in slope angle or increased surface rough-

ness such as pre-existing debris, so we also expect this on occasion for cold snow.

For avalanches with an abrupt stopping signature (Fig. 3.4C), the conditions for

cohesion leading to the formation of persistent-wet granules (Steinkogler et al., 2015a)

prevail for snow temperatures reaching 0 ◦C and LWC above 1.8 %.

The front velocities vs (Fig. 3.5, right) give a measure of the avalanche decel-

eration during the last 100 m in relation to each stopping mechanism. Avalanches

characterised by a starving stopping mechanism are the fastest with up to 30 m s−1

(blue). Note that the largest avalanches reaching the valley bottom had to be ex-

cluded from this analysis since their stopping could not be observed, so that the

distribution is biased towards smaller velocities.

In contrast, avalanches characterised by abrupt stopping are the slowest with
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even large avalanches having velocities of only up to 5 m s−1 (red). The few higher

velocities belong to medium sized avalanches which present a mix between abrupt

and backward propagating shock stopping mechanisms and for which the abrupt

stopping signature appear shortly before stopping. They are indicated with “C/B”

in Table 3.1, and bias the velocity distribution towards higher values.

The velocities of avalanches characterised by the backward propagating shock

mechanism are in between these extremes. Most of them have a flow velocity of

around 10 m s−1 to 20 m s−1 (yellow).

Given that the avalanches have different sizes and stop at different locations

along the path, it is in general complicated to compare the velocities directly, and

leading to a variability in the velocity distribution. Even with this uncertainty, the

velocity data shows clearly a trend between the three stopping signatures (Fig. 3.5).

3.4.4 Flow height and velocity of cold avalanches

Avalanches characterised by the starving stopping mechanism give a broad distri-

bution of velocities vs (Fig. 3.5, right), since they can cover a large range of runouts

(Tab. 3.1). We investigate their flow characteristics in more detail at the location of

Cavern B.

We extracted the flow heights of the front and consecutive surges from the FMCW

profiling radar, and related them to the corresponding flow velocities from the MTI

plots at Cavern B (Fig. 3.6). Round and square symbols indicate the amount of new

snow and avalanche size, respectively. A star indicates secondary avalanches which

happen after previous avalanche activity and thus find different flow bed conditions

in their path. We have identified three different clusters highlighted with blue, yel-

low and green circles. Interestingly, we did not record any primary avalanche with

flow heights in between the blue and yellow clusters, even so the velocity between

both clusters is continuous.

The Froude number is defined as Fr = ṡ/
√
gh cos θ and gives a measure of

whether the flow is super-critical or sub-critical (black dashed lines in Fig 3.6). All

cold avalanches have Froude numbers Fr between 3 and 8, and from a hydrody-

namic point of view, their flow is super-critical and their motion is most likely tur-

bulent or fluidized (Issler, 2003). There is a little trend to higher Fr with avalanche



3.4. Results 77

F
lo

w
 h

ei
gh

t 
at

 C
av

er
n

 B
 [

m
]

9

Velocity at Cavern B [m s-1]

8

7

6

5

4

3

2

1 100 20 30 40 50

secondary avalanches:
- prior event altered path
- low flow heights
- medium to large velocity

medium cold avalanches:
- little new snow
- low flow heights
- low velocity

large cold avalanches:
- lots of new snow
- high flow heights
- large velocity

Fr=3 Fr=5 Fr=7Fr=1

Fr=9

Fr=11

'15-0017

'15-0016'14-0012

'14-0011

'13-3019

'13-3023 '13-3003

'13-3018 '15-0019

'15-0020

'15-0011

'13-3007

'15-0009

'15-0003

'13-3005

2ndary avalanche

New snow:
< 30 cm

> 70 cm
30-70 cm

Avalanche size:

large (r<200m)
medium 
small (r>1000m)

internal surge

FIGURE 3.6: Flow heights of cold avalanches as a function of the velocity at

Cavern B. The front is indicated by symbols, which give the amount of new

snow (round), the avalanche size in runout range (squares) and whether it’s

a secondary avalanche (star). Small black crosses belong to internal surges,

and grey lines connect the consecutive surges with the front. Froude num-

bers Fr are shown with black dashed lines in the background.

size and amount of new snow precipitation.

The blue cluster contains large avalanches which happened after significant snow

fall events with precipitation of more than 70 cm new snow (up to 6 days). All large

avalanches in this cluster reached the valley bottom. The flow heights were between

5 m and 8 m, and the velocities were as high as 30 m s−1 to 55 m s−1. Minor surges

are found in the blue cluster as well.

The yellow cluster contains small to medium avalanches which starved shortly

below Cavern B or at the end of the couloir. Previous snowfall was limited to not

more than 30 cm of new snow. The flow heights were limited to around 3 m, and the

velocities did not exceed 25 m s−1. Additionally, some second surges appear in the

yellow cluster and indicate the dense core and dense tail region of larger avalanches

(Sovilla et al., 2015).

The green cluster contains secondary avalanches, that followed a reasonably

large previous event in the same path, e.g. #15-0017 and #15-0019 were released
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shortly after #15-0016. The snow cover was therefore altered, and the avalanches

found less fresh snow but only harder deposits to entrain. These avalanches had

high velocities between 25 m s−1 and 40 m s−1, but relatively low flow heights up to

4 m. The Froude number was highest for these avalanches. Some internal surges

appear in the green cluster as well.

3.5 Avalanche flow regimes

The GEODAR plots of avalanches at the Vallée de la Sionne can exhibit a large vari-

ety of MTI flowing and stopping signatures as described in the previous section 3.4.

By combining these signatures with the snow cover conditions at the moment of

the event, we identify seven different flow regimes. The MTI flowing signatures

are not always enough to uniquely classify each regime, but in conjunction with

the stopping signature each regime can be unambiguously identified. For example,

the warm shear and the cold dense regime do not differ much in the MTI flowing

signature, both are homogeneous and can have similar velocities, but the stopping

signature and the snow temperature data separate both regimes. We will not discuss

gliding of snow (Ancey and Bain, 2015) or slush flow (Hestnes, 1996) regimes as these

have not occurred in our data from Vallée de la Sionne.

In the following we will give a short definition for each of the flow regimes and

we will link them to the MTI signatures and snow cover properties. In section 3.6

we will show that avalanches are made of a combination of different flow regimes,

and finally we will discuss in section 3.7 how transitions between flow regime may

occur.

3.5.1 Warm Shear Regime (WSR)

The primary indicator for this flow regime is the MTI stopping signature, a back-

ward propagating shock (Fig. 3.4B). This occurs for snow temperatures slightly be-

low zero and liquid water content may play a role (Fig. 3.5). For these snow char-

acteristics, it was shown by Steinkogler et al. (2015a) that aggregation exceeds frag-

mentation and should give rise to the formation of persistent-moist granules. These

granules can have a diameter of several decimetres (Bartelt and McArdell, 2009). The
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deposition by piling up of material and the relatively high velocities reached by

these flows, up to ≈ 25 m s−1, suggest that the cohesive forces acting between gran-

ules are not sufficient to glue particles together into larger units. They may flow as

a visco-plastic material with kinetic stresses above the yield strength and shearing is

possible. The MTI flowing signature is homogeneous (Fig. 3.3A), further suggesting

that the flow is fluid-like rather than solid-like, that is, it is sheared throughout its

depth so that the surface is steadily changing. We define this flow regime as warm

shear regime (WSR).

3.5.2 Warm Plug Regime (WPR)

This flow regime occurs when the snow cover temperature is isothermal, T =0 ◦C,

with a median liquid water content of 1.8 % (Fig. 3.5). These snow cover character-

istics are an indication of the formation of large persistent-wet granules (Steinkogler

et al., 2015a). The MTI flowing signature reveals parallel streaks (Fig. 3.3E), probably

corresponding to large granules or surface undulations which are transported at the

avalanche surface over large distances, indicating very little mixing during the flow,

that is the surface is a pseudo-plug. A pseudo-plug means a region which is at the

yield stress so that it has solid-like behaviour but still deforms. Blank spots in the

MTI images may belong to parts of the flow where the surface is smooth. The ve-

locity is typically less than 10 m s−1 (Fig. 3.5). Since the velocities are relatively low

and cohesion between granules is large, they can easily stick together and give rise

to large flow units which behave like gliding, solid-like blocks (Issler, 2003). These

are most likely flowing as a visco-plastic fluid with a large pseudo-plug region and

usually stop abruptly (Fig. 3.4C). The MTI data suggest that these blocks can be upto

100 m long (Fig. 3.8D). Deposit investigations and pictures confirm these large flow

units and highlight the presence of a former granular structure, shear planes, glid-

ing surfaces and levées (Fig 3.1C). We define this flow regime as warm plug regime

(WPR).
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3.5.3 Intermittent Regime (IR)

In the frontal region of a fully developed powder snow avalanche, the MTI flowing

signature is characterised by short streaks lasting a few seconds, which indicate an

intense surging activity (Fig. 3.3C). These minor surges can flow up to 50 % faster

than the avalanche front. Once the internal surges reach the front they quickly de-

celerate and starve giving the front an intermittent character (Köhler et al., 2016). The

typical MTI stopping signature of these regions is characterised by multiple surges

at the front and starving at the tail (Fig. 3.4A). For this regime, snow temperature is

always below −2 ◦C, thus, granulation does not occur or is rather limited, and frag-

mentation of released and entrained snow cover gives rise to fine grained material.

Further characteristics of this flow regime are flow heights up to 9 m with velocities

as high as 60 m s−1 (blue cluster in Figure 3.6). We define this flow regime as the

intermittent regime (IR) and it was described in detail in Sovilla et al. (2015).

3.5.4 Cold Dense Regime (CDR)

Not all cold avalanches develop an intermittent regime. These cold avalanches do

not exceed a flow height of 4 m and have a velocity below 30 m s−1 (Fig. 3.6). Similar

to those with the intermittent regime they are characterised by the starving stopping

mechanism. We expect that given the right topography, e.g. a concave path or a

strong increase in roughness, these flows may also stop with a backward propagat-

ing shock (Gray et al., 2003). These flows are often concentrated in a single surge.

Such a single surge gives a homogeneous MTI flowing signature and does not ex-

hibit internal line features (Fig. 3.3B). We speculate that these avalanches consist of

grains in solid contact behaving like a dry granular flow with negligible influence

from the air. We define this flow regime as the cold dense regime (CDR).

In several CDR flows, MTI plots show triangular shaped features at specific

ranges (Fig. 3.3H). We interpret these features as standing waves or shocks (Gray

et al., 2003; Faug et al., 2015) or even jets (Hákonardóttir et al., 2003), perhaps initiated

by obstructions and terrain features such as changing roughness, slope (Hopfinger,

1983) or narrowing width of the couloir. Standing shocks occur when the flow is

super-critical, that is the Froude number is greater than 1, so that their existence
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is dependent on flow height and velocity. In avalanche both parameters are nor-

mally highest at the front and subsequently decrease towards the tail. This could

explain the triangle shape: for a fast front with large flow heights, the shock may

extends a long way forward from the obstruction. And as soon as both parameters

decrease, the shock moves upward and closer to the obstruction (Fig. 3.9A). For a

jet, the downslope distance varies with the flow velocity and the launching angle,

and again both parameters change over time. The launching angle depends on the

inclination of the obstruction’s upstream face and may change due to smoothing by

the flow itself (self-ramping). If the Froude number is high enough other instabilities

such as roll waves (Fig. 3.1B) may develop (Köhler et al., 2016).

3.5.5 Snowball Regime (SBR)

Avalanches containing warm snow can give rise to individual snowballs or snow-

wheels rolling down the slope (Fig. 3.3E). They show up as individual lines with

speeds of up to 20 m s−1. The snowballs usually come out of WPR or WSR regions,

indicating their granular composition, but fragments in cold avalanches can also

show similar behaviour (Fig. 3.1B). We call this regime snowball regime (SBR).

3.5.6 Sliding Slab Regime (SSR)

Most cold avalanches and occasionally warm avalanches start with a slab failure.

This gives an MTI starting signature of a vertical line. The lowest point of this

line can be tracked to follow the initial acceleration of the slab (Fig. 3.3J). The slab

fractures almost instantaneously after release and each individual fragment start to

slide down-slope (Fig. 3.1E). The fracturing process can last for up to 200 m until the

avalanche consists of small snow particles (Issler, 2003), and transitions into a dense

regime. We call this regime the sliding slab regime (SSR).

3.5.7 Suspension Regime (SR)

The GEODAR does not measure the avalanche powder cloud, since the cloud con-

sists of single snow grains at the millimetre scale. However, this flow regime can
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be observed with video or photogrammetry (Turnbull and McElwaine, 2007) and de-

tected with air pressure and density sensors, and is listed here for completeness. The

powder cloud height is much larger than the denser parts of the flow and it accom-

panies the IR or sometimes an avalanche exhibiting only a CDR. While the denser

parts disappear in shadow areas in the avalanche path (Fig. 3.2), a suspension cloud

can extend well above (Fig. 3.1A). Since there is still some MTI intensity (Fig. 3.3F)

, the suspension regime may transport a few larger snow clods. We call this regime

the suspension regime (SR).

3.6 Avalanche examples

Avalanches at the Vallée de la Sionne are always characterised by a combination of

two or more flow regimes. In order to show the most relevant flow regimes and

combinations of them, we present four different avalanche examples extracted from

our database. The first two examples contain mainly warm snow, whereas the later

two examples contain cold or mostly cold snow.

3.6.1 Avalanche #12-3060: mainly warm shear

Avalanche #12-3060 naturally released in the morning of 15 March 2012 (Fig. 3.7).

Although the avalanche release was not captured by the GEODAR, pictures show

that the avalanche started as a full-depth avalanche and eroded some soil as the

deposits contain dirt (Fig. 3.1D). The average snow cover temperature to 50 cm depth

at the upper weather station was −1.9 ◦C, but we expect that the avalanche started

already with warm snow because typical freezing cycles in spring conditions bias

the temperature estimation (sec. 3.3.4).

The avalanche had developed the typical characteristics of a warm shear regime

with an homogeneous coloured MTI plot (Fig. 3.7A), and no internal structures such

as internal streaks close to the front as indicative of surges or roll-waves.

The example consisted of two fronts which entered the couloir at different loca-

tions (Fig. 3.7A). The first front entered the couloir with a velocity of around 20 m s−1

to 25 m s−1 before deceleration started at 1150 m, bringing the first front to rest at
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FIGURE 3.7: Avalanche #12-3060 naturally released on 15 March 2012 from

Pra Roua. This avalanche is mostly representative of the warm shear regime

(WSR). The avalanche release was not recorded and GEODAR first captured

the avalanche when two laterally displaced fronts entered the couloir. While

most of the avalanche stopped at the end of the couloir, snowballs contin-

ued to roll for up to one kilometre (SBR). Description of panels in subsec-

tion 3.6.1.

950 m. The second front was captured from 1700 m range onward. Its velocity in-

creased from 12 m s−1 to slightly over 20 m s−1 in the couloir. As it hit the deposits

of the first front at 1200 m to 1300 m, it decelerated to only 2 m s−1 and stopped at

1080 m. The front velocity of avalanches in the warm shear regime is in general

medium fast and react to changes in the terrain and flow path.

The snowball regime shows up as lines starting from the deposit of the first front

(Fig. 3.7B) and continued until the valley floor (Fig. 3.7D). The second front showed

these granules as well, but they did not travel as far (Fig. 3.7C). Probably they were
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stopped on the rough surface of the deposit from the first front. These snowballs

come from already existing large granules formed earlier and show the granular

composition of the WSR (Fig. 3.1D).

The main stopping mechanism characterising this avalanche (Fig. 3.7B) was the

backward propagating shock. However, especially in the deposit of the second surge

(Fig. 3.7C), the characteristics of the abrupt stopping mechanism as well as parallel

streaks can be also recognised. This suggests that the second front may already have

partially evolved into a warm plug regime (WPR).

3.6.2 Avalanche #13-3019: from cold to warm plug

Avalanche #13-3019 naturally released on 1 February 2013 during a snow storm with

a rain limit at 2000 m a.s.l (Fig. 3.8). Although the avalanche release was not captured

by the GEODAR, we expect that the avalanche started as a cold slab since the aver-

age snow cover temperature at the top weather station, in the upper 50 cm of snow

cover, was −2.2 ◦C.

The GEODAR was switched on when the avalanche reached the range 1800 m

to 2300 m. The first front entered the couloir with a velocity of up to 40 m s−1, and

stopped at around 850 m with the starving nose mechanism (Fig. 3.4A). A small

intermittent regime (IR) can also be identified by the characteristic streak signature

(Fig. 3.8A).

The warm plug regime (WPR) started at 900 m (Fig. 3.8B), and continued until

the valley floor. The average front velocity of the WPR region was only 2 m s−1 to

3 m s−1. The WPR can be recognised by the existence of several semi-independent

flow units. Each of these visco-plastic units moved with almost uniform velocity.

The picture in Figure 3.1C suggest that single packages are separated by levées with

steep and icy shear planes (Issler, 2003). Since each unit is sliding as a solid-like

block, any surface unevenness moves coherently and gives rise to the characteris-

tic MTI flowing signature of parallel streaks (Fig. 3.8C) or even blank spots in the

MTI (Fig. 3.8E). All these flow units stopped with the abrupt stopping mechanism

(Fig. 3.8D).

It is possible to recognise a region with a backward propagating stopping shock

in the avalanche tail at a range of around 1200 m and time of 200 s, indicating that the
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FIGURE 3.8: Avalanche #13-3019 naturally released on 1 of February 2013

from Crêta Besse 1/2. This avalanche is a typical example of transitional

flow characterised by cold regimes in the upper part of the flow and a tran-

sition to the warm plug regime (WPR) starting from 900 m range. This range

approximately corresponds to the snowfall limit, below which the rain wet-

ted the snow cover. The first front starves at the end of the couloir, but the

second front turns into the WPR and continues until the valley floor. De-

scription of panels in subsection 3.6.2.

avalanche tail may here developed a warm shear regime. This range corresponds to

an altitude below the rain limit (Fig. 3.2), but also to the end of the steep couloir.

3.6.3 Avalanche #13-3005: mainly cold dense

The avalanches in Figure 3.9 are examples of the cold dense regime (CDR), as the

average snow temperature in the release area was −9.8 ◦C. These small avalanches
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FIGURE 3.9: Multiple small avalanches occurred on 6 December 2012 be-

tween Crêta Besse 1 and 2 (#13-3005). These avalanches are typical examples

of the cold dense regime. They have a remarkably short flowing length of

only around 100 m and they are characterised by a single surge. Description

of panels in subsection 3.6.3.

released as small slabs or as point releases (Fig. 3.9C), and typically started deposit-

ing at the end of the couloir. These example avalanches had a flowing length of

only around 100 m. Other avalanches in the CDR can have a larger length, but it

is remarkable that avalanches with such a short flowing length can maintain their

movement over distances as long as 1500 m.

These CDR avalanches have a homogeneous MTI flowing signature with no in-

ternal features like streaks and they are normally characterised by a single surge. A

single triangular feature exists at a range of 1480 m (Fig. 3.9A). The signal strength

gradually decreases towards the tail (Fig. 3.9B). This is in agreement with the FMCW

radar data from Cavern B which showed a smooth and continuous decrease in flow
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height between front and tail, while the maximum flow depth did not exceed 3 m to

4 m (Fig. 3.6).

The avalanches quickly reached a steady state velocity, where gravity was in

approximate balance with the effective basal friction. Usually, the front velocity is

in the range of 10 m s−1 to 20 m s−1. As the examples in Fig. 3.9 show, the velocity

was relatively constant over a large portion of the avalanche trajectories. The front

velocity was surprisingly insensitive to the slope of the terrain as there is no further

acceleration at the entrance of the couloir. At one point, the avalanches started to

decelerate, and stoped with the starving stopping signature (Fig. 3.9B).

3.6.4 Avalanche #14-0012: fully developed powder snow avalanche

The front of a powder snow avalanche, such as in Figure 3.10, appears as a straight

line in the GEODAR data from shortly after the initiation to shortly before deposi-

tion. Thus the front velocity seems to be fairly independent of terrain. Note however

that this front is not in general the front of the powder cloud since fine snow grains

are not imaged by the the radar. Instead the signal comes from large blocks in the in-

termittent region or the dense core. In the example avalanche in Figure 3.10 the front

velocity was around 35 m s−1 with a slight acceleration as it entered the steep couloir.

It is this location where the MTI flowing signature becomes darker and streaks in-

dicate the beginning of the IR (Fig. 3.10A). Köhler et al. (2016) defined these streaks

as minor surges of the IR, which can flow with higher velocity than the front, and

by overtaking the leading edge caused shooting-like movement and a discontinuous

front velocity. After the passage of the IR, the MTI flowing signature becomes more

homogeneous (Fig 3.10A) indicating the evolution of the flow towards a cold dense

regime (CDR).

The MTI stopping signature at the final runout (Fig 3.10D) indicates starving

(Fig. 3.4A). Köhler et al. (2016) suggested that a starving starts as soon as all minor

surges from the IR have overtaken the front. Indeed, the GEODAR data in Fig. 3.4A

supports this hypothesis by showing the starving of many minor surges before fi-

nally the nose stops.

Finally, a slow moving flow feature evolved at the end of the couloir (Fig. 3.10B),

showing the typical MTI flowing signatures of the warm plug regime (Fig. 3.10C).
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FIGURE 3.10: A fully developed powder snow avalanche #14-0012 occurred

on 13 February 2014 from Crêta Besse 1. The avalanche is characterised by

up to six different flow regimes, indicating a complex interplay between

cold and warm snow. Description of panels in subsection 3.6.4.

This feature moved with velocities of only 1 m s−1 to 2 m s−1 and came to rest with

the abrupt MTI stopping signature (Fig. 3.4B). Some parts of this feature also exhib-

ited a backward propagating shock.

3.7 Flow regime transitions

As shown in the previous examples, a single avalanche can be characterised by mul-

tiple flow regimes. The understanding of the physical processes governing flow

regime transitions is thus of fundamental importance to predict the avalanche dy-

namics. Particularly relevant are transitions between the main five flow regimes,

namely suspension, cold dense, intermittent, warm shear and warm plug regime.
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The first important transition can be observed in cold avalanches that normally

starts as dense flows. Small avalanches often stay in this cold dense regime, but

medium to large flows usually develop an intermittent regime (Fig. 3.6, blue circle)

and a suspension regime. The flow transition between CDR and IR typically oc-

curs at the entrance of the couloir below 1500 m and manifests itself with the typical

streak MTI flowing signature and darker spots in the MTI plots (Fig. 3.10). As previ-

ously discussed, the darker MTI flowing signature could be the result of rougher ter-

rain causing increased agitation in the flow, perhaps a higher granular temperature

or higher turbulent energy. The lines result from internal surges near the avalanche

front (Köhler et al., 2016). The origin of the surges is not completely clear yet, but since

they occur as soon as the avalanche reaches a certain size and speed this suggests

that they are a flow instability such as rollwaves. Figure 3.6 suggests that surges

build above a velocity of 20 m s−1 to 30 m s−1. This is in accordance with the findings

of Gauer et al. (2008) that the effective friction, in their words the retarding accelera-

tion, changes at similar velocities. The surges have a life time of a few seconds and

the longitudinal extent of the IR is usually up to a couple of hundred metres.

The second relevant flow transition observable in our data set occurs in warm

avalanches and manifests itself as a change from a shear regime to a plug-flow

regime. Typically the plug-flow regime starts in the shallow deposition region below

the couloirs. When the slope is gentle so that the flow is slower and experiences less

agitation from the base, and the flow depth and thus the overburden pressure are

large, the full avalanche can transform into the warm plug regime (Fig. 3.8). Such a

transition can occur also locally (Fig. 3.3I) or partially (Fig. 3.7C). This process may

be explained by the granular nature of the flow and specifically by the balance be-

tween forces which promote aggregation and forces which induce fragmentation

(Steinkogler et al., 2015a; Issler, 2003). In particular, the yield strength increases with

particle cohesion and overburden pressure, whereas fragmentation forces such as

shear and impact stresses increase with velocity and slope angle. To which extent

a visco-plastic flow (a pure plug over a sheared layer (Kern et al., 2004), a cohesive

granular flow or a poly-disperse flow (thick sheared layer above a highly sheared

layer (Rognon et al., 2008, 2007)) are more appropriate to represent such a transi-

tion is an actual debate (Ancey, 2007). Additionally, one may consider segregation
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of faster and slower material, or colder and warmer material, inside the avalanche

and mixing with warmer snow cover due to entrainment as a possible cause for the

transition between WSR and WPR.

Finally, another important flow transition occurs when a cold avalanche trans-

forms into a warm avalanche. Even though most of the snow flowing inside a PSA

is cold, entrainment of deeper and warmer layers can raise the temperature to that

of warm snow, with the result that the passage between warm and cold flow hap-

pens towards the avalanche tail and manifests itself with the formation of a slow

tail (Fig. 3.10). If, however, the full snow cover is warm, the flow regime transition

can occur directly at the front and control the complete flow dynamics. Indeed, the

avalanche in Fig. 3.8 shows the typical features of a large PSA which transforms

completely into a plug-flow below 1000 m range. It is remarkable, that this transi-

tion occurs in only a few seconds and within a distance of around 100 m, and is most

likely the result of rain precipitation warming and wetting the snow cover at lower

altitudes. Nearly all the potential energy in an avalanche will heat up the flowing

snow due to friction. Steinkogler et al. (2015b) found a temperature increase of 0.3 ◦C

per 100 m drop height, but entrainment of snow at lower altitudes and from deeper

layers in the snow cover can be a much more effective mechanism to change the

snow temperature inside the avalanche (Steinkogler et al., 2014), since entrainment

can increase the total flowing mass by an order of magnitude (Sovilla et al., 2006).

3.8 Conclusion

The GEODAR system has collected data on 77 avalanche events since 2009/10. The

avalanches show a wide variety of different dynamic behaviour and flow regimes.

We have analysed the MTI flowing signatures such as lines and streaks or darker and

light coloured spots, and conclude that streaks are the signature of internally moving

features, and characteristic spots originate from the interaction of the avalanche with

the terrain causing features such as standing waves. Further, the MTI plots show that

there are three dominant stopping mechanisms, primarily determined by the snow

temperature and liquid water content. These snow cover parameters mainly control

the cohesion and cause the flowing snow to aggregate into granules or even clump
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together into large flow units. Cold snow tends to stop from the tail with a decrease

in length of the flowing region behind the head, whereas warm snow tends to stop

first at the front followed by a progressive pile up, and a large plug-flow unit can

stop instantaneously.

Seven flow regimes have been defined on the basis of the GEODAR data. This

list of flow regimes provides an exhaustive classification of the avalanches observed

at Vallée de la Sionne. The GEODAR data can show the evolution of these flow

regimes in time and space, and characterise transitions between them. While small

to medium sized avalanches tend to be simple with only one flow regime, larger

avalanches are complex and exhibit multiple flow regimes simultaneously. One rea-

son for this is that large avalanches tend to cover a great range of altitudes (> 1000 m)

and therefore experience a greater range of snow conditions.

Two of the seven flow regimes, the sliding slab and the snowball regime, are only

of marginal interest in the big picture of an avalanche. But, the sliding and break up

of slabs become important in respect to the entrainment process due to secondary

releases (Köhler et al., 2016). And the rolling of snowballs can be seen as the “contact-

less” granular limit of the warm shear regime. Rolling granules can not only reach

farther runouts, but may even trigger secondary avalanches.

The other five flow regimes should be included in physically-based numerical

models. For many purposes, for example hazard-zoning where good statistics are

available, a physically based avalanche model is not always necessary. However,

for scientific purposes where we wish to have models that correctly describe the

underlying physics without containing empirically chosen fitting parameters, each

of these regimes and transitions between them must be correctly modelled. Some

of these regimes may be described by a single rheological model. For example, it

may be possible to describe all the dense regimes CDR, WSR and WPR by a model

including plasticity (Ancey, 2007) parameterised by temperature and granule size.

The intermittent regime (IR) is an important part of our classification system that

may be helpful in explaining the longevity and mobility of powder snow avalanches

(Köhler et al., 2016), by significantly increasing the mass flux into the powder cloud
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and increasing the turbulent kinetic energy. New modelling concepts must be de-

veloped, since velocity and density variations (Sovilla et al., 2015) may not be de-

scribed with standard depth-averaged numerical approaches, though there can be

good agreement (Louge, 2014). Future work can build up on the descriptive termi-

nology developed here, and connect rheological properties of snow to the expres-

sion of flow regimes by combine our results with the wide field of cohesive and

non-cohesive granular flows.

Our observations of flow regimes in snow avalanches with the use of radar tech-

nology may also be important for other gravitational mass movements. For example,

pyroclastic density currents may develop a similar flow regime as the intermittent

regime of powder snow avalanches, but obtaining direct measurements in the hot

ash is significantly harder. The advantage of using snow avalanches as an example

flow process is the frequent return period and the possibility to control the release

artificially.

To aid in the development of numerical models all of the data in this paper is

released under a creative commons license. For users of this data, this paper also

functions as a useful aid to understand the MTI plots and their features.

We also hope that this data set will attract the interest of those in the image-

processing and machine-learning communities. If automatic algorithms for pro-

cessing the GEODAR data can be developed, the radar data can be unambiguously

and objectively interpreted without additional local point measurements. We hope

that this work will spur the deployment of similar radar systems to study other

mass flows and both improve scientific understanding and have practical benefits

for warning systems and road and infrastructure security.

3.9 GEODAR data repository

All the GEODAR data discussed in this paper and listed in Table 3.1 are open ac-

cess and stored in the Zenodo (https://zenodo.org/) data repository, which is

financed by the Horizon 2020 project OpenAIRE and hosted by CERN. The associ-

ated entry can be accessed via:

https://zenodo.org/
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McElwaine*, J. N., A. Köhler*, B. Sovilla, M. Ash, and P. V. Brennan (2017),

GEODAR data of snow avalanches at Vallée de la Sionne: Seasons 2010/11,

2011/12, 2012/13 & 2014/15 [Data set], Zenodo, doi: 10.5281/zenodo.1042108,

*equally contributing authors

The archive contains processed GEODAR data namely the MTI plots, plus some

derived data such as the 1D thalweg, the projected trajectory s(t) and the down-

slope velocity ṡ(t) of the front or surge. A document serves as metadata and contains

details related to GEODAR. We give a comprehensive description of the different

GEODAR versions, more technical details to the applied processing steps, the MTI

filtering, the HDF5 data format and how to access the data in the container. Finally,

the bibliography list of all GEODAR related publications serves as references.

Even though the data is generally open access, we highly recommend to contact

the authors prior to usage. Even though we gained a substantial knowledge about

the signal interpretation, the data is still not straightforward to use. We believe that

only a culture of open discussion and collaboration can make the most out of this

invaluable data set.

Supplementary data as the meteo data and snowpack simulations used in this

paper are not part of the data repository, but are made available upon request.

3.10 Author’s contributions

Köhler, Anselm did most of the work for this publication. The initial idea, the data

analysis, most of the interpretation and the write up is my contribution.

McElwaine, Jim contributed with discussions on the direction of the publication

throughout the process. He helped in the writing up the flow regime description.

Sovilla, Betty contributed with extensive discussions on the direction of the publi-

cation throughout the process, and helped in the writing up in several parts of text.





95

Chapter 4

The dynamics of surges in the

3 February 2015 avalanches in

Vallée de la Sionne

An edited version of this chapter was published by AGU. Copyright (2016) Ameri-

can Geophysical Union.

Köhler, A., J. N. McElwaine, B. Sovilla, M. Ash, and P. V. Brennan (2016), The

dynamics of surges in the 3 February 2015 avalanches in Vallée de la Sionne, J.

Geophys. Res., 121(11), 2192–2210, doi: 10.1002/2016JF003887



96 Chapter 4. Dynamics of surges in snow avalanches

4.1 Abstract

Five avalanches were artificially released on 3 February 2015 at the Vallée de la

Sionne test site in the west of Switzerland and recorded by the GEODAR Mark III

radar system. The radar beam penetrates the dilute powder cloud and measures

reflections from the underlying denser avalanche features allow tracking of the flow

at 111 Hz with 0.75 m down-slope resolution. The data show that the avalanches

contain many internal surges. The large ‘major’ surges originate from the secondary

release of slabs. These slabs can each contain more mass than the initial release, and

thus can greatly effect the flow dynamics, by unevenly distributing the mass. The

small ‘minor’ surges appear to be a rollwave-like instability and these can greatly

influence the front dynamics as they can repeatedly overtake the leading edge. The

minor surges are the characteristic signature of the intermittent flow regime solely

found in large powder snow avalanches.

We analyzed the friction acting on the fronts of minor surges using a Voellmy-

like, simple one-dimensional model with frictional resistance and velocity-squared

drag. This model fits the data of the overall velocity, but it cannot capture the dy-

namics and especially the slowing of the minor surges, which requires dramatically

varying effective friction.

Our findings suggest that current avalanche models based on Voellmy-like fric-

tion laws do not accurately describe the physics of the intermittent frontal region

of large mixed avalanches. We suggest that these data can only be explained by

changes in the snow surface, such as the entrainment of the upper snow layers and

the smoothing by earlier flow fronts.

4.2 Introduction

Avalanches are a major natural hazard in mountainous regions. They kill hundreds

of people a year and cause significant economic damage. In Europe, the main means

of risk mitigation are hazard zoning and forecasting. These are largely based on

a combination of historical records, numerical simulations and expert judgements

(Eckert et al., 2012).
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To draw up hazard maps, predictions of runout distances, flow velocities and

impact pressures based on numerical simulations of avalanches are necessary. Even

though the first avalanche models were developed more than 60 years ago, present-

day models are still based on simple assumptions (Ancey, 2006; Issler et al., 2005).

The parameters for these avalanche models are chosen by fitting predicted runout

distances to measurements of the deposits using photogrammetry or other means.

The avalanche propagation models are then used to predict the flow thickness and

velocity, which is then used as an input to calculate impact forces from empirical

relations (Sovilla et al., 2016). A characteristic of the implementation of most models

is that they are highly dissipative resulting in smooth velocity and height fields that

are typically largest at the front and do not contains rollwaves or internal surges.

Measurements performed inside the flow, however, indicate that the maximum

avalanche velocities can occur well behind the leading edge. The structure of the

flow is thus far more complex than previously thought (Sovilla et al., 2015). Fig-

ure 4.1B shows a schematic of a large mixed powder avalanche with the three main

regions delineated. Sovilla et al. (2015) showed direct evidence for an intermittent

frontal region from density and impact pressure measurements. This region is char-

acterized by a relatively low volume fraction with sporadic high density clusters of

snow (Figure 4.1A and red vertical bars in B). This region can reach approximately

as much as 300 m into the flow until the ‘classical’ dense core begins. The dense

core, a flowing, continuously high density region, then extends to the tail of the

avalanche. For large avalanches the intermittent region and the dense flow are usu-

ally covered by a powder cloud, which has low density and consists of single snow

grains (Rastello et al., 2011) suspended against gravity by turbulence, that develops

if the Richardson number is low enough (see (Turnbull et al., 2007) and references

therein). A similar picture of these three regions was proposed first by Schaerer and

Salway (1980) from observations in Roger’s Pass (Canada). They noted the work of

Te Chow (1959) on open Channel flow that states Vedernikov’s criterion: for Froude

numbers > 2 a ‘slug flow’ regime develops from a dense flow having an unstable

surface characterized by surges and turbulent ridges separated by highly agitated

regions. And for Froude numbers > 3.5 (Henderson, 1966) air entrainment leads to



98 Chapter 4. Dynamics of surges in snow avalanches

15cm

Dense core
Major surge

intermittent
frontal region Powder cloud

A

semi-continuous, high density, 1000mvarying density, 0-300m

Flow 
direction

Surge 1Surge 2

Le
ad

in
g 

ed
ge

 a
t t

im
e 

T 1
-5

E
qu

id
is

ta
nt

 r
an

ge
s 

R
1-

5

Surge 2

Surge 1

Time T1-5

R
an

ge
s 

R
1-

5

Radar MTI

Foremost point a time T1-5

R
anges R

1-5
Side viewTop viewC

B

D E

FIGURE 4.1: A) Picture of leading edge of avalanche #15-0017 reaching the

instrumented pylon. The steel wedge points against the flow. The cylindri-

cal pressure sensor at 5.5 m above the ground acts as a scale of 15 cm diam-

eter. The visible snow clumps are big enough to be detected by the radar. B)

Schematic drawing of an avalanche from Sovilla et al. (2015) containing the

intermittent frontal region and the dense core obscured by a powder cloud.

The red line outlines the flow regions which are detected by the radar. C)

A plan view with contours of the avalanche’s leading edge showing how

surge 1 could be overtaken by surge 2 laterally. D) Ambiguous MTI plot of

two crossing surges, dots correspond to sketch left and right. E) Side view

of surge 2 overtaking and covering surge 1 on the same talweg.

the occurrence of a middle zone, which they called ‘light flow’. Hopfinger (1983) pro-

posed a similar idea that rollwaves with strong air intake are regions of turbulences

with roller motion and may be the cause of the powder cloud. This and the ‘light

flow’ are probably equivalent to our intermittent frontal region.

Detailed dynamic measurements on full-scale avalanches are very rarely avail-

able, notably from point measurements in Vallée de la Sionne test site (VdlS) (Sovilla

et al., 2013). However, these measurements are only performed at a single point on

the slope and may not represent the spatial behavior of the flow. Filming and pho-

tography can give information over the whole slope, but most of the complex flow

structures and dynamically relevant processes happen below the powder cloud and
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are optically obscured. This makes it difficult to observe the evolution of such struc-

tures and to investigate how they affect the avalanche’s dynamics.

To obtain spatial data on the dynamic features inside the avalanche, GEODAR, a

novel avalanche radar, was developed by Ash et al. (2010) and installed at Vallée de

la Sionne test site in the winter season 2010–2011 (Sovilla et al., 2013). With the first

setup, referred to as Mark I, two natural released avalanches were analyzed (Vriend

et al., 2013). For the winter season 2012/13, the system hardware was improved

using better cabling, phase synchronization and antenna placement. The improved

system is referred to as Mark III. The software for the data processing has since been

further developed to improve noise reduction, filtering and normalisation.

One of the major problems in interpreting GEODAR data in the past was the lack

of measurements for comparison. Until 2015, only naturally released avalanches

were observed with GEODAR. No additional spatial data, such as video or laser-

scan, were available as such data are only captured with artificial releases. More-

over, with natural releases, the data sets are frequently incomplete since the radar

measurement is only started when the avalanche has reach a certain speed and size

for the seismic sensors to trigger the data acquisition.

The avalanches described here were released artificially and the radar acquisi-

tion started manually before the release, so that the whole avalanche event could be

captured from initiation to deposition. High-definition video recordings, laser scans

and flow height data were obtained for the avalanches from before the release un-

til the whole avalanche stopped as well. We combine these datasets to gain a very

detailed and consistent image of the denser parts of the flow, which indicates that

the avalanche dynamics are influenced by numerous surges. The resulting data set

provides a great opportunity to better understand the radar images and thus the

avalanche’s surge dynamics.

In this paper we define the ‘leading edge’ of the avalanche as the downslope edge

of the moving snow on the terrain. The top view in Figure 4.1C draws the leading

edge as one of the black lines which can be made up of several surges. The ‘front’

of a surge is then the closest point (red and grey dots) to the radar along the talweg,

which is the steepest descent path down the topography. The procedure to convert

the radar range r(t) into arc-length coordinates s(t) down the talweg is described in
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Section 4.3.1. Similar, we define the ‘approach velocity’ as the speed of a flow feature

along the line of sight ṙ(t), whereas ’velocity’ refers to the ground-parallel velocity

down the talweg ṡ(t).

The paper will begin by introducing the measurement devices used in this pa-

per: the GEODAR radar system, the flow-height measuring FMCW radars, the video

recording cameras and the laser-scan system. In Section 4.4.1 we show that the GEO-

DAR system is able to detect flow height variations in the avalanche which we will

call surges. In Section 4.4.2 we further divide these surges into larger ‘major’ and

smaller ‘minor’ surges and give explanations about their origin and their velocity

(Section 4.4.3). The discussion in Section 4.5 is mainly divided into the effect of both

types of surges onto the avalanche movement.

Note, this chapter literally details the intermittent regime (IR) defined in Chap-

ter 3. However, this information was not existent when this chapter was published,

and we named the IR as an region – the intermittent frontal region – where we ex-

clusively find the minor surges which are characteristic for the intermittent regime.

4.3 Method and Data

Five avalanches were artificially released at the Vallée de la Sionne (VdlS) test site

(Ammann, 1999) in Canton Valais, Switzerland on 3 February 2015 (Fig. 4.2). The

avalanches were observed on the east-facing slope, which has an elevation drop of

around 1300 m. The release area is around 2 km wide and consists of steep slopes of

35◦ to 45◦. The release area is divided into three different zones which are named Pra

Roua, Crêta Besse 1 and Crêta Besse 2 from south to north (or from left to right when

looking at the slope). The middle section of the face contains two main couloirs,

which tend to Channel the avalanches. Avalanches from Pra Roua and Crêta Besse 1

mostly flow down Channel 1, whereas avalanches from Crêta Besse 2 flow down

Channel 2. Both avalanches presented here were released from Crêta Besse 1.

The Crêta Besse 1 path is equipped with sensors at three different locations: Cav-

ern A at 2250 m above sea level (asl), Cavern B at 1890 m asl and a 20 m tall pylon at

1640 m asl. Upward-looking radar systems (Gubler and Hiller, 1984) and seismic sen-

sors (Pérez-Guillén et al., 2015), which trigger the automatic recording, are installed
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FIGURE 4.2: Overview of the Vallée de la Sionne (VdlS) test site. Blue con-

tour lines cover the area observed by GEODAR and indicate the radar range

(distance from bunker). Areas not visible to the GEODAR radar are colored

with the yellow–black colormap indicating the vertical shadow depth. The

approximate area of the denser regions covered by the avalanches is col-

ored violet (#15-0017) and green (#15-0019), and the corresponding talwegs

are marked with black lines. Red points mark the locations of the pylon,

the Caverns and the bunker hosting the GEODAR system. Original map

obtained from Swiss Geoportal (2015) with Swiss coordinate system CH1903

(SRID 21781).

in Caverns A and B. The pylon is equipped with sensors at different heights. These

measure flow height, impact pressure, air pressure, velocity, density and tempera-

ture (Sovilla et al., 2013). The GEODAR radar system, which is the main data source

in this publication, is mounted in a bunker 40 m up the counter slope at 1485 m asl

facing the slope (CH1903 coordinates: N595 246 m, E126 706 m).
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4.3.1 GEODAR

GEODAR (GEOphysical flow dynamics using pulsed Doppler radAR) is a frequency-

modulated, continuous wave phased-array radar system. The radar is able to resolve

the range, the Doppler velocity and the lateral position of a reflecting target, how-

ever, here we only use the range data. A detailed description of the measurement

principle and the radar design can be found in Ash et al. (2010, 2011). The first pub-

lished results were based on findings with GEODAR Mark I (Vriend et al., 2013),

whereas the data described here were obtained with the GEODAR Mark III system.

This system has a higher pulse repetition rate which increases the measurement fre-

quency, and has a better pulse-to-pulse coherency due to the use of phase-locked

signals which results in a stable phase between each pulse and each antenna. Fur-

thermore, larger high-speed storage extends the capture time to 9 minutes and low-

loss cables provide a higher signal-to-noise ratio. All references to GEODAR in the

rest of the paper refer to the Mark III system.

The radar covers nearly the whole slope from the top at range 2700 m to the bot-

tom at range 120 m (Figure 4.2). The radar collects information over a 30 degree wide

sector, which is averaged over all points at the same line-of-sight distance from the

antennae, approximately following the blue contour lines in Figure 4.2. A complete

view of the slope is collected at 111 Hz with a 0.75 m range resolution. Some regions

are shadowed by localized topographic features and cannot be seen by the radar

(Figure 4.2).

Eight receiving antennae are arranged in a sparse-sampled linear array of 8 m

baseline-width and collect the avalanche signal. If the data from the eight receivers

are post-processed, the lateral position of the reflectors can be derived using beam-

forming techniques (Ash et al., 2014a). Here, however, we averaged the signal of all

receivers to improve the signal-to-noise ratio.

The radar operates with a wavelength of 57 mm (5.3 GHz). The radar can see

denser parts of the flow like granules and snow clumps which have an extent larger

than the radar wavelength (Salm and Gubler, 1985; Rammer et al., 2007). Such blocks

occur in the intermittent frontal region (Figure 4.1A) as well as in the dense core.

The millimeter sized snow crystals in the powder cloud (Rastello et al., 2011) are
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too small to reflect the radar signal. Therefore, the powder cloud is expected to

be transparent to the radar beam. In addition to grain size, changes in dielectric

properties in general will alter the radar reflectivity. For the frequency of 5.3 GHz the

dielectric properties depend mainly on the density of the air–snow mixture and in

case of wet snow on the liquid water content as well (Hallikainen et al., 1986). Highly

varying density and material flowing in localized denser clusters are characteristics

for the intermittent frontal region (Figure 4.1B, Sovilla et al. (2015)), so these flow

structures are visible to the radar too.

The penetration depth of electromagnetic waves with a frequency of 5.3 GHz

in dry snow is around 10 m (Rignot et al., 2001). The radar will therefore be able

to measure structures throughout the full depth of an avalanche (usually less than

5 m), although the flow surface (Salm and Gubler, 1985) where the change in dielectric

properties is highest will give the largest signal. Furthermore, the reflected signal

contains a large static component from non-moving regions of the mountainside.

This is removed using a high-pass filter. In the radar community this is known as

Moving Target Identification (MTI) since, in the absence of noise, there will be only

a signal from moving objects that change their range or change their radar cross-

section (size and ability to echo radar energy). These MTI plots are space-time plots

that show any changes in radar reflectivity at a particular time and range, although

the amplitudes of the reflected signal and of the MTI are difficult to interpret directly.

MTI plots in this paper show signals normalized according to the mean value of

the MTI at each range, and the logarithm of the resulting value is mapped with a

particular color intensity. We use an MTI high-pass filter of 151 samples in length,

with a normalized cut-off frequency of 0.12 generated by the function fir2.m in the

OCTAVE signal processing package. In contrast to Vriend et al. (2013), who applied

a FIR time domain filter with coefficients [1,−1] as the difference between only two

adjacent pulses, the filter used here has a flatter passband response with a sharper

cut-off and gives clearer results.

An MTI plot distinguishes between the moving and non-moving parts of the

slope thus highlighting the avalanche flow (Figure 4.1D). Yellow or lightly colored

parts of the plot indicate areas with no moving snow. The transition to a darker in-

tensity show the arrival of the avalanche’s leading edge. The changes in range with
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time of these edges are the approach velocities, that is the velocity on the line-of-

sight towards the radar. Inside the avalanche, the reflectivity constantly changes,

giving an MTI signal of medium intensity. Dark lines correspond to surges or waves

in the avalanche. Since the plots are averaged across the slope, the lines and edges

can cross each other (Figure 4.1D). They can correspond to features at different lat-

eral locations moving with different speeds (Figure 4.1C), or they can overtake each

other at the same lateral location (Figure 4.1E). GEODAR cannot distinguish be-

tween these cases (Vriend et al., 2013). Nevertheless, the small powder cloud in the

first part of the avalanche track (lower insets of Figure 4.6) allows a degree of visual

‘calibration’ and later in the avalanche path the Channelled topography limits the

lateral extent of the flow.

Figure 4.3 shows an MTI plot of a complete avalanche with the avalanche’s lead-

ing edge marked in blue as the clearest feature. This change from static background

to moving snow mostly gives the largest MTI signal. Similar, internal surges can

result in a high MTI signal. Since the signal quality decreases with the distance from

the bunker, the quality of the signal in the release zone is the weakest. Moreover, the

signal intensity decreases locally for spots within shadow zones (Figure 4.2).

Features in the GEODAR data can be tracked to give radar range as a function of

time r(t) = |x(t)−x0|, where x are the world coordinates of the feature at time t and

x0 are the coordinates of the GEODAR transmitter at the bunker. A slight adjustment

can be made for different receiving antennas and Doppler effects, but these effects

are small and thus ignored in this paper. To find x(t), two additional constraints are

needed. One relates to the requirement that the point lies on the terrain surface, and

the second to the lateral location, which we infer from laser-scan data, the Channel

topography in the middle section of the path and video observations until the pow-

der cloud gets too opaque, as outlined in Section 4.3.3. Once the position is fixed in

a talweg we assume that the feature remains in that talweg.

First we smoothed the digital terrain model h(x, y) (grid size: 1 m) with a Gaus-

sian filter (σ = 15 m, kernel size 4σ) since the avalanche is at least this size and will

follow a smoothed trajectory. We calculated the talweg, the path of steepest descent,
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FIGURE 4.3: MTI plot of avalanche #15-0017. Slab releases are highlighted

with vertical dashed bars. The slab numbers refer to Figure 4.5. The most

pronounced internal surge and the corresponding slab release is marked

with turquoise line. The approach velocity can be inferred from the gradi-

ent of the line features. The velocity legend is given for reference. Upper

right detail show slab failures in front of the leading edge as instant jumps

forward in range. An in-depth comparison of GEODAR and FMCW B is

given in Figure 4.5 as the detail of the black box.

by solving the ordinary differential equation

dX(s)

ds
= − hx√

h2
x + h2

y + 1
, (4.1)

dY (s)

ds
= − hy√

h2
x + h2

y + 1
, (4.2)

with starting positions Xi(0) and Yi(0). This then produced a set of talwegs in

world coordinates Xi = {Xi(s), Yi(s), h(Xi(s), Yi(s))} with i = 1...N , parametrised
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according to arc length s. The local slope angle is given by

θ(s) = − arcsin
(
X ′(s)hx(X(s), Y (s)) + Y ′(s)hy(X(s), Y (s)

)
, (4.3)

where the subscripts denote the derivative with respect to x or y, and ′ denotes the

derivative with respect to s. With the video data we assigned each surge’s front to

a particular talweg Xi(s) and then calculated its position, s(t) down the talweg as a

function of the radar range r(t), by solving the equation

|Xi(s(t))− x0| = r(t) . (4.4)

The ground-parallel velocity of the feature as a function of time was then given by

ṡ(t) and the corresponding acceleration by s̈(t). The correction factor from the ap-

proach velocity to the ground-parallel velocity was mostly less then 5 % to 10 % due

to the location of GEODAR near the valley bottom. However, numerical differentia-

tion is poorly conditioned and we therefore employed a physically-based smoothing

technique, which we describe later in Section 4.5.2, for calculation of the flow veloc-

ity.

4.3.2 Upward-looking FMCW radar

Three frequency-modulated, continuous wave (FMCW) radars operate like ground

penetrating radar but point up rather than down (Gubler and Hiller, 1984). They are

installed in Cavern A below the release area of Crêta Besse 1, Cavern B in Channel 1

and Cavern C close to the instrumented pylon (Figure 4.2). They can detect layers in

the snowpack as well as observe the flowing snow as it passes over them. They give

a detailed but qualitative picture of entrainment, deposition, flow height and flow

structure (Salm and Gubler, 1985; Sovilla et al., 2006).

The FMCW radars have a vertical resolution of around 100 mm and sample at

40 Hz, but perform poorly for wet snow due to the large attenuation. For the avalanches

analyzed here, however, the temperatures were so cold that the liquid water content

was negligible. The accuracy of the FMCW radars relies on precise snow density

information, which affects the speed of microwaves in the snow (Lundberg et al.,
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2006). Nevertheless, they provide an excellent picture of the avalanche structure.

The radars are usually used to analyze snow entrainment by looking at the evolu-

tion of the bottom layer of the flow (Sovilla et al., 2015). Slow basal erosion and a

more spontaneous and rapid entrainment of a whole layer of snow can be differen-

tiated (Sovilla et al., 2006). The FMCW radars are useful in detecting small-scale flow

structures that cannot be distinguished in the GEODAR signal since they resolve

through the flow rather than across the flow (Vriend et al., 2013).

Identifying particular features in both the GEODAR and FMCW signals, how-

ever, is not straightforward since the avalanches typically have a large lateral extent

and small features will usually not flow directly over the FMCW radars or may even

miss them altogether. FMCW B should detect most of the flow height variations

because the Channelled topography limits the flow width. However, FMCW A is

situated in open terrain and the front may pass it well to the side. In this case, traces

from particular features may appear later in the local FMCW signal compared with

the laterally averaged GEODAR signal, because the FMCW will see the feature after

its front has passed.

The time evolution of flow height of avalanche #15-0017 and #15-0019 are shown

in Figures 4.5 and 4.4, respectively. The FMCW B data from avalanche #15-0017 are

compared in more depth with the GEODAR data in Section 4.4.1.

4.3.3 Video

Detailed video recordings were taken from the counter slope at positions known as

G3 Plan de Larze (CH1903 coordinates N595 535 m, E126 634 m, Z1743 m asl, Fig 4.2)

with a 100 Hz camera. Additional videos were recorded from the bunker. They

therefore have exactly the same geometrical perspective as GEODAR and are partic-

ularly useful for interpreting the GEODAR data.

The videos allow the tracking of the avalanche’s leading edge. For avalanches

with a small powder cloud shroud, usually until a certain time after the initiation,

the videos provide a rare opportunity to visually corroborate the interpretation of

GEODAR’s signals. The video recordings are used to infer the lateral position of the

avalanches, though usually it is only the powder cloud rather than the denser core.
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The camera’s geometric and optical parameters are resolved with a set of ground

control points, connecting terrain features with the image plain (McElwaine, 2003).

The focal length, the camera rotation and the terrain coordinate of the image centre

pixel are inferred by optimizing the match between the control points in the image

and the terrain. The video image is registered with a ray-tracing technique, resulting

in a transfer function between each image pixel and each pixel of the digital terrain

model (Corripio, 2004). Thus information on the terrain, such as elevation and radar

ranges can be transferred into the video images, and features identified in the videos

like avalanche contours can be mapped on to the terrain with the reverse transfor-

mation.

Another camera is installed 10 m above the ground on the instrumented py-

lon pointing down towards the sensors. Figure 4.1A shows the leading edge of

avalanche #15-0017 hitting the pylon. Once the powder cloud has a certain density,

it becomes too opaque for the camera to show much detail.

4.3.4 Laser Scanning

Three laser scans were taken from a helicopter on the day of the experiments. The

equipment and methodology were the same as those used by Sovilla et al. (2010). The

first scan was of the undisturbed snow cover before any avalanche was released.

The second scan was taken after the first release, just before avalanche #15-0017 was

triggered, and the third scan after all avalanches were released. Five avalanches

in total influenced the final pattern of the snow distribution. Several avalanches

reached the main runout area, making a detailed mass balance for any single event

challenging.

The overall snow height distribution was calculated by subtracting the digital

terrain model from the first laser-scan measurements. The net change in the snow

cover, indicated by the difference of two consecutive scans, provides information

on the erosion and deposition pattern of the avalanches (Figure 4.6). These volume

estimates should be treated carefully where the slope is of medium steepness as ero-

sion may be followed by deposition. In steep or shallow slopes, where either erosion

or deposition is prevailing, the data are unambiguous (Sovilla et al., 2010). The net

change may be the result of several avalanches especially in the shared runout and



4.3. Method and Data 109

Channelized parts of the track. The laser-scan data were used to infer the release lo-

cations and volumes of the secondary released slabs, these values of are summarized

in Table 4.1.

4.3.5 Description of the Avalanches

Five avalanches were artificially released on 3 February 2015 in the VdlS test site.

During the five preceding days nearly 1 m of new snow had fallen on a 1.35 m thick

snow cover with weakly bonded faced crystals on the surface and buried depth

hoar layers (SLF, 2015). The weather station Donin du Jour (VDS2, 2390 m asl) is

a few hundred meters north of the test site and is assumed to be representative of

the local meteorological conditions. During the snow storm cycle, westerly winds

with peak velocities higher than 40 km h−1 prevailed. The air temperature stayed

below −10 ◦C, preventing the consolidation of the cold new snow and resulting in

an unstable snowpack. A thermal camera was used to film the avalanches and some

temperature measurements were also conducted manually in the deposition zone.

These showed that the snow temperature in the avalanches at all elevations was at

least below −5 ◦C, which meant the avalanches had a low water content and could

be regarded as dry.

The avalanches were classified according to their runout distance (Pérez-Guillén

et al., 2015), with avalanches #15-0016, #15-0017 and #20150020 classified as large and

#15-0019 and #15-0022 classified as medium. Avalanche #15-0017 and #15-0019 are

analyzed in detail in this paper. Figure 4.2 shows the release areas and the trajecto-

ries. We refer to these avalanches by their archive numbers, to allow cross-reference

with other publications, but the prefix “2015” is excluded in the following sections.

Avalanche #15-0017 was released at 11:45, from the left side of Crêta Besse 1

(Figure 4.6, highest release point in CH1903 coordinates: N593 273 m, E127 655 m,

Z2574 m asl). The whole avalanche descended through Channel 1, flowed over Cav-

ern B and hit the pylon. The initial release volume was not very large (Table 4.1), but

snow entrainment considerably increased the size of the avalanche, resulting in a

long runout. The relatively straight trajectory of this avalanche and the high quality

video records make it a perfect test case for analyzing the GEODAR data.
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FIGURE 4.4: MTI image of avalanche #15-0019. Extent of slab releases (be-

tween the horizontal bars) and the resulting major surges (colored lines)

are highlighted. Small insets show the FMCW flow height measurements

from Cavern A and B, which connect well to the surges in the MTI. Note

the abrupt erosion at FMCW A when the blue surge arrives. Left panel:

Ground-parallel velocity ṡ of surges along their talweg (solid lines = surges

at the leading edge, dashed lines = surges inside the avalanche).

Avalanche #15-0019 was released at 11:54 in the boundary zone between Crêta

Besse 1 and Crêta Besse 2 (Figure 4.6, highest release point in CH1903 coordinates:

N593 323 m, E127 876 m, Z2606 m asl). This medium-sized avalanche flowed over

Caverns A and B, but stopped before reaching the pylon. The small powder cloud

only partly obscured the denser core and the internal flow structures, allowing a

clear comparison between the video data and the GEODAR data. This dataset is

most interesting for identifying the sources of the avalanche’s four major surges and

following their evolution along the talweg (Figure 4.4). The times in all of the figures

are relative to the time of the explosions at t = 0 s, that triggered the avalanches.
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4.4 Major and minor surges

4.4.1 Feature identification

The main features analysed in the MTI plots were marked with colored lines in Fig-

ures 4.3 and 4.4. Such line features correspond to trajectories of features in the flow

such as flow fronts, surges, rollwaves or density clusters. These were mapped to

the appropriate talweg using the procedure outlined earlier in Section 4.3.1 to obtain

the talweg position s(t) as a function of time from the radar range r(t). The velocity

derived from these trajectories, ṡ(t), is a phase velocity rather than a group velocity.

The group velocity is the velocity of snow granules, whereas the phase velocity is the

velocity of flow features. These may be the same if they correspond to the trajectories

of blocks of material. They can also be very different since in subcritical regions the

phase velocities could be upslope corresponding to backward propagating shocks or

rollwaves, even though material only moves down slope. The horizontal lines in the

MTI may correspond to standing waves with zero phase velocity and the upward

sloping lines to flow features with negative phase velocity. At the leading edge the

phase velocity is the same as the group velocity.

We classify the flow features we track (lines in the MTI) as follows: those that

can be identified as coming from secondary releases (identified from video or laser

scan data, see Section 4.4.2) we call major surges. These trajectories are nearly all

more than 400 m in length. All others we refer to as minor surges. These are nearly all

shorter than few hundred meters in length. The major surges can start far behind the

head but move though the avalanche body and may reach and overtake the head.

Several are visible in the MTI plot of avalanches #15-0017 (Figure 4.3) and even more

in that of #15-0019 (Figure 4.4). The minor surges occur in the intermittent frontal

region and the dense core, but not in the avalanche tail. We believe that the minor

surges are most likely internal rollwave like flow instabilities (see Section 4.4.2).

We define the relative length Lr of a surge as the length of the surge along the

talwegLs divided by the avalanche runoutL, the distance between the release (high-

est point) and the deposit zone (lowest point). The major surges (Figure 4.3 and 4.4)

have all a relative length Lr = Ls/L of higher than 0.4, whereas the minor surges

identified in Figure 4.7 have a relative length of less than 0.2.
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FIGURE 4.5: a) GEODAR data from avalanche #15-0017 taken at the dis-

tance of FMCW B (blue horizontal line at 1271 m range). The surge marked

in turquoise on Figure 4.3 is shown for reference. b) FMCW flow height data

acquired at Cavern B. An approximate flow height h is drawn in red. Ver-

tical dotted lines help to match flow height variations with GEODAR line

features. For detailed description see text. FMCW data are shifted by −1 s

relative to GEODAR time due to the transverse displacement of the FMCW

system.

The GEODAR data are compared with the FMCW measurements at Cavern B

for avalanche #15-0017 in Figure 4.5. Both data sets are synchronized in time and are

displayed above each other. Note that the GEODAR data are displayed as a ±75 m

wide section around the range of Cavern B, corresponding to the area highlighted by

the black box in Figure 4.3. This simple comparison shows that both minor and ma-

jor surges in the MTI plot clearly correspond to flow depth variations in the FMCW

plot. For example, GEODAR’s most pronounced internal feature of avalanche #15-

0017, highlighted in turquoise in Figure 4.3, corresponds to the flow depth variation

#8 in the FMCW B data. Other features, numbered #2, #6 and #10 in Figure 4.5, also

match up nicely with the arrival of flow height waves at Cavern B.
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GEODAR reveals many more minor features than FMCW B, possibly because

they were relatively small and laterally displaced from Cavern B. Thus their extent

must have been smaller than the Channel width of 30 m. Note that feature #9 is a

clear wave in the FMCW B data, but the corresponding features arrived in the MTI a

few seconds earlier. Such a delay was most likely caused again by the location of the

FMCW, which is around 20 m away from the Channel axis. The avalanche stopped

moving at 104 s according to the FMCW B signal, but GEODAR recorded still a weak

signal until 115 s. This is presumably because the avalanche had stopped moving

over FMCW B, but its narrow tail was still flowing in the bottom of the Channel.

4.4.2 Generation and evolution of surges

The comparison with the upward-looking FMCW radar has shown that the trajec-

tories of surges we inferred from the GEODAR data correspond to variations in the

flow depth. In this subsection we explore their generation and evolution.

Major Surges

Major surges were present in both avalanches #15-0019 and #15-0017. Avalanche #15-

0019 had four major surges (Figure 4.4: green, black, red and blue lines), which over-

took the foremost point of the avalanche one after the other. Avalanche #15-0017

contained at least one major surge, which always stayed several hundred meters

behind the leading edge (Figure 4.3).

In order to identify the origin of the major surges, we compared the GEODAR

data to the video and laser-scan data (Figure 4.6). The video was used to locate

surges at the lateral position and to infer the timing of the secondary releases if pos-

sible. The laser scan was used as complementary information to associate to each

surge an origin and an initial release volume. Most of the major surges could be

associated with secondary releases occurring along the avalanche path. The areas

highlighted by black outlines in the laser-scan data (Figure 4.6) show the location of

all secondary releases identified. The outline were extracted from either the laser-

scan if obvious (slab #1, #4, #7), or georeferenced from the video data. The volumes

of secondary releases Vi can be even larger than the volume of the initial release V0

(Table 4.1).
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FIGURE 4.6: Net changes in the snow cover due to avalanches #15-0017 and

#15-0019 as the result of the laser-scan data. The color scale is limited to

3 m erosion (red) and 1 m deposit (dark blue). Slab release areas are marked

with black outlines and numbered for easier reference. Lower panels show

video snapshots from avalanche #15-0017 (left) and #15-0019 (right) at the

moment of some slab releases (black outlines). Each visible front is marked

in the color according to the MTI images (Fig.4.3 & 4.4). The contour lines

represent the radar range.
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As an example we follow here the blue surge of avalanche #15-0019 from the

origin to the deposit in greater detail (Figure 4.4). At time 17.2 s, slab #1 was re-

leased at around 2356 m range, while the leading edge (green) was already 150 m

farther down slope. A short moment later, at 23.4 s, slab #2 was triggered just be-

low slab #1 at an average range of 2280 m. Connecting both slabs in the space-time

MTI plot reveals that the two together are reasonable candidates for causing the

formation of the major surge marked in blue (Figure 4.4). Both secondary releases

happened to the side of the main avalanche track, which meant the acceleration was

only driven by gravity. Eventually though, the slabs merged with the body of the

main avalanche and started to accelerate, attaining velocities beyond the front ve-

locity (range < 2100 m).

At 38.6 s the blue surge arrived at FMCW A (lower left inset in Figure 4.4). The

TABLE 4.1: Location, time and size parameters of the slab releases identified

in Figure 4.6. Size parameters are volume Vi, area Ai and average erosion

depth di. Areas were carefully picked manually by use of video and laser

scan data. The accuracy of the depth depends on the laser scanning device,

here ±0.05 m and the volume estimate depend on the the area and depth

(±5%). Location is given as average radar range and slab length as the ex-

tent in range, both with accuracy of around±5 m. (∗Time of release roughly

estimated.)

Time Volume Range Length Area Depth

unit [s] [m3] [m] [m] [m2] [m]

Avalanche #15-0019 Vt=29500 40400 0.75

initial release 3.4 V0= 2200 2505 60 1400 1.55

slab #1 17.2 V1= 500 2355 40 700 0.75

slab #2 23.4 V2= 3500 2285 85 2800 1.30

slab #3 20–25∗ V3= 3300 2150 100 1900 1.80

slab #4 38.7 V4= 4300 1945 155 3700 1.15

Avalanche #15-0017 Vt=78500 82600 0.95

initial release 5.2 V0=15200 2400 190 13000 1.15

slab #5 12.2 V5= 7600 2220 200 6000 1.25

slab #6 14.1 V6= 5900 2215 165 5900 1.00

slab #7 25.6 V7= 6300 1980 95 3300 1.90

slab #8 15–25∗ V8=10700 1945 255 5000 2.10
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surge not only showed up as an increase in flow height change, but also entrained

instantaneously around 1 m from the old snow cover. Sovilla et al. (2006) character-

ized such instantaneous erosion as step entrainment, which is driven by the front

of a surge. But the laser-scan data (Figure 4.6) clearly shows that the area #4 has a

sharp boundary, and suggests that a secondary release, the failure of a snow slab,

happened. Presumably the mass of slab #4 was incorporated into the blue surge,

and it continued to travel with a relatively constant velocity. At a range of 1350 m,

the leading edge was overtaken by the blue surge, and it is the blue surges which ar-

rived at 64.5 s at Cavern B as the new leading edge (upper right inset in Figure 4.4).

At the end of the steep Channel (1000 m range), the blue surge started to deceler-

ate and was then overtaken by several smaller surges. Note that the final runout of

avalanche #15-0019 at 870 m range was due to this last released major surge.

We could observe that as soon as the leading edge started to decelerate, its MTI

amplitude decreased as well. Possibity this decrease represents the starving of the

surge as the flow height diminishes. Sometimes the surges were still visible once

they had been overtaken (Figure 4.4, black-dashed). More often, however, they were

not, either because they merged with the surge that has overtaken them (Figure 4.1E)

or because of losing mass, and this may be a reason for their deceleration.

Minor Surges

Minor surges are observable in the lower part of avalanche #15-0017 and are shown

in greater detail in Figure 4.7. These surges are visible especially in the avalanche

head, the intermittent frontal region, and appeared and disappeared often, only ex-

isting for a few seconds. The leading edge of #15-0017 was overrun repeatedly by

such minor surges coming from behind.

We believe that most minor surges come from a rollwave like flow instability

and we are using rollwave to mean any variation in height and velocity that can

develop from an initially uniform state (Balmforth and Mandre, 2004). Some of them

seemed to start from terrain features, like curvature, bed roughness or obstructions

along the path, since they started at the same range. For example, the MTI plot

of avalanche #15-0017 (Figure 4.3) suggests that many minor surges started at the

beginning of the Channel at a range of around 1400 m to 1500 m. The MTI plot at this
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range shows slowly upward traveling broad features with high reflectance, which

may be standing waves or hydraulic jumps with negative phase velocities.

Some minor surges may have a very different mechanism: They may come from

secondary slab releases or very rapid entrainment and perhaps be related to erosion-

deposition waves (Edwards and Gray, 2015). We have no direct evidence of this how-

ever.

It is a generic feature of shallow flows that they are unstable and develop insta-

bilities when the Froude number exceeds a critical value. Close to this value only

small amplitude rollwaves develop. Further from criticality the previously men-

tioned ’slug flows’ and ’light flows’ can develop and these may be the cause of the

intermittent frontal region. Instabilities of higher density clusters and rapid flow

height variations are a signature of this region in the avalanche flow (Sovilla et al.,

2015). Schaerer and Salway (1980) reported an interval between those surges (though

they called them jets) of 0.7 s to 1.4 s, which is a similar magnitude to the occurrence

interval seen in Figure 4.7. So, these minor surges and the overrunning seem to be

ubiquitous features of the intermittent frontal region. It is noteworthy that we do not

see as many minor surges in avalanche #15-0019, which was smaller, flowed more

slowly and did not evolve the intermittent frontal region.

We estimated the Froude number as defined by Fr = ṡ/
√
gh cos θ for the mi-

nor surges at the location of Cavern B (θ = 28.7◦) with velocity ṡ and flow height

h estimated from Figure 4.5. The Fr values are in the range of 4 to 9 with the ma-

jority of values around 6. The flow are highly super-critical and well above the 3.5

threshold for ’light flow’. The occurrence of waves and instabilities are prevented by

stabilizing mechanisms. On the smallest scale this can be surface tension whereas

on a large scale it is internal dissipation. For a Newtonian fluid this corresponds to

a Reynolds number criterion but for non-Newtonian materials like snow it is more

complicated though there has been some work in the direction of defining a criti-

cal Froude number (Balmforth and Mandre, 2004) which is found to be around 2 , but

factors like terrain roughness and topography can change this value.

Chapter 3 describes that the boundary between the dense flow and the intermit-

tent frontal region can be inferred from the GEODAR data. However before, such

information only existed at the pylon. Unpublished data from the pylon suggest that
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FIGURE 4.7: MTI image of avalanche #15-0017 (detail) from middle of Chan-

nel down to deposit area below pylon. Surges overtake each other at the

front. Panel right: Trajectories of surges are highlighted, start points for fit-

ting procedure #3 maked with black dots. Panel left: Ground-parallel veloc-

ity of surges (solid lines = surges at the leading edge, dashed lines = surges

inside the avalanche).

avalanche #15-0017 developed shortly after the passing of the front, a less than 50 cm

shallow dense flow. Above, the density clusters as candidates for the minor surges

reach up to 4 m above the sliding surface. In other avalanches, minor surges are

more often connected to the intermittent frontal region than to a dense flow (Sovilla

et al., in prep.).

4.4.3 Velocity of surges

The talwegs for both avalanches are included in the VdlS overview (Figure 4.2)

and, for comparison with the actual avalanche area, also in the laser-scan data (Fig-

ure 4.6). The velocities were calculated by fitting a cubic spline to the talweg position

s(t) to make the curve smooth and differentiating the result to give ṡ(t).
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The velocities of the major surges in avalanche #15-0019 are shown in the left

panel of Figure 4.4. This avalanche reached velocities up to 35 m s−1. The green,

red and blue surges overtook the foremost position one after the other — effectively

increasing the front velocity, because the leading edge velocity was lower than the

velocity of the surges traveling behind. At each overrun, the leading edge velocity

was characterized by an abrupt discontinuity. These jumps could be larger than

10 m s−1.

The minor surges in avalanche #15-0017 (Figure 4.7) reached velocities up to

60 m s−1, overtaking the foremost position one after the other as did the major surges

in #15-0019, but more regularly and on a shorter time scale of around 3 s to 5 s. Nu-

merous minor surges contributed to the leading edge. The overall leading edge

velocity decreased from 50 m s−1 to around 30 m s−1 and was again lower than the

velocity of the surges travelling behind.

In the steep Channel (range > 1000 m), overtaking seems to have been the result

of material from behind traveling faster than the leading edge (blue, green and red

lines in Figure 4.7) and catching up. At the beginning of the runout, in contrast,

where the slope is more gentle, the surges had a similar velocity and overtook the

leading edge when it rapidly decelerated. The resulting leading edge velocity is

shown with the solid line in Figure 4.7, also with abrupt discontinuities. These jumps

can be even larger than 10 m s−1 to 20 m s−1.

Voellmy (1955) predicted and Dent and Lang (1983) reported that the leading edge

velocity fluctuates around a mean front velocity even when slope is constant. They

interpreted these fluctuations as surging or jetting (German schiessend), as parts from

the avalanche body shot forward and overtook the leading edge. The overtaking

of the leading edge shows that a simplistic model of an avalanche moving with a

slowly varying velocity does not agree with the data, as the front velocity is discon-

tinuous.

4.5 Discussion

4.5.1 Slab releases

Sovilla et al. (2006) observed with buried and upward-looking FMCW radar that
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avalanches can entrain large amount of snow well behind the leading edge by a

process which they called step entrainment. However, the GEODAR data in com-

bination with the laser-scan data suggest that this entrainment mechanism is not a

process where the mass is entrained along an abrupt erosion front, but rather due to

the instantaneous failure of snow slabs. These secondary releases are located both

inside and outside the avalanche track, and their failure is likely due to ground vi-

bration, the avalanche motion and weight initiating a new failure at a weak layer

(Schweizer et al., 2003). These secondary releases can occur in front of or behind the

leading edge, sometimes even hundreds of meters behind and beside the track.

The upper-right inset of Figure 4.3 shows the detail of the release of slab #5 which

was triggered in front of the leading edge. The corresponding video snapshot is

found in the lower left of Figure 4.6. Similar to the initial release, the avalanche

signal in the GEODAR jumped instantaneously forward in range because the whole

snow slab started moving at one moment in time. The radar signal of the young slab

was weaker than neighboring signals from faster moving snow. Secondary releases

failing inside the avalanche were therefore obscured by faster moving snow.

The laser-scan data were used to reconstruct the mass balance of the avalanches.

We estimated the initial released volume V0, the volumes of the secondary releases

Vi and the total volume of snow entrained along the upper part of the path Vt. We

perform the volume balance only in the upper part of the track (> 1800 m range), be-

cause multiple avalanches influenced the snow cover change in the lower part. This

area is also characterized by an average slope larger than 30◦ and thus errors in the

erosion depth due to deposition are negligible (Sovilla et al., 2010). Table 4.1 summa-

rizes the volume data and slab parameters. The volumes of the secondary releases Vi

are in the same order of magnitude as the initial volume V0. For avalanche #15-0019

Vi exceed the initial volume V0 by a factor of two, but in general Vi can exceed the

initial volume many times.

We define an entrainment ratio ve as the ratio between the volume of gradual

entrainment (Vt − Vi) and volume of secondary release (Vi) as

ve = 1−
n∑
i=0

Vi
Vt
. (4.5)



4.5. Discussion 121

For avalanche #15-0017 we find ve = 0.41 and for #15-0019 ve = 0.53, and thus

account for around 50 %. These numbers indicate that entrainment due to secondary

released snow slabs is a important entrainment mechanism for these avalanches in

respect to other entrainment like plowing or abrasion (Gauer and Issler, 2004).

Furthermore, the average erosion depth di = Vi/Ai of the secondary releases can

be much higher than the erosion depth around these slabs, e.g. for slab #7 di = 1.9 m

while outside the slab approximately 0.5 m of snow was entrained (Figure 4.6). We

see also that some of the largest fracture depth of up to 6 m correspond to slabs which

started below steep rock faces. We think such large snow accumulations were build

up by frequent sluff flows after snowfall events of the steep rock faces (e.g. salb #7

and #8 in Fig. 4.6).

The instantaneous release and the large erosion depth may lead to a major surge

where the mass stays concentrated as a confined surge. If the slabs are released

on different talwegs, they start as a separate avalanche and later join the original

avalanche and become a major surge. The data shows that they can be long in respect

to the total runout of the original avalanche, so they keep their identity for a long

time. The major surges can contain similar, or even more, mass than the original

release thus resulting in a much longer and uneven distribution of entrained snow

along the full avalanche flow.

It is clear that secondary releases and slab failures are governed by the overall

stability of the snowpack. The two avalanches presented here are having both the

same quite unstable snowpack with a base of facet crystals and depth hoard (SLF,

2015), and as we showed, secondary releases are an important entrainment contri-

bution to the avalanche flow. Estimating this importance of secondary release for

other snowpack conditions will require further avalanche observations combined

with data on the snowpack stabilities (Schweizer et al., 2003).

4.5.2 Effective Friction

A detailed comparison of our data with 2D avalanche simulations is beyond the

scope of this paper and also, for the reasons we now set out, likely to show poor

agreement. Instead we analyze the talweg trajectories s(t) of avalanche #15-0017’s
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minor surges by calculating their effective friction to show that a single set of fric-

tion values is not sufficient to reproduce the surging behaviour. We use a point-

mass model (Equation 4.6), which can be thought of as a zeroth-order shallow-water

Voellmy-Salm model. This procedure can be thought of a physically-based smooth-

ing of the surge velocities, since numerical differentiation of the position data is

poorly conditioned.

This model balances inertia s̈ with gravitational acceleration, Coulomb friction

term and a velocity-squared drag term, so that

s̈ = g sin θ − µg cos θ − λṡ2 , (4.6)

where θ(s) is the local slope angle, µ is the friction coefficient and λ is a dynamic

drag coefficient with dimensions of inverse length. Note that λ = g
ξh in the Voellmy-

Salm approach. By changing variables to kinetic energy per unit mass E = ṡ2/2 and

writing s̈ = dE/ds the equations can be directly integrated once to get

E(s) = E0 +

∫ s

s0

g sin(θ)eλsds+

∫ s

s0

gµ cos(θ)eλsds , (4.7)

with E0 as initial energy and s0 as the start position. The energy per unit mass E(s)

can then be used to calculate the relationship between time t and position s as

t =

∫ s

s0

1√
2E(s)

ds . (4.8)

The parameters µ and λ in Equation 4.7 are found by minimizing the least squares

error between the talweg position s(t) and the model output. To constrain µ and

λ well, there must be a reasonable variation in velocity ṡ(t), which is not the case

for most of the trajectories. However, these smoothed trajectories are still valid and

we do not directly consider µ and λ but simply regard these as parameters in a

smoothing procedure along with E0. Instead we directly look at the total effective

friction defined as

µe(s) = tan θ − s̈

g cos θ
= µ+

λv(s)2

g cos θ(s)
, (4.9)
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FIGURE 4.8: Point-mass model optimization of position data s(t) from

avalanche #15-0017, but displayed as velocities (measurements = thin dot-

ted lines). Black dash-dotted line results from the simulation on the

avalanches leading edge (FP #1). Colored dashed lines describe the same

trajectories, but allow each surge an initial velocity Ei and start position s0

(FP #2). Solid colored lines are optimization runs of FP #3 on surge position

inside the avalanche (flat part) and at leading edge position (steep deceler-

ation).

where the velocity v(s) is evaluated from the fitted parameters (E0, λ, µ) with Equa-

tion 4.7. We run three different fitting procedures (FP) to compare with each other

and the resulting modeled velocities are shown in Figure 4.8 with different line

styles. The effective friction µe(s) is shown as a function of velocity v(s) in Figure 4.9.

Fitting Procedure #1: The black dash-dotted line describes the descent of the

whole avalanche as a result of optimizing to the foremost point of the leading edge

position data only. The velocity is always underestimated, although the overall

velocity trends are followed: initial acceleration (< 30 s), steady state, acceleration

at the beginning of the Channel (40 s to 45 s) and deceleration in the runout area

(> 50 s). This model run represents what is captured by existing models, and we

will call the derived friction value as apparent friction µa because the full evolution

of the avalanche’s leading edge is represented by one set of µ and λ value.

Fitting Procedure #2: Similar friction values are obtained when optimizing every

surge position (dashed color lines). Since each surge has a different initial velocity,
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each trajectory starts with an individual initial energyEi. The optimization was used

to find common friction coefficient µ and λ for all surges while allowing freedom in

Ei (equivalent to a velocity at the begining of a trajectory). This model run describes

the velocity data better, but does not capture the dramatic deceleration of the surges.

Fitting Procedure #3: The thick colored lines show the model run on the position

data of the most obvious surges. We limited the analysis on the most pronounced

minor surges in the range of Channel 1 (1400 m to 1000 m) and the beginning of the

runout (1000 m to 500 m), to be sure that these surges were running on top of each

other (Figure 4.1E). In contrast to the prior simulation, the talweg trajectories s(t)

were split into two parts: in the avalanche body and at the leading edge. For each

part a set of friction parameters was optimized. The first set describes the surges

inside the avalanche body, which move faster than the leading edge and thus have

low effective friction µe. Optimization of the second set shows that, as soon they

overtake the leading edge, they dramatically decelerate and have a very high effec-

tive friction µe. This additional freedom results in a good description of the surge

deceleration, and thus calls for a more complicated description of frictional values

in models than it can be found in present day models.

The effective friction µe for FP #1 and FP #2 are similar at 0.3 to 0.7 depending on

the velocity squared (Figure 4.9). For FP #3 we obtain two friction parameters: for

the surges inside the avalanche body µe = 0.44, and for the deceleration of the surges

after they overtook the leading edge a much higher friction µe = 1 to 1.2. These val-

ues reflect our hypothesis that the effective friction has to be very different between

the front and the body of the avalanche to yield the observed velocities. There are a

variety of effects that could cause this observation, which we now discuss.

Entrainment: If snow is entrained then it must be accelerated leading to an in-

creased effective friction. This will mainly slow down the front, where FMCW radar

suggest the majority of mass is entrained. In addition there may also be enhanced

drag due to plowing effects. Certainly, entrainment is extremely important and can

have a large effect on flow dynamics in general (Sovilla et al., 2006). Later flowing

avalanches are possibly entraining older deposits instead of fresh snow. Avalanche

#15-0017 was the second avalanche on this day.
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FIGURE 4.9: Effective friction µe as a function of the velocity ṡ for the same

data as Figure 4.8. The curves are multivalued because the velocity in gen-

eral increases and decreases in time, but the arrow indicate the direction

from initiation to deposit. The black dot-dashed line shows the leading edge

optimization (FP #1). The dashed curves gives similar values, which repre-

sent the optimization of the surges with one set of friction (FP #2). The

relationship µe(ṡ) for FP #1 and FP #2 is velocity-squared dependent. The

two regions with solid lines (FP #3) give µe ≈ 0.44 for surges inside and

µe > 1 at the front of the flow.

Surface smoothing: The initial snow surface may be rough and result in high fric-

tion. A rough surface, e.g. old deposits, can easily be smoothed out by the snow

running over it, thus removing obstructions and filling in gaps.

Surface melting: Energy dissipation in the shear layer may cause the interface to

melt. Not only will this result in an extremely smooth surface, but Coulomb fric-

tion may disappear all together and be replaced by a viscous lubrication layer. This

effect has been estimated by Kern et al. (2004) and undoubtedly happens in some

avalanches, but here the snow temperatures were everywhere below −5 ◦C.
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Height changes: This trajectory analysis neglects the effects of flow depth changes.

Deeper flows will typically experience reduced effective friction. If the front loses

mass, due to deposition or starving, then it will experience higher effective friction.

Internal flow structure: The flow may have a different structure near the front

where there are strong height gradients, which could influence the effective friction.

Probably all of the mechanisms play some role some of the time. Other mecha-

nisms have been proposed in literature to explain the reduction of effective friction

such as fluidization and lubrication (see Johnson et al. (2016), for a review of some of

these). These ones are all smooth however and do not give the two distinct regimes

that we see nor do they explain the extremely high values. In contrast, we propose

mechanisms which can explain the dramatic changes as soon as the minor surge

reaches and overtakes the leading edge.

Salm and Gubler (1985) and Ancey and Meunier (2004) investigated the velocity

dependency of the retarding forces as a result of changes in the flow regime. They

distinguished between pure Coulomb friction where the drag coefficient λ = 0 di-

minishes and a velocity-dependent regime where the retarding force Fret ∝ vn is

proportional to the velocity. While Ancey and Meunier (2004) could not find a uni-

versal exponent n, Salm and Gubler (1985) choose n = 1 for partly-fluidized regimes

and n = 2 for fully-fluidized regimes. The slight curvature in Figure 4.9 suggests

that n = 2 is reasonable for the leading edge and also for individual surges. Nearly

all dry granular flow models (Forterre and Pouliquen, 2008) have only a very weak

dependence of friction on velocity, i.e. n = 0 for large v, but there is experimental

evidence (Holyoake and McElwaine, 2012) for n = 2 for large v. However our data sug-

gest that the friction parameters must be radically changed depending on whether

the surge is at the leading edge of the avalanche or is internal in order to capture the

overtaking and slowing of the surges.

This difference may be an explanation of why friction coefficients necessary to

produce observed runouts are typically much lower than those measured in small

scale snow experiments (Tiefenbacher and Kern, 2004). These small chute experiments

can be thought as only one single surge, whereas a real avalanche can comprise
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many minor surges. The more surging occurs, the longer the runout will be as inter-

nal surges can keep a high velocity.

Current avalanche models reflect the motion of the leading edge and not the un-

derlying motion of surges. This is what the fitting procedure #1 represents. The

models are therefore based on choosing an approximation to the apparent friction

µa for the descent of the leading edge from release to deposit. In this approach

longer runouts can only come from lower apparent friction µa values. The guidelines

that are provided to avalanche practitioners say that larger avalanches, in the sense

of volume and runout, should be modelled with lower apparent friction values µa

(Bartelt et al., 1999). While this may be useful for practical purposes, it is unsatisfac-

tory from a scientific point of view. We propose that a possible explanation lies with

an increase in surging in larger avalanches with a more rapid turnover of material

in the head. If we compare the dynamics of both avalanches descriebed here at the

beginning of the deposit zone for ranges smaller than 1000 m, the smaller one (#15-

0019, Figure 4.4) showed nearly no surging and starved shortly afterwards at 900 m

range, whereas the larger one (#15-0017, Figure 4.3) was able to continue with an

overall high velocity of 30 m s−1 (Figure 4.7), and the deposits extended into the val-

ley floor. The video data and the FMCW radars suggest that avalanche #15-0019 did

not develop a substantial intermittent frontal region, while the bigger avalanche #15-

0017 did (Figure 4.5).

4.6 Conclusion

In this paper we have analyzed data from artificially released avalanches observed

at the Vallée de la Sionne test site. We combined data from high resolution video

cameras, laser scan, FMCW radar and the GEODAR system. We showed that line

features in the GEODAR data correspond to flow height variations, or more pre-

cisely to surges in the intermittent frontal region as well as the dense flowing core

of the avalanches. The GEODAR data let us track these surges even when they are

optically obscured by the powder cloud.

By identifying lines in the GEODAR data and mapping them onto the terrain we

show that large avalanches are comprised of many, largely independent surges. The
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largest of these surges originate from secondary slab releases inside and beside the

avalanche track, which can increase the mass of an avalanche many times. These

major surges can be tracked over the entire avalanche path and frequently move

much faster than the front and overtake it. Usually in simulations all material in

the starting zone is assumed to start simultaneously and seconday release is not

considered. Our data show however that this can be far from the truth and the

mass distrubution in the avalanche may be very different resulting in changes to the

dynamics and runout.

The smaller surges appear to be clusters of denser material or rollwave like in-

stabilities that occur in the dense or intermittent frontal region of larger avalanches.

Again these surges can move faster than the leading edge velocity and therefore fre-

quently overtake the leading edge. The minor surges we focus on in this work show

very different friction parameters in comparison to the overall avalanche motion.

They exhibit lower effective friction inside the avalanche, but much higher effective

friction once they reach the leading edge which causes a rapid deceleration. Frontal

entrainment, surface smoothing and surface melting are all possible mechanisms

which can result in such behavior, each of which may be significant in some situa-

tions.

One key conclusion of this work is that the average behavior of the avalanche’s

leading edge does not accurately represent the underlying flow. The velocities of in-

ternal surges can be significantly larger than the average leading edge velocity due

to reduced internal friction, suggesting that current models most likely underesti-

mate the dynamic forces that the internal flow of avalanches can cause on structures.

Since the differential appears to grow with avalanche size, surging is a possible can-

didate to explain why lower averaged friction parameters are typically required to

back-calculate larger avalanches. To correctly represent these phenomena, models

must be developed that include the physical evolution of the basal surface as well as

the effects of surging with changing effective friction between inside and the leading

edge of the avalanche.
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5.1 Abstract

Large avalanches usually encounter different snow conditions along their track. When

they release as slab avalanches comprising cold snow, they can subsequently de-

velop into powder snow avalanches entraining snow as they move down the moun-

tain. Typically, this entrained snow will be cold (T < −1 ◦C) at high elevations near

the surface, but warm (T > −1 ◦C) at lower elevations or deeper in the snow pack.

The intake of thermal energy in the form of warm snow is believed to cause a flow

regime transition. That avalanches react to the surrounding snow is intuitive, but

has never been quantified. Measurements of flow regime transitions are performed

at the Vallée de la Sionne avalanche test site in Switzerland using two different radar

systems. The data are then combined with snow temperatures calculated with the

model SNOWPACK. We define transitions as complete, when the deposit at runout is

characterized only by warm snow, or as partial, if there is a warm flow regime but

the furthest deposit is characterized by cold snow. We introduce a transition factor

Ft, based on the runout of cold and warm flow regimes, as a measure to quantify

the transition type. Finally, we parameterize the snow cover temperature along the

avalanche track by the altitude Hs, which represents the point where the average

temperature of the uppermost 0.5 m changes from cold to warm. We find that Ft is

related to the snow cover properties, i.e. approximately proportional toHs. Thus, the

flow regime in the runout area and the type of transition can be predicted by know-

ing the snow cover temperature distribution. We find, that, if Hs is more than 500 m

above the valley floor for the path geometry of Vallée de la Sionne, entrainment of

warm surface snow leads to a complete flow regime transition and the runout area

is reached by only warm flow regimes. Such knowledge is of great importance since

the impact pressure and the effectiveness of protection measures are greatly depen-

dent on the flow regime.
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5.2 Introduction

For avalanche practitioners dealing with situations where they need to judge the

avalanche hazard for infrastructure, flow regime transitions can cause large un-

certainties. Which flow regime reaches the valley bottom is of great interest from

two perspectives. Firstly, the usefulness of permanent protection measures like

avalanche dams depends strongly on the flow regime (Jóhannesson et al., 2009). In-

deed, deflecting and catching dams are relatively ineffective against the highly flu-

idized intermittent frontal regime of powder snow avalanches, whereas dense flow

regimes, especially warm regimes, can be diverted or even stopped. Secondly, the

force generated by an avalanche on a structure in the path depends strongly on

flow regime (Sovilla et al., 2016). The dynamic pressure is dominant in cold-dry

flow regimes, whereas the hydrostatic contribution is dominant in warm-wet flow

regimes.

Recent studies identify the snow temperature as a key parameter causing the

agglomeration of snow (Steinkogler et al., 2014) and a change of the flow dynamics by

altering the velocity and the effective friction (Naaim et al., 2013; Gauer and Kristensen,

2016), as well as the stopping dynamics (Köhler et al., 2018). A temperature value of

−1 ◦C is proposed by a study on snow granulation (Steinkogler et al., 2015a), where

they observed a significant change from millimetre sized grains to the formation of

decimetre sized granules above this temperature. We emphasize the temperature of

the snow by calling avalanches warm and cold rather than wet and dry, since the

flow behaviour changes already at a threshold of −1 ◦C, when liquid water is still

expected to be absent. That this transition occurs below 0 ◦C is presumably due to

the existence of a quasi-liquid layer even at sub-zero temperatures (Dash et al., 2006),

which may cause the cohesion of snow to increase.

The avalanche flow regime can be deduced from radar signatures of flow pro-

cesses by use of the radar GEODAR (Köhler et al., 2018). Cold flow regimes are iden-

tified by the starving mechanism in which the avalanche loses mass from the tail

until finally the front comes to an halt. In contrast, warm flow regimes are identified

by either abrupt stopping or a backward propagating shock; either a large flowing

part stops instantaneously or the front comes to halt and incoming material piles
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up. Köhler et al. (2018) differentiated flow regimes comprising cold and warm snow

further in detail. However, relevant for the discussion here is that the majority of

large avalanches shows transitions between cold and warm flow regimes. These

transitions and the relation with snow cover properties are the focus of this paper.

This study deals exclusively with avalanches that start in a cold-dry regime and

later have regions in a warm-wet regime, that is, those avalanches exhibit a cold-

to-warm flow regime transition. We define these transitions as partial transition or

complete transition, depending on whether only parts, or the full avalanche, trans-

forms. A partial transition affects only the tail of the flowing avalanche and the final

runout is still cold-dominated. With a complete transition, all the snow transforms

into warm regimes and the final runout is warm-dominated.

Large avalanches composed mostly of cold snow are powder snow avalanches

and have been described by many authors (Sovilla et al., 2015; Issler, 2003; Schweizer

et al., 2015). They usually release as a slab containing cold snow, and the runout

area is reached by fast flowing cold snow. In addition to the typical structure of a

suspension cloud, a frontal intermittent region and a dense tail, GEODAR images

reveal often warm flow regimes in the tail and indicate that a partial transition hap-

pened (Köhler et al., 2018). Issler (2003) introduced the nomenclature “mixed powder

snow avalanche” to describe the occurrence of dilute and dense flow regimes to-

gether in one avalanche event. The definition applies mostly for cold dense and

dilute regimes, but Issler (2003) reported of damp deposits which are not covered by

dust of the dilute regimes and thus had been flowing later and slower.

Warm-dominated avalanches release similarly to cold-dominated ones, but trans-

form completely somewhere along the path. In this case, the runout is dominated

by warm regimes. Literature on this type of avalanche is hard to find, since to

our knowledge such a transition is rarely recognized and the events are rather de-

scribed as wet avalanches. There are some measurements with radar and picture

in Gauer et al. (2008) indicating a complete transition, but have been interpreted

as a secondary wet slab released by the primary dry–cold avalanche. An exam-

ple of an avalanche with a complete transition released spontaneously near the vil-

lage of Moos in Passeiertal, Italy, on the 6th of February 2014. A video of this

avalanche drew a lot attention, because most of the avalanche travelled along a road
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in front of houses with people on their balconies (www.youtube.com/watch?v=

f5waSw2mMfY). The avalanche released on the south-east facing slopes below the

summit of Scheibkopf (2816 m a.s.l.) after a major snow storm and developed a large

powder cloud and thus contained cold snow. At around 15 s after the start of the

video, the powder cloud began to decay so that the cold parts stopped at approx-

imately 1700 m a.s.l.. A dense flow continued and flowed over a cliff into a shal-

low valley, where finally a slow-moving plug flow developed. The avalanche trans-

formed completely from a cold powder snow avalanche into a warm flow, which

finally flowed slowly along the road.

The present study tries to answer the question of how the degree of transition

relates to the snow cover properties along the avalanche track. To quantitatively

describe the degree of transition as a continuum between partial and complete, we

define the transition factor Ft, which is a function of the path length of warm and

cold flow regimes.

We then explore the relationship with snow cover characteristics, focusing on

the snow temperature T averaged over the uppermost 0.5 m of the snow cover. This

depth is expected to be frequently entrained into the avalanche, though of course

there may be more or less entrainment. Despite the crudeness of this measure, we

assume that T is a representative indicator for the thermal energy intake due to

entrainment and we will show that it can be used to give a good prediction of the

transition factor.

The study starts by introducing the test site and sensor equipment (sec. 5.3.1),

the method to derive the snow cover temperatures by simulations with the nu-

merical model SNOWPACK (sec. 5.3.2), and a short description of the avalanche data

(sec. 5.3.3). The following results section is divided in two parts. Firstly, we detail the

kinematic and dynamic characteristics of partial and complete transitions by means

of two different radar systems (sec. 5.4.1 and 5.4.2). Secondly, we present the analy-

sis of the degree of transition with the snow cover temperatures (sec. 5.4.3). Finally,

the discussion (sec. 5.5) brings together both result parts and the study is finished by

a conclusion (sec. 5.6).

www.youtube.com/watch?v=f5waSw2mMfY
www.youtube.com/watch?v=f5waSw2mMfY
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5.3 Methods and data

5.3.1 Test site and radar sensors

The full-scale avalanche test site Vallée de la Sionne (VdlS) is situated in the west of

Switzerland. The east-facing avalanche path extends from high altitudes at 2700 m a.s.l.

to intermediate altitudes with a total drop-height of 1300 m. Especially in the early

and late season, there can be minimal snow in the lower part of the slope but still

sufficient snow for avalanches in the release areas at higher elevations.

The test site is equipped with multiple sensor systems at different locations. On

a 20 m high pylon near the start of the runout area, sensors give high-resolution ver-

tical profiles of flow velocity, flow height, density as well as impact pressure (Sovilla

et al., 2013). Upward-looking flow profiling radars and seismic sensors are situated

in two locations along the flow path. Data are also collected over the entire slope by

two complementary radar systems: the GEODAR (Ash et al., 2010) allows tracking of

avalanche features with high spatial and temporal resolution, and the pulse-Doppler

system (Schreiber et al., 2001) complements this with complete velocity distributions

of the avalanche flow. An automatic seismic trigger enables measurement of even

spontaneous avalanches.

GEODAR is a high-resolution frequency modulated continuous wave radar and

was first installed in winter season 2009/10 (Ash et al., 2014a). The system has been

continually improved and currently has a range resolution of 0.75 m at 110 Hz over

the entire slope (Köhler et al., 2018). GEODAR is able to resolve internal flow struc-

tures below the powder cloud. By means of feature tracking, comparison with other

data and qualitative interpretations, new and very detailed insights into processes

during an avalanche descent have been gained (Vriend et al., 2013; Köhler et al., 2016,

2018). The data processing, feature extraction and terrain registration are done here

with the same methods as described in these three publications. An approach veloc-

ity va(t) of the avalanche front towards the radar is calculated by the derivative of

the range-time trajectory r(t), which is corrected for the angle between terrain and

the radar beam θ (Köhler et al., 2016)

va(t) =
ṙ(t)

cos θ
. (5.1)
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The processed GEODAR data are usually shown as range-time plots with the colour

representing the intensity of the moving-target identification (MTI) filter (e.g. left

panels of Fig. 5.2). This filter suppresses static targets and background clutter and

highlights moving structures.

The other radar, a pulse-Doppler radar, was permanently installed at Vallée de

la Sionne for the winter season 2009/10 and upgraded in 2016/17. The older system

provided a spatial resolution of Rg = 50 m and the newer system gives Rg = 25 m.

This resolution is referred to a range gate extent (Rg), and the Doppler measurements

provide an intensity distribution of velocities over time Ik(t, v) of the flowing mate-

rial within each range gate Rk with a running number k (e.g. Fig. 5.3 and 5.4). The

peak of this distribution describes the velocity of maximum intensity and gives the

velocity at which most of the material is travelling (Gauer et al., 2007; Fischer et al.,

2014). The data can also be transformed into a range-time representation (Fischer

et al., 2016), which is very similar to GEODAR intensity-range plots but represents

the mean velocity in each range gate k at each time as

vk(t) =

∫
v Ik(t, v) dv∫
Ik(t, v) dv

(5.2)

(middle panels in Figure 5.2). This can then be converted from a discrete function of

range to a continuous function using finite volume interpolation methods.

5.3.2 Snow cover reconstruction

The test site Vallée de la Sionne is equipped with three weather stations. The bottom

station VDS3 (indicated with subscript 3) at elevation H3 = 1680 m a.s.l. is repre-

sentative for the runout area. The top weather station VDS2 (subscript 2) at eleva-

tion H2 = 2390 m a.s.l. gives a good approximation for the release area even though

it is situated 3 km to the north of the avalanche path. Both weather stations are

installed in flat fields sheltered from winds to most-accurately represent the undis-

turbed snow height. Both weather stations measure air temperature, humidity, wind

speed, snow height, radiation and snow surface temperature, which are the com-

plete set of parameters necessary to simulate the desired snow cover profiles. A
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third station VDS1 is situated directly on the ridge above the release area and mea-

sures especially wind speed and therefore wind loading.

The meteorological data have been prepared with the library meteoIO (Bavay

and Egger, 2014), i.e. missing values have been interpolated and temperature and

snow height data have been filtered. Corrections according to Huwald et al. (2009)

were necessary for the air temperature, as unventilated temperature sensors are used

and these usually overestimate the temperature for situations with low wind speed

but strong radiation. Special attention has been given also to the snow height data

at the VDS3 station, since for low snow heights the measurements were biased by

vegetation so that the values had to be manually reset to 0 m.

To obtain snow temperature profiles, the snow cover has to be modelled as these

can not be measured automatically.. The snow cover at the location of the meteo sta-

tions has been reconstructed with the numerical energy balance model SNOWPACK

(Lehning et al., 2002) to obtain vertical snow profiles as a function of time. We have

applied the simulation setup for the operational simulations of the Intercantonal

Measurement and Information System (IMIS), the high alpine weather station net-

work in Switzerland, where the incoming radiation is parameterized as these sensors

are often covered by snow (Schmucki et al., 2014).

In this publication, we explore how the temperature of the snow cover enter-

ing an avalanche determines the degree of a cold-to-warm transition. There is no

common approach to reduce the temperature profile of the snow cover to a single

representative value. Naaim et al. (2013) used the average snow temperature in the

full path without differentiating between release and runout area. This approach is

very broad, but suitable for situations where it is necessary to compare a large num-

ber of avalanche events. In a detailed study, Steinkogler et al. (2014) averaged over an

estimated entrainment depth. This is most accurate but requires very detailed en-

trainment data, and therefore is only suited for studies with a few avalanches. Köhler

et al. (2018) approximated this depth by assuming that the uppermost 0.5 m of snow

was entrained. Sovilla et al. (2006) showed that significant entrainment occurs along

the full avalanche path. If we divide the usual total volume of avalanches in VdlS of

(0.5–1)× 106 m3 by the approximately affected area of (1–2)× 106 m2 (Dufour et al.,

2000; Steinkogler et al., 2014), the average entrainment depth of h = 0.5 m appears
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to be a reasonable assumption. The approach with a constant averaging depth can

be regarded as a trade-off between accuracy and practicability for analysing many

avalanche events, even though large avalanches can usually dig much deeper into

the snow cover (Gauer and Issler, 2004; Sovilla et al., 2006).

Thus, we average the simulated snow temperature

T =
∑
i

hi Ti

h
(5.3)

from the layers i with thickness hi and layer temperature Ti in the uppermost h =

0.5 m of the simulated snow cover. With SNOWPACK simulations we gain T only at

the location of VDS2 and VDS3 (squares in right panel of Fig. 5.1), but are interested

in the snow cover temperatures along the entire avalanche path.

We parameterize T along the avalanche path with the altitude Hs of the −1 ◦C

line. Hs represents the altitude where T changes from above to below −1 ◦C, similar

to the zero-degree level in meteorology. We estimate Hs with a linear relation be-

tween the altitude of the weather stations H2 and H3 and the average temperatures

T 2 and T 3 of the uppermost 0.5 m of the snow cover by

Hs = Hb + (H2 −H3)
−1− T 3

T 2 − T 3

. (5.4)

The elevation uncertainty 4Hs is estimated with the standard deviation of the up-

permost 0.5 m snow temperature 4T 2;3 at both weather stations with the law of

error propagation. The right panels of Figure 5.1 show graphically the linear inter-

polation of T 2;3, and Hs and 4Hs is found at the intercept of the grey area with the

dashed line at temperature −1 ◦C.

Our parameterization of the snow cover temperatures in the avalanche path and

the temperature gradient are in fact only dependent on altitude. To check the valid-

ity of this strong assumption (Eq. 5.4), we have additionally performed Alpine3D

simulations to compare the results. Alpine3D performs physically-based spatial in-

terpolations of all the meteorological input data over a domain, i.e. the area of the

VDLS test site. This domain is slit into grid cells with resolution of 25 m x 25 m and

for each cell a SNOWPACK simulation is performed (Schlögl et al., 2016). While our
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single SNOWPACK simulations are calculated for flat fields, Alpine3D interpolates

the data to the slope and aspect of the cell. The Alpine3D output are grids of a

parameter like the 0.5 m snow temperature T for every simulation step, and a full

SNOWPACK output can be generated at any point of interest.

Results of both numerical simulations for two example avalanches are shown in

Figure 5.1. The left panels show the spatial distribution of the T temperature over

the catchment of VdlS from Alpine3D. The right panels display a vertical transect

of layer temperatures Ti along the line of steepest descent from the middle of the

release area, together with a graphical representation of the interpolation in Eq. 5.4.

These two example avalanches have the largest deviation between Eq. 5.4 and the

Alpine3D simulations in our data sets. The #17-3030 event (top) occurred in spring-

time when the flat fields receive more sun than the eastern aspects and thus show

higher temperature for T 2 at VDS2 station. The #13-3019 event corresponds to a

rain event and the right panel shows isothermal 0 ◦C snow in the runout area but

very cold snow in the release area. However, if compared with the gridded T of

Alpine3D output in the left panels, both Hs estimates (grey areas) reflect reason-

ably well the warm and cold temperature pattern. Thus, we expect a deviation

from equation 5.4 for situations like spring-time with strong radiation influence, and

Hs will be less accurate if large regions are isothermal. In particular, rain-on-snow

events may be overlooked as the water ingress is difficult to measure and to capture

with SNOWPACK (Würzer et al., 2017).

5.3.3 Data set

In this study, we selected avalanche events from Vallée de la Sionne that fulfil three

criteria: 1) they were large enough to pass the measurement pylon at range 655 m

near the start of the runout area. This criterion implies an approximate drop height

of 1000 m. 2) The avalanche stopped where it was visible to GEODAR, that is before

the counter-slope. 3) A cold-to-warm transition as described by Köhler et al. (2018)

occurred somewhere in the avalanche.

Since the lower weather station (VDS3) was first employed in the winter sea-

son 2012/13, we selected large avalanche events from then until the season 2016/17.

From totally measured 130 avalanche events, 18 avalanches fullfil these criteria and
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FIGURE 5.1: Snow cover simulations for avalanche #17-3030 with partial

transition (top) and #13-3019 with complete transition (bottom). The left

panels show the T values of Alpine3D gridded over the VdlS catchment.

The area overlay in grey denotes Hs ± 4Hs. For reference, the location of

the pylon (c) and profiling radars (a, b) are show. The black line indicates

the path of steepest descent where the vertical temperature transect in the

right panels are evaluated. The purple curve indicate the T of each vertical

profile. T at the top and bottom weather station are shown with squares

together with the standard deviation as error. Hs is calculated using linear

interpolation between the weather stations and is the intercept of grey area

with −1 ◦C.

were selected. Two of them are compared in detail in Figure 5.2. The selected

avalanches cover the full variability between partial (Sec. 5.4.1) and complete flow

regime transitions (Sec. 5.4.2). Noteworthy is that avalanches with a complete tran-

sition are relatively rare in our data set. There was a three-day period at the be-

ginning of February 2013 when three out of the four of these avalanches occurred.
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Avalanches with a partial transition could occur all winter from December to March.

The avalanche and snow cover data used in this publication are summarized in Ta-

ble 5.1.

A release location [X0, Y0, Z0] was assigned to each avalanche event by the use

of additional data from the VdlS test site as pictures and the flow profiling radars

(Köhler et al., 2018). We used a terrain registration procedure to map the radar range

onto the line of steepest descent from the release location (i.e. green line in Fig. 5.2).

This procedure can be thought of a transfer function between radar range R, real

world coordinates [X,Y, Z] and the path length P (Köhler et al., 2016). The path

length P is the projected ground parallel distance from the release point P0 = 0 m.

Since we often do not know precisely the release coordinates, the highest point of

the most likely release area was used, giving an uncertainty of 50 m to 100 m in path

length P .

From the GEODAR MTI plots, we extracted the following ranges and calculated

the corresponding path lengths:

• Pc: Path length of front containing cold snow, primarily identified by a starving

stopping mechanism.

• Pw: Path length of front containing warm snow, primarily identified by a back-

ward propagating shock or abrupt stopping.

• Pt: Path length until the point of transition between a cold front and a warm

front. For avalanches with a complete transition Pt was relatively precise. For

partial transitions Pt could be identified only as soon as the warm front sepa-

rated from the rest of the flow (Fig. 5.2) and this gave rise to an uncertainty of

±50 m in path length.

The coloured dots in Figure 5.2 show the features in the MTI images to which the

three points Pc, Pw and Pt belong for two example avalanches. The transfer function

between radar range R and path length P is roughly given by the labels in pictures

in Figure 5.2.
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FIGURE 5.2: Avalanche examples for a partial (top) and a complete (bottom)

cold-to-warm transition. The avalanches are visualized by means of GEO-

DAR data (left), mean Doppler velocities vk(t) (middle) and geo-referenced

pictures of the deposits (right). Flow features extracted from GEODAR are

highlighted in the other panels. The warm regimes are identified by typical

coarse-grained and rough deposits (purple and magenta), while the fine-

grained and smooth cold deposits can only be sketched (blue). The path

along the steepest descent is drawn in green. The cold and warm runout

distances and the transition point are indicated with coloured dots.
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5.4 Results

This section starts with a qualitative characterisation of both cold-to-warm flow

regime transition types by means of GEODAR and pulse-Doppler data. Then we

relate the degree of transition of all 18 avalanches with the snow cover data. Here,

we do not differentiate in detail the flow regimes classified by Köhler et al. (2018), but

simply consider cold and warm flow regimes only. We call cold regimes those flow

regimes which contain cold snow (< −1 ◦C), i.e. the cold dense regime and intermit-

tent regime. And we call warm regimes those flow regimes which occur for warm

snow temperatures (> −1 ◦C), i.e. the warm shear regime and warm plug regime.

Warm and cold regimes differ clearly in their MTI stopping signatures. We refer to

Köhler et al. (2018) for a detailed description of stopping signatures in the GEODAR

signal and the differentiation between cold and warm flow regimes.

Figure 5.2 gives an overview of how cold-to-warm transitions manifest them-

self in an MTI image, in the mean velocity from Doppler radar and in a picture of

the deposit structures. In the pictures, it is feasible to clearly define the deposits

of the warm flow regimes (purple and magenta), while the lateral extend of the

cold regimes (blue) can only be sketched. The outlines around the flow regimes can

also be extracted from the GEODAR and Doppler data (annotated with same col-

ors). Due to a smaller opening angle of the Doppler radar antenna, features on the

far-right side of the track are not captured (dashed), but this gives a sort of lateral

resolution.

When the deposits which reached the furthest runout distance are cold, a partial

transition happend higher up in the avalanche path and deposits of warm snow can

be identified (#17-3030, top panels). In contrast, a complete transition happens when

an initially cold avalanche starves and transforms into a warm avalanche (#13-3019,

bottom panels). Obviously, the velocity of both flow regime types is different. While

cold regimes are rather quick, warm flow regimes separate in range and time as

they are much slower. The timing when the avalanche reaches the furthest runout

distance is therefore different. The avalanche with complete transition (#13-3019)

reaches the furthest runout around 350 s later than the avalanche with partial transi-

tion (#17-3030).
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FIGURE 5.3: Detail of a partial transition from avalanche #17-3030 from the

top panels of Figure 5.2. Left: Zoomed MTI plot with location of Doppler

range gates. Right panels: Doppler velocity distribution in the ranges gates

R16 (525–550 m), R17 (550–575 m) and R18 (575–600 m).

5.4.1 Example of a partial transition

The upper panel of Figure 5.2 shows avalanche #17-3030 as an example of a partial

transition. This avalanche originated from the right hand side release area and fol-

lowed the right couloir. The snow consisted of mainly freshly fallen cold snow and

was for most of the avalanche track colder than−1 ◦C (upper panels of Fig. 5.1). The

−1 ◦C line was estimated at Hs = (1416± 77) m a.s.l. (≈ 200 m range), close to the

valley floor and the furthest runout. Avalanche #17-3030 was a typical powder snow

avalanche for the Vallée de la Sionne path, with an intermittent regime at the front

and followed by a slow moving dense tail (Sovilla et al., 2015). The geo-referenced

picture on the top-right of Figure 5.2 was taken after 1.5 days with intense snow fall.

Still, the rough deposition patterns of the warm flow regimes can be easily iden-

tified, whereas the fine-grained deposits from the cold flow regimes were hidden

under the new snow cover.

The GEODAR data are complemented by velocity data captured by the Doppler

radar (top-middle in Fig. 5.2), which shows the mean velocity V (R, t) in a range-

time plot, i.e. the expected value of the velocity distribution for every time t and

range R (Eq. 5.2). Unfortunately, the start of the Doppler radar was delayed by

10 s, thus most of the front is missing, but the regions inside the avalanche where

fast and slower flow regimes prevail can be clearly identified. Several fast surges

are visible, and were characterized by a velocity of up to 30 m s−1. These surges

belonged to the cold regimes which can be identified on the basis of their starving
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stopping signatures. The furthest point reached by the avalanche was the runout of

the cold front at RC = 150 m range (blue dot, Fig. 5.2, top), which corresponds to

Pc = 2600 m path length. This avalanche had a cold-dominated runout.

Two slowly flowing tails followed after the front had passed and were character-

ized by a homogeneous velocity of 2 m s−1 to 5 m s−1. Both tails show the character-

istic abrupt stopping signatures of warm snow. The transition into the magenta tail

becomes visible in the MTI plot at the end of the steep couloir at a range RT = 950 m

(blue/magenta dot). Interestingly, the avalanche’s flowing length started to increase

already at a range of 1300 m, which suggests that a transition towards warm and

slower regimes may have started higher up. However, the warm tail continued to

flow for another 250 s until it finally stopped at RW = 550 m range, corresponding

to Pw = 2140 m path length. A warm tail like this one is characteristic for most of

the powder snow avalanches observed in VdlS.

The tail at 400 m to 600 m range (outlined in dark purple, Fig. 5.2) is an unusual

feature. It originated from entrainment of warm snow in the 20 degree slope of the

runout area. Interestingly, the upper boundary of the entrainment corresponds to a

rain limit at 1600 m a.s.l. a few days before the avalanche. The liquid water ingress

may have caused a weakening of the snow cover.

Figure 5.3 gives a detail of the transition leading towards this warm tail. In the

right panels, the velocity distributions of the corresponding range gatesR16,R17 and

R18 from the Doppler radar are shown. Three surges are visible in these range gates

with high velocities at their fronts that declines towards their tails. The Doppler data

show that the velocity changed during the transition rather gradually from fast to

slow. For the first two fronts, the velocity distribution stretches between 10 m s−1

to 30 m s−1. The lower signal intensity at smaller velocities indicates that most of

the snow moves fast. By comparison, the approach velocity of the front va extracted

from the GEODAR data is around 25 m s−1. The third front in R18 already contains

low velocities at its beginning, possibly corresponding to the formation of the warm

tail. The terminal velocity (later than 30 s) of the warm tail is characterised by a

narrow velocity distribution as expected for a plug-flow regime.
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FIGURE 5.4: Detail of complete transition from bottom panels of Figure 5.2.

Left: MTI with location of Doppler range gates. The location of transi-

tion RT is not fixed, but moves upward with time ṘT (t) > 0. Right pan-

els: Doppler velocity distribution in range gates R16 (850–900 m), R17 (900–

950 m) and R18 (950–1000 m).

5.4.2 Example of a complete transition

The lower panels of Figure 5.2 show the GEODAR data, Doppler data and a picture

of avalanche #13-3019 as an example of a complete cold-to-warm transition. The

avalanche descended from left hand side and followed the left couloir. The snow

cover was influenced by rain up to around 2000 m a.s.l.. The temperature pattern

was highly dependent on the aspect (bottom left of Fig. 5.1), but the altitude Hs =

(1989± 74) m a.s.l. (≈ 1400 m range) visually summarizes the simulated snow cover

reasonably well. Avalanche #13-3019 would normally be classified as a warm-wet

event, since the deposit showed the typical rough and coarse-grained surface and

levées could be identified. But the GEODAR data reveal that a complete flow regime

transition occurred at RT = 950 m (magenta/blue dot, bottom left in Fig. 5.2).

AboveRT , two major surges can be identified with high velocities. The approach

velocity va measured with GEODAR was 30 m s−1 to 35 m s−1, while the Doppler

data showed mean velocities of 50 m s−1 to 60 m s−1. This discrepancy corroborates

the turbulent character of both surges (Gauer et al., 2007). The first surge continued

for another 100 m after the transition point RT , and finally starved at RC = 840 m

range (blue dot, Fig. 5.2, bottom), corresponding to Pc = 1630 m path length.

Below the transition, the avalanche quickly decelerated and revealed the MTI



148 Chapter 5. Cold-to-warm flow regime transition in snow avalanches

signature of a warm plug regime – the parallel streaks are interpreted as the signa-

ture of large granules riding on a fairly stable surface of the flow due to a homoge-

neous velocity field (Köhler et al., 2018). The mean velocity decreased after the tran-

sition to around 3 m s−1 to 5 m s−1 and was very homogeneous in the full body of

the avalanche (bottom-middle in Fig. 5.2). The warm flow regime continued to flow

for another 300 s before reaching the furthest runout at RW = 200 m range (magenta

dot) and Pw = 2370 m path length. This avalanche thus had a warm-dominated

runout.

Figure 5.4 shows a zoom of the transition region as an MTI image (left) and dis-

tributions of the Doppler velocity in three range gates (right). In R18, the front of

the first surge showed low intensity for small velocities, but a broad spectrum of ve-

locities between 20 m s−1 to 70 m s−1. The second surge was in general slower, and

showed large intensities in a narrow and slow velocity band. The MTI image indi-

cates that streak signatures (black) crossed the second surge and suggests that the

low velocities belonged originally to the first front. The duration of the high velocity

region in each surge was rather short with 5 s, compared to fully developed pow-

der snow avalanches where this region can last up to 40 s (Steinkogler et al., 2014).

However, the velocity distribution after the transition was narrow with the centre

at low and constant velocity indicating a plug flow. Interestingly, the velocity dis-

tribution in the plug regime showed very little intensity for velocities between zero

and 2–3 m s−1, which indicated a very coherent movement of the avalanche (Fig. 5.4,

Doppler data R17 and R18 at t > 50 s).

The flow regime transition happened rather quickly in this avalanche, occuring

within around 100 m travelled distance and over a period of less than 15 s. Further-

more, the location of the transition seemed to have traveled uphill (ṘT (t) > 0) as

the black lines in the left of Fig. 5.4 indicate. This may be caused by a piling up

of incoming fast material on top of the mass of already decelerated material. As

in avalanche #17-3030, the flowing length started to increase at a range of 1500 m

(bottom-left Fig. 5.2), indicating a separation of fast and slow material in direction

of the flow. Faster and possibly cold material may have been concentrated towards

the front, while slower and maybe warm material segregated towards the tail.
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in red. Green star belongs to the Moos avalanche mentioned in the introduc-

tion. Horizontal dashed lines and annotation on the right side characterizes

roughly the VdlS terrain.

5.4.3 Snow cover influence on transition type

To differentiate between avalanches with partial and complete transitions, we quan-

tify the degree of transition by defining the transition factor

Ft =
PW − PC

max(PC , PW )
(5.5)

as the difference between the path length from cold (Pc) and warm (Pw) flow regimes

divided by the total path length reached by the avalanche. For avalanches with a

partial transition (e.g. Sec. 5.4.1), the transition factor is negative and the runout is

dominated by cold regimes. For events with Ft ≈ 0 the cold regime and the warm

regimes reach the same runout. For a positive transition factor, the runout is dom-

inated by warm regimes, corresponding to avalanches with a complete transition

(e.g. Sec. 5.4.2). A value of ±0.5 means that the dominant regime reaches twice as
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far as the other regime. The limits of Ft to both sides, i.e. Ft = −1 and Ft = 1, cor-

respond to avalanche types made of purely cold regimes and purely warm regimes,

respectively. The avalanches from the examples in Figure 5.2 have a transition factor

of Ft = −0.18 (#17-3030) and Ft = 0.31 for avalanche #13-3019.

The transition factor Ft together with the altitudeHs for all avalanches are shown

in Figure 5.5. The 18 analysed avalanches cover Ft in the range between −0.5 and

0.4, and all events are well distributed over this range. A linear regression gives

Hs(Ft) = (895± 149) · Ft + (1760± 39) with a correlation coefficient of r = 0.85.

For pure warm avalanches (Ft = 1), the regression gives Hs at 2660 m a.s.l., which

corresponds to the altitude of the release area. For pure cold avalanches (Ft = −1),

the regression would give Hs at 860 m a.s.l. which is far below the runout area of

Vallée de la Sionne at 1400 m a.s.l. This may indicate that the extrapolation towards

purely cold avalanches (Ft = −1) has limited validity in this setting.

Figure 5.6 compares the altitude Hs against the altitude Ht, that is where the

snow cover changes from −1 ◦C against where the transition occurs. We find the

altitudes of the transitions Ht scatter on both sides of the 1:1-line (blue dashed); in

other words, the transition can happen above or below the Hs-line. Furthermore,

Ht can be up to 500 m in elevation away from Hs. The majority of the avalanches

perform the transition above the Hs-line, i.e. avalanches with a partial transition

(blue symbols). For these events we find that Hs lies below 1700 m a.s.l. and thus in

the runout area. And for a few of them, the Hs-line is even below the valley floor

(below 1450 m a.s.l.), which in turn means that it can practically not be reached.

The remaining avalanches perform the transition below the Hs, i.e. these events

express either a complete transition and the warm regimes are dominant in the

runout (red symbols), or cold and warm regimes reach similar runouts (white sym-

bols). For these events we find that Hs is consequently higher than 1800 m a.s.l.

which corresponds approximately to the altitude of the middle of the avalanche

path.
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5.5 Discussion

We find a continuous degree of transition between partial and complete flow regime

transitions (Fig. 5.5). This continuous degree can be related to the altitude Hs, the al-

titude where the average modelled temperature of the superficial snow layer changes

from below to above −1 ◦C. This means that, for the VdlS avalanche path, the flow

regime type in the runout area — but not the runout distance itself — can be esti-

mated when Hs is known.

Avalanches with a cold-dominated runout occur in Vallée de la Sionne when Hs

is up to 300 m in elevation above the valley floor. The nomenclature of UNESCO

(1981) would classify such an avalanche as “C1G7”, with the code 7 meaning the

deposit consists of a mix of cold-dry and warm-wet snow. We find that the point Ht

where the transition becomes visible lies exclusively above Hs for cold-dominated
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avalanches. Thus the transition cannot be caused by snow erosion from the sur-

face, but entrainment of deeper buried and therefore warmer layer of the snow

cover must be accounted for. Since the surface (i.e. new snow) is cold, a powder

snow avalanche maintains its dynamics from surface entrainment, but later flowing

parts like the denser core may eventually dig deeper into the snow cover, erode the

warmer snow layers and develop a warm tail even above Hs.

We observe that nearly every large powder snow avalanches in Vallée de la

Sionne results in a partial transition. This suggests that large purely cold-dry pow-

der snow avalanches are very rare. In all GEODAR data acquired over the last 7

years (140 in total with 20 powder snow avalanches), only one large powder snow

avalanche (#15-0017, Köhler et al. (2016)) without a clear partial transition can be

found. This avalanche was released shortly after avalanche #15-0016 (Ft = −0.48)

which had entrained and removed most of the snow in the track. Purely cold-dry

avalanches do exist, but perhaps, only as long as they stay small and thus entrain

only layers of cold snow close to the surface.

Warm-dominated avalanches are usually classified as wet avalanches, since such

a description is mostly based on the deposit structures. Our data show, that initially

cold-dry avalanches can lead to complete warm-wet deposits (Ft > 0). A special

nomenclature for those avalanches does not exist or is not used consistently, even

though the UNESCO avalanche classification scheme allows for different wetness

classes in the release and runout areas. An avalanche with a complete transition

could be denoted as “C1G2” (UNESCO, 1981). The results in Figure 5.5 indicate

that such avalanches occurred in VdlS when Hs is higher than 500 m in altitude

above the valley floor. We find that Ht, the point where the transition is initiated,

is consequently 200 m to 300 m below Hs (Fig. 5.6). This indicates that entrainment

of warm snow from the surface is most likely the cause for the transition, but also

that a previously developed cold flow regime may be able to overflow a surface of

warm snow for about this distance. As soon as the transition towards warm regimes

begins, it happens instantaneously and not gradually, i.e. in only 100 m and 15 s

(Fig. 5.4).

Interestingly, the actual altitude of the transition Ht differs for events with par-

tial and complete transitions (Fig. 5.6). All partial transitions in cold–dominated
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avalanches occurred in the elevation band between 1750 and 1850 m a.s.l., which cor-

responds to the altitude of the end of the steep couloir. Complete transitions could

occur even at lower elevations down to around 1650 m a.s.l., which correspond to

the gentle runout area and even the altitude of the pylon. We think that the above

mentioned change in the terrain does not necessarily cause the transition, but gen-

tle terrain may favour the warm and presumably slower flowing snow to separate

from fast cold regimes in flow direction. Such a separation can be observed at higher

elevations where the flowing length starts to increase and the avalanche extends in

range in the MTI plots (Fig. 5.2). This lengthening occurs most often above Ht and

may indicate an earlier start of the transition and a separation of slower and faster

flowing regions.

Both transition types are relevant for the dynamics at the avalanche front and es-

pecially during deposition in the runout area. For partial transitions, the relevance

is indirect as the runout is still cold-dominated, but the slow warm tail is able to

hold back mass from the front. For complete transitions the relevance is obvious, as

the runout is warm-dominated even though a cold avalanche released. The time-

scale when a warm-dominated avalanche reaches the runout is delayed by several

hundreds of seconds due to slower velocities of the warm flow regimes (Figure 5.2).

More important, the pressure exerted on structures in the runout depends strongly

on the flow regime, and in general is a function of velocity, density and flow height

together with a geometry factor (Sovilla et al., 2016). Cold–dominated flow regimes

have a dominant velocity squared contribution and the hydrostatic term vanishes

due to small densities. In contrast for warm flow regimes, the dynamic term can be

neglected due to smaller velocities, but the large density increases the importance

of the hydrostatic pressure contribution. Sovilla et al. (2016) presented an exam-

ple which deviates from the cold or warm pressure scheme and both — dynamic

and hydrostatic — contributions are found to be important. We can imagine that

avalanches with a complete transition may generate similar high pressures during

the transition process as result of remnant high velocities together with an increase

in density. Such an argument seems to be different for avalanches with a partial

transition. As mentioned above, the warm tail results most likely from deep entrain-

ment by the dense core where the velocities are slower than at the front, so that the
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dynamic pressure contribution probably stays small.

Another important topic is the extent to which frictional heating due to dissipa-

tion processes during the avalanche descent may play a role for flow regime transi-

tions (Vera Valero et al., 2015). Frictional heating compared to a temperature increase

due to entrainment was recently investigated experimentally on two medium sized

purely cold avalanches by Steinkogler et al. (2015b). They concluded that frictional

heating depends mainly on the effective height drop, but the contribution due to

entrainment was found to be more variable and dependent on the erosion depth

and snow temperature. Here, we cannot differentiate between both heating mech-

anisms on the basis of our data set. In fact, we include the frictional heating of the

flowing snow as it affects Pw and Pc indirectly. However, the relation in Figure 5.5

indicates that indeed snow erosion and the temperature of the eroded snow have an

important effect on the flow dynamics.

Two limitations in regard to temperature exist in our methods. Throughout the

whole study, we have assumed that the flowing snow temperature is similar to the

snow cover temperature. This is a vague and untested assumption, and the effect

depends possibly on the entrainment rate and the temperature difference between

the flowing snow and the snow cover. Furthermore, the history of avalanche activity

in the avalanche path can significantly alter the snow cover by entrainment and

deposition (Steinkogler et al., 2014). The SNOWPACK model can account for this with

reinitialisation of the snow cover. But this can be only done for artificial avalanches

where precise mass-balance measurements are available. Our approach disregards

this fact. However, we are interested in the surface layers consisting of the recent

new snow precipitation. The simulation of these new top layers is more dependent

on the meteorological data than on the older snow layer underneath.

Also questionable appears the estimation of Hs by linear interpolation between

two weather stations. We imply that the snow temperature changes only due to an

altitude gradient, and this altitude gradient is found to be in the range of 100 m ◦C−1

to 400 m ◦C−1. The estimate of Hs could be improved with detailed analysis per-

formed with distributed snow cover models like Alpine3D (Steinkogler et al., 2014).

However, we wanted to use a simple parameterization for Hs. “Simple” means that

Hs can be estimated from different data sources, e.g. field observations or regional
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snow reports, since for many avalanche paths and past events much less information

about the snow cover characteristics is generally available.

Another difficulty is how to generalise our results to other avalanche tracks since

we have only investigated a single slope. We expect a path dependence of the corre-

lation between snow cover and the transition factor Ft. Vallée de la Sionne is known

to be a relative gentle avalanche path so that avalanches normally stop naturally in

the runout area. But for steeper paths, i.e. 40◦ from top to bottom, we expect that

more often both flow regimes may reach the valley floor. Our analysis should be

extended to take into account other variables, such as volume or mass estimates and

path geometry. To directly extend our method to other avalanche paths, regional

snow and avalanche reports as well as path length estimation from world-wide

available digital terrain models, may already be sufficiently accurate. As example,

the Moos avalanche from the introduction fits into the relation found for VdlS (star

in Fig. 5.5 and 5.6), but noteworthy to say, the geometry of this avalanche path in

terms of altitudes, slope and path length, is very similar to the VdlS.

5.6 Conclusion

GEODAR measurements have shown that flow regime transitions are common large

snow avalanches. One of these transitions occur between cold and warm snow when

agglomeration of snow crystals cause larger granules to form. In first order, this hap-

pens as soon as the flowing snow temperature changes from below to above −1 ◦C.

Such a flow regime transition is very important for the dynamics of the avalanching

snow, as the flow regime influences the pressure exerted on structures in the path.

However, we want to stress that the runout distance itself does not depend on the

flow regime as cold and warm avalanches can reach unexpected long runouts.

We find two types of cold-to-warm flow regime transitions depending on wether

parts or the complete avalanche changes the flow regime. A partial flow regime tran-

sition can occur at the tail and depends on the entrainment of deeply buried warm

snow layers by the avalanche’s dense core. In contrast, a complete flow regime tran-

sition can occur at the front due to the entrainment of warm snow at the surface.
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We find a continuous degree of transition between both types and a robust rela-

tion between this and the snow cover temperature along the avalanche track. More

specifically, the transition factor Ft is linearly related to the altitudeHs where the av-

erage snow cover temperature in the uppermost 0.5 m changes between warm and

cold at a threshold of −1 ◦C.

At Vallée de la Sionne, almost every large powder snow avalanches exhibit a

transition. When Hs is found no higher than 300 m above the valley floor, a partial

transition (Ft < 0) is observed and results in a warm tail. For complete transitions

(Ft > 0), the altitudeHs is located more than 500 m above the valley floor and results

in only warm flow regimes in the runout area.

This work can be regarded as a step towards the possibility to predict the domi-

nant flow regime in the runout area — but not the runout length — based on knowl-

edge of the snow cover temperature along the path. It is worth mentioning that

meteorological and snow cover data from the release area are not representative for

the avalanche dynamics in the runout area. Therefore, any hazard and risk evalua-

tion should be made with additional information. Knowing the flow regime in the

runout area may improve risk assessment, for example, the effectiveness of a dam

may be evaluated in real-time. Nevertheless, the presented approach is strongly de-

pendent on the track geometry and this requires care in adapting our results to other

avalanche paths.

Compared to the complexity of temperature influence on avalanche dynamics,

our presented method is rather simple. Effects such as frictional heating, tempera-

ture difference between entrained and flowing snow, entrainment depth and mixing

and separation of snow at differently temperatures are important factors, and to

identify their significance on the flow dynamics is a challenging task. We are con-

vinced that future measurement procedures with laser-scans for mass balance, in-

frared radiation thermography in combination with temperature measurement dur-

ing the passage of an avalanche, and manual or simulated snow profiles will be very

useful to further understand the interplay between these factors. Finally, investigat-

ing flow regime transitions in greater detail may become important in respect to cli-

mate change. Less snow cover at lower altitudes, strong temperature gradients and
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quickly varying weather systems may lead to a snow cover situation favouring tran-

sitions in avalanches. Warm flow regimes may reach runout areas more frequently

and thus require that hazard mitigation procedures are adapted accordingly.
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TABLE 5.1: Summary of the avalanche events with the extracted path

lengths P , the transition factor Ft = Pw−Pc
max(Pc,Pw) and altitude of transition

Ht, as well as the snowpack conditions Hs and mean temperatures at both

meteo stations T 2;3. Data of avalanche events indicated with a ∗ in front

of the row can be received from the GEODAR repository (McElwaine* et al.,

2017).
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Chapter 6

Conclusion and Outlook

6.1 Conclusion

A main purpose of the thesis is to assess the potential of GEODAR to measure the

diversity of snow avalanches and understand their dynamic behaviour. This objec-

tive can be divided into two goals: improvements in the data collection and signal

processing, and the validation and interpretation of the data. The improved signal

processing algorithms developed during this work have allowed the visualization

of the interior structure of avalanches in unprecedented detail. This has enabled

an advanced understanding of dynamic flow processes in snow avalanches. The

question of which flow structures can be seen in the MTI images, appears in all

chapters. The explorative attempts to connect the MTI data with flow processes led

to a consecutive series of achievements: Chapter 3 results in a classification of seven

flow regimes, Chapter 4 details the dynamic importance the intermittent flow regime

solely found in cold powder snow avalanches, and Chapter 5 links successfully the

transition between warm and cold flow regimes with the snow cover temperature.

A dedicated chapter on GEODAR and three self-contained journal articles are pre-

sented in this thesis.

Chapter 2 presents the radar system and hardware improvements together with a

description of the signal processing. A key part of the signal processing is the mov-

ing target identification (MTI) which enhances moving object and cancels the static

background signal. During the thesis, several filters have been explored until a sat-

isfying one was found. The improvements are subtle for the capability to resolve the
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front, but in particular, enhance the signature of the avalanche back-edge and equal-

ize the intensity over all ranges. It was found that the complicated reflection patterns

of the avalanche body are often independent of the chosen filter. An avalanche as a

distributed target is not only widespread but also turbulent so that the signal varies

rapidly between pulses. However, the avalanche is imaged at 110 Hz, and this re-

veal the low and high intensity of the scintillating MTI signal. Thanks to improved

data processing, GEODAR is able to resolve the fine structures of minor surges as

higher intensities surrounded by lower intensities beside the surges, and a physical

process never previously observed can be visualized. Additionally, the signature of

the surges indicates a relation between flow height and average MTI intensity. Pre-

liminary results of using band–pass MTI filters indicate an increase in contrast for

the MTI signatures of the slow moving plug regime.

Expectations for the advanced potential of GEODAR posed by Ash et al. (2014a)

can be only partly corroborated. In particular, the lateral resolution due to beam–

forming and the extraction of Doppler velocity can be successfully applied to point

targets thanks to enhanced frequency estimation algorithm, but couldn’t be adapted

to distributed targets such as avalanches. However, the success on point targets due

to the super–resolution algorithm is a great improvement in resolution. The one-

dimensional range–time representation of the MTI intensities contains much more

information on the avalanche flow than was available without GEODAR.

Chapter 3 combines the MTI images of 77 avalanches with data on snow cover

and flow height and pictures of the flow surface. An extensive collection of typical

signatures in the MTI images are analysed. Line and streak signatures belong to

structures advecting with the flow. Characteristic spots of low or high MTI intensi-

ties originate from the interaction of the avalanche with the terrain. Beside these MTI

flowing signatures, three MTI stopping signatures can be identified in avalanches,

and their occurence depends on the snow temperature. Cold snow tends to starve

from the tail so that the flowing length consequently decreases. The opposite hap-

pens in warm snow as the front comes to halt first and the incoming flow piles up.

When the snow becomes moist, the tail and the front stop abruptly together. Typical

occurrences of MTI flowing and stopping signatures are grouped into seven flow
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regimes which can be established by flowing snow and constitute an exhaustive

classification of avalanches observed in Vallée de la Sionne. The MTI images enable

the observation of the flow regime behaviour in time and space as well as indicate

transitions between them.

These flow regimes should be included in physically-based numerical avalanche

models. The MTI images will allow the comparison and validation of different nu-

merical implementations of rheological and constitutive relations. Advancing phys-

ical models should be a collaborative research between communities in granular

materials, numerical modelling and experimental avalanche dynamics. To aid in the

research required to develop those models, all of the data of this chapter have been

released under open access. The chapter also functions as a reference to understand

and interpret the MTI data on common ground across the research communities.

Chapter 4 follows thematically on the previous one by analysing the intermittent

regime and surges in general. The study presents a detailed investigation of dark

streaks and lines in the MTI data. These MTI flowing signatures correspond to

waves in the avalanche and are classified into major surges and minor surges. Major

surges are identified by their length and can exist all over the avalanche. The origin

of a major surges could be found in secondary releases of snow slabs. However,

the topography can also split the flow into major surges which then resemble more

separate flow fronts. Secondary slabs as an instantaneous release of mass causes the

evolving surge to flow largely independently from the rest of the avalanche. En-

trainment due to slabs distributes the entering snow along the avalanche and may

lead to an increase in flowing length. In contrast, gradual entrainment is thought

to increase the flowing mass in the frontal part of the flow. An important finding

is that the slab release entrainment can be as important as the mass intake due to

gradual entrainment. This result is in contradiction to simulation procedures, where

usually the total entrained mass is assumed to enter the flow in the proximity of the

front and distributes smoothly towards the tail. Even though slab entrainment com-

plicates avalanche simulation and prediction of single slabs seems out of reach, the

effect on the model response should be studied.



162 Chapter 6. Conclusion and Outlook

The other type of surges appears in the MTI data only in the intermittent regime

of large powder snow avalanches. In fact, these minor surges are the characteristic

signature of this highly turbulent and fluidized region behind the front. The minor

surges appear to be denser clusters of fast-flowing material which have been rec-

ognized by Sovilla et al. (2015). The novelty of the results here lies in tracking their

evolution from inside the avalanche towards the leading edge and beyond. They are

constantly reproduced inside the avalanche — most likely as a roll–wave instability

— and overtake the front at regular short intervals. The minor surges show very dif-

ferent friction parameters in comparison to the overall avalanche motion. As long as

they are inside the avalanche, their velocity is high and the effective friction is low;

but as soon as they reach the front and overtake, they rapidly decelerate and are

overrun by the next one. The amount of surging at the leading edge possibly grows

with avalanche size. This may be helpful in explaining the longevity and mobility

of powder snow avalanches, and may be a candidate to explain why lower friction

parameters are required to back-calculate larger avalanches. The effect of surging on

the avalanche dynamics can be illustrated with a group of skiers. Visually speaking,

a large group of skiers may successfully cross shallow terrain with fresh snow by

advancing and smoothing their track one after another, whereas a small group may

not make it across the flat section.

Chapter 5 builds upon the possibility to differentiate between flow regimes be-

longing to cold and warm snow conditions. The main question is if the occurrence

of transitions between cold and warm regimes can be explained by characteristics

in the snow cover. That snow quality controls the avalanche dynamics is intuitive,

but the study quantifies part of this effect. A cold to warm flow regime transition is

common for large avalanches releasing with cold snow. In the extreme case, the com-

plete avalanche transforms into warm flow regimes, but even large cold-dominated

powder snow avalanches show in the majority of cases signatures of warm snow at

their tails. The degree of transition is described by a transition factor which is based

on the path length of warm and cold flow regimes. A key finding is that the degree

of transition is a continuum and depends linearly on the snow temperature distri-

bution in the surface layers of the snow cover. This distribution is parameterized by
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the altitude where the average superficial snow temperature changes between cold

and warm, with a threshold of −1 ◦C proposed recently by Steinkogler et al. (2015a).

While this study cannot verify the threshold, the results support the concept that the

flow dynamics can change significantly even at sub-freezing temperatures. Note,

this termperature threshold must be seen as a first-order approximation for a physi-

cal process which causes granulation of snow.

The relation between snow quality and the flow dynamics in the runout area is

not only important from a scientific point of view, but also may provide great use to

practitioners. Which flow regime reaches the valley floor influences the mitigation

of associated hazard. Permanent protection measures such as avalanche catching

and deflection dams are relatively ineffective against fluidized cold regimes but are

of great use to retain dense and in particular warm flow regimes. Thus, the found

relation may enable a real-time evaluation of the dam effectiveness. Furthermore,

the flow regime characteristics expose any structure in the avalanche path to dif-

ferent impact pressures. Fast and cold regimes cause fluctuating but high dynamic

peak pressures, whereas the hydrostatic weight of slow-moving cohesive snow and

a steady pressure dominate for warm flow regimes. Though the relation is based on

test cases from only one avalanche track, it is promising to consider how it could be

adapted to other track geometries.

This thesis combines successfully the newly developed radar system GEODAR

with interpretations of avalanche flow dynamics. The presented chapters confirm

and greatly extend the promising results of early GEODAR measurements achieved

by Vriend et al. (2013). A main conclusion is that the radar system GEODAR works

and is very useful in understanding the dynamics of an avalanche. Furthermore,

the investigations of MTI signatures show that a multitude of information can be ex-

tracted from the GEODAR data without relying on additional measurements, even

though most of that information is still extracted manually. The whole thesis is go-

ing to be a good source of reference for data processing, for feature identification and

their physical interpretation. While finishing the thesis, a small and transportable

GEODAR–type radar is being built with the focus on measuring mass movements

wherever they occur. Although GEODAR has been only pointed at snow and avalanches,
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it is also possible that GEODAR will be deployed in the future on volcanoes to shed

light on the internal flow dynamics of pyroclastic density currents.

6.2 Outlook

The introduction to the thesis states numerical model validation as a central motiva-

tion to acquire dynamic data of full-scale avalanches. The complexity of avalanches

and richness of flow regimes observed by GEODAR should be acknowledged by

modellers. Most today’s practical avalanche models deal with this complexity by

parameterisation, rather than build upon local environmental conditions which de-

termine model boundary conditions. Even so, current models are capable to provide

information of bulk behaviour like average pressure, they are limited in answering

more subtle questions for example flow variations along the track, peak impact pres-

sures and avalanche interaction with dams.

The published repository of GEODAR data (McElwaine* et al., 2017) opens many

paths for scientists in various fields including fluid dynamics, granular mechanics

and numerical modelling to further advance our knowledge on snow avalanches

and revise the current implementation in numerical models. Definitively there is a

trade-off between usability and accuracy of model, but the assumption and simpli-

fications should be carefully re-assessed. Recently, a comment by Faug et al. (2018)

gives an external evaluation of the presented material and state in more detail the

implications on numerical avalanche models.

Comparing the GEODAR data with the existing model must be regarded as the

next important step. Some work in this direction has been started by Rauter and Köh-

ler (2017). How such a validation is done and which data are compared with simula-

tions depend strongly on the specific question. For example, one may compare front

velocities, runout distances or changes in the flowing length. These measurements

require to map the radar features of an avalanche onto the terrain which causes ad-

ditional uncertainties. In contrast, the direct comparison of a radargram, i.e. an

MTI image, with simulated MTI image is a promising alternative. Basically, the ge-

ometry of the radar setup is included in the model, and the output is a range-time

representation of the simulation. In fact, a correct representation of the simulated
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MTI intensities (e.g. flow height, mass flux) have to be found to compare internal

structures. However, the comparison of the overlapping area in both range-time im-

ages, i.e. the leading edge and back edge position with time, is already a tough test

for a model.

Improvements to the practical models should be also gained with more direct

and discrete simulations which may be useful to develop general relationships and

parameterisations between snow properties, granulation of snow particle and plas-

ticity. Such modelling could focus on reproducing the three stopping signatures

found for the different flow regimes.

One outcome of the thesis is that snow conditions influence greatly the avalanche

flow regime, direct observations of the snow cover are desirable. Over the last four

seasons, GEODAR has acquired continuous 1 s measurements of the static snow

cover at hourly intervals. Preliminary results of these scan measurements in sec-

tion 2.6.3 show clearly features, e.g. a daily variation in reflectivity, which have to

be explained by changes in the snow cover such as melt-freeze cycles between day

and night. The snow cover model Alpine3D could be coupled with a microwave

model of snow, such as MEMLS3&a (Proksch et al., 2015), and their output can be

compared with the GEODAR data. This validation chain will not only improve

our understanding of the GEODAR signal for different snow conditions, but also

the performance of Alpine3D can be verified on a single slope resolution. A possi-

ble application could be that GEODAR can measure certain snow conditions in the

avalanche track without the need for weather stations.

Until GEODAR can be installed at a remote location on its own, several improve-

ments in hardware and software have to be accomplished. GEODAR cannot yet

trigger a recording by itself. One possibility would be to constantly record into a

circular buffer and run a certain detection algorithm. Because of speed reasons, this

cannot be compared to an avalanche or front detection in a full MTI image, but pre-

sumably has to work on the fast-time signal. If GEODAR is to be used further as

a monitoring system, triggering is one difficulty, but automatic feature extraction,

classification and alarm generation must be developed as well. The data from 100

false-trigger and 150 avalanche events already acquired may be helpful in designing

those algorithms, defining trigger thresholds and testing their performance.
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However, it is desirable to perform similar GEODAR measurements of snow

avalanches in other avalanche pathes. Vallée de la Sionne is known to be a fairly

gentle slope, lets say mostly inbetween 20◦ to 35◦. A different topography which

is all the way above 40◦ or include a vertical cliff or even has a catching dam in

the runout area may give insights into questions about the interaction and scaling

behaviour of flowing snow with terrain and how different avalanche flow regimes

react to protection structures.

Furthermore, the success of interpreting and extracting a wealth of informa-

tion from the GEODAR data and to generalize the physical flow processes of flow

regimes, measurements of other types of geophysical flow should be done. These

should include at least debris flow and pyroclastic flow which both reveal a certain

similarity to snow avalanches.

Finally, the advanced signal processing presented in section 2.6 rises more ques-

tions than answers, and in particular, the beam-forming should be recalled. There

has been much effort to calibrate the antenna array by taking phase measurements

from known locations, i.e. calibration data sets in appendix A.3. The positive results

achieved by locating point targets are an indicator that beam-forming of avalanches

should be possible. Additionally, the GEODAR IV system was developed as a fully

populated array to replace the other versions, but its beam-forming capabilities were

never explored. Furthermore, the directional antenna setup of GEODAR V may be

used to extract a lateral sub-channel resolution by combining not only the main-lobe

signal but also the side-lobe signal. I am convinced that further signal processing

strategies enable to decipher more information of the recorded avalanche data.
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Appendix A

Calibration and maintenance

A.1 Radar maintenance procedures

This section describes the key point to operate the GEODAR system successfully

after the summer break and to check the function after an unexpected power loss.

Turn on procedure:

The two computers, the signal generator (AWG) and the analog-to-digital convert

(PXI), are set up to start up on power return automatically. They should therefore be

off only if the mains is not connected. During the boot up, it’s a good advice to turn

the amplifier already on so that the USB control can be initialized.

Log into the PXI either locally or remotely using Windows remote desktop client.

Start LabView, load the acquisition VI and run it. This sets up the 10 MHz reference

clock needed for the AWG.

Log into the AWG either locally or remotely using Windows remote desktop

client1. The signal generation software should load automatically and perform its

power-on-self-tests. Load the right waveform file. Browse through the tab Timing

and ensure the frequency is set properly to 600 MHz. Browse through tabs CH1 and

CH2, and turn ON each channel so that the button in the software and the front-

panel lights up in green. Click the Run button in the top-right corner of the window.

For this last step the reference clock supplied by the PXI is needed, an error will pop

up otherwise.

1A nuisance occurs with the remote desktop client of Mac OS X (at least in version 2.1.1). After
disconnecting, the AWG performs a reboot. Better log into the PXI and from there log into the AWG.
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FIGURE A.1: Status LED of GEODAR system when in idle state (left) and

during recording (right).

Function test:

A test measurement is the best way to check the radar functions properly. Best to

record a 10 s dataset of a static field-of-view with an active target turn on. Figure A.1

contrasts the system in idle state and in recoding state.

Make sure that the PXI starts recording by checking that the capture time is

counting up. Several status LEDs indicate the radar components power supply work

properly. When being in the bunker, check that all LEDs on the receiver unit, the

transmitter unit and the status LED of the amplifier light up during the recording

(right, Fig. A.1). Additionally check the four LEDs at the frontend boxes light up

(Fig. 2.3f). Make also sure that the display of the power amplifier reads AMP=ON.

Finally, process the acquired data set at least until the statistics of the chirp signal

and spectrum (Fig. A.2). For the chirp statistics, the standard deviation over fast-

time and slow-time gives a good impression if all components related to the signal

generation are working well. For the spectrum statistics, the real mean square over

slow-time is of most interest. It should show low signal below 200 m and above

2500 m (return only from air). The maximum return corresponds to the active target

and should exceed the surrounding signal by around three times. Its range should

correspond to the targets range including the total cable length (Pylon range is at
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FIGURE A.2: Typical signal statistics for a 1 s test measurements for the up-

chirp signal. a) Nearly constant standard deviation of chirp shows the sta-

bility with slow-time, until the PA turns off at 1.15 s. b) STD of chirp shows

the stability of chirp generation, see also Figure 2.12. c) Mean power of spec-

trum with a strong return from the active target. d) Same as c) but without

active target at 675 m. Note the low signal 20 m to 150 m and above 2500 m

due to solely air, and the direct coupling from transmit antenna 10 m. The

colours correspond to each antenna.

675 m).

Shutdown:

To shutdown the radar computer remotely, the shutdown command has to be send

in windows command line: shutdown /s /t 0 . If the radar stays turned off for

longer time, unplug the mains from all components.

Power amplifier (PA):

The power amplifier “Bonn Elektronik BLMA 5254-15” is controlled via a GBIP

interface (general purpose interface bus, IEEE–488). The connection with the PXI is
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established with a USB-to-GPIB adapter from Prologix () in version 6.0. The adapter

appears on the PXI as a virtual serial port (COM interface). Today the port settings

are COM5, bus id 7 (default) and baud rate 115 200. The existing commands are

described in the user manual of the PA on page 14. Queries for status are ending

with ’?’, e.g. AMP? or STATUS? , and commands are an assignment to a value, e.g.

AMP=ON and AMP=OFF .

After a restart of the full radar, the remote control via GPIB of the PA does not

work on the first time (so it should switch to GPIB automatically as soon as the

adapter addresses the PA as listener). One workaround is to manually hit once

the button Amplifier on the PA’s front to turn it on, and a second time to turn it

off again. After this, the remote control work flawlessly. The actual control mode

can be queried by sending CONTROL? . This technical issue has to get investigated

in the future.

A.2 Calibration procedure

A detailed outline of a calibration procedure can not be generalized, as it depends

on what should be calibrated. Nevertheless, in the last couple of years a certain

calibration procedure proofed to be useful.

A portable active target is of great use for many kinds of calibration tasks (Fig.A.3).

Active target means it’s amplifies the received signal before radiating back. To power

the amplifier, a set of usual household triple A batteries are used. The target is

mounted on a tripod, and a spirit level and an ocular helps to aim the target towards

the bunker. Additionally, a differential GPS can be mounted in the centre of the

target to obtain precise positioning.

To conduce a calibration measurement, the weather has to be clear otherwise the

target can not aimed towards the bunker. If only a phase should be calibrated, the

aiming is of lower priority. To obtain measurements of the attenuation with range or

cross-range, the target must be aligned precisely. An extensive calibration tour with

a lot of points is best performed having two persons. One carries the target in the

field, the other takes notes and starts the measurements in the bunker. Communica-

tion is done via radio or mobile phone, but it should be avoided to radiate during

prologix.biz
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FIGURE A.3: Left: The portable active target consist of a receive antenna,

an amplifier and a transmit antenna. A spirit level and an ocular help to

align the target with the line of sight from the radar. A differential GPS is

mounted in the centre of the target. Right: Even in the harsh conditions of

an avalanche debris, the target performs well.

a measurement. Additionally, the person in the field should step a bit away during

measurement.

The notes should contain — beside the file name of the recording and the number

of the GPS data point — any object in the broader line of sight, e.g. bushes, trees

or any higher objects. This broader line of sight refers to the rotational ellipsoid

of the first Fresnel zone, where most energy is transported (Skolnik, 2001, chap. 7).

The radius R for the first Fresnel zone at distance d1 from target and distance d2

from the radar is R =
√
λd1d2(d1 + d2)−1. It follows, that for the target at d1 = 10 m

and d2 = 990 m measured on the line of sight, the target’s tripod should be at least

around 70 cm higher than any object.

The following section A.3, section A.4 and section A.5 list the calibration data

sets, which have been acquired during in the last years.
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A.3 GEODAR II calibration data

Antenna calibration November 2012 to April 2013

TABLE A.1: This calibration dataset is valid for the antenna setup of GEO-

DAR II in the time from November 2012 to April 2013. Add the day ’2013-

04-23-’ in front of field time to retrieve the full GEODAR filename. Each data

point consists of a 1 s measurement.

Note: The measurements were done without a tripod, therefore no ampli-

tude stability and low GPS position accuracy.
1Coordinates East, North and Elevation in Swiss CH1903 system

time East; North; Elevation [m]1 time East; North; Elevation [m]1

09-21-18 595076.0; 126884.4; 1505.2 09-55-37 594829.0; 126976.7; 1585.4
09-28-41 595060.5; 126867.6; 1503.4 10-01-06 594745.3; 127038.7; 1627.1
09-33-44 595051.7; 126858.2; 1500.3 10-04-23 594710.6; 127048.3; 1642.3
09-34-51 595036.8; 126847.5; 1498.5 10-05-08 594717.4; 127057.7; 1642.4
09-36-17 595023.1; 126836.4; 1499.6 10-06-04 594726.4; 127062.9; 1641.0
09-37-18 595010.8; 126824.7; 1498.7 10-08-08 594737.0; 127080.3; 1641.0
09-38-33 594999.9; 126815.6; 1499.2 10-09-35 594746.8; 127097.9; 1644.4
09-39-30 594989.2; 126805.1; 1497.6 10-11-02 594763.5; 127125.1; 1647.1
09-41-19 594980.6; 126799.0; 1497.9 10-12-02 594777.6; 127143.6; 1648.2
09-43-12 594962.8; 126791.3; 1499.9 10-12-54 594785.7; 127159.5; 1648.9
09-50-28 594909.9; 126901.0; 1541.3 10-14-20 594797.0; 127178.5; 1649.5
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A.4 GEODAR III calibration data

Antenna calibration November 2013 to May 2015: Dataset I

TABLE A.2: This calibration dataset is valid for the antenna setup of GEO-

DAR III in the time November 2013 to May 2015. Add the day ’2014-05-05-’

in front of field time to retrieve the full GEODAR filename. Each data point

consists of a 1 s measurement.

Note: The measurements were done without a tripod, therefore no ampli-

tude stability and low GPS position accuracy.
1Coordinates East, North and Elevation in Swiss CH1903 system

time East; North; Elevation [m]1 time East; North; Elevation [m]1

19-18-55 594893.6; 126764.3; 1531.3 19-37-34 595042.6; 126885.9; 1509.4
19-24-11 594922.0; 126808.1; 1523.2 19-38-28 595056.2; 126892.4; 1509.5
19-27-52 594922.8; 126837.4; 1519.6 19-39-11 595065.4; 126899.9; 1509.3
19-28-43 594931.4; 126846.5; 1519.7 19-39-54 595073.9; 126909.4; 1509.6
19-29-33 594938.8; 126851.5; 1519.4 19-40-37 595081.8; 126917.3; 1509.4
19-30-15 594948.8; 126854.3; 1517.7 19-41-21 595092.8; 126930.2; 1510.1
19-30-57 594959.9; 126858.1; 1516.7 19-42-49 595094.6; 126951.8; 1512.9
19-31-37 594969.2; 126861.2; 1515.3 19-43-32 595096.8; 126962.5; 1514.3
19-32-22 594979.9; 126863.5; 1513.9 18-06-38 595075.4; 126930.7; 1513.9
19-33-12 594990.5; 126866.6; 1512.5 18-15-51 595096.6; 126856.3; 1493.8
19-34-00 594999.9; 126869.9; 1510.8 18-23-18 594901.6; 126883.1; 1534.6
19-34-45 595010.4; 126872.1; 1509.5 18-36-31 594745.4; 127038.5; 1627.1
19-35-30 595022.3; 126876.4; 1509.1 18-41-44 594809.2; 127128.9; 1636.7
19-36-43 595034.5; 126881.0; 1508.8

Antenna calibration November 2013 to May 2015: Dataset II

TABLE A.3: This calibration dataset is valid for the antenna setup of GEO-

DAR III in the time November 2013 to May 2015. Add the day ’2014-10-31-’

in front of field time to retrieve the full GEODAR filename. Each data point

consists of a 1 s measurement.
1Coordinates East, North and Elevation in Swiss CH1903 system

time East; North; Elevation [m]1 time East; North; Elevation [m]1

10-20-27 595043.3; 126905.1; 1515.9 12-21-08 594424.5; 127292.1; 1793.6
10-21-50 595021.1; 126903.6; 1518.5 12-24-44 594396.5; 127262.4; 1805.4
10-23-33 594997.9; 126903.0; 1521.8 12-26-29 594372.5; 127252.6; 1810.8
10-25-15 594970.9; 126901.6; 1526.2 12-27-38 594372.1; 127252.8; 1810.9
10-26-49 594939.7; 126898.2; 1533.2 12-30-16 594350.5; 127252.1; 1817.4
10-30-01 594907.2; 126901.8; 1542.0 12-32-23 594329.7; 127249.1; 1821.8
10-31-39 594906.7; 126921.1; 1546.9 12-33-53 594321.3; 127237.6; 1826.2
10-33-19 594908.6; 126948.0; 1553.1 12-35-41 594302.6; 127229.3; 1833.5
10-34-47 594913.7; 126970.2; 1559.9 12-37-26 594292.0; 127238.6; 1840.8
10-36-09 594914.5; 126991.8; 1565.6 12-41-07 594287.4; 127260.4; 1846.6
10-37-45 594917.2; 127018.9; 1572.1 12-43-45 594283.8; 127283.4; 1851.5
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TABLE A.3: Continued: This calibration dataset is valid for the antenna

setup of GEODAR III in the time November 2013 to May 2015. Add the day

’2014-10-31-’ in front of field time to retrieve the full GEODAR filename.

Each data point consists of a 1 s measurement.
1Coordinates East, North and Elevation in Swiss CH1903 system
2Active target at pylon should appear in all later point

time East; North; Elevation [m]1 time East; North; Elevation [m]1

10-39-11 594899.5; 127019.6; 1576.6 12-46-32 594283.5; 127300.5; 1860.4
10-40-32 594878.4; 127018.0; 1581.8 12-48-07 594274.4; 127306.6; 1865.3
10-42-04 594857.5; 127014.8; 1585.8 12-50-01 594260.2; 127315.2; 1874.1
10-43-32 594834.7; 127006.7; 1590.7 12-51-32 594247.7; 127320.9; 1879.9
10-44-58 594813.0; 127004.5; 1595.9 12-53-00 594238.7; 127329.3; 1887.0
10-47-22 594793.4; 126999.4; 1600.5 12-54-42 594219.7; 127328.0; 1892.5
10-49-04 594795.4; 127022.6; 1605.8 12-57-18 594212.1; 127339.6; 1900.5
10-50-29 594800.1; 127041.0; 1609.9 12-59-39 594202.9; 127351.5; 1912.5
10-52-19 594802.1; 127065.1; 1616.3 13-06-13 594218.2; 127393.5; 1943.4
10-53-59 594804.4; 127089.8; 1622.3 13-04-24 594199.7; 127378.1; 1931.8
10-55-40 594781.9; 127080.8; 1627.2 13-02-08 594186.4; 127364.0; 1922.9
10-57-23 594761.6; 127073.1; 1631.0 13-14-17 594207.4; 127408.7; 1953.4
10-58-53 594743.0; 127067.1; 1635.2 13-17-02 594201.9; 127424.0; 1962.1
11-01-55 594720.5; 127063.0; 1642.0 13-19-28 594182.3; 127427.3; 1971.6
11-06-39 594704.6; 127054.4; 1645.5 13-22-17 594166.3; 127434.8; 1982.6
11-09-53 594714.4; 127084.4; 1649.6 13-25-13 594164.8; 127449.0; 1990.9
11-11-23 594720.6; 127107.9; 1653.5 13-26-51 594157.8; 127458.2; 1998.9
11-12-57 594727.0; 127128.3; 1657.2 13-29-25 594148.6; 127467.7; 2007.9
11-14-31 594726.5; 127151.8; 1662.7 13-32-13 594146.0; 127482.5; 2018.1
11-16-15 594718.8; 127178.9; 1668.3 13-35-07 594146.5; 127502.0; 2027.3
11-18-16 594692.8; 127173.6; 1674.7 13-38-16 594134.6; 127503.0; 2036.6
11-19-52 594670.2; 127168.6; 1680.4 13-40-26 594120.6; 127506.6; 2047.5
11-21-44 594645.9; 127156.9; 1686.3 13-42-43 594106.7; 127543.6; 2063.2
11-50-412 594623.6; 127143.0; 1691.1 13-44-35 594104.4; 127587.0; 2075.6
11-54-44 594604.2; 127140.8; 1697.3 13-46-19 594076.6; 127578.3; 2084.2
11-56-13 594579.5; 127134.8; 1705.1 13-49-34 593979.4; 127548.9; 2098.8
11-57-54 594557.4; 127124.9; 1711.3 13-51-29 593947.8; 127531.3; 2105.0
11-59-07 594541.4; 127113.8; 1715.6 13-53-41 593908.2; 127506.5; 2112.9
12-00-20 594518.1; 127106.5; 1722.5 13-55-46 593880.4; 127494.5; 2123.8
12-01-41 594512.2; 127131.7; 1728.3 13-58-43 593849.7; 127502.9; 2140.6
12-03-05 594507.5; 127154.1; 1733.6 14-01-39 593815.3; 127508.3; 2158.6
12-04-34 594504.1; 127175.3; 1738.3 14-03-31 593795.6; 127509.0; 2169.3
12-06-09 594499.8; 127199.8; 1742.6 14-05-32 593771.2; 127508.7; 2182.5
12-07-42 594493.3; 127222.9; 1747.8 14-07-43 593749.8; 127513.1; 2193.5
12-09-26 594489.5; 127251.4; 1753.2 14-09-20 593726.8; 127508.9; 2206.5
12-10-59 594492.4; 127274.9; 1759.7 14-20-01 593711.2; 127506.6; 2215.4
12-12-53 594496.1; 127300.4; 1767.8 14-23-59 593704.0; 127556.2; 2222.6
12-14-42 594493.9; 127330.2; 1775.0 14-27-20 593718.2; 127627.3; 2232.5
12-17-54 594467.0; 127313.3; 1781.8 14-34-07 593736.5; 127697.8; 2250.4
12-19-44 594446.3; 127306.6; 1787.1 14-32-08 593730.0; 127702.8; 2255.2
12-22-49 594415.2; 127274.5; 1799.3
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Antenna calibration November 2013 to May 2015: Dataset III

TABLE A.4: This calibration dataset is valid for the antenna setup of GEO-

DAR III in the time November 2013 to May 2015. Add the day ’2015-05-27-’

in front of field time to retrieve the full GEODAR filename. Each data point

consists of a 1 s measurement.
1Coordinates East, North and Elevation in Swiss CH1903 system

time East; North; Elevation [m]1 time East; North; Elevation [m]1

11-33-01 594227.1; 127894.9; 2131.8 12-30-50 593856.7; 127496.8; 2140.8
11-45-32 594219.4; 127859.7; 2137.1 12-32-33 593849.2; 127471.0; 2140.6
11-47-11 594209.0; 127830.0; 2137.6 12-34-00 593841.6; 127439.4; 2138.5
11-48-40 594191.0; 127818.8; 2140.2 12-36-47 593849.5; 127409.4; 2129.2
11-50-14 594173.0; 127810.1; 2140.3 12-38-44 593841.8; 127391.6; 2130.4
11-52-09 594157.7; 127797.5; 2140.1 12-40-22 593840.8; 127363.5; 2131.8
11-53-40 594143.6; 127780.6; 2140.3 12-41-49 593843.7; 127336.9; 2131.7
11-56-17 594127.3; 127761.1; 2138.2 12-43-16 593832.8; 127316.3; 2136.1
11-58-13 594115.2; 127746.9; 2136.2 12-44-33 593830.0; 127286.3; 2135.3
11-59-59 594095.6; 127733.4; 2136.2 12-46-00 593821.7; 127258.2; 2134.1
12-06-29 594076.7; 127717.1; 2134.8 12-47-29 593814.8; 127239.0; 2134.0
12-08-18 594066.9; 127705.5; 2136.9 12-49-03 593796.2; 127224.3; 2134.2
12-10-23 594050.5; 127690.3; 2135.9 13-37-44 595087.2; 126823.8; 1483.8
12-12-27 594020.9; 127672.4; 2137.1 13-39-08 595102.4; 126812.8; 1477.2
12-14-38 593995.9; 127655.9; 2135.0 13-40-35 595118.0; 126806.5; 1470.2
12-16-36 593982.7; 127642.5; 2139.4 13-41-51 595138.3; 126783.9; 1468.6
12-18-35 593960.6; 127630.9; 2139.2 13-43-00 595151.0; 126779.2; 1463.5
12-20-17 593936.0; 127611.1; 2138.7 13-44-06 595161.3; 126771.8; 1459.9
12-22-04 593919.1; 127595.8; 2140.5 13-45-21 595169.0; 126763.7; 1458.0
12-23-52 593902.6; 127570.5; 2140.4 13-46-44 595177.9; 126756.9; 1455.1
12-25-38 593882.2; 127550.1; 2139.4 13-48-30 595179.7; 126747.2; 1451.3
12-27-00 593869.4; 127526.9; 2139.2
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A.5 GEODAR V calibration data

Antenna calibration 16 November 2016 to 8 March 2017

TABLE A.5: This dataset characterizes the antenna direction for the time

period between 16 November 2016 and 8 March 2017 (10 AM). Each data

point consists of a 1 s measurement.
1Coordinates East, North and Elevation (Ele.) in Swiss CH1903 system
2Measurement behind a bush, low amplitude

GEODAR file range [m] angle [◦] East1 [m] North1 [m] Ele.1 [m]
2016-11-16-16-36-14 276.1 323.1 595082.2 126927.0 1514.4
2016-11-16-16-37-18 275.9 322.0 595077.9 126923.4 1514.8
2016-11-16-16-37-59 274.5 320.9 595074.8 126919.1 1514.8
2016-11-16-16-38-44 271.6 319.9 595073.0 126914.2 1512.4
2016-11-16-16-39-22 272.2 319.2 595069.9 126912.3 1511.9
2016-11-16-16-39-53 271.7 318.4 595067.4 126909.5 1512.4
2016-11-16-16-40-22 271.4 317.6 595064.9 126906.8 1512.6
2016-11-16-16-41-00 271.5 316.8 595062.2 126904.5 1512.1
2016-11-16-16-41-43 271.4 316.0 595059.5 126901.8 1512.0
2016-11-16-16-42-17 271.5 315.2 595056.7 126899.2 1512.1
2016-11-16-16-42-53 272.2 314.5 595053.7 126897.2 1512.2
2016-11-16-16-43-29 272.4 313.7 595051.0 126894.6 1512.2
2016-11-16-16-44-08 274.0 312.8 595047.0 126892.8 1512.1
2016-11-16-16-44-51 275.4 312.1 595043.7 126891.3 1512.1
2016-11-16-16-45-39 276.8 311.4 595040.4 126889.8 1511.7
2016-11-16-16-46-17 278.3 310.7 595037.1 126888.3 1511.7
2016-11-16-16-46-56 279.9 310.0 595033.6 126886.7 1511.6
2016-11-16-16-47-33 281.3 309.4 595030.5 126885.2 1511.3
2016-11-16-16-48-04 282.4 308.9 595028.0 126883.9 1511.3
2016-11-16-16-48-38 284.0 308.1 595024.6 126882.0 1511.2
2016-11-16-16-49-11 285.6 307.5 595021.3 126880.5 1511.3
2016-11-16-16-49-45 287.0 306.8 595018.1 126878.7 1511.0
2016-11-16-16-51-26 288.5 306.1 595014.9 126876.8 1511.3
2016-11-16-16-52-04 289.5 305.4 595012.1 126874.6 1511.1
2016-11-16-16-52-44 290.5 304.8 595009.2 126872.5 1510.9
2016-11-16-16-53-31 291.4 304.2 595006.8 126870.4 1511.3
2016-11-16-16-54-11 292.1 303.6 595004.7 126868.5 1511.2
2016-11-16-16-54-41 293.0 303.0 595002.2 126866.3 1511.6
2016-11-16-16-55-28 293.6 302.5 595000.3 126864.4 1511.6
2016-11-16-16-56-31 295.2 301.7 594996.7 126861.7 1511.9
2016-11-16-16-57-02 295.9 301.0 594994.2 126859.0 1511.9
2016-11-16-16-57-35 297.8 300.4 594991.1 126857.4 1512.0
2016-11-16-16-58-21 297.8 299.6 594989.2 126854.1 1512.1
2016-11-16-16-58-58 299.9 299.0 594985.7 126852.3 1511.6
2016-11-16-16-59-28 300.6 298.3 594983.3 126849.3 1511.7
2016-11-16-17-00-07 303.2 297.6 594979.3 126847.5 1511.3
2016-11-16-17-00-47 305.0 296.5 594975.0 126843.2 1510.8
2016-11-16-17-01-40 306.2 295.6 594971.7 126839.2 1510.7
2016-11-16-17-02-24 309.2 294.4 594966.5 126834.9 1511.0
2016-11-16-17-03-03 312.5 293.3 594960.9 126830.6 1510.9
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Antenna calibration 8 March 2017 to 13 June 2017

TABLE A.6: This dataset characterizes the antenna direction for the time

period between 8 March 2017 (10 AM) and 13 June 2017. Each data point

consists of a 1 s measurement.
1Coordinates East, North and Elevation (Ele.) in Swiss CH1903 system
2Double measurement for same point

GEODAR file range [m] angle [◦] East1 [m] North1 [m] Ele.1 [m]
2017-06-13-09-49-59 275.5 325.0 595089.7 126932.1 1511.2
2017-06-13-09-51-33 272.4 323.6 595086.0 126925.6 1511.6
2017-06-13-09-52-40 269.9 322.3 595082.6 126919.8 1512.0
2017-06-13-09-53-56 269.1 320.7 595077.4 126914.7 1511.7
2017-06-13-09-55-00 268.5 319.3 595072.8 126910.1 1511.6
2017-06-13-09-56-27 267.7 317.8 595067.9 126904.7 1511.5
2017-06-13-09-57-35 267.3 316.4 595063.6 126900.2 1510.9
2017-06-13-09-59-02 267.6 315.0 595058.5 126895.7 1510.9
2017-06-13-10-00-15 268.4 313.7 595053.9 126892.0 1511.5
2017-06-13-10-01-54 272.4 312.3 595046.5 126889.9 1511.6
2017-06-13-10-03-04 274.1 311.1 595041.3 126886.6 1512.0
2017-06-13-10-04-17 276.0 310.0 595036.4 126884.0 1511.2
2017-06-13-10-05-29 278.0 309.1 595032.1 126881.8 1511.1
2017-06-13-10-06-27 279.7 308.2 595028.2 126879.7 1511.7
2017-06-13-10-07-26 282.5 307.3 595023.3 126878.0 1511.5
2017-06-13-10-08-24 285.0 306.5 595018.9 126876.2 1511.8
2017-06-13-10-09-33 287.7 305.7 595014.4 126874.5 1512.5
2017-06-13-10-10-45 290.0 304.9 595010.1 126872.6 1512.0
2017-06-13-10-12-30 293.2 304.0 595005.0 126870.7 1512.8
2017-06-13-10-13-43 297.4 303.3 594999.5 126869.9 1513.6
2017-06-13-10-15-07 301.4 302.6 594994.2 126869.0 1514.7
2017-06-13-10-16-32 304.6 301.6 594988.7 126866.1 1515.4
2017-06-13-10-17-46 310.0 300.5 594981.1 126863.8 1516.1
2017-06-13-10-18-56 316.2 299.4 594972.8 126861.7 1516.8
2017-06-13-10-20-12 322.3 298.8 594966.0 126861.8 1518.1
2017-06-13-10-21-17 327.1 297.7 594958.9 126858.5 1519.2
2017-06-13-10-22-172

331.6 296.8 594952.7 126856.3 1519.62017-06-13-10-27-442

2017-06-13-10-23-33 337.0 296.0 594945.9 126854.5 1520.3
2017-06-13-10-24-35 343.8 295.0 594937.2 126852.1 1520.9
2017-06-13-10-25-30 349.2 293.2 594927.8 126844.5 1520.5
2017-06-13-10-26-30 352.3 292.1 594922.3 126839.5 1520.3
2017-06-13-10-27-38 354.4 291.2 594918.4 126835.2 1521.0
2017-06-13-10-29-28 354.3 290.1 594915.9 126828.4 1521.2
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Antenna calibration 13 June 2017

TABLE A.7: This dataset characterizes the antenna direction for the time

from 13 June 2017 onwards. Each data point consists of a 1 s measurement

and a 10 s measurement. For the full GEODAR file name, add the day ’2017-

06-13-’ in front of the time code.
1Coordinates East, North and Elevation (Ele.) in Swiss CH1903 system
2Target unstable in the last 1 s of measurement

1 s 10 s range [m] angle [◦] East1 [m] North1 [m] Ele.1 [m]
18-14-34 18-14-46 268.5 320.3 595075.9 126913.3 1507.3
18-15-56 18-16-05 268.7 319.5 595073.4 126910.7 1512.1
18-17-11 18-17-21 268.3 318.6 595070.4 126907.7 1512.0
18-18-28 18-18-43 267.9 317.5 595067.0 126904.0 1511.7
18-19-40 18-19-50 267.4 316.5 595063.8 126900.5 1511.6
18-20-56 18-21-06 267.6 315.3 595059.8 126896.8 1511.8
18-22-09 18-22-17 267.9 314.5 595056.8 126894.2 1511.8
18-23-23 18-23-32 269.4 313.4 595052.2 126891.6 1511.7
18-24-27 18-24-35 272.1 312.4 595047.2 126890.1 1511.9
18-25-44 18-25-54 273.5 311.4 595042.8 126887.4 1511.9
18-26-52 18-27-03 275.0 310.5 595038.9 126885.2 1511.9
18-27-57 18-28-06 276.2 309.7 595035.3 126882.9 1511.2
18-29-01 18-29-09 278.3 308.8 595031.1 126881.1 1511.2
18-35-51 18-36-03 281.2 307.8 595025.7 126879.0 1511.0
18-37-10 18-37-23 283.3 307.1 595022.0 126877.6 1511.1
18-38-34 18-38-45 285.7 306.3 595017.8 126875.9 1511.4
18-39-34 18-39-44 288.1 305.6 595013.8 126874.6 1511.5
18-41-13 18-41-24 290.5 304.7 595009.2 126872.4 1511.3
18-42-32 18-42-42 293.5 304.0 595004.7 126870.9 1511.9
18-46-03 18-46-13 296.6 303.4 595000.6 126870.2 1512.5
18-47-22 18-47-322 298.7 302.8 594997.0 126868.5 1513.3
18-48-19 18-48-31 302.9 302.3 594992.2 126868.6 1514.3
18-49-24 18-49-33 304.9 301.6 594988.6 126866.6 1515.1
18-50-41 18-50-51 310.0 300.5 594981.2 126864.1 1515.6
18-51-51 18-51-58 314.7 299.5 594974.4 126861.7 1516.4
18-52-49 18-52-55 318.6 299.2 594970.3 126862.3 1516.8
18-53-51 18-53-57 322.1 298.8 594966.1 126861.8 1517.5
18-55-09 18-55-19 326.7 297.9 594959.7 126859.4 1518.2
18-56-15 18-56-28 328.6 297.2 594956.2 126856.8 1518.7
18-57-23 18-57-32 332.5 296.7 594951.4 126855.9 1519.2
18-58-48 18-58-57 335.8 296.1 594947.1 126854.4 1520.1
18-59-53 19-00-00 341.5 295.3 594940.0 126852.6 1521.2
19-00-51 19-00-57 344.7 294.7 594935.5 126850.6 1521.3
19-02-27 19-02-33 348.5 293.1 594928.2 126843.7 1521.0
19-03-31 19-03-41 350.4 292.4 594924.8 126840.6 1520.9
19-04-38 19-04-45 352.3 291.8 594921.7 126837.8 1521.2
19-05-36 19-05-42 354.2 291.1 594918.4 126834.5 1521.7
19-08-26 19-08-36 353.8 290.3 594917.0 126829.5 1522.3
19-10-29 19-10-43 353.0 289.8 594916.9 126826.6 1523.2
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A.6 Antenna pattern for Ubiquiti AM-5G20-90

Figure A.4 shows and Table A.8 lists the antenna pattern of directional antenna

AM-5G20-90 from Ubiquiti. This antenna has an independent connector for the

horizontal and vertical polarisation. Since the antenna is used side-ways to its nor-

mal direction (see Fig. 2.3d), the horizontal connector corresponds to the vertical

polarisation transmitted in GEODAR. The full antenna pattern can be received from

Ubiquiti support page at http://help.ubnt.com/ as text file.

TABLE A.8: Values for antenna pattern of Ubiquiti AM-5G20-90 in Fig-

ure A.4. Columns Dir. are direction in degree from main lobe. Columns

val. are gain in decibel.

Dir. Val. Dir. Val. Dir. Val. Dir. Val. Dir. Val. Dir. Val.
-29 -24.0 -19 -22.6 -9 -29.3 1 -0.3 11 -19.8 21 -24.2
-28 -30.0 -18 -27.4 -8 -18.8 2 -2.1 12 -17.3 22 -23.2
-27 -29.2 -17 -26.2 -7 -13.4 3 -5.8 13 -18.9 23 -25.2
-26 -25.1 -16 -23.7 -6 -12.0 4 -13.7 14 -23.8 24 -30.9
-25 -24.7 -15 -25.4 -5 -13.8 5 -22.3 15 -23.6 25 -29.6
-24 -27.7 -14 -32.2 -4 -14.7 6 -12.4 16 -19.3 26 -24.4
-23 -28.6 -13 -22.8 -3 -8.4 7 -10.7 17 -18.0 27 -22.5
-22 -23.3 -12 -17.8 -2 -3.7 8 -12.4 18 -19.3 28 -22.9
-21 -20.4 -11 -16.6 -1 -1.1 9 -17.8 19 -22.9 29 -25.6
-20 -20.2 -10 -19.2 0 0.0 10 -28.8 20 -26.0 30 -31.6

5

0

-5

-10

-15

-20

-25

-30 -20 -10 0 10 20 30

-30

-35

Direction [°]

G
ai

n 
[d

B
]

Horizontal polarisation

FIGURE A.4: Antenna pattern of Ubiquiti AM-5G20-90 used as directional

antenna for GEODAR V. The antenna is mounted side-ways and therefore

the connector for horizontal polarisation is used for GEODAR’s vertical po-

larisation.

https://help.ubnt.com/hc/en-us/articles/204952114-airMAX-Where-can-I-find-antenna-pattern-data-
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