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Permafrost (perennially frozen ground) forms a major element of the global cryosphere.
Azonal permafrost occurs in the European Alps due to the cold climate at high altitudes. Al
pine permafrost is characterised by temperatures only a few degrees below zero and is there
fore particularly sensitive to projected climate changes in the 21st century. Current and future
warming of the atmosphere will affect periglacial landforms and processes, and potential con
sequences include hazards due to slope failure and risk to human infrastructure. The ice con
tent of the frozen ground is a key parameter controlling slope stability in periglacial environ
ments. As permafrost is, in contrast to glaciers, basically invisible from the surface, the im
pacts of global warming are difficult to assess and long time series of mountain permafrost
evolution are therefore rare. Traditional observation techniques are mainly based on thermal
monitoring in vertical and horizontal dimension, but they provide only weak indications of the
ice content.
Addressing the necessity for a method to monitor the long term mountain permafrost evolu
tion, this thesis contributes to the development of a geophysical monitoring approach that
provides information on temporal changes in ground ice content. A geophysical monitoring
network comprising permanent geoelectric and refraction seismic profiles at four different
landforms in the Swiss Alps was established in the framework of this PhD project.
is to investigate the potential of geophysically based techniques for an
operational long term monitoring of mountain permafrost evolution in the context of global
warming.
is based on the assumption, that temporal changes in the measured
geophysical parameters provide information on changes in the subsurface ice and water con
tent. The so called time lapse approach serves to overcome the common problem of the often
ambiguous interpretations of absolute resistivity or velocity values of single surveys. Seasonal
and long term changes in the ground ice content were estimated from electrical resistivity to
mography (ERT) and refraction seismic tomography (RST) monitoring data sets. The ERT
monitoring (ERTM) results were evaluated based on the analysis of apparent resistivities, time
series of inverted tomograms, the comparison to temporal variations in subsurface tempera
tures in nearby boreholes, and the application of appraisal methods. Results from RST moni
toring (RSTM) were evaluated based on the reproducibility of travel times and waveforms and
the inverted tomograms were compared to ERTM results and borehole temperatures. Finally,
ERTM and RSTM data sets are jointly used in the so called 4 phase model (4PM), that relates
the measured geophysical parameters to the respective volumetric fractions of the subsurface
material (rock, water, air, ice), to evaluate the potential to quantify temporal changes in volu
metric ice, water, and air contents in the subsurface.
indicate a huge potential of both monitoring approaches to detect and characterise
climate induced ground ice degradation:
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The analysis of a comprehensive 7 year
data set from a rock slope at Schilthorn (Ber
nese Alps) revealed a sustained ground ice degradation as a consequence of the heat wave
occurring over central Europe in summer 2003. In contrast to borehole temperatures, that
returned to the “normal” range already in the following year, ERTM data proved a delayed
aggradation of ground ice to pre 2003 conditions until 2007 despite favourable temperatures.
A combined analysis of resistivities and borehole temperatures at all test sites showed the
strong relation of both parameters and demonstrated the general applicability of the ERTM
approach to different landforms in mountain permafrost characterised by different surface
conditions and ice contents. The obtained resistivity temperature relations are strongly site
specific and indicate that resistivity values cannot simply be used as a temperature proxy.
Even in the most challenging terrain for the acquisition and processing of ERTM data, on
coarse blocky landforms with high ice contents, a high potential to resolve temporal changes
in ground ice content could be identified. On Murtèl rockglacier (Upper Engadine valley) clear
indications for a significant impact of the warm winter 2006/2007 on the permafrost regime
were observed by ERTM that provide spatially more detailed information than the 1D bore
hole temperatures. For the Lapires talus slope (Valais), characterised by internal air circulation
that contributes to its cooling and thus to permafrost occurrence, it could be shown that
ERTM bears potential to detect zones of preferential air flow (ventilation funnels), which may
contribute to an increased understanding of this microclimatic process.
Limitations of the ERTM approach comprise the possible occurrence of inversion artefacts in
cases with high ice contents (e.g. massive ice in rockglaciers) and strong resistivity contrasts
(e.g. between the unfrozen active layer and ice rich layers), making a thorough interpretation
difficult. Great care has to be taken when absolute resistivity values are to be related to tem
perature, ice content, or ice origin in rockglaciers. The probability of inversion artefacts can be
evaluated by the application of appraisal methods, such as forward/inverse modelling based
on synthetic models, the depth of investigation index, or the resolution matrix approach.
To establish a complementary geophysical monitoring method, the applicability of a time
lapse
approach was tested for two data sets at Schilthorn and Lapires. The results of
this novel approach demonstrate a generally good reproducibility of the waveforms and signal
strength for subsequent measurements, and systematic temporal changes in the seismic re
sponse from the subsurface. The interpretation of velocity changes from RST time lapse to
mograms corresponds to results from ERTM and borehole temperatures, but also reveals
complementary information that can strongly support the interpretation of ERTM data. An
important advantage of the RSTM approach is, that under certain conditions even an unambi
guous identification of ground ice loss is possible. This could be observed at Schilthorn, where
a seasonal velocity decrease by more than 3000 m/s clearly proved the initial presence of sig
nificant amounts of ground ice in the active layer that disappeared in the following month.
Weaknesses of the RSTM approach comprise a limited depth resolution in cases of strong
contrasts between active layer and permafrost and for high ice contents, and the much higher
efforts of data acquisition and processing compared to ERTM.
The application of the
was extended to time lapse RST and ERT data sets. As an exten
sion to previous work, it could be shown that the consideration of temporal changes may pro
vide more realistic estimations than calculating absolute amounts of the constituents of the
available pore space. As combined ERTM and RSTM data sets were acquired for the first time
only very recently, further evaluation of the approach will be conducted in future applications.
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Permafrost (permanent gefrorenes Material der Lithosphäre) bildet ein wesentliches Element
der globalen Kryosphäre. In den Europäischen Alpen finden sich aufgrund des kalten Klimas
in großen Höhen azonale Permafrostvorkommen. Dieser Alpine Permafrost weißt Tempera
turen nur knapp unter 0°C auf und ist damit besonders sensibel für die prognostizierten Kli
maänderungen im 21. Jahrhundert. Die gegenwärtige und zukünftige Erwärmung der Atmo
sphäre wirkt sich auf periglaziale Landformen und Prozesse aus, wobei potenzielle Konse
quenzen Naturgefahren aufgrund von Hanginstabilitäten und der Gefährdung von Infrastruk
tur umfassen. Der Eisgehalt im gefrorenen Untergrund gehört zu den Schlüsselparametern,
welche die Stabilität von Hängen in Periglazialgebieten kontrollieren. Da Permafrost im Un
terschied zu Gletschern ein unsichtbares Phänomen ist, lassen sich die Auswirkungen der glo
balen Erwärmung auf die Entwicklung des Gebirgspermafrostes nur schwer erfassen, und
lange Zeitreihen der Evolution des Gebirgspermafrostes sind daher rar. Traditionelle Beo
bachtungsmethoden umfassen die Messung von Oberflächen und Untergrundtemperaturen,
welche aber nur ungenügende Indikatoren für den Eisgehalt darstellen.
Basierend auf dem Bedarf zur langfristigen Beobachtung der Entwicklung des Gebirgsper
mafrostes trägt die vorliegende Arbeit zur Entwicklung eines Monitoringansatzes bei, der Aus
sagen über zeitliche Änderungen des Eisgehalts zulässt. Im Rahmen dieser Studie wurde ein
geophysikalisches Monitoring Netzwerk bestehend aus permanenten geoelektrischen und re
fraktionsseismischen Profilen an vier morphologisch unterschiedlichen Standorten in den
Schweizer Alpen aufgebaut.
Das
war es, das Potenzial geophysikalischer Methoden for ein operationelles
Langzeit Monitoring der Permafrostentwicklung im Hochgebirge im Rahmen der globalen
Erwärmung zu untersuchen.
Der
basiert auf der Annahme, dass zeitliche Änderungen in den gemessenen
geophysikalischen Parametern Aussagen zu Änderungen im Eis und Wassergehalt des Unter
grundes zulassen. Die Betrachtung der zeitlichen Änderungen (der sogenannte time lapse An
satz) dient der Überwindung des generellen Problems der oft uneindeutigen Interpretierbar
keit absoluter Widerstände oder seismischer Geschwindigkeiten einmaliger Messungen. Moni
toring Datensätze der Elektrischen Widerstandstomographie und der refraktionsseismischen
Tomographie dienten zur Abschätzung der saisonalen und langfristigen Änderungen des Eis
gehaltes. Die Evaluation der Ergebnisse des geoelektrischen Monitorings basierte auf der Ana
lyse von scheinbaren Widerständen, von Zeitreihen invertierter Tomogramme, dem Vergleich
mit zeitlichen Änderungen der Untergrundtemperaturen in nahegelegenen Bohrlöchern, sowie
der Anwendung von Methoden zur Abschätzung der Genauigkeit der Inversionsergebnisse.
Die Ergebnisse des refraktionsseismischen Monitorings wurden anhand der Reproduzierbar
keit der Laufzeiten und Wellenformen und dem Vergleich mit den Ergebnissen des geoelektri
schen Monitorings sowie mit Bohrlochtemperaturen beurteilt. Abschließend wurden die geo
elektrischen und refraktionsseismischen Monitoring Datensätze gemeinsam im sogenannten
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4 Phasen Modell (4PM) analysiert, welches die gemessenen geophysikalischen Parameter mit
den volumetrischen Anteilen der Materialphasen des Untergrundes (Fels, Wasser, Luft, Eis) in
Beziehung setzt, um das Potenzial dieses Modells zur Quantifizierung der zeitlichen Änderun
gen der volumetrischen Eis , Wasser und Luftgehalte im Untergrund zu untersuchen.
Die
weisen auf ein enormes Potenzial beider Monitoringansätze zur Erfassung und
Charakterisierung klimainduzierter Permafrost bzw. Bodeneisdegradation hin:
Die Analyse eines umfangreichen
Monitoring Datensatzes vom Nordhang des
Schilthorns (Berner Oberland) über 7 Jahre ergab eine nachhaltige Degradation des Boden
eises als Ergebnis der Hitzewelle über Mitteleuropa im Sommer 2003. Im Unterschied zu den
Bohrlochtemperaturen, die bereits im darauffolgenden Jahr wieder im „normalen“ Bereich
lagen, zeigten die geoelektrischen Monitoringdaten, trotz geeigneter Temperaturverhältnisse,
eine Verzögerung der Neubildung des Bodeneises bis ins Jahr 2007.
Durch eine kombinierte Analyse von Widerständen und Bohrlochtemperaturen konnte der
starke Zusammenhang zwischen beiden Parametern für alle Standorte nachgewiesen werden.
Damit konnte die generelle Anwendbarkeit des geoelektrischen Monitorings für morpholo
gisch unterschiedliche Standorte mit variierenden Oberflächenbeschaffenheiten und Eisgehal
ten demonstriert werden. Die Beziehung zwischen Widerstand und Temperatur ist dabei stark
an den Standort gebunden und impliziert damit, dass gemessene Widerstände nicht notwendi
gerweise als ein einfacher Proxy für Untergrundtemperaturen zu gebrauchen sind.
Selbst an Standorten mit hohem Eisgehalt und grobblockiger Oberflächenbeschaffenheit,
welche die für die Aufnahme und Prozessierung von geoelektrischen Monitoringdaten schwie
rigsten Bedingungen bieten, konnte ein beachtliches Potenzial bezüglich der Erfassung zeitli
cher Änderungen im Eisgehalt identifiziert werden. Auf dem Blockgletscher Murtèl (Oberen
gadin) wurden mithilfe des Geoelektrikmonitorings deutliche Auswirkungen des warmen Win
ters 2006/2007 auf das Permafrostregime beobachtet, welche räumlich wesentlich detaillierte
re Aussagen als die 1D Bohrlochtemperaturen zuließen. Für die Blockhalde Lapires (Wallis),
welche durch interne Luftzirkulation charakterisiert ist, die sich positiv auf das Vorkommen
von Permafrost auswirkt, konnte gezeigt werden, dass geoelektrisches Monitoring zur Detek
tion von Zonen bevorzugter Ventilation und damit zum besseren Verständnis dieses mikro
klimatischen Prozesses beitragen kann.
Schwierigkeiten beim geoelektrischen Monitoring bereitet das mögliche Auftreten von Inver
sionsartefakten in Situationen mit hohem Eisgehalt (z.B. der Eiskern in Blockgletschern) so
wie starken Widerstandskontrasten (z.B. zwischen der ungefrorenen Auftauschicht und eisrei
chen Lagen), welche eine sorgfältige Interpretation erschweren. Große Vorsicht ist daher nö
tig, wenn absolute Widerstände als Indikator für die Untergrundtemperatur, den Eisgehalt,
oder z.B. die Eisgenese in Blockgletschern dienen sollen. Die Wahrscheinlichkeit von Inversi
onsartefakten kann mithilfe von Methoden zur Abschätzung Qualität der Inversion (sog. ap
praisal methods) beurteilt werden, wie zum Beispiel der synthetischen Modellierung, des soge
nannten Depth Of Investigation Indexes, oder dem sogenannten Resolution Matrix Ansatz.
Um eine komplementäre geophysikalische Monitoringmethode zu etablieren, wurde die An
wendbarkeit eines
Monitoringansatzes für zwei verschiedene Datensätze
untersucht. Die Ergebnisse dieser neuartigen Anwendung demonstrieren eine insgesamt gute
Reproduzierbarkeit der Wellenform und Signalstärke für aufeinanderfolgende Messungen so
wie systematische zeitliche Änderungen der seismischen Reaktion des Untergrunds. Die Inter
pretation der seismischen Geschwindigkeitsänderungen in time lapse Tomogrammen stimmt
IV

mit den Geoelektrikdaten sowie mit den Bohrlochtemperaturen überein, ergibt aber gleichzei
tig auch komplementäre Informationen, welche die Interpretation der Geoelektrikdaten we
sentlich unterstützen können. Einen wesentlichen Vorteil des refraktionsseismischen Monito
rings bietet die Möglichkeit, unter bestimmten Voraussetzungen zweifelsfrei Eisdegradation
(oder saisonaler Eisschwund) identifizieren zu können. Am Schilthorn konnte eine saisonale
Geschwindigkeitsabnahme von ~ 3000 m/s beobachtet werden, welche sich eindeutig als Eis
schwund in der Auftauschicht interpretieren lässt.
Zu den Schwächen des refraktionsseismischen Monitorings gehören eine limitierte Eindring
tiefe in Situationen mit starken Geschwindigkeitskontrasten zwischen der Auftauschicht und
dem Permafrost, sowie der, im Vergleich zum geoelektrischen Monitoring, wesentlich höhere
Aufwand bei der Datenaufnahme und Prozessierung.
In Erweiterung bisheriger Arbeiten wurde das
auf geoelektrische und seismische
!
daten angewendet. Es konnte gezeigt werden, dass die Betrachtung zeitlicher Änderungen
realistischere Abschätzungen ermöglichen kann als die Berechnung absoluter volumetrischer
Gehalte der Materialphasen von Eis, Wasser und Luft im verfügbaren Porenraum des Unter
grundes. Eine weiterführende Beurteilung dieses Ansatzes wird in Zukunft im Zuge der Auf
nahme weiterer kombinierter geoelektrischer und refraktionsseismischer Monitoringdaten
erfolgen.
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Applied geophysics make use of the differences in certain physical properties of different
types of rocks or sediments that can be measured from the earth’s surface (or from bore
holes). Geophysical methods therefore provide the potential to gain information on the sub
surface material and structure by non invasive measurement techniques. Compared to excava
tions or borehole drillings they are not only much cheaper, but can also cover larger 2D or 3D
sections of the subsurface than possible by direct observations. As the subsurface properties
basically remain unaffected by the application of geophysical techniques, a huge potential lies
in the repetition of measurements for monitoring purposes on several time scales.
Non destructive and repeatable measurement techniques are especially valuable for application
in sensitive environmental systems that are subject to change, such as periglacial environ
ments. Permafrost, defined as material of the lithosphere that remains at or below 0°C for at
least two years, is, in contrast to glaciers, a purely thermal phenomenon of the subsurface,
which is basically invisible from the surface. Ice though not part of the definition may be
contained in frozen ground with a range of possible volumetric contents varying from near
zero to supersaturated conditions. As distribution and evolution of permafrost is largely gov
erned by climate and its variations, it is particularly sensitive to global warming. This is espe
cially true for Alpine permafrost due to its proximity to melting conditions (Harris et al. 2009).
The investigation of the response of Alpine permafrost to climate change is difficult because
of its general inaccessibility and the corresponding lack of long monitoring time series. Tradi
tional observation techniques are basically restricted to temperature measurements in horizon
tal dimension at the surface (bottom temperatures of the snow (BTS), or ground surface tem
peratures (GST)), or in vertical dimension in a few boreholes (Haeberli 1973; Vonder Mühll et
al. 2007). The application of geophysical techniques to permafrost related problems already
started several decades ago (e.g. Timur 1968; Röthlisberger 1972; Barsch 1973; Fisch et al.
1977; King et al. 1988), and is now widely used for the detection, characterisation and map
ping of mountain (and polar) permafrost (Kneisel et al. 2008). However, the immense poten
tial of geophysical methods has rarely been exploited yet. The potential of repeated geophysi
cal measurements (geophysical monitoring) for the assessment of mountain permafrost degra
dation due to global warming will therefore be investigated in this thesis.

'!* )
With the latest assessment report of the Intergovernmental Panel on Climate Change (IPCC
2007) a comprehensive compilation of detailed knowledge on current and future warming of
the atmosphere is now available. Projected patterns of warming can now be attributed with
higher confidence and associated regional scale features such as changes in precipitation and
extreme weather events become less speculative. Warming is expected to be greatest at high
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northern latitudes and impact on permafrost is projected in terms of widespread increases in
thaw depth over most permafrost regions. Borehole observations in both hemispheres con
firm that permafrost temperatures have risen in the last 20 30 years with magnitudes mainly
between 0.5 2°C at the depth of the zero annual amplitude (Brown & Romanovsky 2008).
Within the context of climate change the European Alps are affected by greater average warm
ing than commonly projected for Europe as a whole (e.g. Beniston 2006). However, detailed
projections concerning the sensitivity of mountain permafrost to climate change do still not
exist.
In contrast to polar regions, the distribution of mountain permafrost strongly depends on
topographic factors, such as aspect, slope angle and altitude, which in turn influence the net
solar radiation, the turbulent heat fluxes and the snow cover distribution (Haeberli 1973; Mit
taz et al. 2000; Hoelzle et al. 2001). Strong heterogeneities of these factors in space (topogra
phy), or in space and time (snow cover, net radiation) cause complex permafrost distribution
patterns, that are complicated by the strong heterogeneity of subsurface material characteris
tics, such as bedrock, fine and coarse grained debris (Haeberli & Gruber 2008). Within the
subsurface material, lateral fluxes of matter and energy caused by circulation of water and air
play an important role in steep slopes of mountainous regions. Consequently, alpine perma
frost is characterised by highly variable thermal offsets between ground surface and perma
frost table. In contrast to mainly flat polar and subpolar lowlands, changes in air temperature
cannot simply be related to changes in ground temperature or melting rates in high alpine
terrain (Hoelzle & Gruber 2008; Noetzli 2008; Riseborough et al. 2008). Thus, measuring and
modelling of these fluxes and coupling mechanisms for characteristic permafrost substrates
still remains a main challenge in alpine permafrost research (Hoelzle et al. 2001; Riseborough
et al. 2008).

'!*!'
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Permafrost temperatures are currently being measured in about 400 boreholes in both hemi
spheres, with records covering longer periods revealing a general trend of substantial increase
in permafrost temperatures during the last decades (Brown & Romanovsky 2008). The magni
tude of warming depends on the permafrost temperature, and recent observations from polar
permafrost sites show that the rate of warming decreases significantly when permafrost tem
peratures approach 0°C (Smith et al. 2005; Brown & Romanovsky 2008). According to Smith
et al. (2005) and Romanovsky et al. (2008) the apparent stagnation of permafrost temperatures
is due to the partial melt of ice within the upper few tens of metres of permafrost,
demonstrating that temperature may be a somewhat misleading indicator of permafrost
evolution during such transition periods of “internal” melting.
The vast majority of permafrost boreholes is located in polar regions, and similar observa
tional records are only rarely available for the Alpine permafrost. Although a considerable
number of permafrost boreholes exist in the European Alps (Vonder Mühll et al. 2007; Harris
et al. 2009), the time series are (except for the longest record from Murtèl rockglacier, see Fig.
1.1) still relatively short covering usually about 10 years or less.
Permafrost temperatures in the European Alps are generally only slightly below 0°C. The re
sponse time of permafrost to climate induced warming depends on thermal conductivity, ice
content, the thickness of the frozen ground and the spatio temporal distribution of the snow
cover (Osterkamp 1983; Smith & Burgess 1998; Luetschg et al. 2008). In general, response
2
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times vary from responses in inter annual variations of active layer thickness to seasonal
events and summer conditions, over decades to centuries for thermal responses below the
zero annual amplitude, to centuries or even millennia for basal thawing of permafrost associ
ated with progressive permafrost thinning (Haeberli 1990; Brown & Romanovsky 2008). This
indicates that the available time series for the Alps are clearly insufficient for a reliable assess
ment of trends in the long term permafrost evolution in response to global warming (Harris et
al. 2009).
However, observations from the record breaking summer of 2003 in the Alps demonstrate
that extreme atmospheric forcing events may initially be more significant for mountain perma
frost evolution than the underlying longer term climate trends (Brown & Romanovsky 2008;
Vonder Mühll et al. 2008). Subsurface temperatures have been significantly affected by the
2003 heat wave and an increased rockfall activity was observed in the Alps, which was attrib
uted to the destabilisation of ice filled discontinuities (Schiermeier 2003; Gruber et al. 2004a).
Also a pronounced acceleration in the creeping velocity of many rockglaciers was observed in
recent years and attributed to permafrost warming within the last decade (Roer et al. 2005;
Kääb et al. 2007; Roer et al. 2008). Delaloye et al. (2008) analysed the creep behaviour of 16
rockglaciers throughout the European Alps during the last 5 to 13 years, and all observed
rockglaciers reached an absolute or relative maximal creep rate according to the heat wave in
summer 2003.
The last decade was dominated by temperature extremes and climatic anomalies, such that,
e.g., of the twelve years between 1995 and 2006 eleven rank among the 12 warmest years in
the instrumental record of global surface temperature (IPCC 2007). Apart from the extraordi
nary hot summer 2003, recent examples for such extreme events in the European Alps are the
hot July 2006, the warm autumn/winter 2006/2007 with late snow fall in winter 2006 as well
as in 2008 (MeteoSchweiz 2006, 2007). The frequency of extreme weather anomalies has ac
celerated during the last decades, very likely being intensified in future in terms of increased
mean temperature variability, changes in frequency, intensity, and duration of extreme events.
Based on the latest IPCC assessment report (IPCC 2007) this includes more hot days, heat
waves, heavy precipitation events, and fewer cold days. According to Schär et al. (2004) Euro
pean summer climate might experience a pronounced increase in year to year variability in
response to greenhouse gas forcing making extreme anomalies such as the extraordinary hot
summer 2003 more likely to occur. These short term weather anomalies (in particular extreme
summer air temperatures) will mainly affect the depth of the active layer, whereas the long
term evolution of mean air temperatures are reflected by the permafrost temperature below
the zero annual amplitude (Harris et al. 2009). Observation of the
1
will thus be a key challenge to understand and predict its future evolu
tion in the context of global warming.
In mountain permafrost environments subsurface warming can have a severe impact on the
% of rock walls or debris slopes (Noetzli et al. 2003; Gruber et al. 2004; Haeberli et al.
2004; Fischer et al. 2006; Gruber & Haeberli 2007; Huggel et al. 2008). Temperatures slightly
below 0°C were identified to cause minimal stability conditions of ice filled rock joints (Davies
et al. 2001; Günzel 2008). Knowledge of the amount of ice contained in rock walls or debris
slopes is therefore crucial for a physically based assessment of the hazard potential due to de
grading permafrost (Haeberli et al. 2001; Harris et al. 2001a; Maurer et al. 2003; Gruber et al.
2004; Gude & Barsch 2005; Fischer et al. 2006). Moreover, the ice content is an important
parameter for modelling the future evolution of the ground thermal regime in permafrost ar
3
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eas (Salzmann et al. 2007a; Noetzli 2008). However, due to the remote location of permafrost
areas and the corresponding logistical and financial difficulties in obtaining spatially differenti
ated data sets,
&
.

'!*!*
Since permafrost is primarily a thermally defined phenomenon, commonly applied observa
tion techniques are based on thermal aspects of permafrost evolution. In existing European
(PACE21: Permafrost and Climate in the 21st Century, Harris et al. 2003) and Swiss (PER
MOS: Permafrost Monitoring in Switzerland, Vonder Mühll et al. 2008) permafrost monitor
ing networks, subsurface temperature data are being obtained through a network of shallow
and deep (down to 100 m) boreholes. The PERMOS programme started in 1999 and currently
involves 15 permafrost borehole temperature monitoring sites (% ! -!'), with the longest
time series at Murtèl rockglacier recording since 1987. Further elements of the monitoring
programme comprise the measurement of ground surface temperatures (GST), snow cover
thickness as well as periodically aerial photograph analyses at selected sites (Vonder Mühll et
al. 2007).
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However, long term degradation processes in terms of thawing phenomena cannot necessarily
be identified by thermal permafrost monitoring alone, since ice content is not only dependent
on temperature evolution but also on the availability of unfrozen water during the freezing
period, and, as stated above, an apparent stagnation of temperatures close to the melting point
may mask the general trend of permafrost evolution. Moreover, considering slope stability and
permafrost modelling (e.g. Noetzli et al. 2008; Riseborough et al. 2008), not only temperature
changes but also the ice content of the subsurface plays an important role (Gruber & Haeberli
2007; Harris et al. 2009). The sensitivity of mountain permafrost to climate change is therefore
4
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strongly dependend on the amount of ice present in the considered permafrost occurrences
(Smith & Burgess 1998; Harris et al. 2001b; Luetschg & Haeberli 2005; Haeberli et al. 2006;
Noetzli 2008), indicating that ice content should be adressed in operational monitoring
programmes.

'!*!Geophysical methods have long been recognised to provide detailed information of the frozen
subsurface. The long tradition of the application of geophysical methods in permafrost areas
originates from engineering related problems in arctic environments. A comprehensive review
on geophysics in the study of permafrost is given by Scott et al. (1990). Detailed studies of the
applicability of many different geophysical methods to specific scientific and engineering as
pects in polar permafrost are provided by e.g. Ingeman Nielsen et al. (2005), or Yoshikawa et
al. (2006).
Similar to the polar regions, first geophysical measurements under much more challenging
conditions in high alpine terrain go back to the 1970s (Barsch 1973; Fisch et al. 1977; Haeberli
1978), but the first systematic studies on the applicability of different methods to different
permafrost related questions and landforms are much younger. The strong heterogeneity of
alpine terrain and permafrost distribution and characteristics requires a separate evaluation
taking into account the peculiarities of high mountains, such as applicability in rough or steep
terrain, or resolution of small scale heterogeneities. A comprehensive evaluation of different
geophysical methods (including first applications of tomographic methods) for the detection,
mapping and characterisation of mountain permafrost is given by Hauck (2001), Hauck &
Vonder Mühll (2003), and a recently compiled reference guide for the application of geophysi
cal methods in periglacial environments edited by Hauck & Kneisel (2008). They demonstrate
that, during the last decade, traditional survey methods, such as vertical electrical soundings or
refraction seismic surveys based on one or two shot points, have been replaced by much more
sophisticated 2D and 3D surveys and tomographic inversion schemes (e.g. Lanz et al. 1998;
Loke 2003; Sandmeier 2008). The progress in computational technology is accompanied by a
substantially increased resolution potential and decreased processing time.
An evaluation of the applicability of electrical resistivity tomography (ERT), refraction seismic
tomography (RST) and ground penetrating radar (GPR) for the use on rockglaciers is pro
vided by Maurer & Hauck (2007). Kneisel (2004, 2006) investigated the applicability of ERT
to different morphologies (rockglaciers, glacier forefields, solifluction lobes, ice cored mo
raines, scree slopes, etc.). The use of seismic refraction was demonstrated by Musil et al.
(2002) and Hausmann et al. (2007) for the characterisation of the interior of rockglaciers, and
by Ikeda & Matsuoka (2002) and Ikeda (2006) for the differentiation between active and inac
tive rockglaciers. Internal boundaries in rockglaciers could be delineated with ground penetrat
ing radar by Lehmann & Green (2000), Berthling et al. (2003) and Maurer & Hauck (2007).
Electromagnetic induction methods can be used for deep sounding of the permafrost base
(Hauck et al. 2001; Bucki et al. 2004). These are only a few examples of numerous applications
of geophysical methods to mountain permafrost.
Due to the complexity of the subsurface and the different capabilities in discriminating be
tween certain materials a combination of complementary geophysical methods is often fa
voured to avoid ambiguities in the interpretation of the results (Vonder Mühll et al. 2002;
Kneisel & Hauck 2003; Ikeda 2006; Otto & Sass 2006; Maurer & Hauck 2007). Even so, a
5
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priori geological information is generally required to calibrate the results and substantially in
crease the reliability of geophysical interpretations (Ingeman Nielsen et al. 2005). Among the
various possible combinations, refraction seismics and ERT is probably the most promising
for mountain permafrost studies (Hauck & Vonder Mühll 2003; Kneisel et al. 2008). The
!
%
between ice and unfrozen water is very large but can be small between ice, air and
certain rock types, as all three behave as electrical insulators. Conversely,
!&
exhibit a large contrast between very slow velocities in air and high velocities in ice, allowing a
reliable discrimination of ice and air in the pore space of the subsurface material by the com
bined application of both methods. Other combinations, including ERT, electromagnetic in
duction methods, GPR, and refraction seismics have been applied as well (Hauck et al. 2003;
Bucki et al. 2004; Hauck et al. 2004; Ingeman Nielsen et al. 2005; Yoshikawa et al. 2006;
Maurer & Hauck 2007).
Among the multiple methods that have been evaluated for their use in permafrost related re
search increased potential has been attributed to ERT, GPR and seismic refraction. Basic re
sults from the comparison of the applicability of these three methods are briefly summarised
in Tab. 1.1. The assessment of the use of other geophysical methods by different authors
(such as electromagnetic techniques (EM), nuclear magnetic resonance (NMR), induced po
larisation (IP), gravimetry etc.) yielded less uniform results what may partly be due to the spe
cific demands of their application. Some of these methods suffered from low near surface
resolution (e.g. EM), or their less “universal” nature, e.g. the limitation of NMR studies to
sites without any infrastructure causing electromagnetic noise.

'!*!/ &

3

Current challenges are associated with geophysical monitoring approaches to assess short and
long term changes in the subsurface material composition as a complementary, cost effective
and 2D alternative to 1D borehole temperature monitoring. In principle, a variety of geo
physical methods can be used to monitor changes by repeated measurements using the same
survey geometry (Harris et al. 2009). Due to its high sensitivity to the unfrozen water content,
ERT is probably the first choice for a permafrost monitoring with respect to ice content
(Fortier et al. 1994). In recent years ERT monitoring (ERTM) techniques have become more
and more popular in applied geophysics and are used in seasonal hydrological applications
(e.g. Aaltonen 2001; Aaltonen & Olofsson 2002; French et al. 2002; Daily et al. 2004) and
tracer and contaminant studies (e.g. Kemna et al. 2002; Slater et al. 2002; Singha & Gorelick
2006), but these systems are not applicable for high mountain and remote permafrost areas. A
first ERTM approach for frozen ground has been introduced by Hauck (2002). Data acquisi
tion started in 1999 and has been continued until present allowing a comprehensive evaluation
of the performance of ERTM for mountain permafrost studies. This is the topic of
6" (chapter 4).
Based on this pilot study on ERTM in mountain permafrost, similar measurement strategies
were started for frozen rock walls (Krautblatter & Hauck 2007) and glacier forefields (Kneisel
2006). However, with regard to measurement effort (man power, measurement time, accessi
bility of the field sites), regular data acquisition with high temporal resolution over long peri
ods remains difficult. In contrast to surface related processes in permafrost terrain (e.g. frost
wedging, frost heave, solifluction (Matsuoka & Humlum 2003)),
%
%
1
. Motivated by the successful results of the ERTM pilot study
6
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(
6", chapter 4), a first fully automatic ERTM system is now being developed (in
cooperation with GEOLOG, Augsburg) within the recently started research programme
SPCC (Sensitivity of mountain permafrost to climate change, 2008 2011, funded by the Ger
man Research Foundation). A 14 days test period on Schilthorn provided promising results
(unpublished data), and regular data acquisition with the newly developed automatic ERTM
(A ERTM ) system on Schilthorn will start in spring 2009.
The above mentioned studies usually address only structural or qualitative characteristics of
the frozen ground (e.g. the depth to the permafrost table) without determining its quantitative
composition. For a reliable assessment of the sensitivity of mountain permafrost to climate
change, the
(in particular the ice content) of the subsurface must be deter
mined. In partly or permanently frozen ground subsurface material may consist of four differ
ent phases: two solid phases (rock/soil matrix and ice), liquid (unfrozen pore water), and
gaseous (air filled pore space and cavities). Except for laboratory analyses of field probes ob
tained in boreholes (e.g. Arenson et al. 2002; Arenson et al. 2003), the composition of the
subsurface material cannot be determined by direct observations.
Moreover, the destructive nature of excavations or the drilling of boreholes makes repeated
observations of the ground composition in terms of a monitoring impossible. ( %
!
*
&
%
, however, their indirect nature requires a relation be
tween the measured variable (e.g. electrical resistivity, seismic velocity) and the respective parts
of the material composition (rock, water, air, ice).
Although geophysical methods have been widely used in permafrost research, very few studies
have attempted to establish quantitative or semi quantitative relationships between measured
physical properties and permafrost parameters such as temperature or ice and unfrozen water
content. Fortier et al. (1994) correlated measured electrical resistivities with ice and unfrozen
water contents (calibrated by the calorimetric method) to predict changes in unfrozen water
and ice contents of the frozen ground from resistivity logging. Quantitative combinations of
electric and seismic data sets were introduced by Daniels et al. (1976), who used resistivity data
for calculating the increase in seismic P wave velocity due to the frozen layer. Hauck & Wag
ner (2003) applied fuzzy logic to combine resistivity and seismic velocity data sets for identify
ing regions with ground ice occurrences. Based on gravimetrically derived densities Hausmann
et al. (2007) calculated the relative ice content using a three phase model (rock, ice and air) for
the ice rich permafrost within a rockglacier. A relation of measured electrical resistivity, seis
mic P wave velocity and the 4 phases present in permafrost material was introduced by Hauck
et al. (2008). This so called 4 phase model (4PM) is based on two well known geophysical
mixing rules for electrical resistivity (Archie 1942) and seismic P wave velocity (Timur 1968)
and can be used to approximate the respective volumetric fractions of each phase (e.g. the ice
content).
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ERT has been proven to be a powerful tool for a wide variety of landforms and purposes in all
of the above mentioned evaluation studies. The method is applicable under various surface
conditions, provided that there is sufficient electrical contact between electrodes and the ground.
It has the broadest potential from all applied methods.
•
•

&

•
•
•
•
•
•
•

,

•
•

A

detection and mapping of horizontal extent of discontinuous permafrost and the depth of
the active layer
indication and delineation of massive ground ice
discrimination of massive ice and overburden permafrost
estimation of ice and unfrozen water content
monitoring the temporal evolution of permafrost and visualising transient processes
limited vertical resolution
the depth to bedrock is often not sufficiently well clarified
differentiation between ice, air and specific rock types can sometimes be difficult
as galvanic contact between electrodes and ground is required, the method is only applica
ble on snow free surfaces
the often high contact resistances only allow the injection of weak electrical currents into
the ground, causing low signal to noise ratios for some electrode arrays (e.g. Dipole Dipole)
good electrical contact between the electrodes and the ground is essential

RST was found to be equally well suited for most of the targets mentioned for ERT, but as the
difference between the signals of frozen and unfrozen ground is smaller the interpretation of the
results is more difficult. Also the efforts in data acquisition and processing are higher than for
ERT.
•

contribution to the differentiation of air, ice and rock for complementary use with ERT
determination of the lateral distribution of frozen ground and active layer thickness
•
detection of interfaces between loose and more compacted material, e.g. the base of active
layer, regions of degraded permafrost, or the top of bedrock
•
if bedrock topography is the target of interest seismic data are essential
•
higher resolution of structural characteristics than ERT
•

&

•
•

,

high efforts for data acquisition and processing
Sensitivity of P wave velocities to temperature changes in partly frozen material is lower
than that of resistivities (due to the fact that seismic waves travel along the frozen part of the
material as opposed to resistivity that depends on the unfrozen water)

&
A

GPR is a fast survey method that does not need direct contact to the ground, what makes it very
popular for the use in permafrost terrain
•

&

discrimination of massive ice and overburden permafrost
•
determination of the lateral extent of permafrost as well as the depth to the permafrost
table
•
allows the determination of shear horizons within rockglaciers
•

,

•
•

limited penetration depth (particularly in fine grained (clay) or wet material)
limited resolution of the boundary between massive ice and frozen host material or bedrock
not useful when many chaotic reflectors are present in the subsurface (certain rockglaciers)
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Summarising the previous sections, the most important research questions concerning the
assessment of the sensitivity of mountain permafrost to climate change can be formulated as
follows:
•

A more sophisticated permafrost modelling requires field measurements of
&
%
5 !
5 !
(Harris
et al. 2009). This should include the consideration of the influence of the snow cover, the
role of ice within fine and coarse debris and in bedrock, and the mass and heat transfer by
percolating water.

•

An increased need for detailed information on the %
was identified, especially, as both the distribution and the amount of
ground ice can be highly variable (Harris et al. 2001b; Luetschg & Haeberli 2005; Haeberli
et al. 2006).

•

To estimate the stability of slopes and rock walls the development of
(in particular the ice and unfrozen water con
tent) is essential. The amount of ice present within the subsurface is also a critical input
parameter for permafrost modelling approaches (Noetzli 2008; Riseborough et al. 2008).

This emphasises the need for innovative methodological approaches:
•

For the assessment of climate induced permafrost degradation
2
&
3
*
,
which account for the strong spatial heterogeneity of mountain permafrost (Gruber &
Haeberli 2007; Harris et al. 2009).

•

To address the problem of the often remote study sites and the need for regular and tem
porally high resolution data sets,
%
%
*
.

•

To reduce the ambiguities inherently involved in geophysical methods, a further need is
the
%
%
(e.g. seismics), which is not
available to date.

'!- ( D
The above mentioned research needs concerning the observation of permafrost evolution and
its sensitivity to climate change emphasise the necessity for a geophysically based method to
monitor and quantify the composition of the subsurface material in high alpine permafrost
terrain, and in particular the ice content evolution in both spatial and temporal dimension.

D

3
3
!

The main focus is hereby on:
•

a
(introduced by Hauck 2002 for one spe
cific permafrost site in the Swiss Alps) for its applicability to different time scales and to
different landforms (with variable surface and subsurface conditions),

•

the

%

%
9

using time lapse refraction
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seismic measurements,
the *

•

%
(to prove the applicability for the assessment of long term changes due to global
warming),

•

the
surface material.

&

within the pore space of the sub

'!/ (
This thesis consists of three main parts:
&
"1 Following this introduction and overview on the current state of research, the geo
physical monitoring approaches for both applied methods (ERT and RST) are described in
chapter 2. In addition, the approach to quantify (changes in) the volumetric ice and water con
tent based on geophysical data sets is presented. Chapter 3 provides an overview on the char
acteristics of the different landforms at the study sites.
& ""1 The main scientific work of this thesis is presented in four chapters dealing with the
major objectives defined above. In chapter 4 (consisting of a paper published in 7
( !
%
, Hilbich et al. 2008b) the general applicability of ERT monitoring of perma
frost degradation on different time scales has been proven for the Schilthorn site. Chapter 5
(consisting of a paper published at the , 8
4
, Hilbich et al.
2008a) deals with the extension of the approach to an ERTM network at four different land
forms and evaluates first measurement results based on reference borehole temperature data.
A special focus is laid on the assessment of the reliability and applicability of the ERTM ap
proach to particularly challenging coarse blocky and ice rich permafrost sites in chapter 6
(consisting of a paper published in
, Hilbich et al. in press). The
potential of a complementary time lapse refraction seismic monitoring approach is evaluated
and compared with the ERTM approach in chapter 7 on the basis of repeated measurements
at two different permafrost sites. This chapter will be shortly submitted to
4%
.
& """1 A discussion of the results of this thesis is provided in chapter 8, including a com
prehensive outlook on the combined application of ERTM and RSTM for the quantification
of climate induced ground ice degradation. Finally, a summary gives an overview on the main
findings of this thesis and an outlook on future research needs.
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This chapter gives an overview of the geophysical background of the methods used in this
study, their sensitivity to permafrost related physical properties (i.e. temperature and ice con
tent), and the monitoring approach and strategy. The last section introduces an approach for a
quantification of ground ice contents based on ERT and RST data and the implications for
the application to monitoring data sets.
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The overall purpose of resistivity measurements is to determine the subsurface resistivity dis
tribution that can be related to distinct material properties. By injecting a direct current via
two electrodes into the ground the resulting potential difference can be measured between
two other electrodes fixed at the ground surface. As different subsurface materials cause varia
tions in resistance to current flow, distinctive variations in the measured potential difference
provide information on the subsurface structure and materials.
The resistance to current flow is a consequence of the material dependent specific electrical
resistivity ρ shown in Fig. 2.1. Using Ohm’s law the so called apparent resistivity ρ can be
calculated from the current 8 and voltage difference values ∆9:
ρa = K

∆V
I

(1)

where : is a geometric factor relating the applied current and the measured potential differ
ence to the geometric array of the four electrodes (Burger et al. 2006). Varying the geometry
(i.e. lateral position and spacing) of these four electrodes used for a resistivity measurement
(the so called quadrupoles) changes the size and position of the subsurface section over which
the bulk electrical resistivity is determined, which allows for a differentiation of lateral and
vertical variations in the resistivity distribution of the ground. Penetration depth is thereby
controlled by electrode spacing. Modern multi electrode resistivity systems can automatically
measure various quadrupole combinations along a profile line.
The apparent resistivity ρ (Equation 1), equals the specific (that is the “true”) resistivity ρ of
the subsurface only for homogeneous conditions, which is rarely the case. For heterogeneous
ground conditions the specific resistivity distribution is derived from the measured apparent
resistivity values using inversion methods implemented in commercially available software
programmes (see section 2.1.5).
Depending on the array geometry applied in a resistivity survey 1D, 2D and 3D resistivity
images of the subsurface can be obtained, the spatial resolution is thereby a function of the
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number and spacing of electrodes as well as the applied quadrupole geometry. The most
common quadrupole configurations are the Wenner, Schlumberger (or a combination of
both), and the Dipole Dipole configurations (Burger et al. 2006).

% ! *!'1
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Most minerals in sediments and rocks have very high specific resistivities of >109 Xm (Schön
2004). However, in general, the conduction in subsurface material is electrolytic and takes
place through the presence of conductive fluids. The material dependent specific resistivities
of rocks and sediments (Fig. 2.1) are therefore largely controlled by the electrolytic conduction
of water that is distributed across grain boundaries or contained in pores, fractures and faults
(Schön 2004). The electrical resistivity of a substrate or rock is inversely proportional to
porosity and degree of saturation (Fortier et al. 1994), which can be described by an empirical
relationship called Archie’s second law relating the effective resistivity ρ of a medium (consist
ing of a rock or soil matrix and pore water) to the resistivity of the pore water ρ&, the porosity
Φ and the saturation &:
ρ = ρw Φ − m Sw− n

(2)

where the cementation factor (according to Rubin & Hubbard 2005 between 1.3 2.0 for
unconsolidated sand to consolidated sandstone) and the saturation exponent (according to
Schön 2004 considered to equal 2 for most rocks) are empirically determined parameters
(Archie 1942). Due to the
%
(mainly due to the water
content) only a rough discrimination between saturated and unsaturated unconsolidated sedi
ments and rocks is possible without additional information. In general, the resistivity of a spe
cific substrate depends on porosity, water saturation, pore water salinity, structure of pore
volume, and temperature.

*!'!*
The sensitivity of electrical resistivity to temperature is closely related to the unfrozen water
content (Olhoeft 1978), and arises from different effects, above and below the freezing point.
At positive temperatures the resistivity of the pore water increases with decreasing tempera
14
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ture as a consequence of increasing viscosity of the pore water, which, in turn, decreases the
mobility of the ions in the water. This can be quantitatively described as a linear function of
the resistivity ρ/ measured at a reference temperature / and the temperature coefficient of
resistivity α, which has a value of about 0.025 K 1 for most electrolytes (Keller & Frischknecht
1966):
ρ=

ρ

0
1 + α (T − T )
0

(3)

Below the freezing point resistivities increase exponentially due to successive freezing of the
pore water with decreasing temperatures. The subzero relationship between resistivity and
temperature can be expressed through:
ρ=ρ

0

e

− b(T )

(4)

where ρ/ and (in K 1) are constants (McGinnis et al. 1973). The factor controls the rate of
increase and can be determined from Equation (4) if resistivity data for different subzero tem
peratures are available. This exponential relation of resistivity and temperature (Equation 4)
demonstrates that
%
&
between
1 5 kXm to several hundred kXm or even a few MXm (e.g. Hoekstra & McNeill 1973). The
large differences in resistivity values for frozen and unfrozen materials are due to the nature of
the pore water, that is electrically conductive above the freezing point and becomes an insula
tor with the transformation to ice below the freezing point.
, the resistivity increase during freezing depends mainly
on the porosity and the degree of water or ice saturation, respectively (Kneisel et al. 2008).
During freezing a relative increase in ionic load causes a depression of the freezing point of
the remaining pore water. Thus, the unfrozen pore water content can be comparatively high
enabling a significant electrolytic conduction
&
& /;4 (Scott et al.
1990).

*!'!- #
As shown above, electrical resistivity measurements yield information on the physical proper
ties of the ground, that are mainly controlled by the strong dependence of resistivity on tem
perature, and thus by the ice and unfrozen water content. Assuming that general conditions
(such as lithology, stratigraphy, state of weathering, pore space) remain constant over an ob
servation period of several years to decades, repeated electrical resistivity measurements yield
information on variations in the subsurface ice and water content with changing temperature
and time (Delaney et al. 1988; Fortier et al. 1994).
The monitoring strategy is based on the semi automatic monitoring set up tested by Hauck
(2002) during a one year pilot study at Schilthorn (see chapter 3 for site description). This set
up guarantees constant measurement conditions in terms of electrode position and spacing
and allows measurements throughout the year, even when the profiles are covered with sev
eral meters of snow. More details and an illustration of the principle of the fixed electrode
array at Schilthorn can be found in
6" in chapter 4. The same approach was applied
to other sites with varying numbers of electrodes and spacing adapted to the respective re
quirements and objectives (see chapter 3).
15
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To evaluate the applicability of the monitoring approach to the detection of long term (e.g.
decadal) changes in ground ice content, an analysis of different time scales, ranging from
short term (daily) and seasonal to inter annual (
6", chapter 4), as well as a compari
son of temporal resistivity with borehole temperature changes at different landforms was con
ducted (
6$, chapter 5). In addition, the reliability of the resistivity inversion in the
context of the monitoring data, especially concerning anticipated permafrost degradation sig
nals, is analysed in
6' (chapter 6).

*!'!/
The principle of data acquisition is equal for all four test sites (fixed electrode array, measure
ments by plugging a resistivity meter to the switch box that connects the cables from all elec
trodes). However, surface conditions are different for the different permafrost sites and the
depth range of interest as well as the size of the landform requires variations in the length of
the respective profile lines. Similarly, the spatial resolution is a function of the minimum elec
trode spacing. For logistical reasons the number of electrodes of a profile was restricted to a
maximum of 48 (to enable automatic measurements with the multi electrode system %
7
from IRIS Instruments). The electrode array installed at each test site constitutes there
fore a compromise between desired investigation depth and spatial resolution. The respective
set ups are summarised in
! -!'.
As good electric contact between electrode and ground surface is essential to enable current
flow between different electrodes, a particular challenge in conducting electrical resistivity
measurements in high alpine terrain is the coupling of the electrodes (steel stakes) to the
ground. The contact resistance of an electrode is a function of the common surface between
electrode and ground (LaBrecque et al. 2004), thus it becomes obvious that steel stakes fixed
between large blocks of rockglaciers or other coarse blocky landforms provide only punctual
contact and contact resistances are generally high. Considerable efforts were therefore under
taken to fix the electrodes as deep and as firm as possible in blocky ground. By this, contact
resistances could be reduced to a maximum of about 500 X, which is according to IEEE
(1983) regarded to allow sufficient current flow. In critical cases significant improvement was
achieved by parallel coupling of two electrodes (partly screwed into the blocks). However,
particularly on coarse blocky landforms electrode contact varies considerably between summer
and winter and between dry and moist surface conditions, by this influencing the success of a
survey. As there is no possibility to improve the coupling when the electrodes are covered by
snow, many measurements conducted in wintertime did not provide sufficient electrode con
tact, restricting the ERTM results of the Murtèl and Stockhorn sites (see chapter 3) to the
summer season. Another factor influencing ground contact of the electrodes is the movement
of blocks in case of creeping permafrost (e.g. rockglaciers), where the coupling may decrease
(but also increase) with time and should be checked occasionally.
According to Kneisel et al. (2008) in periglacial environments the choice of the appropriate
electrode configuration depends on the difficult surface conditions. Maximum current injected
into the ground is often quite low, making geometrical factors of distinct electrode configura
tions a critical factor in the decision for the best configuration. Wenner or Wenner
Schlumberger configurations are therefore much more popular than e.g. the Dipole Dipole
configuration, even though the latter may provide superior lateral resolution. The Wenner
Schlumberger array provides a better depth resolution than the Wenner array, but it requires a
larger number of measurements, e.g. 529 instead of 360 for 48 electrodes. As many measure
16
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ments had to be made
% by connecting four pin plugs to the switch box for all quadru
poles of a certain configuration (see Fig. 3, chapter 4) in the beginning of the study, for practi
cal reasons the Wenner array was chosen for the ERT monitoring study. Measurement time
for a Wenner measurement (manual) was still about three hours for 48 electrodes.
The development of an
connecting the electrode array to a multi electrode resistivity
system, effectively reduced the measurement effort and allows now the measurement of mul
tiple configurations.
As the monitoring approach is
%
% , for logistical reasons measurements could
only be carried out at irregular time instances. Weather and snow conditions (e.g. danger of
avalanches) often prohibited access to the study sites, further limiting the total number of
measurements per site. A particular focus was on the summer season at all test sites, especially
on August and September, that is at the time of maximum active layer depth. Measurements at
these dates will be continued for long term comparison of inter annual differences.
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A common characteristic of applied geophysics is the indirect measurement of interior proper
ties of the earth from the surface. Linking the measured data by a mathematical relationship
with the specific properties of the earth, that is the model, represents the
in geo
physics. The term inverse problem is used in contrast to the &
, which represents
the prediction of the model response (synthetic data) on the basis of a given subsurface model
and a set of specific model parameters. The solution of the forward problem is unique. The
inverse theory deals with the reverse problem, which is substantially harder to solve: starting
with the measured data the goal is to determine the corresponding model m that is related to
the data d by a function g (Menke 1984):
= ( )

(5)

Accordingly, to calculate a resistivity image from ERT data it is necessary to carry out an in
version that produces a model with the specific resistivity distribution on a 2D model grid
from the observed apparent resistivities (calculated from the measured voltages, Equation 1).
In all practical ERT applications the inverse problem is ill posed and non unique to solve,
requiring the inversion to be solved iteratively by minimising the misfit between the data and
the model response (optimisation based technique) (Stummer et al. 2004).
The inversion algorithm starts with the determination of a starting model, usually a homoge
nous half space with the resistivity set to the average of the apparent resistivities. By forward
modelling corresponding apparent resistivities are calculated, which are then compared to the
observed data. If the convergence criterion (defined in an objective function, e.g. the differ
ence between data and model) is met, the initial model is considered to adequately represent
the true resistivity distribution. If the convergence criterion is not met, a search algorithm is
applied that tries to reduce the difference between the predicted and observed apparent resis
tivity values by adjusting the resistivity of the model blocks in the estimated resistivity model.
From the new model the apparent resistivities are calculated and compared again to the ob
served data, and the procedure is repeated until the inversion has converged, e.g. the misfit
between data and model is less than a predefined value (Daily et al. 2004b).
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However, the solution of an inverse problem is only a first step towards answering the ques
tions concerning a resistivity image (Routh & Miller 2006). Due to the fact, that a continuous
function of model parameters is estimated from a discrete data set, the solution of the inverse
problem depends on the regularisation and the model parameterisation used in the inversion.
Also the data are always contaminated with measurement errors providing an additional
source of discrepancy. An important step after the inversion is therefore the quantification of
the error between the estimated and the true model. The determination of the uncertainty in
the estimated model is called
(Scales & Snieder 2000). The whole cycle of the
forward problem, the inverse (or estimation) problem, and the appraisal problem is illustrated
in Fig. 2.2. Although image appraisal is essential to get an impression which features in the
inverted image are influenced by artefacts due to the inversion and which regions are con
strained by the data, it is not included in operational inversion routines, but has to be con
ducted separately. The application of appraisal techniques is the focus of
6' and will
be further discussed in chapter 6.
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The processing of the electrical resistivity data sets was carried out with the software pro
gramme RES2DINV (ver. 3.56), which performs a smoothness constrained inversion using
finite difference forward modelling and Gauss Newton inversion techniques (Loke & Barker
1995; Loke & Barker 1996). The robust (L1 norm) inversion scheme was used for all data sets,
as it is best suited to reproduce sharp boundaries (e.g. the interface between active layer and
permafrost table, or the shape of ice lenses) (Loke et al. 2003). For the robust inversion
scheme the measure of the misfit between observed data and inverted model is given by the
absolute data misfit value in percent.
Within the context of
, a special inversion technique is applied to analyse the
change in model resistivities of subsequent measurements. Recalling that each inversion at
tempts to minimise the difference between the observed and calculated apparent resistivity
values for an individual data set, the degree of adaptation and thus the uncertainties involved
in model estimation may be different for independent data sets. Consequently, there is no
guarantee that calculated resistivity differences from independently inverted data sets of sub
sequent measurements are only due to actual temporal changes in the subsurface resistivity
(Loke 1999). A specific
!
technique based on cross model constraints is there
fore applied that uses the model obtained from the inversion of an initial data set as a refer
18

GEOPHYSICAL MONITORING RATIONALE

ence model to constrain the inversion of the later time lapse data sets (Loke 1999). The abso
lute changes in the model resistivity values are minimised by using a robust smoothness con
straint. As a result, the percentage change in the model resistivity obtained from the inversion
of a later time data set compared with the reference model from the inversion of the first data
set is determined. Moreover, by using Archie’s law (Equation 2) and assuming initially satu
rated conditions RES2DINV provides the possibility to relate the temporal resistivity change
to the percentage desaturation of the subsurface material. This allows a rough approximation
of the amount of freezing or thawing that has occurred between two measurement dates and
will be considered in
6" in chapter 4.
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Seismic refraction makes use of the first arrivals from compressional waves (P waves), gener
ated by a seismic source (e.g. a sledge hammer or explosives), at the receivers (geophones)
providing information on the propagation velocity within the subsurface. As the propagation
velocity of P waves (vp) is different for a variety of subsurface materials (Fig. 2.3), the time it
takes a wave to travel between source and receivers (travel time) can be used to extract infor
mation on the subsurface material and the depth of distinct interfaces (e.g. between uncon
solidated sediments and bedrock, or between the unfrozen active layer and the permafrost
table) acting as refractors. A necessary condition of the refraction seismic method is an in
crease of seismic velocities with depth, because seismic wave energy would otherwise be re
fracted away from the surface and could not be detected at the receivers. In case of decreasing
velocities with depth in parts of the subsurface the recorded first arrivals only partly reflect the
subsurface structure and low velocity layers (remaining mostly unnoticed) distort the results.
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The fundamentals of the refraction seismic technique will not be repeated here in detail (for a
comprehensive introduction see e.g. Burger et al. (2006)). In the following, the sensitivity of
the method to permafrost related problems will be highlighted, and the refraction seismic
monitoring approach (including data acquisition and processing) will be explained.

*!*!*

&3=

From Fig. 2.3 it is seen that the compressional velocity for ice (including ground ice and glacial
ice) can range from 2500 to 4500 m/s. Similar to the large ranges of compressional velocities
for different rock types (due to different states of weathering or fracturing) this range reflects
a) different amounts of air or rock inclusions in the ice matrix of glaciers, and b) different
amounts of ice contained in the pores of a rock or soil matrix under permafrost conditions.
Röthlisberger (1972) gives a value of about vp = 3500 m/s for pure ice. The often lower ve
locities of ice are attributed to air contained in the sample (Timur 1968), whereas higher values
indicate that also rock particles with higher seismic velocities are enclosed in the ice matrix
(Röthlisberger 1972). This is because seismic velocity of a mixture depends on the seismic
velocity of its constituents. The oldest and most popular expression that relates seismic veloc
ity to the porosity Φ (and the interstitial water) of a medium is Wyllie´s equation (1956):
1 1− Φ
Φ
=
+
,
v
vr
vw

where

(6)

is the P wave velocity of the solid rock, and

&

that of the interstitial pore water.

Timur (1968) extended this two phase time average equation to a three phase time average
equation to account for an ! * !
1 under permafrost conditions:

1 (1 − f i ) Φ fi Φ 1 − Φ
=
+
+
,
v
vw
vi
vr

(7)

with being the fraction of the pore space filled with ice, and the seismic velocity of the ice.
Equation 7 demonstrates that the presence of ice in the pore spaces of sediments can cause
large increases in seismic velocity compared to the velocity when the interstitial water is unfro
zen (Timur 1968). Since ice is much stiffer than water, the wave speed is a strongly increasing
function of the ice to water ratio. However, rock is much stiffer than either ice or water,
therefore the wave speed is also a decreasing function of the porosity Φ (Zimmerman & King
1986). Under field conditions in mountain permafrost, not only liquid and ice but also air is
contained in the pore spaces, which can similarly be included in the time average equation
(shown in section 2.3). The relation of compressional velocities for two and three phase me
dia (calculated based on Equations 6 and 7) to porosity is illustrated in Fig. 2.4.
Analysing the relation of compressional velocity and the gaseous (air), liquid (water), and two
solid (rock/soil, ice) components of the subsurface as a function of temperature reveals that
the bulk velocity of a medium generally
&
(see Fig. 2.5). The shape of the
velocity temperature curve is a function of lithology, pore structure, and the nature of the
interstitial fluids leading to a sharp increase of vp in water saturated rocks with decreasing
temperature, whereas it is nearly independent of temperature in dry rocks (Timur 1968). In
contrast to the characteristics of consolidated rocks investigated by Timur (1968), the velocity
difference between frozen and unfrozen conditions is
!
(as a function of the water filled porosity) (cf. Fig. 2.5; Scott et al. 1990).
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An important characteristic of frozen ground is, that in the typical temperature range of sev
eral degrees below the freezing point it still contains considerable amounts of unfrozen water
in the pores (Pandit & King 1979; Sondergeld & Rai 2007), which is due to the increased ion
concentration in the remaining liquid water lowering the freezing temperature. In his experi
ments with consolidated sandstones Timur (1968) found that during freezing the system con
sists of an ice liquid rock matrix, which transforms to a solid solid system (ice rock matrix) at
21
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temperatures of ca. 21 °C, where all water was frozen and the P wave velocity remained con
stant (at its maximum) during further cooling. Similarly, Pandit & King (1979) found free wa
ter in the pore space of sedimentary rocks even at –15°C.
It can be concluded that the analysis of compressional wave velocities in permafrost is theo
retically
%
& processes (depending on the
spatio temporal resolution of a survey). However, as the seismic refraction technique is based
on increasing velocities with depth the method is generally not applicable to analyse the lower
boundary of permafrost or taliks (Röthlisberger 1972).

*!*!Time lapse seismic monitoring is an important research topic in exploration geophysics
(Vesnaver et al. 2003; King 2005), but the detection of changes in reservoir velocity and com
paction (due to oil production) is preferably done using reflection seismics due to their high
resolution potential. Seismic reflections from the upper 5 15 m of the earth are usually over
whelmed by contaminating effects from different coincident arriving waves and more affected
by scattering effects in highly heterogeneous material with shallow low velocity layers (typical
for mountain permafrost sites). Therefore, reflection data rarely provide information on the
very shallow parts of an unconsolidated sedimentary section (Lanz et al. 1998). According to
Lanz et al. (1998) and Musil et al. (2002)
% is more appropriate for ex
ploring the upper 50 m of the subsurface.
A first approach in reservoir monitoring using time lapse refraction seismics for the estima
tion of reservoir velocity changes was introduced only recently by Landrø et al. (2004). It is
based on the fact, that a velocity change in a reservoir (due to oil production) by only 1% will
change the critical angle of refraction and thus the critical offset for refracted waves, i.e. their
first appearance at the surface. For oil reservoirs located at depths of > 1000 m this change in
critical offset amounts to several tens of meters, showing the huge potential of this method
(Landrø et al. 2004). For shallow targets the corresponding difference in critical offsets would
be reduced to a few centimetres to decimetres, making this approach inappropriate for the
monitoring of mountain permafrost evolution. Concerning shallow applications,
!
&
5 neither for permafrost, nor for other fields of interest.
As shown above, the refraction seismic technique is generally capable of discriminating unfro
zen and frozen sediments or massive ice, and is thus a standard method for determining active
layer thickness (e.g. Kneisel et al. 2008). However, the ranges of P wave velocities for ice and
bedrock (both frozen and unfrozen) are very similar (Fig. 2.3), making a differentiation of
stratigraphic details in bedrock and/or below the permafrost table often difficult. Conversely,
P wave velocities
%
& (Fig. 2.3), enabling the detection of changes in
the ice and water content within the pores and fractures of the subsurface material by repeated
measurements, provided that general conditions (lithology, stratigraphy, state of weathering,
pore space) remain unchanged over the observation period. Despite the limitations concerning
qualitative stratigraphic interpretation, even comparatively small temporal changes in P wave
velocities may indicate zones with significant ground ice content changes due to seasonal
variations or long term climate change. Repeated seismic measurements are therefore sup
posed to provide the
(complementary to ERT) to de
termine relative ice (and water) content changes of the subsurface.
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To reliably detect such changes via refraction seismic monitoring necessary conditions include
a constant source receiver geometry between subsequent measurements and an amount of P
wave velocity change that is well above the noise level.
The
hierarchy of methods:

involves an evaluation of a

(a)

The comparison of time lapse seismograms and analysis of reproducibility of the seis
mic signal,

(b)

The analysis of time lapse travel time curves with respect to resolving possible shifts in
travel times and changes in P wave velocities

(c)

The comparison of inverted tomograms including the quantification of spatio temporal
velocity changes (time lapse tomography).

A first application and an evaluation of this time lapse refraction seismic approach will be
conducted at different permafrost sites, and its potential and limitations for application in high
mountain permafrost environments will be analysed in chapter 7.

*!*!/
As geophones and corresponding cables are much more costly than the corresponding elec
trodes/cables of the ERTM set up, the arrays could not be installed permanently. Moreover,
in contrast to electric methods, the signal generation is much more laborious and cannot be
automated. The field work effort for seismic monitoring (including lay out of the survey line
and data acquisition) is therefore much higher than for ERTM. Horizontal resolution is com
parable to the respective ERT profiles.
To enable comparability to the ERTM results the acquisition of the refraction seismic profiles
was always conducted in the immediate vicinity of the respective ERT profiles at all sites, i.e.
geophones were placed close to the corresponding electrodes. In all cases where large blocks
were available the geophones were fixed via screws to the blocks, assuring an optimal coupling
to the ground (Fig. 2.6). As the screws were permanently fixed they also guaranteed identical
geophone positions during subsequent measurements. In cases of fine grained unconsolidated
surface material the geophones were fixed to the ground via spikes and positions were marked
to enable relocation for later measurements.
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For RST the density of sources should ideally be comparable to that of the receivers (Maurer
& Hauck 2007), shot points were therefore placed at the midpoint between each pair of geo
phones.
A common characteristic of mountain permafrost sites is their usually remote location in
rough and/or steep terrain. Many geophysical surveys are therefore restricted to the use of
light weight equipment and simple efforts in signal generation. This is especially true for moni
toring approaches that depend on repeated measurements. A particular aim of this study was
therefore to analyse the potential of the RSTM approach based on a simple set up. Although
the quality of a survey may significantly be improved by high resolution data sets (large num
ber of geophones, small spacing, powerful seismic sources (explosives or shot guns)), data
acquisition was restricted to a maximum of 24 geophones and a sledge hammer (3 5 kg) hit
ting a steel plate (or fixed blocks) as seismic source. Signal stacking of minimum 10 15 stacks
was necessary to achieve an adequate signal to noise ratio. Depending on the overall length of
the profiles up to 40 stacks were carried out for the far shots.
As access to the ground surface is needed, measurements are basically restricted to the sum
mer season when the snow cover is absent, which would be a serious limitation for an opera
tional seismic monitoring approach. However, with some additional effort the snow cover
may be removed manually along the seismic line to enable a measurement under early summer
conditions when the active layer is still widely frozen.
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Data processing (first arrival picking, travel time analysis, tomographic inversion) was done
using the software REFLEXW (Sandmeier 2008). As for the inversion of electrical resistivities
(section 2.1.5), the reconstruction of the velocity pattern of the subsurface (model) is based on
the automatic adaptation of synthetic travel times, calculated by forward modelling, to ob
served travel times (data). The tomographic inversion in REFLEXW uses a so called SIRT
(Simultaneous Iterative Reconstruction Technique) algorithm that is based on iterative adapta
tion (Sandmeier 2008). A starting model has to be defined that consists ideally of a gradient
model with increasing velocities with depth reflecting the gross structure of the study area.
Lanz et al. (1998) suggest better to overestimate than to underestimate the initial velocity gra
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dient to ensure sufficient ray coverage. Starting from this initial model synthetic travel times
are calculated by forward modelling, which are then compared to the observed data. Based on
the travel time residuals (synthetic – observed travel times) the initial model is adapted and
synthetic traveltimes are again calculated for the new model. This iterative process stops as
soon as distinct stopping criteria are fulfilled, e.g. if the relative change between subsequent
iterations is smaller than a predefined value, or a maximum number of iterations is reached. In
contrast to the inversion of ERT data, in RST inversion the ray paths depend heavily on the
initial velocity model, such that convergence of the tomographic inversions usually requires a
larger number of iterations (10 15) (Lanz et al. 1998). For the time lapse data sets the same
settings were used for all inversions.
Topography of the surface relief was incorporated into the travel time analysis by redefining
the geometry of the shots and receivers based on topographic xz values, and into the tomo
graphic inversion by setting the velocities of cells above the irregular surface to that of air and
fixing them during the inversions (Sandmeier 2008).
The reliability of the final inversion model can be judged qualitatively on the basis of the ray
distributions obtained by so called ray tracing, which is the determination of the ray paths with
the shortest travel times between all source receiver offsets (Sandmeier 2008). Ray density and
the number of crossing rays in one grid cell generally decrease with depth, but depending on
the heterogeneity of the subsurface the ray coverage may be highly variable in the final model,
with regions not being sampled by rays indicating low confidence in the velocity estimates
(Lanz et al. 1998). Velocities determined near the base of the lowermost ray paths likely repre
sent average values for the deep regions traversed (Musil et al. 2002).
Quantitative measures to evaluate the reliability of the final tomograms are provided by RE
FLEXW by the
and the
between the observed and
calculated travel times. The total absolute time difference defines the sum of the absolute time
differences independent from the sign (positive or negative difference) and gives an estimate
on the overall adaptation of the tomogram. Conversely, the total time difference takes into
account the sign of the differences and gives an estimate whether the mean model leads to too
small or too large traveltimes, i.e. an interface is too shallow or too deep (Sandmeier 2008).

To summarise the preceding sections, for permafrost research using geoelectric and refraction
seismic methods it can be concluded that:
•

the electric resistivity and P wave velocity of a frozen subsurface layer
are a function of the material, its porosity and the respective fractions of ice, water and air
in the pore space, and may thus be highly variable for different sites and temperatures.

•

At a given site the
%
%
% &
is
only a function of the phase change between water and ice in the pore space. It must be
taken into account that in mountain permafrost environments water may flow into or out
of the system, which may complicate the interpretation of changes of both parameters.

Another effect that may be regarded is the hysteresis in both parameters upon temperature
cycling, causing different resistivity and velocity values for the same temperature depending on
the direction of temperature change (Timur 1968; Sondergeld & Rai 2007). However, this
effect is observed in high resolution laboratory studies and is assumed to be negligible for field
applications dealing with higher noise levels.
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To be able to use the geophysical monitoring data from different test sites to quantify a) total
fractions of ice (or water), or b) the volumetric loss of ice within a certain time span due to
atmospheric warming, a relation between the measured geophysical parameters (electrical re
sistivity, seismic velocity) and the respective fractions of the subsurface material (rock, water,
air, ice) is required. Accordingly, for each model block of the 2D ERT and RST tomograms
the total volume is considered as the sum of the volumetric fractions of the four components
for rock , water &, ice , and air . For each model block the equation:
fw + fr + fi + fa = 1

with

0 ≤ fw , fr , fi , fa ≤ 1

(8)

must be fulfilled.
The equation by (Archie 1942) (Equation 2) relates the electrical resistivity to the porosity of
the rock and the resistivity of the pore water. Similarly, the equation by Wyllie et al. (1956)
(Equation 6) relates seismic P wave velocities to the porosity and the interstitial water. The
extension of the latter by a third medium (ice) by Timur (1968) (Equation 7) provides a more
differentiated relation. As emphasised by Timur (1968), also a fourth medium (air) should be
taken into account for the estimation of seismic velocities under field conditions. As a first
step, the equation can be further extended to (after Hauck et al. 2008):

f
f
f
1 fw
=
+ r + i + a
v vw v r v i va

(9)

This extension of Timur`s equation states that the reciprocal of the P wave velocity (1/v) of a
mixture, the so called slowness, is equal to the sum of the slownesses of the respective com
ponents (water, rock, ice, air), each weighted by its volumetric fraction (Hauck et al. 2008).
As the pore water has a superior influence on the bulk resistivity of a medium (compared to
the resistivity of the minerals of the rock matrix (except for clays)), Archie’s law (Equation 2)
only considers the resistivity of the pore water. The volumetric fraction of air is a function of
porosity Φ and water saturation &. Archie’s Law does not consider the presence of ice. How
ever, similar to air, ice is an electrical insulator, thus, from a physical point of view, it makes no
difference whether the pore space
saturated with water is filled with air and/or ice. Using
Equation 8 the volumetric fractions of the porosity and the saturation in Equation 2 can be
expressed as follows:

Sw =

fw
f
= w
Φ 1 − fr

(10)

Equations (2), (8) and (9) form a set of equations that relates the four unknown volumetric
fractions of water, rock, ice, and air to the material constants ρ&, &, , , and the (material
dependent) free constants in Archie’s Law and . Hauck et al. (2008) combined Equations
(2), (8), (9), and (10), solved for the ice content , and revealed:

vv
fi = i a
va − vi

1 f
n

 − r − 1 − fr +  aρw (1 − fr )
 ρ(1 − f ) m
va
v v r
r



Similarly, equations for the air content and the water content
26





&

1/ n

 1
1 


−
 v a v w 

were derived:

(11)

GEOPHYSICAL MONITORING RATIONALE

vv
fa = i a
vi − va
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(13)
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These equations (11 13) constitute the so called four phase model (4PM) introduced by
Hauck et al. (2008). As four unknown variables are contained in only three governing equa
tions, there is no unique solution to the system of equations. As a first approximation, one
variable (e.g. the porosity) may be estimated and prescribed. Furthermore, the material con
stants ρ&, &, , , and as well as the cementation and saturation exponents and are pre
scribed according to common values described in literature (Schön 2004; Rubin & Hubbard
2005). ρ&, &, , and may be considered equal for most permafrost conditions, conversely,
has to be adjusted depending on the prevailing type of bedrock (see Fig. 2.3). The resistivity of
water discharging from springs related to the permafrost occurrence may be measured in the
field and used as indication for ρ&.
As a result, from coincident tomographic ERT and RST data sets the 4PM calculates volumet
ric fractions of three of the four unknowns, that is ice, air and water, if the fourth unknown,
the rock content (= 1 Φ), is prescribed.
However, the calculated fractions of ice, water, and air are a function of the prescribed poros
ity model and consequently only a rough approximation of the true subsurface conditions. A
more realistic approach is therefore to calculate the respective fractions of ice, water and air
relative to the pore volume (Hauck et al. 2008). This approach also offers the possibility to
!
1 for subsequent ERT and RST data sets and to estimate the
!
5&
relative to a given porosity (that is assumed to
remain constant over time). In chapter 8, a comprehensive outlook will be given on the exten
sion of the 4PM approach introduced by Hauck et al. (2008) to a time lapse 4PM approach by
an exemplary data set to evaluate the performance for monitoring purposes. The potential of
this time lapse approach concerning the reliability of the estimation of changes rather than
absolute values will be discussed.
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All field sites chosen for the establishment of the geophysical monitoring network are part of
the Swiss PERMOS network (Vonder Mühll et al. 2007; Vonder Mühll et al. 2008) and are
located in different climatic regions of the Swiss Alps. They have been chosen among the
other PERMOS sites (see Fig. 3.1) due to the availability of deep borehole information (≥ 20
m), and as representatives for typical permafrost occurrences including a rockglacier, a talus
slope, a bedrock plateau, and a rock slope covered by debris.
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The selected test sites comprise morphologically different landforms with different contents
of ground ice to analyse …
•

… site specific differences in the response of permafrost dynamics to atmospheric forc
ing,

•

… the applicability of geophysical monitoring to various geomorphological landforms
and surface conditions,

•

… the effect of ice content for permafrost sensitivity to climate change.

To extend the time series into the past and to cross check the geophysical monitoring data
with independent data, sites have been chosen where detailed data on permafrost characteris

FIELD SITES

tics and dynamics from previous or currently ongoing studies exist and previous geophysical
data are available for the analysis of long term (i.e. decadal) changes in ground ice content
evolution. Previous ERT measurements that are coincident with the newly installed monitor
ing profiles exist for Schilthorn, Murtèl, and Lapires (see Tab. 3.1). Long term monitoring
over several decades is intended at all four test sites within the framework of the PERMOS
network. The sites are described in the following sections, main characteristics are summarised
in Tab. 3.1 at the end of this chapter.
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The Schilthorn massif with the summit at 2970 m altitude is located close to Mürren in the
Bernese Alps, Switzerland, at the transition between the Prealps in the north and the principal
chain of the Bernese Alps in the southeast (Fig. 3.1). The Schilthorn massif consists of meta
morphic sedimentary rocks dominated by deeply weathered dark limestone schists with a fine
grained debris cover (up to several meters thick) around the summit area (Imhof et al. 2000;
Vonder Mühll et al. 2007).
During the construction of the Schilthorn summit station between 1965 and 1967 permafrost
was found in terms of up to ~ 0.5 m thick ice lenses in the heavily jointed bedrock (Imhof et
al. 2000). Within the framework of the European PACE project (Harris et al. 2003) between
1998 and 2000 three boreholes were drilled into the north facing slope approximately 60 m
below the ridge to monitor thermal permafrost evolution. In addition, meteorological data
(Vonder Mühll et al. 2007) and spatially distributed ground surface temperature data (Noetzli
et al. 2008) are collected throughout the year.
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Permafrost conditions at Schilthorn are rather warm, and according to the mostly dry cuttings
obtained by drilling, where no particular ice lenses were hit, ice content seems to be very low
(Imhof et al. 2000, pers. communication D. Vonder Mühll). The average maximum active
layer thickness is relatively high and amounts to about 5 m (see
6", chapter 4). The
temperatures from two boreholes recorded between 1999 and 2008 are plotted for the up
permost 10 m in Fig. 3.3.
Previous geophysical measurements (RST, ERT) have been conducted along several profiles
by Hauck (2001). The first ERT monitoring system in alpine terrain was installed at Schilthorn
in summer 1999 (see Fig. 3.2). 12 measurements with a monthly resolution were conducted
for a one year period between September 1999 and September 2000 (Hauck 2002). Between
2002 and 2004 another 81 data sets were recorded within three diploma theses (Schudel 2003;
Völksch 2004; Scherler 2006). Since summer 2005 further data sets are being acquired within
the PhD project presented in this thesis. The comprehensive analysis of this unique data set
and the implications for the applicability of ERT monitoring on different time scales are pre
sented and discussed for the period between 1999 and 2006 in
6" (chapter 4).
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In addition to this relatively small ERTM profile (58 m length), a second ERTM profile of
184 m length was installed in orthogonal direction across the Schilthorn crest in summer 2006
(see Fig. 3.2) to obtain a cross section of the entire Schilthorn crest. Data acquisition was
partly done within another diploma project (Krauer 2008) and is contemporaneously managed
for both ERTM profiles since summer 2007. First results of the time lapse ERT data from
this vertical profile were analysed in combination with ground temperature measurements and
numerical modelling to investigate the 3D thermal regime below the crest (see Noetzli et al.
(2008) in Appendix B).
Refraction seismic tomography measurements have been conducted on both ERTM profiles,
and RSTM started in August 2006 for the horizontal profile. Two RSTM data sets from sum
mer 2008 are presented and analysed in chapter 7.
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Murtèl rockglacier is an active rockglacier of about 400 m length and has developed within a
small cirque at the foot of a NW exposed talus slope near Piz Corvatsch on the northern slope
of the Upper Engadine valley (see Fig. 3.1). Lithology is dominated by granodiorite and schist
(Vonder Mühll et al. 2007). A striking feature of this rockglacier is its pronounced ogive like
surface relief with elevation differences between the furrows and ridges of up to 8 m and di
ameters of the boulders of up to several meters. The rockglacier is supersaturated with ice
providing up to 90% ice content (Arenson & Springman 2005). Creep rates are comparatively
slow with average surface velocities between 5 and 15 cm/a (Kääb et al. 1998).
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Murtèl rockglacier is one of the most intensely investigated rockglaciers worldwide (first inves
tigations go back to the early 1970s (e.g. Barsch 1973; Haeberli 1973). Borehole temperatures
are recorded since 1987 (Haeberli et al. 1998; Hoelzle et al. 2002; Vonder Mühll et al. 2007)
and provide the longest temperature record in Alpine permafrost (see Fig. 3.5). The stratigra
phy revealed by borehole drilling and basic results from geophysical data from Murtèl rockgla
cier are described in detail in
6' (chapter 6), together with data from previous geo
physical surveys and photogrammetry.
Across the lower part and the tongue of the rockglacier a longitudinal ERTM profile was in
stalled in August 2005. The position of this profile (highlighted in Fig. 3.4) was chosen to
cover previous ERT and RST profiles conducted in 1998 and 2004, respectively (Maurer &
Hauck 2007). In addition, a cross profile was measured in August 2006 that intersects the lon
gitudinal profile approximately in the middle (not shown).
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The Lapires site is a vast concave talus slope located near Nendaz at the foot of the Pointe des
Lapires summit in the Valais. It is oriented in NE direction and extends over more than 500 m
width between 2350 and 2700 m altitude. Lithology consists of metamorphic clasts (mainly
gneiss) (Vonder Mühll et al. 2007). The surface was formed by multiple processes, such as
avalanches, rockfall, debris flows, solifluction, etc. (Delaloye et al. 2001). Excavations for the
installation of two cable car pylons in summer 1998 exposed sediments more or less saturated
with ice (Lambiel 1999; Delaloye et al. 2001). The investigations carried out between 1998 and
2006 to map the permafrost distribution and to understand its controlling factors are summa
rised in
6' in chapter 6.
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A borehole (B20) was drilled in 1999 near the pylon P10 (see Fig. 3.6 for position) and subsur
face temperatures are recorded within the pylon (since 1998) and in the borehole (since 1999).
Temperature evolution since 1998 is illustrated in Fig. 3.7, the thermal regime can be de
scribed as temperate (warm) permafrost. According to Delaloye & Lambiel (2005) the exis
tence of permafrost at this site is (at least partly) due to an internal air circulation that contrib
utes to the cooling of the talus slope.
In August 2006 a permanent ERTM profile was installed in horizontal direction traversing the
pylon P10 and the borehole (see Fig. 3.6). The profile is in alignment with a previous ERT
survey from 1999 (Delaloye et al. 2001). The installation of a second ERTM profile in vertical
direction was finished in summer 2008 (in cooperation with D. Abbet and R. Delaloye, Uni
versity of Fribourg) and further ERT measurements were conducted along additional profiles
(pers. communication D. Abbet and R. Delaloye, University of Fribourg) providing a compre
hensive data set on the resistivity distribution within the talus slope. RST measurements were
conducted along both ERTM profiles in summers 2007 and 2008. Two RSTM data sets from
summer 2008 are presented and analysed in chapter 7.
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The Stockhorn plateau is located on a EW oriented mountain crest between the Gornergrat
and the Stockhorn summit, near Zermatt (Valais), and is with 3410 m altitude the highest test
site of this study. The small rock plateau extending over ca. 50 100 m width and several hun
dred meters length separates the steep and glacier covered northern rock face from the non
glaciated and gently inclined south face (Fig. 3.8). The lithology consists of Albit Muskowit
schists and the surface is characterised by patterned ground that has developed in a thin debris
cover. Significant amounts of ground ice could be observed in large ice filled cracks during
construction works of a new ski lift in summer 2007 (see Fig. 3.9). In summer 2000 two bore
holes have been drilled on the plateau as part of the PACE project (Harris et al. 2003) that are
affected by the strong 3D topography effects of this site (Gruber et al. 2004b): although they
are only 30 m apart, the 100 m deep borehole close to the north face exhibits significant
colder temperatures than the 17 m deep borehole located close to the southern edge of the
plateau (see Fig. 3.10).
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First ERT surveys were conducted across the plateau by Hauck (2001). The ERTM profile
was installed in summer 2005 from the northern edge of the plateau in NS direction 96 m to
the south. In summer 2007 the profile was extended by about 12 m into the north face to in
crease the overall investigation depth of the ERTM profile and to improve the resolution of
3D topography effects in the resistivity distribution. The position of the ERTM profile is indi
cated in Fig. 3.8 (note, that the photos basically show the 50 m wide plateau and the parts of
36
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the profile extending over the northern and southern slopes are not visible). Selected ERT
tomograms from the Stockhorn plateau are presented together with resistivity temperature
relations in
6$ in chapter 5.
First RST surveys started in summer 2006, and during an extensive monitoring study in Au
gust and September 2007 a high resolution data set of coinciding ERTM and RSTM meas
urements was acquired in the framework of two diploma theses (Baum 2008; Klein 2008) in
order to analyse the resolution potential of both methods.
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This paper presents a comprehensive and unique data set from geoelectric monitoring at a
mountain permafrost site for 7 years1. The data set is systematically evaluated regarding the
reliability of observed changes on different time scales, and the resistivity changes are inter
preted in terms of their significance for permafrost evolution. A special focus is laid on the
response to the heat wave during summer 2003.

The subzero temperature dependence of electrical resistivity is directly associated with the
content of ground ice and unfrozen water.
Analysis of apparent resistivities revealed a good overall data quality and a resolution po
tential for temporal changes on the order of a few days.
Analysis of time lapse inversion models revealed resistivity changes consistent with subsur
face temperature changes, but also changes not conforming to long term temperature evo
lution, especially in relation to the hot summer of 2003. The former changes are attributed
primarily to seasonal variations in the permafrost regime, whereas the latter are believed to
indicate increases in the content of unfrozen water due to substantial ground ice degrada
tion as a consequence of the 2003 heat wave. In contrast to subsurface temperatures, resis
tivity changes indicate a sustained degradation for several years, which is therefore more
severe than that determined by thermal monitoring.
The discrepancy between temperature and resistivity evolution is interpreted to be caused
by a limited availability of unfrozen water (prohibiting refreezing to the previous amount of
1

In Appendix A the time series was extended for the full observation period (until 2008) for selected figures.
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ice in the following winter) or by changes in materials characteristics, e.g. pore volume
change by subsidence.
The identification of sustained ground ice degradation shows the potential of a combined
thermal and geoelectric monitoring approach compared to thermal monitoring only. The
study therefore not only confirms the general applicability of ERTM to the assessment of
long term ground ice degradation but also shows additional benefits arising from ERTM.
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Monitoring mountain permafrost evolution using
electrical resistivity tomography: A 7-year study
of seasonal, annual, and long-term variations
at Schilthorn, Swiss Alps
C. Hilbich,1 C. Hauck,2 M. Hoelzle,3 M. Scherler,3 L. Schudel,3 I. Völksch,3,4
D. Vonder Mühll,5 and R. Mäusbacher1
Received 22 March 2007; revised 20 July 2007; accepted 27 September 2007; published 26 January 2008.

[1] A combined geophysical and thermal monitoring approach for improved observation
of mountain permafrost degradation is presented. Time-lapse inversion of repeated
electrical resistivity tomography (ERT) measurements allows both active layer dynamics
and interannual permafrost conditions to be delineated. Analysis of a comprehensive ERT
monitoring data set from a 7-year study at Schilthorn, Swiss Alps, confirmed the
applicability of ERT monitoring to observations of freezing and thawing processes on
short-term, seasonal, and long-term scales. Long-term resistivity changes were evaluated
on the basis of seasonal resistivity variations showing an annual cycle with high
resistivities in frozen and low resistivities in unfrozen state. One important result is the
detection of a sustained impact of the extraordinarily hot European summer of 2003 on the
permafrost regime, which is more severe than previously assumed from borehole
temperatures. Combined analyses of ERT monitoring and borehole temperature data
revealed substantial ground ice degradation as a consequence of the 2003 summer, which
did not recover in the following years despite suitable subsurface temperature conditions.
Resistivity changes that are nonconforming to long-term temperature evolution are
attributed to the limited availability of liquid water and/or changes in material
characteristics (e.g., pore volume changes as a result of subsidence).
Citation: Hilbich, C., C. Hauck, M. Hoelzle, M. Scherler, L. Schudel, I. Völksch, D. Vonder Mühll, and R. Mäusbacher (2008),
Monitoring mountain permafrost evolution using electrical resistivity tomography: A 7-year study of seasonal, annual, and long-term
variations at Schilthorn, Swiss Alps, J. Geophys. Res., 113, F01S90, doi:10.1029/2007JF000799.

1. Introduction
[2] Climate-induced warming of the near-surface atmospheric layer and a corresponding rise of ground temperatures will lead to substantial changes in the water and
energy balance of regions underlain by permafrost. The
increased frequency of extreme weather periods, such as the
hot summer of 2003 in the European Alps [Schär et al.,
2004; Intergovernmental Panel on Climate Change (IPCC),
2007] and associated slope instabilities [Harris et al.,
2001a; Gruber et al., 2004a], makes monitoring of mountain permafrost evolution (with a high resolution in space
and time) more and more important.
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[3] Since permafrost is a phenomenon primarily defined
thermally, common observation techniques are based on
thermal aspects of permafrost evolution. As in existing
European (Permafrost and Climate in the 21st Century,
PACE21 [Harris et al., 2001b, 2003]) and Swiss (PERMOS
[Vonder Mühll et al., 2004]) permafrost monitoring networks, subsurface temperature data can be obtained from a
network of shallow and deep (down to 100 m) boreholes. If
the geotechnical impact (slope instability) as well as modeling of permafrost distribution and evolution are to be
taken into account, not only temperature changes but also
ground ice content play an important role in permafrost
observation [Harris et al., 2001a, 2001b]. Potential slope
instability strongly depends on subsurface material characteristics, such as porosity, crack size and orientation, hydraulic properties, and the fractions of pore space filled with
air, ice, and unfrozen water [Arenson et al., 2002, 2003].
Consequently, the sensitivity to climate change of mountain
permafrost is influenced greatly by the amount of ice
present within different permafrost occurrences [Harris et
al., 2001a; Luetschg and Haeberli, 2005; Haeberli et al.,
2006]. However, except for laboratory analyses of field
samples obtained in boreholes [e.g., Arenson et al., 2003;
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Figure 1. Temperature dependence of electrical resistivity
in a sample from Schilthorn, Swiss Alps, for different water
contents. The solid line describes the exponential relation
between resistivity, r, and temperature, T, for temperatures
below the freezing point (a and b are constants), while the
dashed line describes the relation for unfrozen conditions
(modified after Hauck et al. [2005]) (Copyright John Wiley
& Sons Limited. Reproduced with permission.).
Arenson and Springman, 2005], the composition of subsurface material can be inferred only from indirect geophysical
investigations [Musil et al., 2002; Maurer and Hauck,
2007]. Hence Haeberli et al. [2006] emphasize the strong
need for detailed subsurface information at mountain permafrost sites, especially as the distribution and amount of
ground ice can be highly variable.
[4] To predict successfully the evolution of ground temperatures in a changing climate and, at the same time,
analyze its potential impact, surface and subsurface monitoring techniques must be extended from temperature monitoring at point locations (boreholes) to three-dimensional
geophysical monitoring of freezing and thawing processes.
Surface-based geophysical methods constitute a costeffective and noninvasive alternative in determining threedimensional fields of subsurface properties, such as ice
content, porosity, unfrozen water content, and type of
lithospheric material (for a review, see Scott et al. [1990],
Hauck and Vonder Mühll [2003a], and Maurer and Hauck
[2007]). Because of the indirect nature of geophysical
measurements, subsurface structures and processes remain
unchanged, which makes geophysical methods suitable for
monitoring purposes [Suzuki and Higashi, 2001; French et
al., 2002; Hauck, 2002]. In principle, a variety of geophysical methods can be used to monitor changes by repeated
measurements with the same sensor positions and survey
geometry. Electrical resistivity tomography (ERT) provides
a remarkable potential, as measured electrical resistivity is a
temperature-dependent signal [e.g., Telford et al., 1990].
This temperature dependence is most pronounced for temperatures below the freezing point, indicating the close
relation between the fraction of pore space filled with
unfrozen water and electric conduction (Figure 1) (discussed in detail by Hauck [2001]). During freezing, measured electrical resistivity will rise exponentially as
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unfrozen water content within a substrate decreases. Thus
the electrical resistivity is sensitive to phase changes between water and ice (which are also influenced by other
effects, such as impurities) and therefore is directly associated with the ice content of the subsurface material.
[5] Its high sensitivity to unfrozen water content makes
ERT possibly the first choice in permafrost monitoring with
respect to ice content. ERT monitoring techniques have
become more and more popular in seasonal hydrological
applications [Aaltonen and Olofsson, 2002; French et al.,
2002; Daily et al., 2004] and tracer and contaminant studies
[e.g., Kemna et al., 2002; Slater et al., 2002; Singha and
Gorelick, 2006a]. However, in contrast to surface-related
processes in permafrost terrain (e.g., frost wedging, frost
heave, solifluction [Matsuoka and Humlum, 2003]), no
continuously logging geophysical monitoring approach
exists to date.
[6] In the summer of 1999, a semiautomatic ERT monitoring system was installed at Schilthorn (Bernese Alps,
Switzerland, cf. Figure 2) [Hauck, 2002]. On the basis of a
1-year data set, the author showed that this semiautomatic
ERT monitoring approach was able to detect and visualize
subsurface freezing and thawing processes on a seasonal
basis, i.e., the onset of freezing in autumn, propagation of
the freezing front during winter, and thawing of the active
layer in summer. However, because of the limited data and
the short measurement period, it could not be evaluated,
whether the method can also be applied to processes both on
very short (days) and longer timescales (interannual variations). Reliable application of ERT monitoring in analyzing
long-term (decadal) changes in ice content evolution would
allow spatially variable permafrost degradation to be
assessed in connection with climate change. This paper
presents results of a permafrost monitoring pilot study so
far covering 7 years by analyzing the potential of ERT
permafrost monitoring on these different timescales.

2. Electrical Resistivity Tomography (ERT)
[7] Direct current resistivity techniques are employed to
measure electrical resistance in the subsurface by passing a
current between two electrodes and measuring the potential
difference between two other electrodes coupled to the
ground. Multiplying an appropriate geometric factor, which
is a function of the distance between the four electrodes,
yields the so-called apparent resistivity, ra, which equals the
specific resistivity, rs, solely for homogeneous ground
conditions. When a multielectrode array is used for acquiring a set of four-electrode measurements (quadrupoles) with
different center points and spacings, a two-dimensional
distribution of measured apparent resistivities is obtained
(cf. Figure 3). Iterative tomographic inversion of apparent
resistivity data finally yields a two-dimensional model of
specific resistivities, which represents the true resistivity
distribution of the subsurface section [Daily et al., 2004;
Loke and Barker, 1995].
[8] Under the assumption that general conditions (lithology, pore space, electrode coupling, etc.) remain constant
over several years of observation, measured changes in
resistivity basically can be attributed to changes in the
unfrozen water content. In the absence of changes in water
contents as a result of rain or snowmelt, these resistivity
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Figure 2. Photo of the field site with locations of the resistivity profile (site A) parallel to the north
facing slope, the boreholes (site B), and the meteo station (site C). The location of Schilthorn in the Swiss
Alps is indicated in the inset at bottom right.
changes can be related to freezing or thawing processes and
subsurface temperature changes, respectively [Hauck,
2002]. In the rather dry high mountain regions of the
European Alps, where most precipitation occurs as snow,
temporal changes in unfrozen water content due to rain or
snowmelt usually can be distinguished from freezing and
thawing processes because of their seasonal character, with
a peak in late spring and early summer and a rather fast
draining of liquid water due to the absence of water keeping

layers in the shallow subsurface [Hauck, 2002]. For most of
the year, a resistivity increase can be associated with
freezing, and a decrease, with thawing processes. Nevertheless, data interpretation remains difficult, since an increase in resistivity may be due to changes in the contents of
ice (freezing) or air (melting followed by draining of
unfrozen water). In general, local resistivity data can differ
from resistivities resulting from inversion of ERT data
collected at the field site because (1) reconstructed tomo-

Figure 3. Working principle of the ERT monitoring system operating at Schilthorn: Electrodes are
buried in the ground (1 m deep) and are connected to a manual switchbox (marked A) by buried cables.
ERT measurement can be performed by connecting any resistivity meter (marked B) to the switchbox
with four pin plugs and switching the pin plugs for the quadrupoles of a specific configuration.
Optionally, a matching adaptor (marked C) for a defined multielectrode resistivity meter can be used for
automatic measurement of the entire configuration.
3 of 12
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Figure 4. Maximum thickness of the active layer at
Schilthorn for the period of 1999 – 2006 (no data for 2001).
grams are subject to inversion artifacts (e.g., due to extreme
gradients between resistive anomalies underlain by conductive anomalies, and vice versa), (2) sensitivity diminishes
with the distance from the source electrodes and depends on
local and time-dependent resistivity distribution, and (3)
inverse models are over parameterized, thus requiring the
imposition of smoothing constraints (regularization) to
facilitate convergence of the inverse solution [e.g., Hauck
et al., 2003; Hauck and Vonder Mühll, 2003b; Singha and
Gorelick, 2006a, 2006b]. In this context, Day-Lewis et al.
[2005] state that geotomography tends to overpredict the
extent, and underpredict the magnitude, of geophysical
targets. Further difficulties arise from measurement errors
or data gaps in time series, e.g., sporadic failures of
electrode coupling, as well as spatial variations in resistivity
due to ion content or temperature fluctuations (cf. Figure 1).
[9] Appropriate time sequences can be used to perform
so-called time-lapse inversions where the resistivity model
obtained from inverting the initial data set is used to
constrain inversion of later measurements. By this, percentage change in subsurface resistivity as a function of time is
calculated [Loke, 1999]. Results of ERT monitoring can be
directly linked to changes in frozen and unfrozen water
content of the subsurface and therefore to permafrost
evolution, thus providing a method complementary to
temperature measurements.

3. Field Site
[10] The Schilthorn massif with the summit at 2970 m
a.s.l. is located in the Bernese Alps, Switzerland, at the
transition between the Prealps in the north and the principal
chain of the Bernese Alps in the southeast (Figure 2). The
lithology of Schilthorn is dominated by micaceous shales
[Imhof et al., 2000], which are deeply weathered on the
surface, thus covering the bedrock with a layer of finegrained debris including sandy and silty material (up to
several meters thick) around the whole summit area. Almost
no vegetation has developed around Schilthorn summit.
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[11] Following some first indications of permafrost (ice
lenses) during construction of the Schilthorn summit station
between 1965 and 1967 [Imhof et al., 2000], the site was
chosen for long-term permafrost observation within the
framework of the European PACE project [Harris et al.,
2003]. In 1998 and 2000 three boreholes (14 m vertical,
100 m vertical and 100 m inclined) were drilled into the north
facing slope approximately 60 m below the ridge to monitor
permafrost temperatures at various depths [Vonder Mühll et
al., 2004] (see Figure 2). In addition, meteorological data
(air temperature, relative humidity, net radiation, snow
depth, wind speed/direction) are recorded at the borehole
location. Spatially distributed data are collected from measurements of the bottom temperature of snow in winter and
ground surface temperatures throughout the year.
[12] According to borehole data, permafrost thickness is
at least 100 m, but comparatively warm at temperatures
close to 0°C [Vonder Mühll et al., 2000; Harris et al.,
2003]. Comparatively thick active layer depths of about 5 m
recorded since 1999 also reflect temperate permafrost conditions (cf. Figure 4). The Schilthorn, which is part of the
Swiss permafrost monitoring network (Permafrost Monitoring in Switzerland (PERMOS)), can thus be characterized as
a site with a substantial/thick occurrence of permafrost, but
because of the proximity to critical temperatures near the
freezing point, with a pronounced susceptibility to degradation. Also, alpine topography, with its three-dimensional
geometry, controls the subsurface thermal field by aspectand altitude-related climate variables on the surface. This
leads to complex three-dimensional patterns of temperature
distribution and heat flow within mountain tops, such as
Schilthorn. Isotherms are steeply inclined and there are
strong lateral heat flows resulting in a heat flux oriented
more horizontally through the mountain top than vertically
[Noetzli et al., 2007].
[13] Since the impact of global warming in high alpine
environments is believed to be most pronounced in permafrost close to melting conditions [Harris et al., 2001a], the
Schilthorn is an excellent site for long-term observations of
ground ice evolution.

4. ERT Data Acquisition and Data Processing
[14] A permanent semiautomatic ERT monitoring system
was installed in the immediate vicinity of the boreholes in
1999 to determine changes in electrical resistivity associated
with changes in permafrost evolution [Hauck, 2002] (cf.
Figure 2). The ERT monitoring system consists of a fixed
array of 30 electrodes with a spacing of 2 m, which are
connected by buried cables to a manual switchbox where
the resistivity meter can be connected for the various
quadrupole measurements in a tomographic survey
(Figure 3). This permanent setup allows access throughout
the year, even in winter, when the electrode array is covered
with snow. Using the same Wenner electrode configuration
as by Hauck [2002], measurements resulting in 135 single
data points at nine data levels with a depth of investigation
of approximately 10 m (cf. Figure 3) were recorded for each
time instance. The electrode array is located on a small
terrace roughly 60 m below the crest parallel to the north
facing slope, and therefore is not influenced by topography.
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Figure 5. Illustration of the available data set of 110 individual measurements between 1999 and 2006.
Two or three vertical dots indicate several measurements a day. Dashed lines delineate data sets chosen
for analyzing short-term (marked B and C), seasonal (marked A), and long-term (marked D) variations of
electrical resistivity.
[15] Since installation of the ERT monitoring system in
September 1999 a data set of 110 individual tomographic
measurements was acquired, providing a comprehensive
database for analyzing effects of short-term (days to weeks),
seasonal (months) and long-term (several years up to
decades) variations in electrical resistivity and their implications for ground ice monitoring (Figure 5).
[16] The significance of measured resistivity changes
concerning their association with freezing or thawing processes in the subsurface (as opposed to measurement noise
or other spurious influences) can be assessed by analyzing
the apparent resistivity data on different timescales. In a first
step, measured apparent resistivities were averaged for each
depth level (as indicated in Figure 3), providing nine
horizontal mean values for each measurement date. By this
spatial averaging spurious noise and geologic background
variations along the profile can be smoothed out (highly
erroneous values were removed initially) and the mean
change between subsequent measurements can be assessed.
Consistent freeze or thaw signals will produce clear trends
of resistivity levels increasing or decreasing with time
independent of spatial heterogeneities and with a characteristic time lag toward increasing depths. On the other hand,
disturbances due to bad electrode-ground coupling or localized water accumulations would result in irregularly high or
low values, indicating nonsystematic changes.
[17] After assessing the reliability of the apparent resistivity data sets obtained, the robust inversion scheme
[Claerbout and Muir, 1973] of the RES2DINV software
[Loke and Barker, 1995] was used to produce 2D specific
resistivity tomograms of the subsurface. Compared to the
analysis of apparent resistivities referred to above, ERT
inversion tomograms often provide less precise indications
of temporal changes, because regularization constraints
within the inversion scheme may lead to a blurred spatial
representation of the changes in resistivity observed. The
robust constraint (as opposed to the more smoothing least
squares constraint) was chosen to minimize this effect and
model more accurately the resistivity changes observed.
[18] To minimize artifacts produced by numerical inaccuracies of individual inversions, the time-lapse inversion
method was applied which jointly inverts time sequence
data sets on the basis of a common reference model [Loke,
1999]. Time-lapse inversions produce 2-D tomograms illustrating the percentage change in resistivity between two

subsequent data sets. Moreover, a relation between the bulk
electrical resistivity of a mixture, pore water resistivity, its
porosity and saturation, the so-called Archie’s law [Archie,
1942], allows the temporal resistivity change to be attributed
to the percentage desaturation of the subsurface material, thus
giving a first approximation of the amount of freezing or
thawing between two measurement dates.
[19] A potential source of uncertainty lies in choosing an
appropriate convergence criterion for the iterative inversion
process. Inversions of the data sets typically converge after
3– 5 iterations, indicated by a change in RMS error between
consecutive iterations of less than 5%. However, sometimes
the choice between two iterations as the ‘‘final’’ result is
difficult to make. Even though, under Schilthorn conditions,
this error source usually accounts for less than 1%, resistivity changes of less than 5% should not be overinterpreted
[Hauck and Vonder Mühll, 2003b].

5. Results
5.1. Analysis of Borehole Temperatures
[20] Borehole temperatures are recorded in three boreholes 14 and 100 m deep, respectively. Figure 6 shows the
borehole temperatures observed for the two vertical boreholes located within the ERT profile (for positions, see
Figure 3). Although the distance between the boreholes is
only 15 m, the temperature records differ remarkably in
terms of amplitude within the upper few meters. However,
observations and model studies can explain this feature as
being due to higher moisture contents in the shallow
subsurface near the 100 m borehole because of preferential
water flow paths from the upper slope, whereas the 14 m
borehole is located on a small plateau. As latent heat
transfer during phase changes between frozen and unfrozen
water as well as evaporation attenuate overall temperature
changes due to atmospheric forcing, the higher water
content leads to attenuated temperature amplitudes in the
100 m borehole compared to the 14 m borehole. The
differences in the amounts of water in the active layer are
also reflected in different zero curtain lengths for the two
borehole sites. Despite these spatial inhomogeneities, seasonal temperature changes are consistent and reflect the
delayed response of subsurface temperatures to atmospheric
forcing as a function of depth. Although there are a few data
gaps masking the complete temperature pattern, the extra-
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Figure 6. Borehole temperatures in 1999 – 2006. (a) Borehole temperatures plotted for both (top) the
14 m and (bottom) the 100 m boreholes for all thermistors covering the investigation depth of the ERT
profile. The top blue graph marks snow depths. The gray vertical lines indicate measurement dates used
for time-lapse inversion (see Figure 10). (b) Temperature-depth plots for the respective time-lapse
measurement dates. For clarity, temperatures above 9.5°C are not shown.
ordinary role of the summer of 2003 is clearly visible in the
data. This will be considered in detail in the context of ERT
measurements outlined in section 6.
5.2. Analysis of Apparent Resistivity Values
[21] Apparent resistivity data of all surveys were analyzed
for four different timescales (daily, monthly, seasonal and
annual, Figure 7). Figure 7a illustrates an example of mean

resistivity change for each data level during nine days in
October 2003 with up to three measurements a day. Daily
fluctuations are small (a pronounced daily cycle is not
expected to be present in October). However, a slight but
distinct increase in resistivity is observed for all data levels.
These data are highly reproducible in terms of a monotonous increase with time and yielding a total difference of
approximately 50 Wm in nine days, which is 5% of the

Figure 7. Illustration of apparent resistivity data for various timescales indicated in Figure 5.
Timescales are (a) daily scale from 10– 19 October 2003, (b) event scale (freezing period from October to
December 2003), and (c) seasonal scale (quasi-monthly changes from September 1999 to September
2000. Figures 7a – 7c show mean values per data level (cf. Figure 3). Colors mark different data levels,
with upper levels coinciding with narrow electrode spacing shown in black and blue and lower levels
shown in red. Also shown is (d) the bulk apparent resistivity (one mean value for the full profile)
displayed as an annual cycle for the whole period of observation. Colors mark different years.
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Figure 8. ERT inversion model results for the reference profile of 15 September 1999.
absolute resistivity values observed, thus proving the significance of small-scale resistivity changes recorded within
a few days.
[22] With respect to the associated seasonal context,
namely freezing of the active layer in early winter, rising
values in Figure 7a document the onset of the freezing
process, which intensifies in November and December, as
illustrated in Figure 7b. On this monthly scale, a delayed
response of deeper layers to temperature forcing on the
surface is visible. The advancing freezing front is reflected
in an accelerated increase in near-surface resistivities compared to deeper parts of the profile, which is in good
agreement with borehole temperatures (see section 5.3).

[23] On a seasonal scale, the advancing freezing front in
late winter (increasing resistivity) as well as the active layer
melting in summer (decreasing resistivity) can be observed
by quasi-monthly measurements between September 1999
and September 2000 (Figure 7c, discussed in more detail by
Hauck [2002]). This seasonal scale also illustrates a changing variability of measured resistivities with depth over the
year, variability being twice as high in late summer as in late
winter because of low resistivities within the active layer.
Seasonal changes over a whole year (see Figures 7c and 7d)
are characterized by minimal resistivities in the active layer
in late summer, followed by a distinct increase beginning in
late autumn and peaking in spring, and decreasing resistiv-

Figure 9. (left) Borehole temperatures and (right) percentage change of specific resistivity between
October and December 2003. Borehole temperatures are plotted for the 14 m borehole as isotherms for
equal temperatures for the investigation depth of the ERT profile. Note that contour line spacing is
decreased at around 0° for clarity. Dashed vertical lines indicate the dates of measurements used for timelapse inversion. Borehole locations within the ERT profile are marked by white vertical lines.
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Figure 10. Tomograms of (left) the respective midsummer dates for 1999 – 2006 and (right) percentage
change in specific resistivity within years (1999 – 2006). Positions of the boreholes (14 m left, 100 m
right) within the ERT profile are marked by white vertical lines. Depths of active layers are marked both
for the measurement date (white dashed line) and for the maximum thickness of the active layer (black
dashed line).
ities as a consequence of snowmelt and the active layer
thawing in summer. This pattern proceeds with some delay
at greater depths.
[24] Finally, displaying each data set with only one mean
resistivity value for the full profile on an annual scale,
allows a long-term comparison of all measurements to be
made (Figure 7d). Although the lack of data for 2001 and
the absence of data for the winter months of nearly all years
observed offers but incomplete insights into long-term
trends of resistivity change, pronounced differences between bulk resistivities in the respective years can be seen.
Especially the exceptionally warm summer of 2003 (yellow) in Central Europe, with mean summer (June, July,
August) temperatures exceeding the 1961 – 1990 mean by
3°C, and the 1864 – 2000 mean by 5.1°C [Schär et al.,
2004], is reflected in the lowest values recorded since 1999.
[25] Even though simple averaging of apparent resistivities helps to evaluate data quality and illustrate the significance of the data set for permafrost monitoring purposes,
data inversion is necessary for reliable and spatially differentiated assessment of freezing and thawing processes. This
will be addressed in the next section.

5.3. Analysis of Time-Lapse Inversion Models
[26] Data inversion of selected reference profiles was
carried out as a prerequisite for time-lapse inversions.
Figure 8 shows the inverted reference profile of September
1999 to illustrate subsurface resistivity distribution. The
profile can be separated into a heterogeneous surface zone
(zone A), a resistive zone in the western part (zone B), and a
less resistive zone in the eastern part at greater depth (zone
C). According to Hauck [2001], who conducted additional
geophysical surveys to characterize the field site, the more
highly resistive region corresponds to firm bedrock, while
the region with lower resistivities is associated with more
strongly weathered material.
[27] On the basis of another reference profile of 11 October 2003, Figure 9 shows the tomograms of a time series of
six subsequent surveys extending into the freezing period
between October and December 2003. On the first two
days, resistivity changes by less than ±5%, which is close to
the measurement uncertainty as characterized, e.g., by the
root-mean-square error of inversion, which varies between
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Figure 11. Percentage change in saturation for several
years (1999 – 2006) on the basis of the reference model in
September 1999.
3% and 5%. Nevertheless, the anomaly structures displayed
seem to be consistent in reproducibility over several days.
[28] On the fourth day, a distinct blue colored region
representing a resistivity increase of 15 to 40% (based on
the reference profile) begins to develop on the surface and
increases in thickness with time. This resistivity increase
reflects the advance of the freezing front from the surface,
starting in late autumn and approaching deeper parts of the
profile in the winter. Comparison with the temperature
measurements in Figure 9 shows surprisingly good agreement in time and depth. According to the borehole data, the
ground surface in the eastern part of the profile (14 m
borehole) was already frozen at the beginning of the time
sequence while the central part (100 m borehole) still
exhibited positive temperatures. Similarly, the time-lapse
tomograms show only little change in the already frozen
eastern surface region compared to the distinct resistivity
increase in the central and western surface regions of the
profile.
[29] Unlike short-term variations over several weeks,
which are limited to shallow depths, long-term variations
of specific resistivities over several years are more pronounced in the deeper parts of the profile. Figure 10 shows
results of time-lapse inversion for measurements at comparable dates in midsummer (mid-August to mid-September)
over a period of 7 years, based on the reference profile of 15
September 1999 (Figure 8). No ERT data are available for
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2001. Annual changes in resistivity can be compared only if
there are comparable data sets; that is, the measurement
dates must be representative of the period of observation to
preclude seasonal variations in the signals compared. The
data set available offers but a limited choice for covering the
whole period of observation, as the measurement dates of the
data set stem from several independent case studies performed
over the years and were not obtained on a regular basis.
Nevertheless, except for 2001, special attention has been
devoted to regular measurements in midsummer, i.e., the
period from mid-August to mid-September, to permit a longterm study of permafrost evolution to be conducted. Figure 7d
indicates this midsummer period to be characterized by the
lowest bulk resistivity of the profile of the year, thus providing
an appropriate time for interannual comparison.
[30] Apart from minor anomalies near the surface, the
greatest variations occur at depths of 3 m and more (Figure
10). Superficial anomalies should not be taken into account
in analyzing long-term variations of specific resistivity as
they are associated with differences in moisture content
under varying atmospheric conditions at the times of
measurement. Clear indications of resistivity changes, both
positive or negative, are visible below this surface layer,
indicating a response independent of prevailing weather
conditions at the time of measurement. The striking features
in Figure 10 are the distinct increase in resistivity of up to
15% in the summer of 2002 and the extreme decrease in
resistivity of 15% to 35% in the summer of 2003. Borehole
data (Figures 4 and 6) show the depth of the active layer to
have doubled in 2003 compared to 2002 which is reflected in
the large changes in resistivity in those years, and which is
clearly associated with the extraordinary cold year of 2002
and the extraordinary hot summer of 2003 in the European
Alps [MeteoSchweiz, 2002, 2003; Schär et al., 2004].
[31] In 2005 and 2006, the depths of the active layer in the
borehole logs were restored to pre-2003 conditions (5 m).
At the respective measurement dates (some 4 – 6 weeks
before the time of maximum thaw depth), thaw depth was
consistently around 4.5– 5 m in 1999, 2000, 2005, and 2006
(no data for 2002), as is indicated by the dashed lines in
Figure 10 (left). However, time-lapse tomograms after 4, 5,
and 6 years suggest that the pronounced drop in resistivity in
2003 was not fully offset in 2004 or 2005 even though
subsurface temperatures in the winter periods were lower
than in the years before 2003 (Figure 6). This apparent
permafrost degradation will be discussed further in section 6.
[32] Another approach to estimating the extent of ice melt
or ice formation is by calculating the percentage desaturation for the time-lapse profiles. A well-known geophysical
relation called Archie’s law, which relates the resistivity of a
porous medium to its saturation [Archie, 1942], can be used
to convert resistivity change into percentage desaturation. A
mean value of 2.0 for the so-called saturation exponent in
Archie’s law [see, e.g., Hauck, 2002] was chosen, but in
general the sensitivity of calculated saturation to a range of
plausible values for the saturation exponent is low in this
case (only around 1 to 3%). The calculated percentage
desaturation for the time-lapse profiles in Figure 10 is
shown in Figure 11. In general, the resultant desaturation
is low (±5%) for the years before 2003 and after 2004 for
most parts of the profile. Maximum desaturation values
(summer of 2003) are around 20 to 30% (relative to the
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Figure 12. (left) Borehole temperature and snow depth data and (right) percentage change in specific
resistivity between May and August 2002). Borehole temperatures are plotted for both (top left) the 14 m
and (bottom left) the 100 m boreholes for all thermistors covering the investigation depth of the ERT
profile (no borehole data for July and August). The gray vertical lines indicate measurement dates used
for time-lapse inversion. Borehole locations (14 m left, 100 m right) within the ERT profile are marked
by white vertical lines.
summer of 1999), corresponding to up to 15% loss of ice
content for a hypothetical case of 50% porosity and saturated initial conditions (which is only an upper bound for
the field site at Schilthorn, where saturation is much less
than 100%) [Hauck, 2002]. Improved approximation of the
pore space and initial saturation of the subsurface section
would allow relative changes in ice and unfrozen water
contents to be computed from repeated ERT measurements.

6. Discussion
[33] Results of the 7-year time series shown above clearly
indicate the applicability of ERT monitoring in investigating
permafrost evolution on different timescales, i.e., shortterm, seasonal, and interannual changes. Over the short
term, characteristic changes in resistivity can be attributed
either to the freezing period in late autumn and early winter
or to subsurface thawing processes in late spring and
summer. For the former case, Figure 9 clearly indicates that
resistivity increases in depth sections where the temperature
reaches zero degrees and less, but does so with a typical
time lag as a function of depth. Changes in resistivity due to
freezing range from 30% to more than 75%.
[34] The reverse can be observed during and after snowmelt in late spring and summer. Melting of the active layer
can be recognized in both borehole temperatures and
resistivity decrease. However, unlike in the freezing case,
changes in resistivity cannot be explained entirely by phase
changes from ice to water. Meltwater from the snow cover
infiltrates into the upper parts of the profile, causing both a
drop in resistivity due to the growing content of unfrozen
water (independent of subsurface melting) and a rise in
temperature near the flow paths. This can be observed for

periods when the snow cover is still relatively thick (>1 m,
cf. Figure 12), thus preventing radiation control of the
ground surface temperature. During this period, active layer
temperatures increase (but are still below zero), and specific
resistivities decrease on the order of 5 to 20% (Figure 12).
After accelerated melting of the remaining, very wet, snow
cover, and with subsurface temperatures rising above zero
degrees, resistivity decreases by 45 to 65% relative to the
initial frozen conditions (see Figure 12).
[35] In addition to the vertical infiltration of meltwater,
horizontal advection may play a significant role in Alpine
terrain. The study site clearly is affected by the down slope
movement of (melt) water from the beginning of snowmelt
until the last snow patch disappeared in the upper part of the
slope. Consequently, vertical and horizontal water infiltration processes need to be taken into account in interpreting
changes in resistivity associated with ground ice melting.
[36] While seasonal timescales provide information about
the ‘‘natural’’ range of bulk resistivity changes due to
freezing and thawing cycles of the active layer, monitoring
interannual differences allows the long-term evolution of
the permafrost regime to be estimated. While the changes in
resistivity between the summer of 1999 to 2000 and 1999 to
2002 seem to reflect the interannual variability of permafrost dynamics due to atmospheric forcing, the hot summer
of 2003 obviously had a sustainable effect on the local
permafrost regime for more than 1 year. The depth of the
active layer increased from approximately 4 – 5 m (1999–
2002) to almost 9 m in 2003, as is evident from borehole
information (Figure 4), but also clearly visible in the ERT
tomograms. While the temperature regime seems to have
recovered in 2005 from the 2003 heat anomaly, the
corresponding resistivity values have not. Although resis-
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tivities measured in this profile section increased again in
2005, they did not exceed 1700 Wm in those parts where
resistivity had reached 2500 Wm in the years before 2003
(see Figure 10). This difference is small compared to seasonal
variations, but large in an interannual context. As inversion
RMS errors are much lower than this observed discrepancy,
the decrease of resistivity can be considered significant as a
consequence of the heat wave in 2003. Subzero temperatures
were nearly identical before 2003 and after 2004 and cannot
explain the differences in resistivity (cf. Figure 6b). Hence a
substantial loss of ground ice is assumed to be due to the
summer 2003 anomaly, which obviously did not, or not
entirely, recover in the following years.
[37] The temperature regime did not prevent ice formation, as subzero temperatures (in winter) were even lower
after 2003 than before (see Figure 6a). The post-2003
resistivity decrease therefore must be associated with a
limited availability of unfrozen water or with a reduced
pore volume (due to subsidence processes) as a consequence of ice melt. The former assumption is relatively
unlikely because meltwater from adjacent snow patches is
delivered almost throughout the whole summer (but no
moisture data exist up to now). In contrast to the initial
assumption of a very low ice content [Imhof et al., 2000;
Vonder Mühll et al., 2000; Harris et al., 2003], the latter
possibility could indicate previous supersaturation, at least in
parts of the subsurface section, that did not (yet?) recover.
However, further study is necessary to prove this hypothesis.
[38] In view of further atmospheric warming and the
projected higher frequency of summer heat waves such as
in 2003 [Schär et al., 2004; IPCC, 2007], the degradation of
ground ice observed must be evaluated with respect to
possible thresholds (e.g., extent of ice melt, regeneration
time) to the reversibility of permafrost degradation under
current and future climate conditions (regeneration of
ground ice). The results of this study indicate that extreme
weather events can disturb the permafrost system (not
necessarily the temperature regime, but the ice content)
for years. The time series presented is still too short for
reliable predictions to be made, but is indicative of pronounced sensitivity of the Schilthorn permafrost site to
atmospheric forcing. Questions arise as to the extent in
which the permafrost regime can buffer atmospheric heat
transfer, and about the critical threshold (e.g., frequency of
disturbances) of long-term degradation. The ‘‘warm’’ subsurface conditions with low ice content of areas with
temperate permafrost, such as Schilthorn, are especially
sensitive to degradation. Moreover, because of the extreme
topography, degradation will produce three-dimensional
effects [Gruber et al., 2004b].

7. Conclusions and Outlook
[39] A combined geoelectric and thermal monitoring
approach using electrical resistivity tomography (ERT)
and borehole temperature data for long-term observation
of permafrost evolution is presented. The approach was
validated at the Schilthorn, Swiss Alps, mountain permafrost field site, characterized by thick permafrost occurrence, but, because of the proximity to critical temperatures
near the freezing point, with a pronounced susceptibility to
ground ice degradation. Key results of a 7-year time series
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including more than 110 ERT tomograms along a 60 m long
(corresponding to 10 m depth of investigation) survey line
are as follows.
[40] 1. The subzero temperature dependence of electrical
resistivity is directly associated with the content of ground ice
and unfrozen water, which is the target value to be assessed.
[41] 2. Analysis of apparent resistivities serves to evaluate
data quality and scale-dependent characteristics in resistivity change patterns, illustrating the significance of the data
set for permafrost monitoring.
[42] 3. Analysis of time-lapse inversion models with
respect to subsurface temperature reveals important insights
both into changes in resistivity consistent with temperature
(directly associated with phase changes from water to ice
and vice versa) and these not conforming to long-term
temperature evolution. The former changes are attributed
primarily to short-term phenomena, i.e., seasonal variations
in the permafrost regime, whereas the latter changes are
believed to indicate increases in the content of unfrozen
water due to substantial ground ice degradation (exceeding
the interannual variability) as a consequence of the extraordinary hot summer of 2003 which was not offset within 1
year. This degradation is more severe than is determined by
subsurface temperatures. The discrepancy observed between
temperature and resistivity evolution is mainly controlled by
the availability of liquid water or by changes in materials
characteristics (e.g., pore volume change by subsidence).
[43] 4. Uncertainties arise from the lack of moisture data,
as moisture variations can mask the temperature dependence
of resistivity data.
[44] 5. Long-term changes in resistivity are evaluated on
the basis of seasonal variations in resistivity, providing the
‘‘natural’’ range of values observed.
[45] 6. Calculating changes in saturation in a first approximation helps to determine relative changes in ice and water
contents. However, initial saturation and the pore volume of
subsurface material are critical factors to determine.
[46] 7. Indications of substantial degradation of ground ice
in general, and melting of supersaturated areas in particular,
show the potential of a combined thermal and ERT monitoring approach compared to thermal monitoring only.
[47] Concerning the remarkable increase in the depth of
the active layer at Schilthorn from, typically, approximately
5 m to 9 m in the summer of 2003, long-term permafrost
changes at this particular site are difficult to assess because
of the insufficient depth (about 10 m) of the monitoring
profile. However, ERT monitoring profiles are currently
investigated to depths of approximately 30 m at several sites
in the Swiss Alps within the GO4ICE (Geophysical observation and four-phase modeling of the ice content evolution) project as part of the Permafrost Monitoring
Switzerland (PERMOS) network. The data set shown for
the Schilthorn monitoring site demonstrates the general
applicability of long-term permafrost monitoring by ERT
systems to assess relative changes in ice content with time.
[48] Automation of ERT data acquisition is in progress to
guarantee better temporal resolution of measurements and
therefore easier comparison of ERT data sets from different
years. Besides continuing ERT monitoring, future work will
focus on the additional acquisition of repeated refraction
seismic data. A combination of electric and elastic mixing
rules based on resistivity and seismic velocity data sets
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seems a promising approach for an absolute quantification
of ice and water contents in the pore space.
[49] Acknowledgments. The authors would like to thank Schilthornbahn AG for logistical, and the PERMOS network (financed by BAFU,
Switzerland) for financial support.
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Abstract
An Electrical Resistivity Tomography (ERT) monitoring network has been installed in different permafrost landforms
in the Swiss Alps. Repeated ERT measurements yield information on changes occurring in the physical properties of
the ground with changing temperature and time. Because the sensitivity of electrical resistivity to temperature is
mainly due to the amount of unfrozen water in the pore space of the subsurface material, temporal resistivity changes
can be related to freezing and thawing processes. The combined analysis of borehole temperature and ERT monitoring
data is used to determine temporal changes of ice and unfrozen water. Key results from this approach include (a) the
determination of site-specific total resistivity ranges (as a function of ice content) and amplitudes of seasonal
resistivity changes, (b) the demonstration of 3D-topography effects on resistivity distribution in ridge situations, and
(c) the identification of depth dependent resistivity-temperature relationships as a function of depth related unfrozen
water contents.
Keywords: Electrical Resistivity Tomography; Monitoring; Mountain Permafrost; PERMOS; Temperature

concerning climate related changes in ice content can only
be drawn when resistivity changes related to external water
input (e.g., from precipitation, snowmelt or lateral water
flow) can be excluded (or distinguished from ice melt).
The newly installed ERT monitoring network within the
Swiss permafrost monitoring network PERMOS (Fig. 1)
provides a unique data set that facilitates study of the
relations between measured resistivities and borehole
temperatures in different permafrost landforms. Sites in the
network include the Schilthorn (Bernese Alps) permafrost
site, which has the longest (> 8 years) record of ERT
measurements (Hilbich et al. 2008). In this paper we
analyze the potential of coupled ERT and temperature
monitoring to improve resistivity-based estimates of total
amounts and temporal changes of ice content in permafrost
regions.

Introduction
Within the context of climate change the European Alps
are affected by greater average warming than commonly
projected for Europe as a whole (Beniston et al. 1997). The
consequences of global warming for permafrost have been
investigated and observed in polar regions for many years
(e.g. Osterkamp et al. 1983, Nelson et al. 2001, Frauenfeld
et al. 2004, IPCC 2007). In contrast to mainly flat polar
lowlands, mountain permafrost is strongly influenced by
topographic factors (aspect, slope angle, altitude), affecting
net solar radiation and snow cover distribution (Hoelzle et
al. 2001). Spatial and temporal heterogeneities of these
factors cause complex permafrost distribution patterns that
are complicated by heterogeneous subsurface material
compositions (bedrock, fine and coarse grained debris).
Consequently, also the ice content differs markedly
between different permafrost landforms.
In addition to temperature, ice content is one of the most
critical parameters for the evaluation of the impact of
global warming on rockwall stability. Direct observations
of ice content are scarce and difficult to obtain. Indirect
information from Electrical Resistivity Tomography (ERT)
has great potential for detecting the presence of ice,
because the specific resistivities of frozen and unfrozen
material are markedly different. With repeated ERT
measurements under constant general conditions, temporal
changes of resistivities are assessed and can be related to
freezing and thawing processes (Hauck 2002, Hilbich et al.
2008). However, reliable and quantitative conclusions

Figure 1: The PERMOS network in the Swiss Alps with borehole
temperature monitoring sites (white dots) and combined borehole
and ERT monitoring sites (black dots) (map: BAFU 2007).
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Theory and Methods
Borehole temperatures
In existing European and Swiss permafrost monitoring
networks (PACE21, PERMOS (Harris 2001, Vonder
Mühll et al. 2004)), subsurface temperature data are
obtained in a network of shallow and deep (down to 100
m) boreholes. The PERMOS programme started in 1999
and involves 16 permafrost borehole monitoring sites with
the longest time-series at rockglacier Murtèl (Upper
Engadine), recording since 1987. However, long-term
climate-related degradation processes in terms of thawing
phenomena cannot necessarily be identified by thermal
permafrost monitoring alone, as the ice content depends on
temperature evolution and also on the availability of
unfrozen water during the freezing period (Hilbich et al.
2008).
Electrical Resistivity Tomography (ERT)
The electrical resistance of the ground can be
determined by passing a current between two electrodes
and measuring the resulting potential difference between
two other electrodes coupled to the ground. Repeating this
procedure along an electrode array for a number of
different 4-electrode combinations (quadrupoles) with
different center points and spacing reveals a twodimensional distribution of electrical resistances within a
subsurface section. By multiplying a geometric factor
representing the distance between the four electrodes the
apparent resistivity ρa is obtained for each data point of a
certain multi-electrode configuration. Using the software
package RES2DINV (Loke & Barker 1995), a 2D model
of specific resistivities ρs, i.e., the true resistivity
distribution of the subsurface section, can be calculated
from ρa by an iterative tomographic inversion process. All
ERT data presented in this contribution were measured
with the WENNER configuration, and the robust inversion
scheme (Clairbout & Muir 1973) of the software
RES2DINV was applied.
ERT monitoring
Within the ERT monitoring network a fixed electrode
array was installed at four characteristic permafrost sites in
the Swiss Alps. All electrodes of one array are
permanently connected via cables to a contact box, which
serves as an adaptor to a resistivity meter and can be
accessed throughout the year (described in detail in Hilbich
et al. 2008). Measurements can be carried out by only one
person, even in winter, when the electrode array is covered
with snow. ERT monitoring started in 1999 at the
Schilthorn site, in 2005 at the Murtèl and Stockhorn sites,
and in 2006 at the Lapires site (see section Field sites) and
comprises roughly 10 measurements per site to date,
except for Schilthorn with more than 100 measurements.
Dependence of resistivity on temperature
According to an empirical relationship called Archie´s
Law the resistivity of a medium (consisting of a rock or
soil matrix and pore water) can be related to the resistivity

of the water, the porosity and the fraction of the pore space
occupied by liquid water (Telford et al. 1990).
The sensitivity of electrical resistivity to temperature
arises from different effects, above and below the freezing
point. At positive temperatures the resistivity of the pore
water increases with decreasing temperature as a
consequence of increasing viscosity of the pore water,
which, in turn, decreases the mobility of the ions in the
water. This can be quantitatively described as a linear
function of the resistivity ρ0 measured at a reference
temperature T0 and the temperature coefficient of
resistivity α, which has a value of about 0.025 K-1 for most
electrolytes (Telford et al. 1990):

ρ

0
.
(1)
1 + α (T − T )
0
Below the freezing point resistivities increase
exponentially due to successive freezing of the pore water
with decreasing temperatures. The subzero relationship
between resistivity and temperature is given by:

ρ =

− b (T )
,
(2)
0
where ρ0 and b (in K-1) are constants (e.g. Hauck 2002).
The factor b controls the rate of decrease and can be
determined from Equation (2) if resistivity data for
different subzero temperatures are available.
Repeated ERT measurements
therefore yield
information on the changes occurring in the physical
properties of the ground with changing temperature and
time (Fortier et al. 1994). Plotting ground temperatures
from boreholes (interpolated to the depths of the model
blocks of the tomograms) against ρs extracted from ERT
data at borehole positions (marked in Figures 4 - 6) then
allows comparison of the relation between T and ρs for
different sites.

ρ=ρ e

Field sites
ERT monitoring sites have been chosen to represent
different permafrost landforms, different climatic regions
in the Swiss Alps and with respect to the availability of
deep boreholes (≥ 20 m). The landforms include the north
facing rock slope of Schilthorn (Bernese Alps), the rock
plateau Stockhorn (Valais), the talus slope Lapires (Valais)
and the active rockglacier Murtèl (Upper Engadine) (Fig.
1). All ERT profiles were placed close to at least one
borehole to enable a calibration of the indirect geophysical
measurements with direct observations of the subsurface
material composition as made during drilling, and
subsurface temperature records of the boreholes. A
detailed description of the test sites is given in Table 1.

Results and Discussion
8-year ERT monitoring Schilthorn
The ERT monitoring at Schilthorn started in September
1999 and comprises more than 100 datasets, making it the
longest ERT monitoring record in mountain permafrost

CHRISTIN HILBICH ET AL.
research. A comprehensive analysis of this time series is
given in Hilbich et al. (2008). Figure 2 shows the interannual changes between measurements in late summer for
each year except 2001.

3

2). But, in contrast to the subsurface temperatures, which
returned rapidly to almost “normal” conditions in 2004,
measured resistivities took about 4 years to recover to pre2003 conditions. As stated before, temporal resistivity
changes are assumed to be caused by freezing and thawing
processes that are themselves controlled by temperature.
The close relation between temperature and resistivity is
evident from Figure 3, where borehole temperatures and
specific resistivities at the borehole position are shown for
the upper four meters and for a one year period (September
1999 to 2000).

Figure 3: Comparison of temperatures (top) and interpolated
resistivities at borehole location (bottom) for September 1999 September 2000 at Schilthorn. Resistivity data points used for
interpolation are shown as black crosses.

Figure 2: ERT monitoring results of Schilthorn: inter-annual
comparison of late summer resistivity distribution (modified after
Hilbich et al. 2008).

ERT monitoring at different landforms
First results from ERT monitoring in different
permafrost landforms reveal pronounced differences in
total resistivity values and the amplitude of seasonal
resistivity dynamics. The first is due mainly to site-specific
material characteristics (lithology, pore volume, fractions
of pores filled with air, ice and unfrozen water, etc.), but
the latter can have different causes. Besides local climatic

One of the most prominent features of the dataset is the
effect of the extraordinarily hot summer of 2003 on
mountain permafrost in the European Alps. According to
the borehole temperatures the summer of 2003 caused an
immense deepening of the active layer to almost twice the
depth of the years before (horizontal dashed lines in Fig.

Table 1: Characterization of the ERT monitoring sites and the available boreholes within the PERMOS network
Schilthorn

Stockhorn

Lapires

Murtèl

Site description

north facing slope beneath summit,
bedrock covered with 0 to several
meters debris

talus slope with
rock plateau on a crest,
bedrock covered with 0-1 internal ventilation
m debris

blocky rockglacier

Lithology

Limestone schists

Albit-Muskowit schists

Gneiss

Granodiorit, Schists

Altitude (a.s.l.)

2910 m

3410 m

2500 m

2670 m

Slope, aspect

30° NNE

8° S

25° NE

10° NNW

Location

Cross profile in N-slope

N-S-profile across plateau Cross profile

Boreholes

14 m (since 1998) and 100 m
17 m, 100 m (since 2000) 20 m (since 1998)
vertical, 100 m oblique (since 2000)

20 m, 60 m, 60 m
(since 1987/2000)

ERT Monitoring since

8/1999

8/2005

8/2006

8/2005

Profile length,
investigation depth

58 m
10 m

94 m
15 m

168 m
25 m

235 m
40 m

Longitudinal profile
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effects controlled by altitude, aspect, snow regime, etc.,
such morphological characteristics as differences in
substrate, active layer thickness, thermal conduction in the
active layer, etc. play an important role for the amount to
which seasonally variable atmospheric forcing is
transferred into the ground. This becomes evident not only
from the site-specific subsurface temperature regime but
also from the resistivity changes throughout a year. Figures
4, 5, and 6 show tomograms with typical summer (top) and
winter (bottom) resistivity distributions for the bedrock
(Stockhorn), rockglacier (Murtèl) and talus slope (Lapires)
sites. From the qualitative comparison the most important
site-specific characteristics are discussed qualitatively in
the following paragraphs:
Stockhorn
The Stockhorn profile is located on a plateau between
the steep (> 80°) northern rock face, and the steeply
inclined southern slope. Permafrost distribution is
therefore assumed to be affected by 3D topography effects
as described by Gruber et al. (2004) and Noetzli et al.
(2008). Three-dimensional effects become evident in the
ERT monitoring data by pronounced active layer freezing
(increasing resistivities during winter) in the northern part,
while similar characteristics are missing in the southern
part. This corresponds well with observations of the snow
cover, which is usually thicker and persists longer in the
northern part. In general, the site is exposed to pronounced
resistivity changes in the whole subsurface section (to
about 20 m depth), which is attributed to 3D topographic
effects of the ridge, influencing radiation and turbulent
heat transfer to the ground.

Figure 4: ERT tomogram for typical summer (top) and winter
(bottom) conditions at rock plateau Stockhorn.

Murtèl
Rockglacier Murtèl is generally characterized by
extremely high resistivities (300 kΩm to > 2 MΩm) in the
interior part caused by the large volume of massive ice.
The air in the blocky top layer effectively isolates the ice
core from summer heating. Consequently, seasonal
resistivity changes are only observed in the active layer
(ca. 3 – 3.5 m) and the tongue. Although changes in the
inverted resistivities of the ice core can be quite high (not

resolved by the color scale) no systematic seasonal change
or trend can be observed from the monitoring data so far.
Due to a limited sensitivity of the inversion model to high
resistive zones at greater depth, spatial or temporal
variations of such high resistivities on the order of MΩm
should not be over-interpreted (Marescot et al. 2003). An
exception concerns the slightly less resistive vertical zone
below the depression at 100-105 m horizontal distance,
which is observed in all ERT data (see upper panel in Fig.
5). In summer this resistivity contrast is usually more
pronounced than in winter. Due to the uncertainties
mentioned above this zone with decreased (but still very
high) resistivities is difficult to interpret, but may be an
indication of a slightly higher amount of unfrozen water
(under subzero temperature conditions), possibly
indicating water flow or a zone of higher debris content.

Figure 5: ERT tomogram for typical summer (top) and winter
(bottom) conditions at rockglacier Murtèl.

Lapires
The Lapires site can be characterized as a talus slope
thermally influenced by internal ventilation with a special
pattern of permafrost and ground ice occurrence partially
reflecting of this internal air circulation (reported in detail
by Delaloye & Lambiel 2005). The highly resistive feature
in the central part of the tomogram indicates the zone
where ground ice is likely to be present. In general, such
high resistivities (here > 40 kΩm) can be caused by high
amounts of ice or air within the pore space of the blocky
talus slope (Hauck & Kneisel 2008). ERT monitoring
results reveal substantial seasonal changes in resistivities
within this zone, possibly indicating a change in material
properties over the course of the year. In combination with
direct observations during drilling of the borehole and
subsurface temperature records, decreasing resistivities at
the bottom of this feature during winter and increasing
resistivities in summer appear to be related to the air
circulation.. This may indicate ice formation in summer
and thawing processes in winter, but the process remains
difficult to understand physically. However, the resistive
anomaly can also be influenced by the presence of a cable
car pylon in the middle of the profile, represented by very
low resistivities in the upper few meters. This low resistive
anomaly may cause a low confidence of the resistivity
measurement and the inversion process beneath. Further
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tests are necessary to judge the significance of resistivity
changes as indication for changes in material properties.
Active layer freezing during winter (up to 4 m) is
however clearly evidenced at this site.

Figure 6: ERT tomogram for typical summer (top) and winter
(bottom) conditions at talus slope Lapires.
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Analyzing the same data set with respect to different years,
the exceptional low resistivity values of 2003 and the
following years become evident as being completely below
the main part of the ρ-T curve, again confirming the
hypothesis of substantial ground ice degradation at
Schilthorn in the summer of 2003.
Figure 8 shows the data from all monitoring sites. The
amplitude of the resistivity increase for subzero
temperatures differs significantly between the sites. While
values approximately duplicate at Schilthorn from ca. 800
Ωm in unfrozen state to 1600 – 2000 Ωm in frozen state,
they rise over more than an order of magnitude from < 100
kΩm to > 2 MΩm at Murtèl. Unfrozen values at Lapires
and Stockhorn are similar to Murtèl, reflecting the blocky
active layers, but frozen values are significantly lower due
to the lower ice contents. Unfrozen resistivity values of
Stockhorn cover a wide range due to high variations
between dry and wet surface conditions.

Resistivity-temperature relationships
Resistivity-temperature (ρ-T) relationships are plotted
for all four test sites in Figures 7 and 8. Figure 7 shows the
results for Schilthorn (active layer from 0 – 4.3 m depth),
where the largest data set is available. For temperatures
above the freezing point results agree well with theory
(Equation (1)) with slightly but continuously increasing
resistivities with decreasing temperature.

Figure 8: Left panel: comparison of amplitudes of resistivitytemperature relationships for all sites. Right panel: ρ-T relation
for 4 different measurement dates at Murtèl with colors
highlighting different depths. Note that temporal resolution and
number of measurements per year are not regular.

Figure 7: Resistivity at borehole location against subsurface
temperatures for the 8-year Schilthorn dataset. Colors highlight
depths (left panel) and years (right panel). Note that temporal
resolution and number of measurements per year are not regular.

At subzero temperatures the reverse effect is visible at
all sites: starting at temperatures slightly below the
freezing point resistivities increase exponentially while
temperature decrease is almost negligible. Comparing the
ρ-T relationship for different depths it is apparent that
although the shape of the curves is similar the resistivities
are decreasing with depth, indicating higher amounts of
unfrozen water at greater depths of the active layer
(according to Archie´s Law). During freezing unfrozen
water contents remain higher in the deeper parts
represented by the still lower resistivities (Hauck 2002).

The right panel in Figure 8 shows the ρ-T relationships
for different measurement dates (lines) and depths (colors)
at Murtèl. In contrast to Schilthorn, values are constant
over time, showing almost the same relationship at all
temporal reference points. This high degree of repeatability
highlights the thermally inert role of the rockglacier and
further confirms the reliability of the ERT monitoring
approach, even on blocky and highly resistive terrain. A
striking feature is the clear dependence of the ρ−Τ relation
on depth. At Murtèl (and also at Stockhorn and Lapires,
not shown here) the reverse pattern of Schilthorn is visible:
Values increase with increasing depths. In contrast to
Schilthorn (Fig. 7) values in Figure 8 mainly represent
conditions below the permafrost table and are therefore
interpreted as being due to decreasing unfrozen water
contents with depth. However, also decreasing intensity of
weathering, higher density and less pore space with depth
may be contributing parameters.
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Conclusion
Results from an ERT monitoring network at four sites in
the Swiss Alps are presented and analyzed in combination
with borehole temperature data. Key results from the
landform-specific approach can be summarized as follows:
•

Both total resistivity ranges and amplitudes of temporal
resistivity changes differ markedly for the observed
landforms. This is due to site-specific differences of
material properties (lithology, pore volume, contents of
air, ice and unfrozen water within the pore space, etc.),
seasonal dynamics, temperature ranges and the
hierarchy of dominating factors.
• Three-dimensional
topographic effects influence
radiation and turbulent heat transfer to the ground in
ridge situations and complicate the pattern of resistivity
distribution and seasonal changes, as shown by the
example of the rock plateau Stockhorn.
• Small seasonal changes are recorded at the Murtèl site
due to thermally inert characteristics of rockglaciers as
opposed to high seasonal dynamics at the other sites as a
consequence of internal ventilation (Lapires talus
slope), high unfrozen water and low ice contents
(Schilthorn) and 3D effects (Stockhorn).
• From the ρ-T relationships a significant dependence on
depth becomes evident, with opposite behavior observed
in the active layer (at Schilthorn) and below the
permafrost table (Stockhorn, Lapires, Murtèl) due to
differences in unfrozen water content.
A long-term continuation of the ERT monitoring in the
scope of PERMOS is intended and aims at a site-specific
assessment of climate related ground ice degradation.
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This paper analyses the reliability of the inverted resistivities and their temporal changes on
coarse blocky and ice&rich permafrost sites, where the most challenging conditions for con&
ducting ERTM on alpine terrain can be found. Three different appraisal techniques are pre&
sented and applied to data sets from the Murtèl rockglacier and the Lapires talus slope2. The
combination of different techniques led to the identification of unreliable model regions and a
refinement of the information content of the ERT images, consequently allowing a thorough
evaluation of the quality of information provided by time&lapse inversion.

Main findings
The application of forward&inverse&cycles using synthetic models representing the general
characteristics of a specific study site should be conducted prior to a monitoring installa&
tion to analyse the potential of ERTM to resolve anticipated spatio&temporal resistivity
changes under certain site&specific conditions.
The depth of investigation index (DOI) not only determines the maximum investigation
depth of an ERT survey, but is also useful to estimate the reliability of ERT images in tran&
sition zones with gradational resistivity changes, which are usually important features in
ERTM studies on permafrost.
The resolution matrix approach generally gives similar results as the DOI method, and
places low confidence in model regions dominated by very high resistivities.

2

The originally submitted version of this manuscript contained two case studies. Due to the restrictions of the
page limit in the journal
, the editor and one reviewer suggested to restrict the
manuscript to one case study (Murtèl rockglacier). Accordingly, the Lapires case study was removed in the re&
vised manuscript. As this decision was only due to the page limit, the results of the appraisal analysis for the
Lapires talus slope are added as an appendix to
in this thesis.
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For ice&rich permafrost landforms (such as Murtèl rockglacier), the inverted resistivities in
zones of massive ground ice and in model regions with strong resistivity contrasts (e.g. be&
tween active layer and massive ground ice) are severely influenced by the inversion process
and therefore of very critical reliability. Such inversion artefacts may superimpose e.g. on
the general relationship between resistivity and subsurface temperatures, or between the re&
sistivity of different ice types. Consequently, temporal resistivity variations in zones with
massive ice can very likely be caused solely by the inversion process and do not necessarily
indicate true variations in the permafrost regime.
Conversely, degradation phenomena close to the surface and in the uppermost part of the
ice core can successfully be identified by ERTM. At Murtèl rockglacier, a significant resis&
tivity decrease at the top of the ice core (indicative for increasing unfrozen water contents
under still negative temperatures) and a small zone with pronounced active layer deepening
was observed as a consequence of the warm winter 2006/2007. As the borehole is located
in a part with only minor resistivity changes, these observations again demonstrate the
striking potential of ERTM for the detection of climate related changes in the permafrost
regime.
In comparison with the Lapires talus slope it could be shown, that both resolution capacity
and investigation depth increase substantially for landforms with comparatively lower (i.e.
not supersaturated) ice content, such that even complex spatio&temporal resistivity changes
can be reliably resolved by ERTM. The monitoring data from the Lapires site indicate that
ERTM is in principle capable of detecting zones with preferential air flow (ventilation fun&
nels) within ventilated talus slopes and may thus contribute to an increased process under&
standing.
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ABSTRACT
The inversion and interpretation of electrical resistivity tomography (ERT) data from coarse
blocky and ice&rich permafrost sites is challenging due to strong resistivity contrasts and high
contact resistances. To assess temporal changes during ERT monitoring (ERTM),
corresponding inversion artefacts have to be separated from true subsurface changes.
Appraisal techniques serve to analyse an ERTM data set from a rockglacier, including
synthetic modelling, the depth of investigation index technique, and the so&called resolution
matrix approach. The application of these methods led step by step to the identification of
unreliable model regions and thus to the improvement of the interpretation of temporal
resistivity changes. An important result is that resistivity values of model regions with strong
resistivity contrasts and highly resistive features are generally of critical reliability, and
resistivity changes within or below the ice core of a rockglacier should therefore not be
interpreted as a permafrost signal. Conversely, long&term degradation phenomena in terms of
warming of massive ground ice at the permafrost table are detectable by ERTM.

KEY WORDS: Electrical Resistivity Tomography (ERT); Murtèl rockglacier; depth of inves&
tigation (DOI) index; resolution matrix; forward&inverse&modelling

INTRODUCTION
The application of geophysical techniques and in particular of electrical resistivity tomography
(ERT) to permafrost related problems has become a standard approach in recent years and is
commonly used for the detection, mapping and characterisation of mountain permafrost (for
a review see Kneisel & Hauck, 2008). However, within the context of global warming not only
the assessment of its present state but also the temporal evolution of permafrost is of particu&
lar interest. In addition to 1&dimensional (1D) thermal monitoring techniques (e.g. in bore&
holes), 2D ERT monitoring (ERTM) is a promising geophysical method for the observation
of possible permafrost degradation. Since the measured resistivity is largely controlled by the
electrolytic conduction of unfrozen water that is distributed across grain boundaries or con&
tained in pores, fractures and faults (e.g. Schön, 2004), ERTM is mainly sensitive to changes in
the amount of unfrozen water in the subsurface material. ERTM can therefore provide infor&
mation on relative changes in ice and water content with time.
71

Hauck (2002) and Hilbich
(2008) have proven that ERTM can successfully be applied in
permafrost conditions with fine grained material providing good electrode coupling and rela&
tively low resistivities. Based on the results from the Schilthorn monitoring site (Bernese Alps,
Switzerland) presented in these studies, ERTM was recently included in the monitoring ap&
proach of a number of different permafrost landforms within the Swiss permafrost monitor&
ing network PERMOS (Vonder Mühll
, 2007). This network involves coarse blocky per&
mafrost sites such as rockglaciers or talus slopes, that usually constitute a challenging terrain
for ERT surveys. Whereas several ERT surveys on permafrost sites with coarse blocky surface
characteristics showed good results regarding a qualitative analysis of the permafrost condi&
tions (e.g. Marescot
, 2003, Ikeda & Matsuoka, 2006, Kneisel & Kääb, 2007, Maurer &
Hauck, 2007, Hauck & Kneisel, 2008), their potential for quantitative ERTM purposes is still
unclear.
Common problems of ERT surveying on coarse blocky material comprise the weak (and sea&
sonally variable) electrode coupling to the ground (i.e. the blocks) and the bad electrical con&
tact between the individual blocks within the uppermost layer of a rockglacier or talus slope.
Dahlin & Loke (1998) have noted, that high electrode contact resistances often lead to higher
measurement uncertainties. Another problem is the often ice&rich permafrost conditions that
cause extremely high resistivities and strong resistivity contrasts between frozen and unfrozen
material. In this context, Marescot
(2003) have emphasised the high probability of the
occurrence of artefacts within the inverted tomograms (provoking misinterpretations) and
thus the need for a methodology to evaluate the reliability of inversion results. They have
shown that, while the existence and lateral extent of the ice body can be delineated, the resis&
tivity of massive ice can not be determined accurately. In an attempt to analyse the application
of ERT on talus slopes and rockglaciers, they have also indicated that the reliability of infor&
mation on bedrock underneath massive ice is very limited.
The described uncertainties demonstrate that electrical resistivity measurements in such ex&
treme environments are close to the limit of reliable data acquisition and inversion. In view of
these limitations and the anticipated small temporal resistivity changes on annual time scales,
ERT monitoring results in coarse blocky permafrost terrain have to be carefully analysed in
terms of reliability and possible resolution of the inverted image. In order to extend the usu&
ally qualitative application of ERT to quantitative analyses of the resistivity signal, appraisal
analysis is an important next step after the inversion to evaluate what features in image are
influenced by artefacts due to the inversion and what regions are constrained by the data. Ap&
praisal methods aim at evaluating (a) the confidence we can have in the existence of features
observed in the inverted image, (b) the level of detail that can be obtained and (c) the resolu&
tion capability at depth (Oldenburg & Li, 1999). Different appraisal methods were presented
and discussed by Oldenburg & Li (1999), Alumbaugh & Newman (2000), Friedel (2003),
Stummer
(2004), and Routh & Miller (2006).
In this paper we aim to evaluate whether information provided by time&lapse ERT measure&
ments in coarse blocky terrain is reliable enough to assess long&term permafrost degradation.
We use different appraisal approaches: the calculation of the depth of investigation (DOI)
index (introduced by Oldenburg & Li, 1999), and the analysis of the resolution matrix in terms
of the formal model resolutions (e.g. Menke, 1984), and will extend their application to re&
peated ERT surveys with the aim of analysing the possibility of differentiating between the
signal (i.e. the temporal resistivity change) and the uncertainties induced by data acquisition
(noise), inversion (artefacts), and interpretation. In addition, we apply synthetic modelling to
72

demonstrate the usefulness of the DOI and resolution matrix techniques for the analysis of
ERTM data, and to evaluate the internal structure of Murtèl rockglacier (Swiss Alps), that pro&
vides coarse blocky surface conditions and massive ice underneath.
We will show that the applied appraisal methods help to identify unreliable model regions,
which considerably improves the interpretation of time&lapse data sets, and that ERTM is ba&
sically capable of detecting ground ice degradation under coarse blocky surface conditions.
APPRAISAL TECHNIQUES FOR ERTM
FORWARD AND INVERSE MODELLING OF SYNTHETIC RESISTIVITY MODELS
The
in geophysics represents the link of measured data by a mathematical rela&
tionship with the specific properties of the earth. In practical ERT applications all inverse
problems are underdetermined, which is due to limited data coverage (finite number of elec&
trodes), the resulting limited measurement precision, and inevitable noise. This leads to a non&
uniqueness of the solution, meaning that an infinite number of solutions exist that fit the data
equally well (Scales & Snieder, 2000, Friedel, 2003). The
represents the predic&
tion of a set of geophysical data based on a specific subsurface model and a set of specific
model parameters. In ERT surveys this corresponds to a data set of expected measured appar&
ent resistivities that can be calculated (predicted) from a model of synthetic (i.e. known) spe&
cific resistivities.
The inversion of the resistivity data can e.g. be carried out using the 2D inversion program
RES2DINV (Loke & Barker, 1996; Loke & Dahlin, 2002) that uses a Gauss&Newton
algorithm to determine the change in the model parameters:

(J

)

m k = J kT d k − λk F (m k −1 − m 0 )

(1)

with F = α s Ws + α x C Tx Wx C x + α z C Tz Wz C z

(2)

T
k

J k + λk F

∆mk is the change in the model parameters for the iteration k, mk 1 is the model parameter
vector (the logarithms of the model resistivity values) at the iteration k&1, m0 is a homogene&
ous half space reference model, dk is the discrepancy vector, the difference between the loga&
rithms of measured and calculated apparent resistivity values. Wx, Wz, and Ws and Cx and Cz
are weighting and smoothing matrices, respectively, and the damping factor λ determines the
relative importance given to minimising the model roughness. αx and αz are the relative
weights (which are both normally set to 1.0) for the roughness filters in horizontal and vertical
direction. α is the relative weight (usually set to a smaller value such as 0.01 to 0.05) for the
damping factor that minimises the deviation of the model resistivity from a reference model
(see Loke & Dahlin, 2002, Oldenburg & Li, 1999). Jk is the Jacobian matrix of partial deriva&
tives (sensitivity), which is entirely recalculated after each iteration. For ERTM data sets, a
joint inversion technique can be carried out in RES2DINV, which is based on cross&model
constraints that uses the model obtained from the so&called time&lapse inversion of an initial
data set as a reference model to constrain the inversion of the later time&lapse data sets (Loke
1999).
In contrast to the inverse problem, the solution of the forward problem is unique. Forward
modelling of a synthetic resistivity model thus allows us to investigate the response of the in&
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version process to a given subsurface structure to evaluate the possible resolution of features
of interest, the depth of investigation, or the occurrence of inversion artefacts. As ERT data
with high resistivities and/or high resistivity contrasts are known to favour the development
of inversion artefacts (e.g. Rings
, 2008), forward/inverse modelling is particularly impor&
tant for ERT surveys on permafrost. For ERTM purposes it is further useful to investigate the
response of the inverted model to the expected time&dependent variations of specific resistivi&
ties and its resolution potential. By this, interpretation methods can be tested under controlled
circumstances to overcome the problem of only limited in situ control (e.g. only by 1D bore&
holes) of the subsurface structures in a natural environment (Dahlin & Loke, 1998, Olayinka
& Yaramanci, 2000, Hauck & Vonder Mühll, 2003, Fortier
, 2008).
Fig. 6.1 illustrates the concept of forward/inverse modelling for an example from Murtèl
rockglacier (which will be introduced in the following section). Based on the results of a real
ERT data set obtained in August 2006 at Murtèl rockglacier (Fig. 6.1a and Fig. 6.1b) and the
information from a borehole we generated a synthetic model (Fig. 6.1c) consisting of (1) an
unfrozen coarse blocky active layer (20 kKm), (2) an unfrozen fine&grained rockglacier front
(10 kKm), (3) a highly resistive ice core (2000 kKm) segmented by (4) a less resistive anomaly
(200 kKm), (5) an underlying layer of unfrozen blocks and debris (20 kKm) possibly including
a talik (according to Vonder Mühll & Holub, 1992), and (6) frozen coarse blocks or bedrock
(200 kKm). The simulated data set of expected apparent resistivities was calculated for the
same electrode configuration as applied for collecting the real data (Wenner array, 48 elec&
trodes, 5 m spacing), using the software RES2DMOD (Loke, 2002). To approximate field
conditions, Gaussian random noise (Press
, 1992) of 5% was added to the simulated data,
which were then inverted with the robust inversion scheme of the software RES2DINV
(Loke
, 2003). The iterative inversion procedure was stopped as soon as the absolute data
misfit value fell below the noise level. The inverted synthetic model (Fig. 6.1d) is compared to
the inversion of the real data (Fig. 6.1b), and, if necessary, the synthetic model is adapted and
the forward&inverse&cycle repeated until both synthetic and real data inversion produce similar
results. According to this back&and&forth procedure (described by Fortier
, 2008) we de&
veloped the synthetic model shown in Fig. 6.1c and Fig. 6.1d, that can be regarded as a possi&
ble representation of the subsurface of Murtèl rockglacier.
THE DEPTH OF INVESTIGATION INDEX (DOI)
The Depth Of Investigation (DOI) index technique was introduced by Oldenburg & Li (1999)
and first used by Marescot
(2003) for permafrost studies. In this appraisal technique, two
inversions of the same data sets are carried out using equation (1), but with two different ref&
erence models with homogeneous resistivity values m01 and m02. In practice, the DOI index is
normalised using the DOI value at the bottom of the model DOIbottom, and is defined by:

DOI(x, z ) =

m 1 (x, z ) − m 2 (x, z )
DOI bottom (m 01 − m 02 )

(3)

where m1 and m2 are the resistivity values of the same particular cell for the two inversion
results. The DOI value will be close to 0 in regions of the models well constrained by the data
since the two inversions produce the same results. Conversely, the DOI will approach unity in
regions of the model, where the inversion result is only controlled by the reference models
and the data have negligible influence.
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In this paper, the two reference models used are 0.1 and 10 times the average of the observed
apparent resistivity of the data sets. The depth range of the models was extended to 5 times
the median depth of investigation of the largest array spacing used (Edwards, 1977), so that
the resistivity of the deepest model cells in the inversion model will be close to the reference
model used. Moreover, a high damping factor of αs =0.05 (Equation 2) was used, thus giving
a large impact to the reference model used.
The technique is illustrated for Murtèl rockglacier (Fig. 6.2). The average observed apparent
resistivities (m0) of the exemplary data set is 86.7 kKm, the two inversions of the synthetic
data set were thus carried out using two reference models with resistivities of m1 = 8.67 kKm
and m2 = 867 kKm (Fig. 6.2a and Fig. 6.2b). The DOI index is then calculated using Equation
(3) (Fig. 6.2c). The two inversions produce similar models close to the surface (DOI close to
0), where the data have a superior influence, but only reflect the reference model at depth
(DOI ~ 1). When a cut&off value of the DOI index (e.g. > 0.2, as suggested by Oldenburg &
Li, 1999) is used to disregard unreliable model regions, the two inversion results depict very
similar images (Fig. 6.2d and Fig. 6.2e). Using the DOI index technique, unreliable resistivity
zones, which are not constrained by the data, can be identified and the misinterpretation of
inversion artefacts can be avoided. The resulting resistivity image is very similar to the syn&
thetic model presented in Fig. 6.1 in the zones where the DOI index is lower than 0.2.
Fig. 6.3 shows the vertical resistivity distribution for the two inversions along the black lines at
horizontal distances of 90 and 140 m drawn in Fig. 6.2a and Fig. 6.2b. Close to the surface at
depths less than 5 m, both inversions produce similar results, confirming that the active layer
is reasonably well resolved. In this region, the DOI index is close to 0. In the middle of the
resistive body (between 20&30 m in depth), the two inversions produce still similar results at 90
m, but very different results at 140 m, thus showing that no reliable information can be ob&
tained for electrical properties of the highly resistive ice body, whereas in a zone with lower
resistivities (at 90 m) the reliability is much higher. Below, the resistivities approach the values
of the reference models used, and thus will cross at a certain point, resulting in a DOI index
of 0, although this does not mean that that part of the model is reliable. This clearly shows
that DOI patterns should not be interpreted as such, but have to be used as a guideline to
highlight regions of the model that are not very well constrained by the data. We therefore
avoid the choice of an arbitrary cut&off value and will use the DOI index to scale the intensity
of the colours of the inversion results in this study.
THE MODEL RESOLUTION MATRIX
As a further appraisal technique, the resolution matrix technique identifies model regions,
where the model parameters (e.g. the specific resistivities) can be independently resolved. Fol&
lowing Menke (1984), the model resolution can be expressed as:
m est = R m true

(4)

where R is the model resolution matrix. If R equals the identity matrix I (mest = mtrue), each
model parameter is uniquely determined and its resolution equals 1. Conversely, when R is not
an identity matrix, the estimates of the model parameters are then weighted averages of the
true model parameters and their resolution is < 1. The resolution matrix for iteration k is
computed using Equation (1), but with no reference model included:
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(

R k = J kT J k + λk F

)

−1

J kT J k

(5)

This relation is strictly valid only for linear problems. As electrical inversion is non&linear, the
resolution matrix in this case is only an approximation. Fig. 6.2f shows an example of a resolu&
tion matrix used for the Murtèl synthetic example. We can observe a high resolution in the
active layer and low resolution in the ice core at larger depths.
The information we get from R and DOI is slightly different and thus a complementary use
of both techniques is used to assess the reliability of inversion images in this study.
FIELD SITE
Murtèl rockglacier is located near Piz Corvatsch on the northern slope of the Upper Engadine
valley (eastern Swiss Alps). It is one of the most intensely investigated rockglaciers worldwide.
Borehole temperatures, recorded since 1987 (Haeberli
, 1998, Hoelzle
, 2002, Vonder
Mühll
, 2007), provide the longest temperature record in Alpine permafrost. Apart from
borehole observations (Vonder Mühll & Holub, 1992, Arenson
, 2002), no direct informa&
tion exist of the interior of the rockglacier. Indirect information could be inferred from geo&
physical surveys (Vonder Mühll & Klingelé, 1994, Vonder Mühll
, 2000, Hauck & Vonder
Mühll, 2003, Maurer & Hauck, 2007).
The stratigraphy revealed by drilling (Haeberli
, 1988, Vonder Mühll & Holub, 1992)
comprises (1) a ca. 3 m thick active layer (consisting of large blocks and debris), (2) a zone
with massive ice between 3 and 15 m depth (ice content ca. 80&90%; Arenson & Springman,
2005), and (3) a layer with ice and frozen sand between 15 and 30 m depth (ice content 30&
35%). (4) A layer with boulders (low ice content) underneath is followed by (5) probable bed&
rock at about 52 m in depth. The geophysical surveys on the rockglacier revealed that this
vertical structure is basically homogeneously distributed in lateral direction (Hauck
, 2003,
Maurer & Hauck, 2007).
Creep rates derived from photogrammetry are relatively slow with surface velocities between 5
and 15 cm per year (Kääb
, 1998). As many rockglaciers in the Alps experienced a pro&
nounced acceleration in recent years (Roer
, 2005, Kääb
, 2007, Delaloye
, 2008),
also Murtèl shows a small increase in horizontal velocity, although the rates range between a
few cm to dm per year and are much lower than for most other accelerating rockglaciers (pers.
comm. I. Roer, 2008).
Due to its inert role the expected response of the rockglacier to climate change seems to be
rather small, and no distinct degradation phenomena were observed so far. However, the
ERTM results presented in this study hint at a more heterogeneous internal structure and
temporal changes than previously assumed.
DATA ACQUISITION
A 235 m long fixed electrode array (48 electrodes, 5 m spacing) was installed in longitudinal
direction across the lower part and the front of the rockglacier in summer 2005 (Fig. 6.1a).
The array was installed in the vicinity of a 145 m long ERT survey (dashed line in Fig. 6.1a)
conducted in July 1998 (Hauck
, 2003). Electrode coupling was extremely difficult in the
blocky surface layer and considerable efforts were undertaken to fix the electrodes as deep and
as firm as possible in blocky ground. In critical cases significant improvement was achieved by
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parallel coupling of two electrodes (partly screwed into the blocks), which finally revealed suf&
ficient electric contact to the ground in summer (when it is not too dry). We used a Syscal
system (Iris Instruments) with high internal impedance to collect the data. Experiences on
different rockglaciers showed, that contact resistances can sometimes be as high as 500 kK
and more, only allowing input currents of predominantly < 2 mA, often even as low as
0.03 mA, but still yielding good results. As one aim of the study is to evaluate the feasibility of
ERTM for automated data acquisition in the near future, we avoid the supply of water to the
electrodes in this case, although contact resistances can be reduced by its usage.
For all presented data sets the Wenner array was used for the ERT measurements. Using
stacking operations on the measured V/I ratio to evaluate measurement standard deviation,
data with a standard deviation larger than 10% were discarded. Under less demanding perma&
frost conditions (i.e. fine&grained material and good electrode coupling) the variations usually
remain around zero and exceed 5% only in a few cases. On coarse blocky landforms similar
values are achieved under favourable conditions, but with a higher amount of outliers that
must be deleted. In general, a full measurement data set is considered successful, when less
than 10% of the data have to be deleted. From the ERTM data obtained at Murtèl rockglacier,
three data sets are of high quality, where only 2 to 7% of the data had to be deleted: August
17, 2006, August 30, 2007, and September 09, 2008. Another data set from July 09, 2007,
which is of lower quality, is presented here (15% deleted). Although the original intention was
a long&term comparison with the ERT survey from July 1998 (Hauck
, 2003), this profile
has even worse overall data quality (23% deleted) and was therefore not included in this analy&
sis.
In wintertime, when the active layer is frozen, the electric contact becomes extremely weak
and contact resistances rise to > 2000 kK, resulting in input currents < 0.02 mA. Data quality
decreases substantially with many outliers with a standard deviation > 10%. As no satisfying
measurements could be obtained during the winters so far, only ERTM results from July to
September are presented here.
RESULTS
FORWARD&INVERSE MODELLING
Prior to the analysis of field data, a synthetic rockglacier model was used to evaluate the reso&
lution potential of ERTM regarding different scenarios and the accuracy of time&dependent
resistivity changes in different model regions. The synthetic model in Fig. 6.1c was simplified
(Fig. 6.4a, upper panel) and is referred to as the initial model (IM) in the following. It was then
altered within the uppermost 10 m to resemble idealised freezing and thawing scenarios in the
active layer and at the top of the ice core (Fig. 6.4a).
Analysis of individual inversion results
The first three scenarios in Fig. 6.4a illustrate resistivity changes within the active layer: (1)
frozen (50 kKm), and (2) unfrozen moist conditions (2 kKm), and (3) a scenario identical to
the IM (20 kKm), but with an extremely low resistive (saturated) layer (0.2 kKm) at the bot&
tom of the active layer. Scenario (3) represents an idealised case of fast water infiltration
through the active layer but delayed runoff on the impermeable ice core during the snow melt
season. In scenario (4) the resistivities are identical to the IM, but the thickness of the active
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layer is increased by 1 m at the expense of the uppermost part of the ice core. In scenarios (5)
and (6) the IM was locally modified to illustrate potential causes for local anomalies in the
inversion result (motivated by observed low resistive anomalies at Murtèl rockglacier, that will
be discussed later): (5) a situation similar to scenario (3), but with a locally confined low resis&
tive layer (2 kKm), and (6) a restricted version of scenario (4) with only local active layer
thickening on the expense of the ice core.
Fig. 6.4b shows the inversion results of the different scenarios. In general, the inverted resis&
tivities of the active layer largely satisfy the preset values, while larger deviations from the pre&
set values are found at the right boundary of the model (corresponding to the rockglacier
front), and at greater depth (comprising both ice core and bedrock). Note, that the synthetic
resistivities of the ice core and bedrock remained unchanged in all scenarios, such as all devia&
tions in the inverted resistivities of the frontal part, the ice core, and the bedrock layer from
the IM are a consequence of resistivity changes within the active layer.
The inversion results of scenarios (2) and (3), characterised by low active layer resistivities,
constitute major exceptions from the general model responses. Even though the inverted re&
sistivities of the ice core are largely underestimated in inverted models, inversion responses
of scenarios (2) and (3) rather deny the presence of the ice core. In case (2) the resistivity of
the active layer is so low that almost no current flows through deeper model regions. The
saturated layer in case (3) is extremely narrow (ca. 1 m), obviously causing the emergence of an
inversion artefact (ca. 25 m thick low resistive layer). According to Dahlin & Loke (1998),
calculation errors usually increase with both resistivity contrast and decreasing thickness of the
low resistive layer, what may explain the extreme response of the inversion. The inverted resis&
tivities at greater depth in both models do not represent the data but are largely influenced by
the resistivity of the starting models (by default the average apparent resistivity in
RES2DINV), which are much lower than for the other scenarios (Table 1).
A clear detection of the lower boundary of the ice core is not evident in the different synthetic
models. The limited ability to resolve stratigraphic information below the transition zone to
the ice core is due to the very limited resolution capacity of the Wenner configuration at depth
(e.g. Stummer
, 2004) and also to the concentration of the current flow within the least
resistive upper layer. This is supported by the more detailed synthetic model of Murtèl rock&
glacier shown in Fig. 6.1c, where a vertical intersection of the ice core was introduced to ac&
count for the higher complexity in the interior of the rockglacier (Fig. 6.1b). The continuous
vertical zone of significantly lower resistivities (200 kKm) enabled current flow around the
right part of the ice core, and realistically reproduced the resistivity pattern of the observed
ERT data (cf. Fig. 6.1c and Fig. 6.1d). Conversely, the results from a synthetic model without
this vertical layer (not shown) were less consistent with the observed data. As a consequence
of this “channelled” current flow, the lower boundary of the ice&rich layer can only be identi&
fied in the right part of Murtèl rockglacier (Fig. 6.1d). The capacity of ERT to delineate the
thickness of such ice&rich layers can further be increased by extending the survey line into
unfrozen regions at both ends of a rockglacier to enable current flow below the highly resis&
tive core (see also results by Hauck
(2003) for an ice&cored moraine).
A vertical cut through the synthetic and inverted synthetic models at 90 m horizontal distance
is shown in Fig. 6.5. The difference between the sharp resistivity contrasts of the synthetic
models and the smooth contrasts of the inversion models, caused by the least&squares ap&
proach of the algorithm, is clearly seen. Apart from that, the inverted resistivities of scenarios
(1), (4), and (6) largely correspond to their synthetic models in the upper part of the profile. In
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all scenarios the thickness of the active layer, defined as the depth where resistivity sharply
increases, is relatively well resolved, despite the large electrode spacing, but the resistivity of
the ice core is underestimated (cf. Fig. 6.5). In contrast, the resistivity of the very low resistive
layers in scenarios (3) and (5) is overestimated and they completely fail to resolve the thickness
of the low resistive layer. Sharp boundaries between stratigraphic interfaces of the synthetic
models generally appear gradational, which is a consequence of the imposed damping and
smoothness constraints and hence a common characteristic of tomographic inversion results
(Stummer
, 2004).
However, Fig. 6.5 also indicates that, within moderate bounds, relative differences between
the synthetic models are properly resolved by the inversion, as is the case for scenarios (1), (4),
and (6), which are characterised by the lowest model misfits in Table 1. Temporal resistivity
changes due to freezing/thawing of the active layer or melting of the top of the ice core
should therefore be detectable by ERTM. Further synthetic modelling tests (not shown here)
revealed that thawing of the ice core from below would not be detectable under the given
circumstances.
Another important result of the synthetic modelling is that the large differences in the inverted
models are a consequence of the different starting models and the limited resolution at depth.
Absolute resistivity values of the ice core are very likely a function of the resistivity of the ac&
tive layer, and hence the resistivity contrast. In ERT applications that aim at relating absolute
resistivity values of highly resistive ice bodies to, e.g. possible origins of the ice in rockglaciers
(e.g. Haeberli & Vonder Mühll, 1996, Ishikawa
, 2001), to the ice content, or to subsurface
temperature data, this problem related to strong resistivity contrasts has to be taken into ac&
count. Concerning ERTM, resistivity changes in the ice core are therefore not reliably inter&
pretable if temporal resistivity changes within the active layer are present.
Analysis of time lapse inversion results
Time&lapse inversion was performed for all scenarios (with the inversion result of the IM used
as reference model) to analyse the accuracy of modelled resistivity changes relative to the IM
(Fig. 6.4c). Since the reliability of the results for scenarios (2) and (3) is low (see above), we
will only address resistivity changes from the IM to scenarios (1), (4), (5), and (6).
Freezing of the active layer causes a significant resistivity increase of more than 100% in the
upper part of the time&lapse tomogram in scenario (1) (Fig. 6.4c: IM to (1)). But also at greater
depths pronounced resistivity increases of up to 50%, and even 100% close to the transition
to the front, are visible. As the reduction of the resistivity contrast (by the frozen active layer)
improves the resolution of the true resistivity of the ice core (cf. Fig. 6.5), the observed tem&
poral resistivity increase reflects only the different resolution capacities of both scenarios, and
not a change in true resistivity. This is also supported by the lowest data misfit value of all
time&lapse inversions revealed for the frozen active layer scenario.
Scenario (4) (Fig. 6.4c: IM to (4)) strikingly illustrates the capability of ERTM to detect a melt&
ing of massive ground ice from above, while the resistivity in the active layer remains un&
changed. However, the reduction in ice core thickness is largely overestimated (5&10 m instead
of 1 m)! This is partly due to a decrease in the resolution of the electrical method with depth,
but a major factor is the limited vertical resolution (5 m electrode spacing), resulting in an in&
creased thickness of the zone with changed resistivity in the time&lapse tomogram. As a con&
sequence of the principle of equivalence, the overall resistivity decrease obtained (about 60&
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70%) is lower than in the synthetic model (99%). Similar to scenario (1), the resistivity de&
crease below the melted ice core is very likely to be associated with the different resolution
capacities of both models at depth.
Time&lapse responses of scenarios (5) and (6) (Fig. 6.4c: IM to (5) and IM to (6)) are similar,
though their causes differ significantly. Although the introduced anomaly in scenario (5) is
smaller in size than in scenario (6), its response in the time&lapse inversion is larger. As dis&
cussed earlier, the presence of a low resistive layer at the transition to a highly resistive layer
(5) causes an inversion artefact, suggesting a “block” with decreased resistivity
rather
than a thin low resistive layer the ice core. Interestingly, the locally restricted scenario of ice
core melting (6) provides a more realistic estimate of its depth extent than scenario (4), though
still overestimated by a factor of 6 to 7.
Even though the overall trends are well reproduced in all cases, it can be stated that the inter&
pretation of time&lapse tomograms of rockglaciers is generally difficult due to the high prob&
ability of contamination with inversion artefacts. Moreover, one should be aware of the some&
times misleading resistivity changes as a consequence of limited resolution power. Neverthe&
less, the analysis showed that freezing or thawing of the active layer, as well as a degradation
(shrinking) of the ice core are well detectable by ERTM, whereas the accuracy in the estima&
tion of both spatial dimension and quantity may be limited in some cases.
ERTM RESULTS
After the analysis of the general applicability of ERTM to the observation of permafrost evo&
lution, ERTM data from Murtèl rockglacier from August 2006, July 2007, August 2007, and
September 2008 will be studied in the following. The synthetic modelling tests indicate a
rather low reliability of the resistivity values below the active layer as a consequence of the
extremely resistive ice core. The DOI index technique and the resolution matrix approach will
now be applied to further appraise the reliability of the spatial resistivity distribution and tem&
poral changes.
Analysis of the DOI index
Fig. 6.6a and Fig. 6.6b show the calculated DOI index and the inversion results from the four
measurement dates with the intensity of the colours scaled by DOI values > 0.2 (pale colours
are associated with a high DOI index and thus denote unreliable inversion results). At first
glance the tomograms do not differ much. Striking features are the comparably low resistive
active layer (ca. 20 kKm), the highly resistive ice core (> 1000 kKm), and a zone in the central
part of the ice core with lower resistivities (ca. 300&500 kKm). On closer inspection, the resis&
tivity of the ice core (especially the left part) changes considerably between the subsequent
measurement dates (by up to 500 kKm). Also the thickness of the active layer exhibits a pro&
nounced variability in the central part (especially in August 2007). Note, that the bedrock un&
derneath the rockglacier (expected at about 50 m depth) is not resolved in all tomograms.
Small data misfit values (referred to as absolute errors in the figures) in all cases confirm the
good principal quality of these inversion results.
The calculated DOI indices (Fig. 6.6a) vary slightly between the measurement dates, but a
common pattern can be identified in all tomograms: DOI values remain very low (< 0.2) in
the active layer, show several intermediate zones (0.2 – 0.4) in the region of the ice core and
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the front of the rockglacier and increase rapidly at a depth of about 50 m, indicated by the
complete fade out of the colours in Fig. 6.6b.
Notwithstanding the original sense of the DOI concept to define the depth region where the
image is no longer constrained by the data, the method is also sensitive to zones with distinct
resistivity gradients, as the strength of the resistivity gradient will significantly depend on the
reference model used. This is the case for the transition between active layer and ice core, be&
tween ice core and the rockglacier front, and within the vertical anomaly (between 80 and 120
m horizontal distance) in the neighbourhood of the most resistive zone of the profile. Espe&
cially around these transition zones the DOI index can be a valuable measure of how well
gradational transitions reflect the subsurface conditions.
Apart from the transition zones, the DOI index clearly indicates low sensitivity within the ice
core, especially in the left part, which corresponds to the above mentioned zone with strong
(but unexpected) resistivity changes between subsequent measurements. The DOI values in
the upper 10&20 m of the ice core are below 0.2, suggesting that this is the part of the ice core
best constrained by the data. Interestingly, the vertical zone intersecting the ice core is attrib&
uted with low reliability in all data sets. However, the forward modelling tests revealed that a
vertical anomaly with comparatively low resistivity is a necessary condition to reproduce the
measured data (see also Fig. 6.1c and Fig. 6.1d), and that the resistivity of this zone was over&
estimated by a factor of > 2 in most inversion results. As discussed earlier, current flow is
basically restricted to the active layer and the front of the rockglacier, and, by the presence of
this vertical anomaly, around the frontal part of the ice core. The different reference models
used for the calculation of the DOI significantly influence the resistivity of this zone, causing
high DOI values. Consequently, the presence of a less resistive zone within the ice core is very
likely but the reliability of the resistivity values is, however, rather low.
In addition to the individual tomograms, a time&lapse inversion was carried out for the data set
(with the inversion result from August 17, 2006 used as reference model for the later ERTM
data). Resistivity changes were calculated for subsequent time steps and for the full two&year
period (August 2006 & September 2008) and are plotted in Fig. 6.6c. Blue and red colours
stand for a resistivity increase and decrease, respectively. For the time&lapse studies, separate
DOI distributions were calculated for each tomogram. From these we chose the maximum
DOI distribution for each pair of tomograms as an upper bound for the reliability of the cal&
culated resistivity changes (referred to as DOImax in Fig. 6.6c).
The time&lapse results show (a) horizontally irregular changes within the active layer attributed
to differences in water saturation, (b) a zone of more homogeneous changes at the transition
to or within the uppermost part of the ice core, with a decrease of up to 75% between sum&
mers 2006 and 2007, and (c) zones with large positive and negative changes (up to 40%) in
deeper parts of the profile and close to the rockglacier front. However, high DOI values in the
zone of massive ice point to an increased risk of inversion artefacts or limited accuracy in the
resistivity values. Borehole temperatures, that do not indicate large temperature variations in
deeper parts of the rockglacier, support the assumption that resistivity changes in this zone are
of low reliability.
According to relatively low DOI values in the upper parts of the time&lapse tomograms, calcu&
lated resistivity changes in this zone are reliable results, and can be interpreted as true
freeze/thaw processes (in agreement with the synthetic modelling results).
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Analysis of the formal model resolution
The formal model resolution for the Murtèl data set (Fig. 6.6d) is largest in the active layer and
the frontal part, and diminishes rapidly at the transition to the highly resistive ice core in all
tomograms. Stummer
(2004) showed that electrical current concentration (resulting in
larger formal model resolutions) occurs above and below resistive blocks or layers and give a
threshold of about 0.05, below which model resolutions are considered to indicate only poorly
resolved model regions. This value roughly corresponds to the red colour in Fig. 6.6d, i.e. yel&
low and white colours stand for an unsatisfactory resolution. The conclusions for the Murtèl
site are straightforward and confirm the findings of the synthetic modelling and DOI analyses:
for rockglaciers with a highly resistive core of massive ice and the corresponding strong resis&
tivity contrast between active layer and ice core the resolution capacity of ERT data is very
limited and can be described roughly as a function of conductivity. Consequently, the resolu&
tion increases in the zones with locally increased active layer depth and lower resistivities at
the surface of the ice core, as observed in both data sets from 2007 compared to 2006 and
2008 (Fig. 6.6b). Also the less resistive vertical zone within the ice core is accentuated by
slightly higher, but still poor, resolution. This implies that long&term permafrost degradation
(associated with a resistivity decrease) would increase the resolution in the respective model
region, and should therefore be detectable by ERTM.
DISCUSSION OF TIME LAPSE ERTM RESULTS
Using the above results, we are now able to restrict the interpretation of the time&lapse inver&
sion results between summer 2006 and 2008 to reliable model regions, i.e. to the active layer
and the top of the ice core. Apart from seasonal variations in the active layer, reflecting
moister or drier conditions, a significant decrease in resistivities can be observed along the
whole survey line at the transition between active layer and ice core in 2007, which is still pre&
sent in September 2008 (Fig. 6.6c, zone A). Hoelzle & Gruber (2008) report that air tempera&
tures in winter 2006/2007 at nearby meteorological stations were the warmest ever recorded.
Although snow cover thickness was the lowest since 1972, this prevented an effective cooling
and caused significantly higher temperatures in the uppermost 15 m of the rockglacier in
summer 2007 compared to 2006. The observed resistivity changes near the borehole position
(indicated in Fig. 6.6c) correspond well to the borehole temperatures that indicate for August
2006 and 2007 a temperature difference of 0.2 & 0.8 K between 3.8 and 15 m depth (frozen),
and even more in the uppermost 3 m (unfrozen). Note, that the borehole is located in a zone
with only minor resistivity changes, and that the more pronounced variations between 0 and
50 m, and 80 and 120 m horizontal distance can not be verified by temperature data. We sug&
gest that the exceptionally warm winter 2006/2007 led to a sustained warming at the top of
the ice core (zone A), with different magnitudes along the survey line and persisting for at
least 2 years (summers 2007 and 2008). The negligible difference between August 2007 and
September 2008 confirms that the impact from winter 2007 was not yet compensated in 2008.
As the active layer thickness can not grow over massive ice due to the absent supply of rock
material from the ice itself (Haeberli & Vonder Mühll, 1996), a detection of permafrost degra&
dation by ERTM would, strictly spoken, only be possible in terms of a resistivity decrease due
to a warming (not melting) of the permafrost. This is what we observe in zone A, where resis&
tivity values of > 200 kKm still indicate frozen conditions. Conversely, a resistivity decrease to
less than 30 kKm, as observed in zone B in August 2007, points to unfrozen conditions. This
in turn reflects a locally increased active layer depth and indicates that the ice content must
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have been significantly lower in this part of the rockglacier (see above: otherwise thaw subsi&
dence should have occurred rather than a thickening of the active layer). The anomalous zone
B amounts to 3&4 m thickness in the ERTM data, but, as discussed above, its true vertical ex&
tent is unknown. This local active layer thickening is remarkable, since maximum active layer
depths (obtained from borehole temperatures) only varied by a few centimetres in the last 20
years (Vonder Mühll
, 2007, Bauder
, 2008), and by only 1 cm between 2006 and 2007
(note, that almost no resistivity change is visible at the borehole position). According to the
synthetic modelling (Fig. 6.4, scenario (6)) we interpret the observed local active layer thicken&
ing in summer 2007 to be a real feature, whereas the resolution capacity of its vertical extent is
critical due to the large electrode spacing. In contrast to scenario (6), an interpretation accord&
ing to scenario (5) is less probable as a decreasing resistivity of the active layer due to a local
formation of a moist layer would be expected (cf. Fig. 6.4), which was not observed.
We conclude from the time&lapse analysis that ERTM revealed a spatially heterogeneous im&
pact of the warm winter 2006/2007 on the permafrost regime of Murtèl rockglacier that is in
general more severe than observed at the borehole position: The top of the ice layer shows a
significant resistivity decrease, and locally (in a zone where less ice content is assumed) even a
melting of the ice (i.e. a thickening of the active layer) is indicated. In contrast to the overall
resistivity decrease at the top of the ice core (zone A), the local active layer thickening (zone
B) did not persist until summer 2008. ERTM will be continued in the following years to evalu&
ate whether the observed resistivity changes indicate long&term permafrost degradation.
CONCLUSIONS
Strong resistivity contrasts and high contact resistances make the acquisition, inversion and
interpretation of ERT data from coarse blocky and ice&rich permafrost sites difficult. To as&
sess changes during ERT monitoring (ERTM) it is essential to separate changes due to corre&
sponding inversion artefacts from true temporal subsurface changes. Three appraisal methods
were used to analyse an ERTM data set from Murtèl rockglacier. The application of these
methods led step by step to the identification of unreliable model regions.
The strengths of the applied methods are:
•

Forward&inverse&cycles using synthetic models served to analyse structural information
and potential temporal resistivity changes inferred from inversion results before the inter&
pretation of time&lapse data. Valuable insights into the potential to detect anticipated spa&
tio&temporal resistivity changes are possible with this method.

•

The DOI method provides information which model regions are well constrained by the
data and which regions are mainly influenced by the resistivity of the applied reference
model. Not only the maximum investigation depth can be estimated, but also the reliability
of the image in transition zones with gradational resistivity changes.

•

The formal model resolution is roughly a function of electrical conductivity, and generally
places low confidence to the inverted resistivities of highly resistive model regions.

From the analysis of the applied appraisal techniques it turned out that the information con&
tent of ERTM results could be refined by the combination of these methods, allowing a re&
sponsible evaluation of the information provided by time&lapse inversion. The general implica&
tions for the applicability of ERTM to coarse blocky and ice&rich permafrost sites are:
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•

Without additional constraints in the inversion algorithm, temporal resistivity variations in
zones with massive ice are most likely a function of a change in resistivity contrast, and
therefore caused by the inversion process. Such features do not necessarily indicate true
variations in the permafrost conditions!

•

Temporal degradation phenomena in terms of long&term changes in active layer thickness
or rather a melting of the ground ice at the permafrost table are suggested to be detectable
by ERTM. The accuracy in determining the vertical extent of such features is, however, a
function of the electrode spacing and depth of investigation.

•

Absolute resistivity values in zones of massive ground ice and in model regions with
strong resistivity contrasts (e.g. between active layer and massive ground ice) are strongly
influenced by the inversion process and thus of very critical reliability. This has to be taken
into account for ERT applications that relate absolute resistivity values to subsurface tem&
peratures or the ice&origin of rockglaciers, for example.

•

As the inversion process is sensitive to strong resistivity contrasts, this problem can be
minimised by conducting ERTM measurements (also) during winter, when the active layer
is frozen (if electrode coupling is sufficient). It is also recommended to extend survey lines
into unfrozen surroundings at both ends of rockglaciers or other ice&rich landforms, to in&
crease the resolution near the lower boundary of the ice core.

•

For Murtèl rockglacier all the above limitations prohibit a detailed detection of processes
within or below the ice core, but degradation phenomena from above, such as the ob&
served local active layer thickening and the pronounced resistivity decrease at the top of the
ice core in 2007, can be identified.

Apart from the limiting factors mentioned above, ERTM has a large potential regarding the
identification of the spatio&temporal heterogeneity of the anticipated climate&induced degrada&
tion of mountain permafrost and the relative quantification of ground ice degradation.
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TABLE:
Tab. 6.1: Absolute model misfits (1/N Σk (|mk+1 – mk| / |mk|)) (according to Equation 2)
within the upper 40 m, and average apparent resistivities of the initial rockglacier
model and the different freezing and thawing scenarios.
(1)

(2)

(3)

(4)

(5)

(6)

Model

initial

frozen
active layer

moist ac&
tive layer

saturated thawed
layer
ice core

saturated
layer (local)

thawed ice
core (local)

absolute model
misfit

0.25%

0.24%

0.29%

1.46%

0.23%

0.29%

0.25%

average ρa (starting
model)

100 kKm 205 kKm

11 kKm

7 kKm

78 kKm

69 kKm

76 kKm

FIGURE CAPTIONS:
Fig. 6.1: a) Photo of Murtèl rockglacier with the position of the borehole (dot), the ERTM
line (bold) and the ERT line of 1998 (dashed), b) inverted image of an ERT meas&
urement in August 2006, and a possible representation of the real data set in terms
of c) a synthetic model and d) the corresponding inversion result. Numbers in c) in&
dicate the various elements of the model and are described in the text. The location
of the site within Switzerland is indicated in the inset.
Fig. 6.2: Illustration of the two inversion results of the synthetic Murtèl rockglacier model
based on the different reference models with factors 0.1 (a) and 10 (b) of the average
apparent resistivity, and c) the calculated DOI index. The inverted resistivity models
a) and b) were cut according to a DOI index > 0.2 in d) and e). The formal model
resolution of the synthetic rockglacier model is shown in f).
Fig. 6.3: A vertical cut through DOI models a) and b) in Figure 6.2 at 90 and 140 m horizon&
tal distance.
Fig. 6.4: The initial rockglacier model (upper panel) and different freezing and thawing sce&
narios: a) synthetic resistivity models, b) inverted synthetic resistivity models, and c)
percentage change in resistivities relative to the initial model revealed by time&lapse
inversion.
Fig. 6.5: Resistivity&depth plots representing a cut through a) the synthetic and b) the inverted
synthetic rockglacier models in Figure 6.4a and 6.4b at 90 m horizontal distance.
Fig. 6.6: a) Calculated DOI index, b) inverted models with the intensity of the colours scaled
by the DOI index (for better visibility scaled by DOI index > 0.2), c) time&lapse to&
mograms scaled by DOImax > 0.2, and d) formal model resolution for the Murtèl
data set. Pale colours in b) and c) are associated with unreliable inversion results.
Highlighted zones A and B are described in the text.

@@

Fig. 6.1: a) Photo of Murtèl rockglacier with the position of the borehole (dot), the ERTM line (bold)
and the ERT line of 1998 (dashed), b) inverted image of an ERT measurement in August 2006, and a
possible representation of the real data set in terms of c) a synthetic model and d) the corresponding
inversion result. Numbers in c) indicate the various elements of the model and are described in the text.
The location of the site within Switzerland is indicated in the inset.

Fig. 6.2: Illustration of the two inversion results of the synthetic Murtèl rockglacier model based on the
different reference models with factors 0.1 (a) and 10 (b) of the average apparent resistivity, and c) the
calculated DOI index. The inverted resistivity models a) and b) were cut according to a DOI index >
0.2 in d) and e). The formal model resolution of the synthetic rockglacier model is shown in f).
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Fig. 6.3: A vertical cut through DOI models a) and b) in Figure 6.2 at 90 and 140 m horizontal distance.

Fig. 6.4: The initial rockglacier model (upper panel) and different freezing and thawing scenarios: a)
synthetic resistivity models, b) inverted synthetic resistivity models, and c) percentage change in resis
tivities relative to the initial model revealed by time lapse inversion.

90

Fig. 6.5: Resistivity depth plots representing a cut through a) the synthetic and b) the inverted synthetic
rockglacier models in Figure 6.4a and 6.4b at 90 m horizontal distance.

Fig. 6.6: a) Calculated DOI index, b) inverted models with the intensity of the colours scaled by the
DOI index (for better visibility scaled by DOI index > 0.2), c) time lapse tomograms scaled by DOImax
> 0.2, and d) formal model resolution for the Murtèl data set. Pale colours in b) and c) are associated
with unreliable inversion results. Highlighted zones A and B are described in the text.
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APPENDIX TO PUBLICATION #3

In addition to the Murtèl rockglacier, the appraisal analyses were also carried out for a data set
from the Lapires talus slope. Similar to Murtèl rockglacier, this site also provides coarse blocky
surface conditions, but constitutes different subsurface conditions (not supersaturated with
ice) and permafrost dynamics, resulting in different challenges for conducting ERTM. Accord&
ing to the structure of
, the Lapires field site is introduced in the next section
followed by the presentation and discussion of the results from the appraisal analysis of an
exemplary data set.
THE VENTILATED LAPIRES TALUS SLOPE
The Lapires talus slope is located in NE orientation at the foot of the Pointe des Lapires
summit in the Valais (Swiss Alps) extending over more than 500 m width between 2350 and
2700 m altitude (Fig. 3.6). In 1998 considerable amounts of ground ice were found at Lapires
during the construction of two cable car pylons within the talus slope (Delaloye et al. 2001).
Comprehensive investigations followed in order to map the permafrost distribution and to
understand its controlling factors, including the measurement of ground temperatures in a
borehole (20 m, drilled in 1999) and the foundation of one of the pylons (down to 6 m), BTS
(bottom temperature of winter snow cover) measurements, vertical electrical soundings, and
ERT surveys along several transects (Delaloye et al. 2001; Marescot et al. 2003; Delaloye
2004). In addition, new drillings were conducted in autumn 2008, with the deepest borehole
located about 10 m left of the pylon, where no bedrock was encountered down to a depth of
40 m (pers. comm. R. Delaloye and C. Scapozza, 2008).
Internal air circulation has been evidenced as one of the key factors controlling the permafrost
distribution, and contributes (at least partly) to the cooling of the Lapires talus slope (Delaloye
2004; Delaloye & Lambiel 2005). The ventilation acts through the porous coarse blocky sur&
face material depending on the contrast in temperature between the interior of the scree and
the outside. The ascent of relatively warm air towards the top of the scree in wintertime facili&
tates the aspiration of cold air deep inside the talus slope. A gravity discharge of cold air may
then occur during summer. The ventilation process of talus slopes is described in more detail
e.g. by Sawada et al. (2003), Delaloye & Lambiel (2005), and Zacharda et al. (2007).
ERTM on talus slopes may contribute to the investigation of the spatio&temporal permafrost
dynamics controlled by the internal air circulation. Besides the electrode coupling, the chal&
lenges of conducting an ERTM at this site are related to the seasonal temperature changes
inside the talus slope, causing a complex response in the resistivity pattern. Image appraisal
methods shall therefore help to evaluate the reliability and resolution capacity concerning pro&
nounced resistivity contrasts in spatial and temporal dimension. The pylon P10 in the immedi&
ate vicinity of the ERTM profile (indicated in Fig. 3.6 and Fig. 6.7) may complicate the inver&
sion of the data. Special attention will therefore be paid to the possible influence of the low
resistive anomaly caused by the foundation of the pylon to judge the significance of resistivity
changes as indication for changes in material properties.
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DATA ACQUISITION
A fixed electrode array with a total length of 168 m (43 electrodes, 4 m spacing) was installed
in horizontal orientation at the talus slope in summer 2006 (see Fig. 3.6). Compared to Murtèl,
electrode coupling was slightly less challenging here and provided maximum contact resis&
tances of about 300 to 400 kK. In parts of the profile line, where large blocks dominated the
surface, electrode coupling could be improved considerably by adding fine&grained material
from a nearby debris flow deposit to the electrodes. Filtering of the data was the same as de&
scribed for Murtèl. In contrast to the rockglacier site, high data quality is obtained at Lapires in
all seasons (only 0 & 4.5% of the raw data were deleted). Up to now the Lapires ERTM data set
comprises more than 19 measurements between August 2006 and April 2009 from all seasons
at irregular time instances of roughly 1 to 3 months.
RESULTS
ERTM RESULTS
The analysis of the complete data set of up to now 19 measurements (not shown here) re&
vealed two distinct patterns of resistivity distribution corresponding to a summer and a winter
state. The shift from one state to the other occurs between October and December, and be&
tween April and June. Fig. 6.7 representatively illustrates both states by inversion results from
January 29, 2008 and August 19, 2008. Common features of both images are (1) a resistive
anomaly (ca. 50 & 100 kKm) of about 20 m vertical and 70 m horizontal extent in the central
part of the tomogram (indicating the occurrence of ground ice, supported by ground truth
observations during the construction of the cable car pylon (Delaloye et al. 2001)), (2) a small
and very low resistive anomaly (0.5 & 3 kKm) at the surface at 85 m horizontal distance
(caused by the foundation of the cable car pylon), and (3) the host material consisting of loose
debris in the left part of the profile and underneath the resistive anomaly with resistivities of
ca. 1.5 & 6 kKm. In winter, the resistivities of the uppermost few meters are much higher than
in summer, corresponding to the frozen and unfrozen states of the active layer. Another pro&
nounced change is visible in the zone underneath the low resistive pylon with maximum resis&
tivities of > 100 kKm in summer and a resistivity minimum within the permafrost body dur&
ing winter.

Fig. 6.7: Inverted resistivity data for representative data sets from the Lapires talus slope (January 29,
2008, and August 19, 2008). The rectangles mark the position of the pylon foundation.
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FORWARD&INVERSE MODELLING
Unlike Murtèl rockglacier the interior of the Lapires talus slope is characterised by a much
more heterogeneous pattern. The derivation of appropriate synthetic models approximating
the subsurface structure and the seasonal dynamics related to internal air circulation is a very
complex process. A comprehensive discussion of the forward&inverse&cycles is therefore be&
yond the scope of this paper, and in the following the most important results from this syn&
thetic modelling are briefly summarised:
•

Due to the strong resistivity contrasts the low resistive foundation of the cable car
pylon very likely influences the resistivity values of the permafrost body underneath (see
rectangle in Fig. 6.7). Absolute resistivity changes around the pylon may consequently be
of limited reliability. However, the presence of a resistivity maximum below the pylon was
a necessary condition to reproduce the observed pattern, which is supported by observa&
tions from Delaloye et al. (2001) that revealed higher seasonal dynamics in the vicinity of
the pylon compared to the borehole position.

•

Seasonal resistivity changes in the interior (beyond the influence of the pylon) are not
only caused by active layer dynamics and a delayed response at greater depth. An inverse
behaviour of resistivity changes between the active layer and the interior (uppermost 15&20
m) is observed that is very likely a reliable feature, and not an inversion artefact caused by
resistivity contrasts due to active layer dynamics. This feature will further be discussed in
the next section.

ANALYSIS OF THE DOI INDEX
Calculated DOI indices for the two representative data sets from Lapires and the superposi&
tion of the DOI index on the respective resistivity tomograms are illustrated in Fig. 6.8a and
Fig. 6.8b.

Fig. 6.8: a) Calculated DOI index, b) inverted models scaled by DOI > 0.2, c) time lapse tomograms
scaled by DOImax > 0.2 (circles mark features described in the text), and d) formal model resolution for
representative data sets from winter and summer.

In large parts of the profile DOI values are generally lower than for the Murtèl data set. Par&
ticularly the left part of the profile is characterised by low DOI values indicating high confi&
dence down to 30 m depth. This difference in DOI values between the rather low resistivities
(unfrozen) in the left and high values (frozen) in the central and right part of the tomogram
strikingly illustrates the inherent limitations in resolution capacity concerning ERT surveys in
ice&rich permafrost environments. The distribution of DOI values does not change signifi&
cantly between winter and summer, pointing to a comparable quality of the inversion results.
J

Except for marginal and deep zones of the tomogram, where reliability is low due to limited
data coverage, maximum DOI values occur in the central resistive anomaly. The values are
highest for the summer state, where the resistivity contrast between the pylon and the perma&
frost body is largest. This implies that the resistivity increase of the permafrost body may at
least partly be caused by the decreased resistivity of the foundation of the pylon (due to
warmer and/or moister conditions) and therefore by the inversion process rather than by true
variations in material properties. Apart from the critical zone around the pylon, the generally
low DOI values within the uppermost 15&20 m of the profile suggest that the resistivity values
are well constrained by the data and exhibit high reliability.
Assuming that the resistivities of the host material represent scree rather than firm bedrock
(that would have higher resistivities than the observed 3 kKm), the base of the talus slope is
expected at a depth > 30 m in the left part of the profile. In the right part of the tomogram,
the base of the talus slope cannot be resolved, even if it is located at shallower depth, because
the high DOI values in that part point to a high influence of the reference model and hence to
a low confidence below the resistive permafrost body. First data from a new drilling site 10 m
left of the pylon confirm that no bedrock was encountered down to a depth of 40 m (pers.
comm. R. Delaloye and C. Scapozza, 2008).
Fig. 6.8c shows the results from time&lapse inversion of three data sets for subsequent time
steps, again with the colours scaled by DOImax values > 0.2. The active layer is clearly visible in
terms of significant resistivity changes between summer and winter. Compared to the proc&
esses close to the surface, zones with an
are detected in the interior
of the talus slope: while the active layer freezes during winter, several zones underneath indi&
cate resistivity decrease. The same zones exhibit increasing resistivities as opposed to decreas&
ing values related to thawing of the active layer in summer. DOI values are generally very low
and do not indicate inversion artefacts in these zones.
ANALYSIS OF THE FORMAL MODEL RESOLUTION
Model resolution of the winter and summer state (Fig. 6.8d) are in large parts of the tomo&
grams significantly better than for Murtèl. Zones with adequate resolution capacity (≥ 0.05)
extend to a depth of ca. 10 m. The part of the permafrost body underneath the pylon exhibits
low resolution in summer, whereas in winter its resolution equals the values of the entire per&
mafrost body. This is due to the reduced resistivity contrast and/or the reduced resistivity
below the pylon in winter. For the winter season the overall resolution of the permafrost body
is relatively high, with a higher reliability in the frozen region compared to Murtèl rockglacier.
DISCUSSION OF TIME LAPSE ERTM RESULTS
Having analysed the Lapires data set by appraisal methods we can now omit zones of critical
reliability from the interpretation of the time&lapse inversion results (Fig. 6.8c). Apart from
marginal and deep zones these include the resistive zone beneath the foundation of the pylon
P10, and the entire region below the resistive permafrost body in the right part of the image.
As described above, an inverse relationship between a superficial resistivity increase in the
active layer (freezing) and a resistivity decrease in small zones underneath is observed between
August 2007 and January 2008, and similarly, decreasing resistivities in the active layer (thaw&
ing) are accompanied by increasing values between January and August 2008 (dashed circles in
Fig. 6.8c). The inverse character of these resistivity changes appears to be, in contrast to a
96

delayed advance of the summer warming front at greater depth in winter, in accordance with
observed inverse temperature effects inside and outside the talus slope (reported by Delaloye,
2004). These observations were made at different locations on the talus slope, and especially
in the central part of the ERTM profile (around the pylon P10). However, because tempera&
ture records at this pylon cover only the uppermost 6 m of the talus slope, where the ERT
data are disturbed by the foundation of the pylon, the observed inverse resistivity effects in
deeper parts cannot be verified by in situ temperature measurements. Based on the findings of
Delaloye (2004) and our data, we note that there is a probability that these effects are indeed
related to the internal air circulation. Some indications of this are given by the fact that the
borehole, where no inverse temperature effects are observed, is located in a zone without sig&
nificant resistivity changes below the active layer (indicated in Fig. 6.8b and Fig. 6.8c). We
therefore assume that zones with preferential air flow (ventilation funnels) may be in principle
delineated and visualised by time&lapse inversion of ERTM data.
It is important to note, that apart from the differences between August and January presented
here, resistivity changes can differ remarkably in terms of position and magnitude depending
on the observed time span. The selected data sets only served to analyse the general applicabil&
ity of ERTM to visualise the internal air circulation and do not provide sufficient insights into
the spatio&temporal dynamics of the process. This will be subject to further studies.
CONCLUSIONS
In addition to the conclusions in
, the appraisal of the ERTM data set from the
Lapires talus slope revealed that ERT resolution capacity and investigation depth increase
substantially for landforms with comparatively lower (i.e. not supersaturated) ice content char&
acterised by lower resistivity values (one order of magnitude compared to Murtèl). Such condi&
tions allow even complex spatio&temporal resistivity changes to be reliably resolved by ERTM.
In comparison with subsurface temperature data the observed seasonal resistivity changes
within the talus slope point to a relation to the ventilation process described by Delaloye &
Lambiel (2005). The significance of these resistivity changes will be analysed in more detail in
future studies.
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> On the potential of time lapse refrac
tion seismic for the detection of
changes in ground ice content
7.1 Motivation
The ERTM approach to assess percentage changes in electrical resistivity is only one possible
method to monitor mountain permafrost evolution. In principle, also other geophysical meth&
ods are suitable for monitoring purposes. The requirements for an adequate method to ob&
serve changes in ground ice content comprise a) a pronounced contrast of the measured signal
between ground ice, frozen material containing no (or only little) ice, and unfrozen material,
and b) the reproducibility of measurement conditions. The latter can best be achieved by per&
manently installed survey lines, but also fixed positions of transmitters and receivers are possi&
ble.
From the range of geophysical methods tested for their applicability concerning detection,
mapping and characterisation of mountain or discontinuous polar permafrost (Hauck 2001;
Ingeman&Nielsen et al. 2005; Yoshikawa et al. 2006), the best potential was attributed to ERT
(due to the large resistivity contrast between ice and unfrozen material and the reasonable
horizontal and vertical resolution). Due to its complementary nature, seismic refraction is of&
ten considered to be a valuable additional method to verify subsurface structures identified by
ERT (e.g. Hauck 2001; Kneisel et al. 2008). As shown in chapter 2, seismic refraction is gener&
ally capable of discriminating unfrozen and frozen sediments or massive ice, and is thus a
common method to determine active layer thickness. However, the largely overlapping ranges
of P&wave velocities for ice and bedrock (both frozen and unfrozen) make a differentiation of
stratigraphic details in bedrock and/or below the permafrost table often difficult. Together
with the comparatively high measurement and processing efforts, this may be a reason why
refraction seismic surveys are less popular in permafrost research than e.g. ERT or GPR
measurements. Nevertheless, numerous studies successfully applied refraction seismic surveys
in permafrost terrain (e.g. Vonder Mühll 1993; Musil et al. 2002; Hauck et al. 2004; Ikeda &
Matsuoka 2006; Hausmann et al. 2007; Maurer & Hauck 2007), and main advantages of the
method, compared to ERT surveys, are e.g. the less challenging coupling of the sensors in
blocky terrain, or the applicability in terrain with conductive infrastructure contaminating the
resistivity signal.
From a monitoring point of view, time&lapse refraction seismic theoretically has a considerable
potential. Main advantages comprise the ground contact of the sensors (that can be perma&
nently fixed), the complementary nature of the method compared to ERT, and the strong
sensitivity of the seismic P&wave velocity to variations in ice content of a given medium (see
chapter 2). With regard to time&lapse data sets the latter allows, despite the limitations con&
cerning qualitative stratigraphic interpretation, even comparatively small temporal changes in
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P&wave velocities to be attributed to zones with significant changes in subsurface conditions
(e.g. seasonally or long&term varying ground ice content).
As outlined in chapter 2, apart from a vast research related to
seismic monitoring of
deep reservoirs in exploration geophysics, similar efforts to investigate the potential of a
!
seismic monitoring approach for the observation of shallow targets have not been under&
taken so far. According to the theoretical suitability of a RSTM approach to permafrost related
research, in the following, the potential of an independent (complementary) monitoring
method to determine relative ice (and water) content changes in the subsurface will be evalu&
ated based on the analysis of repeated refraction seismic measurements at two different test
sites.
The approach (presented in chapter 2) comprises a qualitative and quantitative analysis and
comparison of a) time&lapse seismograms, b) time&lapse travel time curves and corresponding
velocities, and c) the inverted tomograms.

>@7 Time lapse refraction seismic data sets
To evaluate the RSTM approach repeated refraction seismic measurements were carried out at
two different test sites for intervals of roughly 1.5 months, respectively, in the summer season.
The test sites comprise the ventilated Lapires talus slope (2500 m altitude), and the north ori&
ented slope of the Schilthorn summit (2970 m) (see chapter 3 for detailed description of both
sites). The measurements were conducted in July and August 2008, respectively, with the first
measurement date roughly representing the end of the snowmelt season, where the active layer
starts thawing. The respective active layer depths in the nearby boreholes at the date of the
first measurement were 2.5 m (3.5 at pylon) for Lapires, and 2 m and 0.5 m (B14 and B100)
for Schilthorn (see Fig. 3.2 and Fig. 3.6 for position of the boreholes). After 40 and 47 days
the active layer depth increased by 1.5 m (B20 and pylon) at Lapires, and by 3 m (B14 and
B100) at Schilthorn. Tab. 7.1 summarises the details of data acquisition for both test sites. The
positions of the RST profiles equal the positions of the ERTM profiles, which are discussed in
detail in
0 (chapter 4) for Schilthorn and in the appendix of
(chapter
6) for Lapires.
Tab. 7.1: Measurement details for the seismic monitoring test sites.

number of
geophones

geophone
spacing

profile
length

number of
shot points

off end shots (distance
from first/last geophone)

Lapires

23

8m

176 m

24

4/4 m

Schilthorn

24

2m

46 m

24

&/1 m

7.3 Analysis of time lapse refraction seismic data sets
In the following, the two data sets acquired during a time span of 40 days in summer 2008 at
the Lapires talus slope will be analysed first regarding different parameters, followed by com&
parison with the data set measured in parallel to this survey at Schilthorn.
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7.3.1 Analysis of seismograms
Lapires
Fig. 7.1 exemplarily illustrates a detailed view of an unfiltered part of a selected seismogram
with the traces for two measurement dates: July 10 (grey) and August 18, 2008 (red). Striking
features of this seismogram are a) the very similar waveforms of corresponding traces from
both dates pointing to a high reproducibility of the seismic signal for subsequent measure&
ments, and b) the generally earlier arrival times of the waves in July compared to those from
August with a time shift of about 1&3 ms between the two dates (highlighted in Fig. 7.1). Geo&
phones closest to the shot point are often disturbed by inevitable noise caused by the person
hitting the hammer, making the identification of the first break sometimes difficult (see traces
at 1144 and 1152 m horizontal distance in Fig. 7.1).

Schilthorn
A detailed view of an unfiltered part of a selected time&lapse seismogram from Schilthorn is
shown in Fig. 7.2 with the traces for the dates: July 11 (grey) and August 26, 2008 (red). Com&
pared to Fig. 7.1 the time shift of first arrivals between July and August is with about 3&8 ms
considerably more pronounced. The waveforms of coincident traces from both dates show
less correspondence, which may be caused by considerably longer travel paths of the waves
due to a lowered refractor depth in August and a correspondingly altered seismic signal.
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Fig. 7.1: Detailed view of a time lapse seismogram from Lapires for the shot position at 1148 m with
traces from July 10 (grey) and August 18, 2008 (red). Time shifts of the first arrivals are highlighted.
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Fig. 7.2: Detailed view of a time lapse seismogram from Schilthorn at the shot position at 1021 m with
traces from July 11 (grey) and August 26, 2008 (red).
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7.3.2 Analysis of travel time curves
Lapires
First arrivals were picked manually for all 24 seismograms corresponding to 24 shot points.
For data sets from coarse blocky sites with considerable surface roughness the identification
of the first arrivals is sometimes complicated by their irregular distribution. In this context the
high reproducibility of the signal was therefore utilised to increase the confidence in the iden&
tification of the first arrivals by jointly analysing both data sets for first arrival picking (as illus&
trated in Fig. 7.1). Especially at far distances from the shot points, where the signal&to&noise
ratio usually decreases, this “constrained picking” considerably improved the accuracy in iden&
tifying the first breaks.
In Fig. 7.3 all picked first arrivals are displayed as combined travel time curves for both dates.
Significant temporal differences can be observed by visual inspection and comparison of both
plots. They provide information on a) changes in seismic velocities (the slope of the travel
time curve) indicating altered ice and water contents of certain layers, and/or b) time shifts in
travel times indicating a shift in the depth of a refractor (i.e. the seasonally varying interface
between frozen and unfrozen conditions).
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Fig. 7.3: Combined travel time curves for the measurement from a) July 10, 2008 (grey) and b) August
18, 2008 (red).

Comparing Fig. 7.3a and Fig. 7.3b confirms the general reproducibility of the overall pattern
of first arrivals. Note, that several picks (crosses) are missing due to occasional low signal&to&
noise ratios making the identification of some first breaks uncertain or even impossible. The
differences in total travel times for corresponding forward and reverse traverses are mainly
due to the missing picks for far geophones from the far reverse shots.
General features of the travel time curves can be described as follows (indicated in Fig. 7.3a):
•

Zone A represents homogeneously low velocities of 400&700 m/s in the uppermost layer
of the whole profile.

•

Zone B exhibits no clear refractor and velocities do not exceed 800&1000 m/s also for
later arrivals from far shots.

•

Zone C is characterised by a sharp velocity increase and thus by a clear refractor with
mean velocities of about 3000 to 4500 m/s. In the absence of a strong superficial relief a
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considerable subsurface topography of this refractor is indicated by significant velocity dif&
ferences between forward (about 5000&6500 m/s) and reverse (about 2600&4000 m/s)
shots between ca. 1050 and 1090 m horizontal distance.
The differences between the two dates are highlighted in Fig. 7.4 by the superposition of cor&
responding pairs of travel time curves (distributed into three different plots for better visibil&
ity). Apart from a few exceptions (e.g. for the shot at 996 m horizontal distance) the first arri&
vals for the data set from July are generally slightly earlier than for the second measurement in
August. The following features can be recognised from visual inspection of the time&lapse
travel time plot:
•

In zones A and B the travel time differences are small or even absent.

•

Within zone C the difference between July and August is not equal for all travel times. For
some shots (e.g. at 1044, 1124, 1172, and 1180 m horizontal distance) the difference is sig&
nificantly larger than the mean displacement. According to Reynolds (1997) the form of
the travel time curves may indicate a change in the form of the refractor, that is the differ&
ences in displacement may indicate locally pronounced changes in the refractor depth.

•

The differences between both dates are generally characterised by time shifts of the travel
time curves rather than by clear changes in the velocities of certain layers. A slight velocity
decrease from July to August may be identified at the transition between zone A and the
strong refractor of zone C), but, regarding the absence of additional geophones supporting
this assumption, this feature more likely points to a lowering of the refractor depth.
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Fig. 7.4: Comparison of travel times from July 10 (grey) and August 18, 2008 (red), distributed into three
separated plots for clarity. Note, that in some cases the absence of single picks may change the form of
the travel time curve.

Plotting the travel times against the absolute offset between source and receiver (after Haus&
mann et al. 2007) reveals a clustering according to the dominant layers of the subsurface that
allows a rough estimation of the mean velocities of the respective materials (indicated in Fig.
7.5a). As the Lapires site exhibits pronounced lateral differences (referred to as zone B and C
in Fig. 7.3a) the common offset plot shows two separate branches. The lowermost branch is a
result of the low velocity in zone B, causing a delayed arrival (longer travel time) of waves
from far shots, while the velocities are equal for all waves travelling through zone C.
The mean velocity close to the surface is with ca. 650 m/s quite low and corresponds to the
unconsolidated coarse blocky layer of the talus slope. Almost no increase in velocity is ob&
served within zone B (mean velocity about 780 m/s), indicating that no clear refractor is de&
tectable within the investigation depth of the survey geometry, thus strongly restricting the
information on the left side of the profile. The mean velocity of the only significant refractor
observed amounts to 3500 m/s and is indicative for ground ice (Röthlisberger 1972).
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The travel time differences between July and August (Fig. 7.4 and Fig. 7.5a) were plotted
against the absolute source&receiver offset (Fig. 7.5b) and against the shot position (Fig. 7.5c).
The majority of travel time differences between August and July are positive indicating an
increase in travel time. The dependence of the travel time differences from the shot location is
small for all offsets greater 20 m (Fig. 7.5b), meaning that the travel time shifts are caused
close to the surface and only minor velocity changes (corresponding to ice content changes)
are expected at greater depth. Sorting the calculated travel time differences according to shot
position proves the existence of lateral differences in the observed changes along the profile
line. According to Fig. 7.5c a laterally heterogeneous pattern can be observed for travel times
corresponding to shot positions within zone C, with the largest positive changes at the right
edge of the profile and the left bound of zone C, and the smallest variations around 1080&
1090 m horizontal distance (coinciding with the position of the cable car pylon).
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Fig. 7.5: a) Travel times for July 10, 2008 (grey) and August 18, 2008 (red) (as in Fig. 7.3), but sorted by
the absolute offset between geophone and shot point (for better visibility of both data sets the x axis was
slightly shifted to the right for July 10, 2008). b) Calculated travel time differences between August and
July, sorted by source receiver offset, and c) by shot position along the profile.

Schilthorn
The corresponding travel time curves for the Schilthorn data set are shown in Fig. 7.6. Com&
paring the travel time curves for both dates emphasises the pronounced difference between
July and August observed in the seismogram of Fig. 7.2. The low velocity surface layer has
considerably increased in August making a direct comparison of corresponding travel time
curves for subsequent measurements difficult (or not useful). However, a close inspection of
the travel times reveals some common characteristics (highlighted in Fig. 7.6a and Fig. 7.6b):
•

Zone A basically exhibits a constant velocity of about 300&600 m/s for both dates.

•

Zone B intersects the low velocity surface layer by increased velocities.

•

The pattern of the travel times in zone C points to a irregular topography of the refractor.

The following information can already be derived from a qualitative analysis of both data sets:
•

Although the velocities seem to slightly decrease from July to August they remain signifi&
cantly higher in zone B than in the neighbouring zones.

•

Similarly, in small regions (zones D) previously part of zone C the velocities decrease in
August, but remain higher than the velocity of zone A
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•

Zone E showed a distinct travel time pattern for all waves traversing this zone in July, but
exhibits a more regular pattern in August.

A rough interpretation of the observed features includes a significant deepening of the low
velocity surface layer, i.e. a lowering of the refractor, as well as the development of zones with
intermediate velocities in August that have been part of refractor C in July. Conversely, other
zones (E and partly B) showed a specific travel time behaviour in July but seemed to smooth
out until August.
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Fig. 7.6: Combined travel time curves for the measurement at Schilthorn from a) July 11, 2008 (grey) and
b) August 26, 2008 (red).

The common offset plot of the travel times in Fig. 7.7 shows basically two layers with average
velocities of about 590 m/s for the surface layer and 3500 m/s at greater depth. The interme&
diate velocity of zones B and D (cf. Fig. 7.6) cannot be determined from Fig. 7.7. The travel
time pattern appears very similar for both dates, but the values from August exhibit higher
variations, especially at far distances. A slight tendency of higher velocities may be indicated at
far distances, but cannot be determined with certainty.
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As the travel time differences are much higher than for Lapires, a systematic analysis of the
travel times is only of limited use and the analysis will focus on the inverted tomograms.

7.3.3 Analysis of refraction seismic tomograms and quantification of velocity
changes
Lapires
The results of the tomographic inversion of both data sets are shown in Fig. 7.8a (upper pan&
els). To evaluate the RSTM approach in relation to the ERTM approach, the corresponding
ERT data sets, that were acquired in parallel on the same survey line, are shown in the lower
panels (a combined interpretation follows in section 7.4). The black line delineates the surface,
deep red colours above this line are due to the fact that topographic relief is modelled by set&
ting the velocities of cells above the irregular surface to that of air and fixing them during the
inversion. As the investigation depth of a refraction seismic survey depends not only on the
survey geometry (source&receiver locations) but also on the characteristics of the subsurface
layers, at ice&rich permafrost sites the investigation depth is often limited by the presence of a
sharp refractor caused by the transition from the unfrozen active layer to the permafrost table.
The amount of energy reflected/refracted to the surface is a function of the velocity contrast
at an interface, with high velocity contrasts causing greater fractions of energy to be reflected
or refracted to the surface (Burger et al. 2006). By this, the potential to resolve additional re&
fractors at greater depth (e.g. the bedrock interface) decreases substantially. The refraction
seismic tomograms in Fig. 7.8a illustrate this problem: the investigation depth is relatively shal&
low and does not exceed 15 m on average. Note, that the inversion scheme extrapolates calcu&
lated velocities, which are not covered by rays, from the given velocities of neighbouring cells
into deeper areas (Sandmeier 2008), as can be recognised by the diagonal structures at greater
depth (the maximum depth of penetration is marked by a dashed line).
The two tomograms from July and August are largely comparable concerning the overall
structure, but exhibit different investigation depths and a clear shift in the transition between
the low velocity overburden (red colours) and the material indicated by blue colours, corre&
sponding to zone C in Fig. 7.3c, that is interpreted as the zone containing ground ice.
To quantitatively analyse the change in P&wave velocities from July to August, the velocity
difference is displayed in terms of absolute velocities (m/s) and percentage change in Fig. 7.8b
(upper panels). Additionally, the percentage resistivity change is plotted for comparison (lower
panel). For the interpretation of velocity changes it is important to restrict the comparison of
refraction seismic tomograms to those parts that are resolved by both data sets (here the pene&
tration depth achieved in the earlier measurement in July 2008, indicated in Fig. 7.8b).
The velocity changes derived from independent tomographic inversion of both data sets
largely correspond to the observations made from the analysis of travel time differences. As
mentioned earlier, a velocity change may, strictly speaking, be solely a consequence of altered
material characteristics, independently from a change in the depth of a refractor. Conversely, a
shift in refractor depth (here due to the advance of the thawing front to greater depth) does
not necessarily change the mean velocity of the respective layers, but the zone affected by this
phase change obviously exhibits a velocity decrease (red colours) by the transition from one
state (frozen) to the other (unfrozen), or vice versa (blue colours). Consequently, a thorough
interpretation of the velocity change (altered conditions within a layer, or change of refractor
depth) is only possible with respect to absolute velocities in the RST tomograms.
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Fig. 7.8: a) Comparison of RST tomograms from July 10 and August 19, 2008 at Lapires with ERT to
mograms from comparable dates. b) Comparison of temporal change in seismic velocities with resistiv
ity changes. The resolved investigation depth is marked by a dashed line. Locations of the pylon and
the borehole are indicated, as well as the respective active layer depths at both positions (a), and for
both dates in (b).
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Fig. 7.9: a) Comparison of RST and ERT tomograms for comparable dates in July and August at Schilt
horn. b) Comparison of temporal change in seismic velocities with changes in electric resistivities. The
resolved investigation depth is marked with dashed lines in (a). The smaller investigation depth from
July is the lower boundary for direct comparisons and therefore marked in all tomograms in (b). Vertical
lines denote the position of the boreholes with the actual active layer depths highlighted in a) and the
differences in active layer depths highlighted in (b).
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The average negative velocity changes calculated from the tomograms are on the order of
20% to >50%, showing that the relatively small increase in travel times from July to August
(on average by 2&15% with a maximum around 5%) represents a substantial change in subsur&
face characteristics.

Schilthorn
The results of tomographic inversion of the Schilthorn data sets are shown in Fig. 7.9a (upper
panels) together with the corresponding ERT tomograms from the same date (lower panels).
Similar to the Lapires site the investigation depth is small for the measurement in July and
significantly larger in August (dashed lines in Fig. 7.9a). A direct comparison is therefore only
possible for the depth resolved in both tomograms. A quantification of the velocity differ&
ences in terms of absolute and percentage changes is illustrated in Fig. 7.9b, where the dashed
line marks the common investigation depth of both dates (upper panels), and can again be
compared to the contemporaneous resistivity changes (lower panel).
As discussed earlier, the comparability of both data sets is limited due to the pronounced
changes that occurred between the 47 days of the two measurements. However, there are
some common features of both tomograms. The tomogram from July shows a shallow refrac&
tor (vp = 4000&5000 m/s) at about 2 m depth but with distinct undulations: high velocity zones
are found at shallower depths around 1015 m, between 1025 and 1035 m, and around 1040 m
horizontal distance. Accordingly, the tomogram from August, which exhibits generally lower
velocities, shows small anomalies with higher velocities (ca. 3500 m/s) than the surroundings
around 1030 m and around 1040 m horizontal distance that are slightly deeper. Conversely, no
comparable feature is visible around 1015 m.

7.3.4 Evaluation of the time lapse refraction seismic approach
The reliability of the seismic tomograms can be judged qualitatively on the basis of the ray
distributions, where synthetic ray paths are reconstructed by forward modelling based on the
final model of the tomographic inversion. The results from network ray tracing for the data
sets from both test sites are shown in Fig. 7.10 (Lapires) and Fig. 7.11 (Schilthorn). Note, that
for better visibility of the velocity distribution only 25% of the calculated ray paths are plotted.
In general, large numbers of crossing rays indicate that velocities are well constrained by the
travel time data. Ray coverage, and therefore confidence in the velocity estimates, is generally
high, but is reduced below ca. 20 m depth at Lapires and below 2.5 m depth in July and below
9 m in August at Schilthorn. Velocities determined at the base of the lowermost ray paths
likely represent average values for the deep regions traversed (Musil et al. 2002), meaning that
the confidence of these velocities is limited.
The
between observed and calculated travel times (see chapter 2)
amounts to 2.64 and 2.71 ms for July and August respectively at Lapires, and to 0.46 and 0.71
ms at Schilthorn. The generally higher values at Lapires are a function of the greater investiga&
tion depth and the resulting longer travel times. Whereas this value is well below the observed
temporal shift in travel times between July and August at Schilthorn, demonstrating that the
observed changes are significantly higher than the uncertainty of the inversion, the overall
uncertainty of adaptation is in the same order of magnitude as the observed temporal shift in
travel times in Lapires.
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Fig. 7.10: Calculated ray paths for the tomograms from Lapires: July 10, 2008 (top), and August 18, 2008
(bottom).

Fig. 7.11: Calculated ray paths for the tomograms from Schilthorn: July 11, 2008 (top), and August 26,
2008 (bottom). Note that the depth scale is smaller than in Fig. 7.10.

The
between observed and calculated travel times (see chapter 2) amounts to
2.32 and 2.31 ms at Lapires, and to 0.03 and &0.002 ms at Schilthorn for the July and August
tomograms, respectively, meaning that the modelled data slightly tend to underestimate the
depth of the real structure in Lapires (i.e. observed – calculated travel times = positive values).
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At Schilthorn the very low values prove a high confidence in the depth of the modelled struc&
tures. As these values for the July and August measurements are very similar at both sites,
respectively, the quality of adaptation can be considered equally well.
To further analyse the reliability of the observed velocity changes at Lapires, the qualitative
and quantitative differences between the travel times calculated by forward modelling from
the tomographic inversion models of both measurement dates are plotted in Fig. 7.12 (equiva&
lent to Fig. 7.5). Similar to the observed travel times, the calculated travel times show a tempo&
ral shift in measured travel times from July to August on the order of 1&4 ms (cf. Fig. 7.5b and
5c). This indicates that the overall misfit between model and data (total absolute time differ&
ence) of 2.64 and 2.71 ms does not seriously affect the accuracy of the detection of changes in
travel times. Rather do calculated and observed data correspond surprisingly well and demon&
strate that the results from the travel time analysis are in good accordance with the results
from the tomographic inversion.
source-receiver offset [m]

source-receiver offset [m]
0

20

40

60

30
40

350
0m
/s

50
60
70

100

a)

/s
0m
78

80
90

40

60

80

shot position [m]

100 120 140 160

980

-3
-2
-1

0
1
2
3
4
5
6
7
8

1020

1060

1100

1140

-4

travel time difference Aug - Jul [ms]

calculated travel times:
July 10, 2008
August 18, 2008

travel time difference Aug - Jul [ms]

m/s

travel time [ms]

650

20

20

-4

0
10

0

80 100 120 140 160

b)

-3
-2
-1

0
1
2
3
4
5
6
7
8

c)

Fig. 7.12: As in Fig. 7.5, but now for a) calculated travel times based on the tomographic inversion mod
els displayed in Fig. 7.8a against source receiver offset, b) differences in calculated traveltimes against
offset, and c) against shot position.

7.4 Interpretation of the results
As both the qualitative and quantitative analysis of the travel times and tomograms revealed a
good reliability of the data sets, the tomograms and velocity changes are now interpreted to&
gether with the ERT data for both sites.

Lapires
Comparing the seismic data with the ERT tomograms in Fig. 7.8a the results show good
agreement and the subsurface structure derived from both methods can be summarised as
follows:
•

The active layer is characterised by low seismic velocities (due to high amounts of air in
the voids between the unconsolidated blocks and fines) and intermediate resistivities (also
caused by high amounts of air within the otherwise relatively conductive overburden).

•

A small high velocity anomaly is detected that coincides with the very low resistive anom&
aly in the ERT data due to the conductive (reinforced concrete) foundation of the cable
car pylon (at 80&90 m horizontal distance). In contrast to the conductive metal, the seismic
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waves are rather sensitive to the dense concrete material of the foundation accelerating the
wave speeds in this zone.
•

The left side of the profile represents the host material of the talus slope (unconsolidated
blocks and fines) by both low seismic velocities and comparatively low electrical resistivi&
ties. The investigation depth of both methods is insufficient to detect the depth of the un&
derlying bedrock (> 40m).

•

The high velocity and high resistivity anomaly within the central and right part of the to&
mograms delineate the presence of ice&rich permafrost. The observed average velocity of
3500 m/s could also indicate bedrock, but ground truth observations from an excavation
(Delaloye et al. 2001), borehole data and ERT data (Delaloye 2004; see
1
chapter 6), all indicate the presence of ground ice. Furthermore, during a new borehole
drilling close to the pylon (see Fig. 3.6) in 2008 no bedrock was encountered down to a
depth of 40 m (pers. comm. Reynald Delaloye & Cristian Scapozza 2008), which clearly
supports the ground ice hypothesis. As high resistivities would also be caused by large
amounts of air within the voids between the blocks, this possibility can now be excluded
by the absence of a low velocity layer in this zone, and the seismic data therefore provide
valuable complementary information to confirm the identification of ground ice.

•

The zone with intermediate velocities between 1060 and 1080 m horizontal distance, cor&
responding to the zone with intermediate resistivities between 50 and 70 m, may be inter&
preted in terms of coarser material compared to the very left part of the profile but con&
taining more fines and being more compacted than the blocks at the surface. Due to the
generally lower velocities and resistivities this part may contain no or at least less ice than
the zone to the right.

According to Lanz et al. (1998) the depth resolution of refraction seismics is much higher than
that provided by other geophysical methods, which is clearly seen from comparison with ERT
data in Fig. 7.8. However, regarding the geophone spacing of 8 m compared to 4 m electrode
spacing, it is remarkable that the RST data sets still provides better resolution, which strikingly
demonstrates the high potential of the RST method to resolve small&scale changes.
Regarding the
!
in Fig. 7.8b, as expected, the overall trend in velocity shift is
negative, i.e. velocities generally decreased from July to August. However, large parts of the
tomogram (at the surface and in the left (non&permafrost) part of the profile) exhibit only very
small or even no changes in P&wave velocity. According to the above stated hypothesis, no
considerable change in the content of frozen or liquid water has occurred in these zones and
the general conditions did not change during the 40 days between the two measurements. Re&
alising that the surface was already widely free of snow and unfrozen at the time of the first
measurement in July, it is not surprising that changes in the uppermost part of the active layer
are small. Also, the absence of pronounced changes in the unfrozen left part of the profile
corresponds to the assumption that (from a geophysical point of view) seasonal changes at
depth are much smaller in unfrozen regions than under permafrost conditions, as no phase
changes between frozen and unfrozen conditions occur.
The red zones in Fig. 7.8b vividly illustrate the advance of the thawing front within the active
layer during summer and indicate a reduction in P&wave velocity due to the melting of (sea&
sonal) ground ice and. Note, that this zone is thicker in the right part of the profile, which
corresponds to the observed larger travel time differences in Fig. 7.5c. The respective thaw
depths (indicated in Fig. 7.8) are in good accordance with the resistivity changes (lower panel
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in Fig. 7.8b), and are generally above the zone of main observed velocity changes (upper pan&
els). This suggests that the seismic signal is more sensitive to changes occurring below 0°C,
where the amount of unfrozen water already considerably increases with rising temperatures
(cf. chapter 2).
The only zone with a significant velocity
(blue colours in Fig. 7.8b) is observed in the
central part of the tomogram, beneath the foundation of the cable car pylon. A temporally
increased velocity can be attributed to either a reduced water content compared to formerly
saturated conditions within unconsolidated sediments (Burger et al. 2006), or to the formation
of ice (cf. chapter 2). The high electric resistivities contradict the presence of large amounts of
unfrozen water and make the first option unlikely. The latter was already proposed from the
analysis of ERT monitoring data (see appendix of
), but the interpretation was
rendered more difficult due to the conductive anomaly caused by the foundation of the pylon,
strongly influencing the inversion result. As seismic monitoring yields comparable results (Fig.
7.8b) this previous interpretation of ERTM results is now strikingly supported.

Schilthorn
Comparing the RST and ERT tomograms from the Schilthorn site (Fig. 7.9a), the velocity and
resistivity distributions exhibit clear differences (due to their complementary sensitivity to the
physical properties of the subsurface). Regarding the overall temporal change visible in the
time&lapse tomograms in Fig. 7.9b, velocity changes correspond remarkably well to resistivity
changes.
The combined interpretation of RST and ERT results from Schilthorn (cf. Fig. 7.9a) is sum&
marised as follows:
•

In July small parts of the RST and ERT profile were still covered by snow and the surface
was very wet as a consequence of snow melt water that could not infiltrate into the still
widely frozen ground. Active layer thickness was ca. 2 m at B14 and ca. 0.5 m at B100 (Fig.
7.9). The shallow low velocity layer is interpreted as the active layer, which shows spatially
heterogeneous vertical extents around a mean depth, that is in agreement with the bore&
hole data. The velocity of the refractor of 4000&5000 m/s may indicate both frozen condi&
tions as well as bedrock. Due to the strong refractor and its relatively high velocities the
investigation depth is limited, and no stratigraphic details can be resolved below ca. 2.5 m.

•

At the end of August the snow has disappeared completely and surface conditions were
relatively dry. The active layer thickness has increased by 3 m at both boreholes (Fig. 7.9)
within 47 days, which is clearly visible by the increased thickness of the red coloured zone
indicating the active layer. The investigation depth increased to about 10 m with velocities
of about 5000 m/s at the bottom. Velocities of 3000&4500 m/s in the lower part of the
profile (between the permafrost table at about 5 m and the bottom) correspond to the fro&
zen conditions recorded in the boreholes. The more heterogeneous velocity distribution in
this layer may be attributed to a heterogeneous distribution of debris (lower velocities) and
frozen bedrock (higher velocities). As velocities further increase to about 5000 m/s at
greater depth it is assumed that the seismic velocity also represents transitions between
weathered and firm bedrock.

•

The increase in penetration depth is larger at the left side of the profile, which is in accor&
dance to the ERT data that generally exhibit lower resistivities in this part, indicating the
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presence of debris compared to prevailing bedrock in the right part (see interpretation of
the ERT profile in
0, chapter 4).
In the
!
in Fig. 7.9b an overall velocity decrease is observed throughout the
profile (note, that only velocity changes above the dashed line should be interpreted). A very
shallow zone at the surface (ca. 0.5 m) shows no change or partly a slight velocity increase,
which can be explained by the initially unfrozen conditions with different degrees of satura&
tion that may change depending on weather conditions or water supply from above. Below
this superficial layer the P&wave velocity decreased
222 3 , which is over 75% of
the absolute velocity. As major changes in the lithology and porosity can be excluded, this
value cannot (only) be explained by seasonal variations in the air and/or water content but
clearly indicates that the change in subsurface composition must have involved a significant
amount of (seasonal) ground ice in the active layer (cf. Fig. 2.4), i.e. a change from primarily
solid matrix conditions (rock&ice matrix) to a solid&liquid or a solid&liquid&gaseous matrix. A
comparable order of magnitude could only be achieved by significant changes in the pore vol&
ume with time and thus by variations in the air content (which is very unlikely within the ob&
served time span). The hypothesis of melting of ground ice is strongly supported by the bore&
hole temperatures, that change from frozen to unfrozen conditions in the depth range of
maximum velocity change (see thaw depths indicated at the boreholes in Fig. 7.9).
Whereas the absolute change in velocity is nearly uniformly distributed along the profile, the
relative change is slightly increased in the left part of the profile (around 1005 m and 1015 m
horizontal distance), indicating that the pore space and/or the ice content is higher than in the
right part. This is in accordance with the findings by Hauck (2001) (based on a RST profile
with larger penetration depth) as well as the interpretation of the ERT data (see
0,
chapter 4) that are considered to represent a several meters thick debris cover in the left part
and bedrock with lower porosity in the right part. The resistivity changes observed by ERTM
agree well with the seismic data set. The relative resistivity changes are even smaller than
changes in seismic velocities, which is interpreted to be a consequence of the generally, com&
pared to other permafrost sites, very low resistivities observed at Schilthorn (due to very low
ice contents lithology). Both methods reveal the lowest changes at the right end of the profile
where bedrock outcrops indicate the occurrence of the bedrock layer close to the surface.

>@: Conclusions
The novel RSTM application of the presented study is based on the assumption that P&wave
velocities within the subsurface are affected by seasonal or inter&annual freezing or thawing
processes, and that repeated refraction seismic measurements under constant measurement
conditions allow the assessment of such temporal changes. The evaluation strategy of this
approach comprised a) the analysis of reproducibility of the seismic signal, b) the analysis of
time&lapse travel time curves with respect to resolving possible shifts in travel times, and c) the
comparison of inverted tomograms including the quantification of spatio&temporal velocity
changes.
Time&lapse data sets from the Lapires talus slope and the Schilthorn rock slope served to
evaluate the performance of the RSTM approach. Both sites are characterised by pronounced
differences in the seasonal changes during the same period.
Important results from this study are summarised in the following:
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•

Analysis of the unfiltered
revealed a generally good reproducibility of the wave&
forms and signal strength for subsequent measurements with moderate changes in active
layer depth (as observed at Lapires).

•

The confidence in the identification of first breaks could be substantially improved by
jointly analysing the two data sets and thus enabling a 4
5, which was espe&
cially helpful for large offsets with reduced signal&to&noise ratios.

•

The comparison of
!
showed systematic temporal changes in the
seismic response from the subsurface, and the quantification of travel time differences re&
vealed lateral and vertical variations of these subsurface changes.

•

6
are largely comparable concerning the overall structure, but ex&
hibit different investigation depths and a clear shift in the transition between the low ve&
locity overburden and the refractor underneath.

•

The temporal shift is well reconstructed in the
travel times from the inverted
models (by forward modelling) indicating that the overall misfit between model and ob&
served data does not seriously affect the accuracy of the detection of travel time changes.

•

Interpretation of velocity changes from
!
corresponds to results from
ERT monitoring, and to the thawing front progression. No changes were observed in ini&
tially already unfrozen parts of the active layer.

•

Refraction seismic tomograms also yield
that strongly support the
interpretation of ERTM data in ambiguous cases. By this, a critical zone in the ERT im&
ages from the Lapires site that was difficult to interpret due to the high probability of an
inversion artefact (cf.
, chapter 6), could be verified by RSTM. This confirms
that resistivity and velocity increases can be observed in summer within ventilated talus
slopes. RSTM may therefore contribute to an increased understanding of the ventilation
process.

•

An important result is, that the observed
7 222 3 at the Schilthorn site
proved the initial presence of significant amounts of ground ice in the active
layer that disappeared until the later measurement. Compared to ERTM, this is a great ad&
vantage of the RSTM approach. For sites with generally low resistivities of the permafrost
material (such as Schilthorn), with corresponding difficulties in the interpretation regarding
the existence of ground ice, RST monitoring therefore provides a huge potential to avoid
ambiguities.

•

Another advantage of the RSTM approach is the generally
than that
revealed by Wenner ERT surveys, even for a geophone spacing larger than the corre&
sponding electrode spacing. Together with the high reproducibility of the seismic signal in
case of relatively small changes this points to a remarkable potential to resolve anticipated
smaller&scale changes in ground ice content for inter&annual comparisons.

•

A serious limitations of the approach is the
contrasts between active layer and permafrost table.

•

As the acquisition of high&resolution data sets cannot easily be automated and data proc&
essing is based on manual picking of first arrivals, the overall efforts of RSTM are much
higher than for ERTM. However, for a long&term analysis of climate related ground ice
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degradation one data set per site and per year (for comparable dates) should be sufficient,
which requires not too much effort.
The time&lapse seismic refraction approach provides a valuable potential in terms of an inde&
pendent and complementary monitoring approach for the detection of altered subsurface
conditions caused by freezing and thawing processes. The approach was tested on a seasonal
time scale, but as the expected annual changes in response to global warming are believed to
be on a similar order of magnitude as seasonal changes, RSTM will work equally well on
longer time scales and will be applied to those within the next years.
Finally, the long&term potential of the refraction seismic monitoring approach comprises the
coupled use of time&lapse ERT and RST data sets in a time&lapse application of the 4&phase
model for the assessment of changes in volumetric ice and water contents and thus climate
related ground ice degradation. This will be a subject of the following chapter.
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= General discussion
This chapter provides a synthesis of the results from the previous chapters with the aim to
comprehensively discuss the main findings and to evaluate the geoelectric and seismic moni&
toring approaches in terms of their potentials and limitations. A special focus will lie on the
potential of a combined application of geoelectric and seismic monitoring to quantify tempo&
ral changes in ground ice content.
Based on the results from a preliminary study on the feasibility of permafrost monitoring by
repeated ERT measurements over one year at Schilthorn (Hauck 2002) prior to this study, a
systematic evaluation of this ERTM approach was carried out in the framework of this thesis.
In addition, a complementary RSTM approach was tested for the first time in periglacial envi&
ronments. The establishment of a unique geophysical monitoring network allowing repeated
ERT and RST measurements at four different permafrost landforms in the Swiss Alps forms
the basis of the evaluation of both monitoring approaches. The acquired data sets were ana&
lysed for their potential to indicate changes in ground ice content to evaluate the general capa&
bility of geophysical monitoring to the estimation of anticipated climate related ground ice
degradation. As the monitoring network is still very young with only two to three years of
observation (except for the Schilthorn site with 9 years), the evaluation strategy was mainly
based on the analysis of seasonal and inter&annual changes. As independent ERT and RST
measurements form the input for the time&lapse analysis, in the following, first the
will be discussed, followed by the evaluation of the significance of the
observed
.

8.1 Reliability of inverted ERT and RST tomograms
ERT
In principle, the electrical resistivity of the ground is strongly related to temperature, in par&
ticular for temperatures below the freezing point, as the pore water is conductive for positive
temperatures, but successively transforms to insulating ice with temperatures decreasing to
several degrees below zero. Consequently, the observed resistivity distribution of a subsurface
section yields information on the ground ice and water content (and indirectly on the tempera&
ture) of a permafrost site. However, several uncertainties are involved, which have to be con&
sidered when interpreting resistivity values in terms of a permafrost signal:
The most obvious problem is that resistivities of different materials vary over a wide range
depending on a variety of parameters, but primarily on the porosity and the amount of water
contained in the pore space of a substrate or rock. The wide and largely overlapping resistivity
ranges superimpose on the temperature signal, which makes, in the absence of additional data,
a meaningful interpretation of certain resistivity values in terms of temperature or ice content
extremely difficult. Exceptions comprise e.g. permafrost landforms consisting of massive ice
(supersaturated) that can easily be identified with ERT due to their extremely high resistivities
on the order of several MKm.
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It is important to emphasise that, even if the identification of discontinuous permafrost occur&
rences by ERT may be straightforward in cases with significant ice contents, the absolute re&
sistivity values are often strongly perturbed by superimposed effects from the inversion proc&
ess. Consequently, a relation of ice content to resistivity may be very critical in cases of high
ice contents and high resistivity contrasts (cf.
, chapter 6). Similarly, although
differences in specific resistivities in rockglaciers of up to one order of magnitude may princi&
pally be indicative for different ice types, a relation of inverted resistivity values to the ice ori&
gin of rockglaciers (as suggested by Haeberli & Vonder Mühll 1996) must be treated with great
care for the same reasons.
For low to moderate ice contents and resistivity contrasts (as e.g. for Schilthorn) absolute re&
sistivity values are much more reliable, but a differentiation between air, ice and rock is still
difficult.
Apart from these uncertainties in the accuracy of absolute values, it could be shown in
!
8 (chapter 5) that the observed vertical resistivity distribution is encouragingly consistent
with overall vertical temperature trends in the subsurface (even for rockglaciers), strongly con&
firming the general applicability of the concept of relating ERT data to permafrost conditions.

RST
Observed P&wave velocities in refraction seismic surveying are in general well correlated with
temperature and hence the ice content of the subsurface. As a fundamental difference to ERT,
where electrolytic conduction takes place in the unfrozen portion of the pore water (even for
extremely low pore water contents),
are transmitted primarily through the solid
matrix (which is significantly influenced by the amount of ice contained in the pore volume),
and seismic velocity thus increases as a consequence of
during the freezing process
(Kneisel et al. 2008). The relation between temperature and velocity is more pronounced for
saturated substrates compared to unsaturated or even dry conditions. This differentiated tem&
perature relation can cause velocity differences of far more than 1000 m/s for different poros&
ities and/or saturations at equal subzero temperatures. The interpretation of the subsurface
stratigraphy in permafrost environments from absolute P&wave velocities alone may therefore
be restricted to only a very rough discrimination. Moreover, similar to resistivity, also P&wave
velocities exhibit wide and overlapping ranges for different rock types depending mainly on
variations in porosity, weathering and fracturing.
The reliability of velocity values is basically a function of the resolution (i.e. the spacing of
sources and receivers) and the quality of the data set (signal&to&noise ratio), which can thus
largely be controlled by the user. The tomographic inversion is less influenced by artefacts as
for ERT, and with some experience, the confidence of the inversion result can more easily be
judged (qualitatively) by the user than for ERT. However, it is very important to note, that if
the necessary condition of increasing density of the subsurface material with depth is not met,
refraction seismic results are by definition unreliable (though basically not easily recognisable).
In such cases (in permafrost environments this can e.g. occur in early winter when the active
layer already started freezing from above but is still unfrozen in deeper parts, or for taliks), the
data may indicate a good signal&to&noise ratio and the data misfit may indicate a high quality of
the inversion result, whereas the reliability is rather low. Reducing the risk of so&called blind or
hidden layers (Burger et al. 2006) is one of the most important tasks in assuring good reliabil&
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ity of (time&lapse) refraction seismic tomograms. Similarly, RST is of very limited use, when no
or only weak density contrasts occur in the depth range resolved by the survey geometry.
In contrast to ERT, RST works best for pronounced stratigraphic contrasts and is thus well
suited as a complementary method to ERT. Where ERT often suffers from inversion artefacts
due to too strong resistivity contrasts (e.g. at the interface between active layer and massive
ice), RST provides the potential to considerably improve the reliability of the interpretation.

=@7 Reliability of relative resistivity and velocity changes
The approach of this thesis was to overcome the above listed uncertainties associated with
individual geophysical surveys by repeated measurements and the consideration of relative
changes instead of absolute values. In all three publications on ERTM and the chapter on
RSTM it could be proven that the temporal changes in the observed specific resistivities and
P&wave velocities are basically driven by changes in the subsurface temperature regime and are
thus clearly related to permafrost dynamics. The reliability of the observed relative changes
will now be summarised for both methods.

ERTM
Generally, as could be shown in
0 (chapter 4), the reliability of inverted resistivity
changes can be quite high when the overall variation in resistivities, either spatial or temporal,
is rather low (i.e. less than one order of magnitude), independent of the time scale.
On the other hand, as for absolute resistivity values, the reliability of resistivity changes de&
rived from rockglaciers and other landforms with coarse blocky surface characteristics and
high ice contents can be seriously limited as a consequence of the very high resistivities of the
ground ice and the large resistivity contrasts between active layer and permafrost (cf.
, chapter 6). This was shown by a systematic appraisal analysis from the application of for&
ward modelling, the depth of investigation index, or the resolution matrix approach, which
allowed to identify unreliable model regions and significantly improved the interpretation of
resistivity changes. As a general result, zones with strong resistivity gradients are often per&
turbed by inversion artefacts and should be excluded from the interpretation of resistivity
changes. An encouraging result of the appraisal analysis with regard to anticipated changes in
the permafrost regime is, that the reliability of temporally decreasing resistivities (as expected
for long&term observations in the context of global warming) is higher compared to tempo&
rally increasing resistivities.
A satisfying spatial resolution of permafrost related processes is often restricted to the active
layer and the uppermost permafrost layers (e.g. the progression of the thawing/freezing front,
changes in moisture content within the active layer, or warming of massive ground ice). As the
reliability of ERT data considerably decreases with depth, a detection of permafrost degrada&
tion at greater depth would consequently hardly be possible. This is strongly supported by the
results from appraisal analysis carried out in
, chapter 6.
A major uncertainty involved in the concept of relating resistivity changes to ice content
changes is that, theoretically, for permafrost conditions only partly saturated with ice, an in&
crease in water content without a considerable reduction in ice content may occur on short
time scales during the season of snow&melt and active layer thawing. The corresponding re&
duction in observed resistivities may in such special cases wrongly lead to an interpretation of
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ground ice loss. Similarly, a melting of significant amounts of ground ice may be followed by
draining of the unfrozen water, causing the free pore space to be occupied by air, that is
equally (or even more) resistive as ice. As before, these events occur on short time scales and
are rather difficult to detect correctly by ERTM. Such cases have to be kept in mind when
interpreting resistivity changes over long time scales. A third example may be significant for
long&term ERTM on rockglaciers: As the active layer thickness cannot grow over massive ice
due to the absent supply of rock material from the ice itself, a detection of permafrost degra&
dation in terms of thinning of the ice core may be very difficult by ERTM (cf.
,
chapter 6). The corresponding ambiguities of these examples can be reduced by an adequate
choice of the time for long&term comparisons (e.g. end of summer) and by a number of re&
peated measurements with high temporal resolution around the time of interest to evaluate the
current subsurface dynamics.

RSTM
In RSTM applications the most serious limitation is due to considerable differences in pene&
tration depths depending on the respective subsurface conditions. Although this does not
directly affect the reliability of temporal velocity changes, it clearly refers to zones that are
subject to considerable change and thus to zones of increased interest. As reliable velocity
changes can only be calculated for model regions that are resolved by both involved data sets,
changing penetration depths constitute a major restriction of the RSTM approach. However,
in practise this might rather be a problem for seasonal than for inter&annual investigations.
An ambiguity that has to be kept in mind, is that temporal velocity changes may be due to
either a shift in the refractor depth (without significant changes in the composition of the re&
spective layers), or to changes in the composition of certain layers (without considerable
changes of the geometry of the interfaces), or a combination of both. Calculated velocity
changes must therefore always be interpreted with respect to absolute velocities in the RST
tomograms, as a reliable interpretation of observed changes would otherwise be difficult.
The analysis of the data misfits (i.e. the difference between observed and calculated travel
times during tomographic inversion) as well as the reconstruction of ray paths revealed a high
reliability of all presented data sets (cf. chapter 7). As no time&lapse RST inversion technique
was available for this study, the time&lapse RSTM approach introduced in this thesis is based
on velocity differences calculated from independently inverted tomograms. Consequently, the
reliability of the calculated changes can be regarded equally high as for absolute velocities.
A major advantage of RSTM compared to ERTM is the capability to unambiguously identify
significant changes in ice content under certain conditions. As high
values can equally
be due to ice or air, large resistivity changes may consequently be caused by several processes
involving not only freezing/thawing but also evaporation, infiltration/draining of water, etc.
In contrast, a decrease in
of more than 3000 m/s (as observed at Schilthorn, cf.
chapter 7), clearly indicates that (for temporally constant porosity) the change in subsurface
composition must have involved a significant amount of ice (cf. Fig. 2.4). Theoretically, a
comparable order of magnitude could also be achieved by variations in the air content, but
this requires a significant change in pore space with time, which is assumed to be very unlikely
within the observed time span.
Similar to ERT, RST data suffer from decreasing resolution with depth, restricting reliable
observations to shallow depths. In addition, the methodological condition of increasing ve&
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locities with depth makes RSTM generally not applicable to analyse the lower boundary of
permafrost or the evolution of taliks.

8.3 Evaluation of the applicability of ERTM and RSTM within an
operational geophysical monitoring network
As discussed above, the quality of the acquired data sets may strongly depend on the charac&
teristics of the field sites. Experiences from field work and data processing are therefore
summarised in the following to evaluate the applicability of geophysical monitoring of perma&
frost within operational monitoring networks (such as PERMOS) concerning the strengths
and weaknesses of both approaches.

8.3.1 Surface characteristics
The surface characteristics of a field site basically influence the coupling of the sensors (elec&
trodes and geophones) to the ground. In any case, both types of sensors must be connected as
firm as possible to achieve good results.
$
is most difficult under coarse blocky surface conditions or even on rock faces,
as contact resistances are quite high due to both high resistivity of rocks and only punctual
coupling. From a monitoring point of view (in particular in view of the envisaged automation
of the data acquisition), the often favoured supply of water is not always feasible. Instead, a
significant reduction of the contact resistance could be achieved by a) parallel coupling of two
or more electrodes, b) using screws (on large fixed blocks, or in rock faces) instead of steel
stakes, or c) adding fine&grained material and/or moss to the electrodes.
On fine&grained surfaces, some electrodes were occasionally pushed towards the surface and
loosened by frost heave during winter. Some improvement may be achieved by using longer
stakes and/or by putting heavy blocks on top of the electrodes.
In contrast to electrodes, the
is facilitated by the presence of large blocks
(with good ground contact) or rock faces, provided that the geophones can be fixed via
screws. However, also under fine&grained or debris covered conditions, fixing of the geo&
phones via spikes is generally relatively easy. If snow was present in the vicinity of the survey
line, covering of the geophones with snow showed good improvement of the signal&to&noise
ratio.

8.3.2 Seasonal differences of data quality and applicability
As measurements with both methods have been carried out during different seasons, some
experiences were made in terms of seasonal differences in applicability and data quality.
*
between active layer and permafrost table are highest in summer and mini&
mal during winter, when the occurrence of inversion artefacts should theoretically be minimal.
Together with the thermal damping effect of the snow cover (acting as a low&pass filter for
atmospheric influences) this advantage would call for conducting the long&term ERTM meas&
urements of permafrost evolution in winter. On the other hand, electrode coupling is generally
worse in winter often prohibiting reliable data sets to be acquired. Exceptions comprise the
Schilthorn and the Lapires sites, where contact resistances are higher in winter as well, but still
allow high quality data sets to be measured in winter.
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Seasonal aspects for *%6
mainly focus on the accessibility of the ground surface
as a) the energy has to be transmitted into the ground (coupling of the source), and b) the
geophone array is currently not permanently fixed. In addition, the above mentioned problem
of limited penetration depth in case of a widely frozen active layer indicates that RSTM meas&
urements should, whenever possible, be conducted in late summer at the time of maximum
active layer depth and before the evolution of a frozen surface.

8.3.3 Spatial resolution vs. penetration depth
Important insights of this thesis are concerned with the compromise between the desired spa&
tial resolution and penetration depth of monitoring profiles. Initially, considerations on the
length and investigation depth of the ERTM profiles were governed by the intention to
achieve investigation depths that sufficiently cover the expected vertical extent of the consid&
ered landforms (in the cases of the Lapires talus slope and Murtèl rockglacier), and to cover a
representative length and depth section of the rock slopes observed at Schilthorn and Stock&
horn. Electrode spacing and thus spatial resolution was thereby adapted according to the
maximum number of available electrodes (depending on the applied resistivity meter, a
SYSCAL instrument with 48 electrodes).
However, a major result of the appraisal analysis conducted in
(chapter 6) is, that
a high spatial resolution is of superior importance. The reliability of resistivity values (and
changes) generally decreases considerably with depth, and interpretations at greater depth al&
ways remain speculative. For ERTM therefore the smallest possible electrode spacing should
be favoured, in particular at challenging sites such as rockglaciers or talus slopes. A small elec&
trode spacing can essentially increase the resolution and reliability within the zone of expected
changes (for rockglaciers e.g. in the active layer and the uppermost part of the ice core). As a
compromise, singular surveys with larger spacing and corresponding deeper penetration may
be carried out prior to the installation of a fixed electrode array, to obtain information on the
depth to bedrock or other characteristics of interest, while ERTM should be focused on the
uppermost parts of rockglaciers or similar landforms.
For a combined application of ERTM and RSTM similar considerations should be made for
the priorities of refraction seismic surveys.

8.3.4 Temporal resolution
Finally, the optimum date for long&term comparisons and the generally desired temporal reso&
lution of ERTM and RSTM shall briefly be discussed.
In principle, annual measurements at comparable dates may be sufficient for the observation
of long&term permafrost degradation. In practice the evaluation of long&term changes is facili&
tated by conducting a number of subsequent measurements throughout the year, and ideally
also around the date of “maximum” interest (i.e. the time for year&to&year comparisons).
For manual measurements, regular data acquisition is logistically difficult, and comparable
dates for inter&annual comparisons are difficult to determine in advance, as the term ‘compa&
rable’ may include meteorological conditions. As rule of thumb, at least one measurement
between the end of August and beginning of September should be realised. This time roughly
coincides with the time of maximum active layer depth at most permafrost sites (Vonder
Mühll et al. 2007), and generally guarantees snow&free conditions. Ideally, at least a second
measurement should be conducted around end of September or beginning of October, to
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obtain a data set from the end of summer with the cumulative impact of the whole summer
season. As the time of first snow strongly varies between the years and may have occurred
before the date of this later measurement, this second late&summer measurement may be in&
appropriate for long&term comparisons, but nevertheless gives a good approximation of inter&
annual differences. For the envisaged automated ERTM acquisition in the near future, a much
higher temporal resolution is possible, such that the date used for long&term comparisons may
be chosen from a comprehensive data set of e.g. weekly measurements (and additional infor&
mation from meteorological and borehole temperature data may be used for the selection).
As the efforts for RST surveys are much higher (for both data acquisition and processing)
than for ERTM, one measurement per year (ideally contemporaneously with ERTM) should
be sufficient.

=@; Quantification of ground ice degradation using a combined ap
plication of ERTM and RSTM data
So far, the considered relative changes in electrical resistivities and seismic velocities provided
rough approximations on different amounts of spatio&temporal changes in the subsurface.
Compared to temperature monitoring in 1D boreholes, ERTM and RSTM provide additional
information on the distribution of higher and lower ice contents within 2D subsurface sec&
tions and on spatial differences in temporal changes. However, as straightforward relations
between observed resistivity or velocity and ice content do not exist, from the consideration
of relative resistivity or velocity changes alone an absolute quantification of long&term ground
ice degradation is still not possible.
A novel approach to estimate total volumetric fractions of ice, water, and air within the (pre&
scribed) pore volume of a rock matrix jointly using complementary data sets from non&
intrusive geophysical surveys was introduced by Hauck et al. (2008, see chapter 2). The so&
called four&phase model (4PM) uses coincident ERT and RST data sets to relate the physical
properties of the subsurface to the measured electrical resistivities and seismic velocities. In its
current state the 4PM still has a number of shortcomings and provides only rough estimations
of the quantities of the solid (ice), liquid (water), and gaseous (air) constituents of the available
pore volume (see section 8.4.2). But independently of its problems the combined analysis of
ERT and RST data sets in the 4PM already allows for a clearly improved differentiation of the
respective fractions.
A step towards reducing the uncertainties and to gain higher confidence in the calculated val&
ues may be a time&lapse application of the 4PM. Assuming that the porosity of a subsurface
section will not change over the observation period, the calculation of
in ice, water and
air contents over time may give a more reliable indication on the subsurface characteristics
than the estimation of
fractions. Based on these considerations, in the following, a com&
prehensive outlook on the 9 ,
will be given
by an exemplary demonstration for the time&lapse data sets from the Schilthorn site that were
shown and discussed in chapter 7. This new approach is only possible by the unique data sets
of coinciding ERTM and RSTM data acquired in the geophysical monitoring network. It
comprises the estimation of
(relative to porosity) for subsequent data
sets compared to the estimation of
for a prescribed poros&
ity model (assuming that the porosity remains constant over time).
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=@;@2 Exemplary data set
The data set was already introduced in chapter 7 and comprises respective pairs of contempo&
raneous ERTM and RSTM data from July and August 2008 at Schilthorn (illustrated in Fig.
8.1). The ERT profile is 10 m longer than the RST profile and is thus only shown for the sec&
tion covered by the RST profile (0&48 m length). The RST tomogram from July 2008 was cut
for depths larger than 3.8 m to disable calculations for unrealistic velocity values below the
overall investigation depth (cf. chapter 7). Moreover, the marginal zones of both data sets
should be excluded (due to edge effects) from the interpretation of total amounts or changes
in ice, water, and air contents.

Fig. 8.1: Time lapse ERT and RST data sets from Schilthorn used for the time lapse 4PM apprach.

8.4.2 Deficiencies of the 4 Phase Model (4PM)
Before the application of the 4PM, its current deficiencies are first briefly discussed. Accord&
ing to Hauck et al. (2008), a major limitation is that the calculated absolute fractions are sig&
nificantly controlled by the prescribed porosity model. Other prescribed model parameters
that influence the quantities of the calculated fractions are the resistivity of the pore water
(controlling the amount of water present in a model cell) and, to a lesser extent, also the em&
pirical parameters in Archie’s law (m, n) and the seismic velocity of the bedrock material (vr).
Whereas vr and the Archie parameters have to be assumed from literature (vr can also be esti&
mated from RST tomograms or from laboratory measurements), the pore water resistivity can
be approximated by field measurements. A value of 83 Km was measured in August 2008 for
water running out of a rock outcrop close to the ERT profile. Compared to a resistivity of 476
Km obtained from snow melt water the value of 83 Km clearly indicates an increased ionic
load of the pore water at this site. Krainer & Mostler (2002) and L. Schrott (pers. communica&
tion) report comparable values in the order of 50&150 Km measured at springs of rockglaciers
that similarly increased to values > 400 Km during snow melt, confirming that decreased val&
ues after the snow melt season rather represent the pore water conditions.
The most serious limitation of the 4PM is that a physical solution of the system of equations is
only possible for limited ranges of seismic velocities and electrical resistivities. For example, if
the seismic velocity of a certain cell is high (e.g. 4000 m/s) the calculated fraction for air may
become negative for low resistivities. Similarly, very low seismic velocities may cause negative
(and thus “non&physical”) ice contents in case of low resistivity values. This relationship is
exemplarily illustrated in Fig. 8.2a, where the resistivity&velocity space for physically correct
solutions (0 ≤ ice/water/air ≤ 100%) of the 4PM is plotted for a certain parameter configura&
tion. Colours indicate the volumetric fraction, while blank regions indicate resistivity&velocity
pairs with non&physical solutions of the 4PM. Note, that the form and size of this resistivity&
velocity space depends on the selected prescribed parameters m, n, vr, ρw, and Φ.
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Fig. 8.2: a) Illustration of the resistivity velocity space for physically correct solutions of the 4PM for a
constant porosity of 50%. b) Extension of this space for the assumption that for low seismic velocities
the ice content can be set to zero.

Recalling Equation (13) in chapter 2, it is seen that the amount of water content is only con&
trolled by the electrical resistivity (due to the strong sensitivity to unfrozen water defined in
Archie’s law), which is visible in Fig. 8.2a. Conversely, the ice content is largely controlled by
the seismic velocity (Equation 11), and is only restricted by the water content determined from
the ERT data. Although ice largely influences the measured resistivities (cf. chapter 2) it is not
considered in Archie’s Law (originally designed for unfrozen conditions) demonstrating one
of the major shortcomings in the current formulation of the 4PM.
To increase the amount of possible solutions to the 4PM, additional assumptions may be in&
cluded. An admissible assumption may be that for very low seismic velocities the ice content
will be close to zero. Including the condition, that negative values for the ice content (that
occur for very low seismic velocities) are set to zero, the air content is then a function of the
porosity and the water content (fa = 1 – Φ – fw) and thus no longer dependent on seismic ve&
locities. Fig. 8.2b illustrates the corresponding resistivity&velocity space for the altered
formulation. Similar assumptions for high seismic velocities are more critical as the resistivity&
controlled water content would simulate considerably high total water contents for seismic
velocities that represent firm bedrock.
In the following, the resulting fractions of ice, water, and air will only be plotted for the
adapted resistivity&velocity space of the respective combination of model parameters (similar
to Fig. 8.2b but altered for a decreasing porosity model with depth, with lower porosities ex&
tending the space to higher seismic velocities).

8.4.3 Calculation of total ice, water and air contents by the 4PM
As a first step, a porosity model has to be prescribed (cf. chapter 2). As the boreholes at
Schilthorn were drilled by a destructive technique, no direct information exists for the porosity
of the subsurface material at Schilthorn. An approximation of the porosity of the overburden
debris cover is given by Scherler (2006), who calculated mean values for the pore volume from
grain size analyses of different samples within the upper 50 cm of the subsurface. The calcu&
lated values varied around 50% and decreased with depth. For the 4PM a porosity model with
a maximum porosity of 50% at the surface was chosen that linearly decreased to 12.5% at 10
129

GENERAL DISCUSSION

m depth. An overview of all selected model parameters (including Φ, ρw, vr, vi, vw, va, m, and
n) is given in Tab. 8.1.
Fig. 8.3 illustrates the prescribed porosity model and the calculated volumetric fractions of ice,
water, and air for both data sets from July and August 2008. Due to the small penetration
depth of the seismic signal in July 2008 (discussed in chapter 7), the results are restricted to the
uppermost 3.8 m (cf. Fig. 8.1). In addition, the relationship illustrated in Fig. 8.2b further lim&
its the model results (blank zones).
A qualitative comparison of the 4PM results for July and August reveals largely plausible re&
sults: In July the
is negligible only in the uppermost 0.5&1 m and an extension of this
zone to about 3&4 m is observed in August. Below this ice&free layer the calculated ice con&
tents vary between 10 & 25% to a depth of at least 6 m (in August) with higher values in July.
Generally, the right part of the profile exhibits higher ice contents (only visible for August).
The calculated
shows a more homogeneous distribution with values of 25&30% in
July and up to 40% in August. In contrast to the ice content, maximum values are found
around 10 m horizontal distance and in the superficial (ice&free) layer. Significant amounts of
(up to 25%) are only found within the uppermost few meters, again with increased values
at depth for the later measurement in August.

Fig. 8.3: Volumetric fractions of ice, water and air for a resistivity of the pore water of 80 Km and a pre
scribed porosity model with decreasing porosity with depth.

According to the above mentioned dependence of the calculated fractions on the estimated
porosity model, Hauck et al. (2008) emphasise that the consideration of fractions
may be more appropriate. In Fig. 8.4 the respective fractions of the calculated ice, wa&
ter, and air contents are shown relative to the porosity for both measurement dates, such that
a value of 50% would mean that half of the available pore space is filled with the respective
fraction.
Regarding these results relative to the available pore space, both spatial differences within a
profile and temporal differences between the two measurement dates become more pro&
nounced. Most striking is the difference between the almost equally distributed fractions of
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water and ice (40&60% respectively) in the right part of the profile and the clearly increased
water content (up to 80%) compared to much lower ice contents in the left part (around 10 m
horizontal distance). The temporal evolution of the respective fractions confirm the interpre&
tations from the resistivity and velocity changes in the ERT and RST data sets: In July the ice
content is relatively high (40&60% of the pore space) in the uppermost few meters, and in Au&
gust the ice has disappeared completely within the uppermost 3 m and decreased significantly
at greater depth. Accordingly, the water and air contents increased significantly with the up&
permost 5 m from July to August.

Fig. 8.4: Volumetric fractions of ice, water and air relative to the pore volume for both dates.

The
on the calculated fractions is illustrated in Fig. 8.5 for a slightly
altered porosity model of initially 40% porosity at the surface decreasing to 11% at 10 m
depth. Compared to Fig. 8.4, the calculated contents of ice, water and air are clearly affected
by this small alteration of the porosity model.

Fig. 8.5: As Fig. 8.4 but calculated for a different porosity model (40% at the surface and linearly de
creasing to 11% at 10 m depth).

However, from a monitoring point of view, this uncertainty in the determination of an ade&
quate porosity model is less critical when the
in the fractions of ice, water and
air are considered
. Theoretically, the temporal change in the respective frac&
tions should be unaffected from differences due to variations in the model parameters, as they
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are equally applied to the data sets of both time instances. In the next section, therefore the
calculated temporal changes between July and August 2008 in the respective fractions per po&
rosity are illustrated, and the sensitivity of these changes to variations in model parameters is
analysed compared to the sensitivity of the total fractions.

=@;@; Changes in ice, water and air content determined from a time lapse appli
cation of the 4PM
Fig. 8.6 illustrates the difference in the three calculated percentage fractions relative to poros&
ity between July and August 2008. In this figure, a value of &30% for the change in ice content
means a reduction of the ice filled pore space by 30%. Again, due to the limited penetration
depth of the seismic survey in July 2008, in this example the change can only be calculated for
the uppermost few meters. Apart from the uppermost 0.5&1 m, which were already unfrozen
in July, a loss in ice content of up to 50% of the available pore space occurred between July
and August. The resulting free pore space was replaced by air (30&50%) rather than water (0&
20%). Conversely, within the uppermost 0.5&1 m the water content increased on the expense
of air filled pore space.

Fig. 8.6: Percentage changes in the ice, water and air content relative to porosity.

A decrease of the ice filled pore space by 30&50% would be, independent of the absolute pore
volume, a strong indication for an initially significant ice content, which is in accordance with
the qualitative analysis of the RSTM data set from Schilthorn in chapter 7. To evaluate the
accuracy of the determined changes, in the following the sensitivity of the calculated relative
fractions to the most important prescribed parameters in the 4PM will exemplarily be dis&
cussed for the ice content. These parameters include the mean seismic velocity for the rock
matrix vr (va, vi, vw can be regarded as constants, see Tab. 8.1), the porosity Φ, the resistivity of
the pore water ρw, and the empirical parameters in Archie’s law (m, n).
Fig. 8.7 shows the results for the application of the 4PM for different parameter combinations
(within the range specified in Tab. 8.1) along a 1D vertical section at 38 m horizontal distance
of the profile. The left panels illustrate the results for calculated total ice contents (according
to Fig. 8.3) for July (continuous lines) and August 2008 (dashed lines) to the respective model
depths, showing the smallest dependence on the value for the seismic velocity of bedrock, and
the largest deviations for different porosity models.
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Tab. 8.1: Model parameters used for the calculation of the fractions in the previous figures, and range of
values used for the sensitivity analysis of the model results.
parameter

values used for 4PM calculations

range used for sensitivity analysis

vr

6000 m/s

5000 – 8000 m/s

va

300 m/s

&

vi

3500 m/s

&

vw

1500 m/s

&

Φ

50 – 12.5% (decreasing with depth)

ρw

80 Km

60 – 120 Km

m

2

1.8 – 2.2

n

2

1.6 – 2.2

max. value (at the surface): 40&50%
min. value (at 10 m depth): 11&20%

Fig. 8.7: Vertical cut through the tomogram at 38 m horizontal distance for the total ice content (left
panels) and the change in ice contents (right panels) for calculated fractions based on different parame
ter combinations for m, n, vr, ρw, and Φ. Solid and dashed lines correspond to the results from July and
August, respectively.
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It is seen that for the temporal change in total ice contents (July to August), the effects of dif&
ferent porosity models result in similarly large differences but the effect is much smaller for all
other parameter combinations (right panel). As described above, in theory the temporal
changes should be unaffected by variations of the model parameters (provided that the model
parameters are equal for both time steps). However, an exception occurs at the boundaries of
the resistivity&velocity space illustrated in Fig. 8.2b: for cases where slightly altered model pa&
rameters decide whether a model cell lies within the physically defined resistivity&velocity
space or not (i.e. whether the ice content is very low or is set to zero due to too small seismic
velocities), the change in ice content is no longer a continuous function of the resistivity&
velocity relation. As the porosity model has the strongest influence on the extent of the valid
resistivity&velocity space, different porosity models can lead to significantly altered ice con&
tents. The sensitivity of the observed changes is therefore largest for the prescribed porosity.
For the presented data set from Schilthorn the selection of an appropriate porosity model is
therefore still crucial, but for the analysed porosity differences a maximum difference in the
change of ice content of 10% was observed. As a rough approximation, the estimated change
in ice content at Schilthorn may have an accuracy of ±5&10%, meaning that the observed
changes of 30&50% are still significant.

=@;@: Discussion and implications for future applications of the 4PM
The presented time&lapse approach of the 4PM allows for a partial compensation of current
deficiencies of the 4PM, as inaccuracies in the prescribed model parameters will not affect the
relative temporal change of the ice, water, and air content within the available pore space
(provided that the porosity remains constant over time, and that model parameters are equally
applied to both time instances).
However, not all deficiencies of the current formulation of the 4PM are reduced by the time&
lapse approach. The limited resistivity&velocity space for correct solutions of the system of
equations, that was artificially extended for low&velocity conditions (assuming that they point
to zero ice contents), seriously affects also the calculated changes of the respective fractions.
In this context, the presented data set from Schilthorn suffers from anomalously low resistiv&
ity values (due to the strongly weathered and rather low resistive limestone schists forming the
host material of the permafrost), causing a large number of model cells to lie outside the resis&
tivity&velocity space. Together with the limited investigation depth of the first RST data set in
July, restricting the calculation of temporal changes to only a limited number of model cells,
the example from Schilthorn is only of limited use for a thorough analysis of the advantages
of a time&lapse 4PM approach. More appropriate data sets are necessary to exploit the poten&
tial of this approach. However, up to now, coincident and contemporaneous ERTM and
RSTM data sets are only available on a seasonal scale, which leads to similar limitations de&
scribed above. The acquisition of contemporaneous ERTM and RSTM data sets will be con&
tinued on an annual scale including at least one measurement in late summer (for maximum
active layer depth), and more appropriate data sets for inter&annual comparisons will be avail&
able soon.
As the 4PM jointly uses the information of ERT and RST data, it does not provide new in&
formation that is not available from a separate analysis of both data sets, but it is rather a visu&
alisation tool to aid interpretation. Compared to only ERTM or only RSTM data sets a tempo&
ral change in the geophysical signals can be interpreted more precisely, i.e. a decrease in the
electrical resistivity may be due to a reduction in ice content but may also be caused by the
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replacement of air by water with the ice content remaining unaffected. Similarly, a decrease of
seismic velocity from 5000 to 3000 m/s may be interpreted as a decrease in ice content, but it
is not clear whether the pore space is now filled with water or air. This qualitative interpreta&
tion is highly improved by the time&lapse application of the 4PM, giving clear indications on
the spatial distribution of ice, water and air, and their temporal change.
The current limitations of the 4PM mainly affect the accuracy of the estimated quantities
rather than the detection of the relative distribution of the respective fractions. The model is
still under development, and an improved formulation of the 4PM should aim for a more ad&
vanced electrical mixing rule taking into account the different electrical characteristics of the
three non&conducting phases air, ice and rock, or include additional geophysical data sets. A
successful future improvement of the 4PM will provide a large potential to “translate” geo&
physical signals and their temporal changes into a vivid image of the subsurface composition
in permafrost environments.
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< Conclusions and outlook
9.1 Main findings of the thesis
As a first step to improve the knowledge of processes and physical parameters in the frozen
subsurface (as emphasised in the recent review paper of Harris et al. (2009)), it could be
shown in this thesis that geophysical monitoring approaches are applicable to the determina&
tion of changes in ice and unfrozen water contents at different landforms and on different
time scales in mountain permafrost terrain.
Evaluation of the ERT monitoring approach
The results of all three publications that are part of this thesis strongly emphasised that tem&
poral changes in the observed electrical resistivities in periglacial environments are directly
associated with changes in the content of ground ice and unfrozen water. The ERTM ap&
proach tested at four different landforms in mountain permafrost allows a relative quantifica&
tion of these changes on different time scales.
The unique ERTM data set from the Schilthorn site comprising more than 9 years of observa&
tions revealed evidence for sustained ground ice degradation related to the heat wave that oc&
curred in summer 2003. The severity of this impact, that is a persisting ice loss for several
years, was not detected by borehole temperatures but only by geoelectric monitoring.
The observed discrepancy between temperature and resistivity evolution at Schilthorn, i.e. the
delayed redeveloping of ground ice despite favourable temperature conditions, is interpreted
to be indicative of a limited availability of unfrozen water (prohibiting refreezing to the previ&
ous amount of ice in the following winter) or by changes in materials characteristics, e.g. pore
volume change by subsidence.
The need for detailed information on the varying response of heterogeneous landforms in
mountain permafrost was emphasised by e.g. Harris et al. (2001b), Luetschg & Haeberli
(2005), and Haeberli et al. (2006). To account for this heterogeneity, an ERTM network was
established on four different landforms. The resistivity&temperature relations analysed for all
sites showed a pronounced site&specific behaviour, confirming the dependence of resistivity
on site characteristics, such as e.g. lithology, porosity, or ice content. At the same time it em&
phasises that, without additional knowledge, resistivities are not generally applicable as a proxy
for subsurface temperatures in the absence of borehole data.
To address the problems related to the possible occurrence of inversion artefacts, identified by
Marescot et al. (2003), a combination of different appraisal techniques (forward modelling, the
depth of investigation index, and the resolution matrix approach) was applied that allowed the
identification of unreliable model regions and thus a responsible interpretation of calculated
resistivity changes. It could be demonstrated that even under the challenging conditions of
coarse blocky terrain, such as rockglaciers or talus slopes, the ERTM approach is successfully
applicable, provided that the reliability of the inverted tomograms is carefully analysed.
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For ice&rich permafrost sites (such as Murtèl rockglacier) the inverted resistivities in zones of
massive ground ice and in model regions with strong resistivity contrasts (e.g. between active
layer and the ice body) are severely influenced by the inversion process and therefore of very
critical reliability. Such inversion artefacts may superimpose on the general relationship be&
tween resistivity and subsurface temperatures, or between resistivity and different ice types.
Consequently, temporal resistivity variations in zones with massive ice can very likely be
caused solely by the inversion process and do not necessarily indicate true variations in the
permafrost regime.
Conversely, degradation phenomena close to the surface and in the uppermost part of the ice
core can successfully be identified by ERTM. At Murtèl rockglacier a small zone with pro&
nounced active layer thickening was identified in summer 2007. In addition, at the top of the
ice core a significant decrease in resistivities (indicative for warming permafrost with increas&
ing unfrozen water contents within the still frozen ice core) was observed as a consequence of
the warm winter 2006/2007. As rather stable borehole temperatures were recorded in a part
with only minor resistivity changes, these observations are consistent with the borehole re&
cord, but again demonstrate the striking advantages of 2&dimensional ERTM for the detection
of climate related changes in the permafrost regime.
In comparison with the Lapires talus slope it could be shown, that both resolution capacity
and investigation depth increase substantially for landforms with comparatively lower (i.e. not
supersaturated) ice content, such that even complex spatio&temporal resistivity changes can be
reliably resolved by ERTM. The monitoring data from the Lapires site indicate that ERTM is
in principle capable of detecting zones with preferential air flow (ventilation funnels) within
ventilated talus slopes and may thus contribute to an increased understanding of this process.
As a conclusion, the ERTM approach proved to be a suitable approach to assess long&term
ground ice degradation even on very blocky and therefore challenging surface conditions and
contributes valuable additional information to traditional thermal monitoring records.

Potential of a complementary RST monitoring approach
The need for complementary methods to reduce the ambiguities inherently involved in geo&
physical methods is often emphasised (e.g. Hauck & Vonder Mühll 2003; Kneisel et al. 2008).
The concept of time&lapse measurements instead of singular surveys, which is more and more
used in ERT applications (e.g. Loke 1999), was therefore transferred to repeated refraction
seismic measurements. It was demonstrated that refraction seismic monitoring is generally
capable of detecting altered subsurface conditions caused by freezing and thawing processes.
The results from this novel RSTM application confirmed its general applicability to perma&
frost sites making it a valuable complementary monitoring approach to support the interpreta&
tion of ERTM results.
Although the effort in data acquisition and processing is much higher than for ERTM, a com&
bined application of ERTM and RSTM can strongly improve the interpretation in ambiguous
cases. Besides the high spatial resolution, a particular strength of the RSTM approach is its
good performance for subsurface conditions with pronounced interfaces, providing valuable
complementary information in zones where the resolution of ERTM is strongly limited due to
the occurrence of large resistivity gradients. In addition, RSTM may successfully be applied at
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sites where ERT data are perturbed e.g. due to contamination by electrically conductive infra&
structure.
Under certain conditions, the identification of ice content changes by RSTM can even be
completely unambiguous, as a velocity decrease around 3000 m/s can only be a result of se&
vere ice content losses in the subsurface. This could be observed at Schilthorn, where a sea&
sonal velocity decrease by more than 3000 m/s clearly proved the initial presence of signifi&
cant amounts of ground ice in the active layer that disappeared in the following month.
In the same period, the subsurface changes at the Lapires site were considerably smaller. The
analysis of the time&lapse data set showed a striking reproducibility of the waveforms and sig&
nal strength, which points to a considerable potential to resolve even small&scale inter&annual
changes in ground ice content.

Quantification of ground ice degradation
The role of ice within fine and coarse debris and in bedrock, and the significance of percolat&
ing water for the mass and heat transfer in permafrost are often regarded as key parameters
concerning a more sophisticated permafrost modelling (Riseborough et al. 2008; Harris et al.
2009). To achieve improvements in subsurface models (Noetzli et al. 2008) and their coupling
to Regional Climate Models (Salzmann et al. 2007b), approaches are required to estimate spa&
tially distributed volumetric ice contents and their temporal changes. A coincident and con&
temporaneous application of ERTM and RSTM over several years is an important pre&
requisite to determine not only relative resistivity or velocity changes, but to estimate changes
in volumetric ice and water contents from the coupled analysis of both methods. A further
improvement of the formulation of the so&called four&phase model (4PM), that relates the
measured geophysical variables to quantities of the subsurface constituents, will allow for a
better estimation of the amount of climate related ground ice degradation. The potential of
this quantification approach was demonstrated for a seasonal example from Schilthorn.

9.2 Outlook and implications for future research
The work has focused on the assessment of the general applicability of geophysical techniques
to monitor permafrost evolution. A further continuation of the monitoring in the following
years to decades is intended by the PERMOS network, and the assessment of permafrost evo&
lution under current warming trends will then be possible for different sites and landforms. In
addition, the monitoring network will be extended to further sites in the Swiss Alps within the
scope of PERMOS. Experiences made during the pilot phase of the geophysical monitoring
network in the framework of this PhD project inspired new ideas on the improvement of data
acquisition, data quality, and data processing and analysis.
An important task is to improve the coupling of the permanently installed electrodes to enable
high&quality measurements during the winter season. First tests with screws fixed to large
blocks were promising, but still do not reliably provide sufficient contact under frozen surface
conditions. As the contact resistance decreases as a function of the “common surface” be&
tween an electrode and e.g. a rock, using longer screws and always three (or more) elec&
trodes/screws in parallel instead of only one may already lead to considerable improvements.
The performance of contact enhancing means (e.g. pole grease) should be tested for long&term
application in cold environments. Finally, an innovative technique to prevent fixed electrodes
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(and also permanent cables) from loosening or damage on creeping rockglaciers (that are usu&
ally moving faster than Murtèl) has to be found.
In the beginning of the project for practical reasons the Wenner configuration was chosen for
the geoelectrical measurements. Improvements in data acquisition now allow the acquisition
of a variety of different electrode configurations, and the corresponding joint inversion of the
combined data set will significantly improve the spatial resolution achieved by the ERT data
sets, as proposed by Stummer et al. (2004). First tests with data sets based on Wenner, Wen&
ner&Schlumberger, and Dipole&Dipole configurations yielded very promising results at all sites
(provided that electrode coupling is sufficient to allow a large dipole spacing). The increased
resolution will also contribute to an improved accuracy and reliability of volumetric quantities
of ice as calculated by the 4PM.
The development of an automated ERTM system is already in progress and a first prototype
will soon be installed at Schilthorn, and successively at the other monitoring sites. The main
advantage of automated data acquisition lies of course in an immense reduction in logistical
efforts for data acquisition. Moreover, a huge potential also lies in the collection of data sets
with a daily or weekly resolution, as such comprehensive data sets will not only allow for a
thorough investigation of short&term events (e.g. thawing of the active layer in summer or
refreezing in autumn), but also provide a valuable data base for inter&annual comparisons. The
analysis of the long&term evolution of permafrost will no longer depend on a few arbitrarily
chosen measurement dates, but the selection of data sets for inter&annual comparisons can
then be based on meteorological data and statistical parameters. Also, a combined analysis of
geophysical, thermal and meteorological monitoring data will be possible by ERTM data sets
with high temporal resolution.
Finally, for future improvements the application of joint inversion techniques of ERT and
RST would be desirable. Some theoretical concepts and first algorithms are existent (e.g. Gal&
lardo & Meju 2004), but have not yet been applied to mountain permafrost. Resulting tomo&
grams with increased accuracy will not only facilitate the interpretation, but they can also con&
tribute to a better performance of the 4PM and thus to the reliability of estimated total frac&
tions of ice and water in the subsurface.
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Selected plots from publication #1 actualised for 1999 2008
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Fig. A 1: Maximum active layer thickness at Schilthorn in the observation period between 1999 2008.
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Fig. A 2: Temperature depth plots for the borehole (B14) at Schilthorn from the ERT measurement
dates between 1999 2008 (similar to Fig. 6b in publication #1). For clarity, temperatures above 8°C are
not shown.
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Fig. A 3: The bulk apparent resistivity (average value for the full profile) displayed as annual cycle for
the observation period 1999 2008 at Schilthorn (similar to Fig. 7d in publication#1).

Fig. A 4: Tomograms (left) and time lapse tomograms of the percentage resistivity change (right) at
Schilthorn for the observation period 1999 2008 (similar to Fig. 10 in publication #1).
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Abstract
The Schilthorn crest in the Bernese Alps, Switzerland, is a prominent permafrost research site. Topographic and transient effects influence the temperature field below the east-west oriented crest. Measured T(z)-profiles in boreholes,
however, do not provide sufficient information for a comprehensive description of the subsurface temperature distribution. We combine ground temperature measurements, electric resistivity tomography (ERT) monitoring, and numerical modeling to investigate the 3-dimensional thermal regime below the crest. The modeled temperature field of a
south-north oriented cross section agrees well with ERT results along the same profile. The simulated thermal regime
below the Schilthorn is characterized by generally warm permafrost, with the coldest zone below the upper part of the
nort-facing, and permafrost a little below the surface on the south-facing slope. The combination of temperaure modeling and measurements and geophysical monitoring bears potential to improve simulation and validation strategies.
Keywords: Alpine permafrost distribution; thermal modeling; electrical resistivity tomography monitoring; transient
and topographical temperature effects
(ERT), and numerical modeling of a subsurface thermal
field for a 2-dimensional investigation of permafrost conditions below the Schilthorn crest. A 2D heat transfer model is
forced by measured near-surface temperatures at the upper
boundary to simulate the thermal field of a north-south cross
section of the ridge. An ERT monitoring system was installed across the same profile, which provides additional information on subsurface conditions, and enables comparison of
modeling results for a qualitative validation.

Introduction
Permafrost was first found on Schilthorn summit, Switzerland, when the facilities for the cable car were built between 1965 and 1967. During the construction of the buildings several ice lenses with a thickness of up to 1 m were
encountered. Since then, extensive research has taken place
on Schilthorn (e.g., Imhof 2000, Vonder Muehll et al. 2000,
Hauck 2001, Mittaz et al. 2002, Hilbich et al. 2008), making
it to one of the most intensively investigated permafrost
sites in the European Alps. Three boreholes in perennially
frozen ground were drilled within the PACE-project
between 1998 and 2001 (Harris 2001). These boreholes provide the basis for monitoring and quantification of changes
in the permafrost thermal regime.
In mountain areas the interpretation of T(z)-profiles
measured in boreholes with respect to climate signals is
complicated by topographic effects (Gruber et al. 2004).
The Schilthorn represents an east-west oriented ridge with a
warm south facing and a colder north facing slope. Even
though measured temperature profiles in boreholes enable
an initial assessment of topography related and transient
effects, they are only representative of isolated local spots.
A comprehensive analysis of permafrost distribution and
evolution below the crest can only be achieved by integrating additional subsurface data.
In this paper, we combine measurements of surface and
subsurface temperatures, electric resistivity tomography

The Field Site
The Schilthorn (2970 m asl., 46.56° N/7.83° E, Figs. 1, 2)
is located in the Bernese Oberland in the Northern Swiss
Alps. The three boreholes are located on a small plateau on
the north-facing slope approximately 60 m below the

Figure 1. View of the Schilthorn Crest in the Bernese Alps looking
eastward. The ERT-Profile starts just below the meteo station in
the northern slope and reaches across the crest approximately to
the southern border of the photo.
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summit. Air temperatures recorded at the meteo station
close to the boreholes indicate an annual mean of -2.8 °C
for the years 1999–2007. The annual precipitation is
estimated to 2700 mm and about 90% of it falls as snow
(Imhof 2000). As the precipitation maximum occurs during
summer and due to additional snow input through wind
transport, the snow cover on the northern slope usually
persists from October until June or even July (Hauck 2001).
The average snow depth since the beginning of
measurements at the meteo station in 1999 is around 80 cm.
The Schilthorn consists of dark micaceous shales that
weather to form a fine-grained debris layer of up to several
meters in thickness covering the entire summit region. The
ice content of the subsurface material is assumed to be
generally low (around 5-10% in the upper meters, as reported from direct observations, Imhof et al. 2000, Vonder
Mühll et al. 2000).
Figure 3. T(z)-profiles for the 101 m vertical (vert, black) and oblique (obl, gray) boreholes on the Schilthorn for spring and autumn
2006 (left). Modeled T(z)-profiles extracted from the temperature
field in Fig. 4 at the locations of the two boreholes (right).

Figure 2. Overview of the field site Schilthorn Crest showing the
locations of the near-surface temperature loggers, the boreholes,
the measured ERT profile, and the modeled north-south cross
section. Map: Swisstopo.

Temperature Measurements
Boreholes
In the scope of the PACE project, a 14 m borehole was
drilled in 1998 and complemented by two 101 m boreholes
in 2000. Today, these boreholes are part of the Permafrost
Monitoring Switzerland (PERMOS). The deeper boreholes
were drilled vertical and with an angle of 60° to the vertical
in order to account for topography related effects. Temperatures measured in these boreholes point to warm permafrost
conditions with temperature values between -1 and 0 °C
below depth of the zero annual amplitude (ZAA) at approximately 20 m, and to a very small temperature gradient
with depth (Fig. 3, left). The temperature gradient in the
oblique borehole is slightly greater than in the vertical borehole. Ground temperatures are considerably higher compared to other sites at similar altitude and exposition, which
is probably due to the low bedrock albedo, thick snow
cover, and low ice content at the site (Hauck 2001).

Ground surface temperatures
In addition to the borehole measurements, 14 temperature
loggers were distributed on both sides of the crest in summer 2005 and 2006 to measure near surface-temperatures
(see Fig. 2). The loggers were installed at a depth of 30 cm
(UTL mini loggers) and 10 cm (rock temperature loggers),
respectively, and temperatures are recorded every 2 hours.
The accuracy of the temperature loggers is given as ±0.25
°C and ±0.1 °C, respectively. As the lower parts of the steep
southern slope are difficult to access, loggers were only
placed in the upper part of the slope. These near-surface
temperature measurements provide the upper boundary condition for the numerical heat transfer model presented in the
following section. In addition, they can be used to constrain
the interpretation of the geophysical results concerning the
subsurface thermal regime.

Numerical Modeling of Subsurface
Temperatures
General approach
We considered a purely conductive transient thermal field
under variable topography in an isotropic and homogeneous
medium according to Carslaw and Jaeger (1959). In steep
topography, heat transfer at depth mainly results from conduction, driven by the temperature variations at the surface.
Processes such as fluid flow are not included in this first
step. Subsurface temperatures are calculated for conditions
in the hydrological year 2006/2007 (i.e., 1 Oct to 30 Sep)
based on mean annual conditions at the surface. That is,
seasonal variations at the surface are not included, and
temperature variations above the ZAA are not simulated.
Ice contained in the pore space and crevices delays the
response to surface warming by the uptake of latent heat
during warming. This is addressed in our finite-element heat
transport model by apparent heat capacity, which substitutes
the volumetric heat capacity in the heat transfer equation
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and includes energy consumed during phase change. We
used the approach described by Mottaghy & Rath (2006).
The resulting temperature pattern is expected to be similar
for any south-north oriented cross crest profile. Hence, simulations are conducted for a 2D section across the crest
and the borehole site on the northern slope. The assumption
of symmetry in east-west direction is supported by first
results of a quasi-3D geoelectrical investigation including
four parallel and two orthogonal ERT-profiles in the Schilthorn summit area (Krauer, in prep.). The selected profile
was extracted from a digital elevation model (DEM) with 10
m horizontal resolution (Data Source: Swissphoto). The finite element (FE) mesh was generated for this geometry
with corresponding 10 m resolution at the surface, and lower resolution at greater depth. The mesh consists of 1468
elements. The software package COMSOL Multiphysics
was used for forward modeling of subsurface temperatures.
Boundary conditions
For all near-surface temperature loggers the mean annual
temperature for the hydrological year 2006/2007 was calculated and set as upper boundary condition at the corresponding elevation and side of the modeled profile. The
measured thermal offset between the ground surface and
TTOP is small at Schilthorn (about 0.3 °C; cf. Hoelzle &
Gruber 2008) and is, hence, neglected in the simulations.
The years 2006 and 2007 were very warm and clearly
above the long term average. Therefore, measured near-surface temperatures are not representative for the thermal conditions at the surface during the past decades and century.
Transient effects are likely to occur and, therefore, initialization of the heat conduction model is required in order to
perform a realistic simulation of the current subsurface temperature field. Based on the assumption that surface temperature fluctuations mainly follow air temperatures, we used
mean annual air temperatures (MAAT) from the meteo station on Jungfaujoch (3576 m asl, Data source: MeteoSwiss)
some 10 km east of Schilthorn to describe the evolution of
the upper boundary. For Jungfraujoch, air temperature data
is available back to 1933. The total difference in MAAT
between 2006 and the mean of the period 1933–1950 is
+1.52 °C. We additionally assumed a difference in air temperature of +0.5 °C between the start of the data recordings
and the Little Ice Age (ca. 1850). The model initialization
was started in 1850, and daily time steps were taken. A uniform lower boundary heat flux of 0.08 W m-2 was set at sea
level, and thermal insulation was assumed for the lateral
boundaries of the geometry.
Subsurface properties
Subsurface material properties were assigned on the generated FE mesh. In purely diffusive and transient simulations,
thermal conductivity, volumetric heat capacity, and the ice/
water content are the petrophysical parameters of importance. However, only little is known on the subsurface characteristics below steep topography and the parameters were
set based on published values: Thermal conductivity was
assumed as 2.5 W K-1 m-1, and heat capacity to 2.0 x 106 J
m-3 K-1 for the bulk material (Cermák & Rybach 1982).
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Based on estimations from geophysical measurements (cf.
Hauck et al. 2008) for the upper layers, a uniform ice content of 5% for the entire profile was assumed in the model
simulations. The unfrozen water content is described by an
exponential function and the steepness factor was set to 0.2
(cf., Mottaghy & Rath 2006).
Modeling results
The resulting temperature field for the Schilthorn profile
is depicted in Figure 4. Maximum permafrost thickness
amounts to roughly 100 m below the northern slope and the
top of the crest. Isotherms are steeply inclined in the top
part and a lateral heat flow exists from the warm south to
the colder north face. Simulated permafrost temperatures
are higher than -2 °C for the entire profile.

Figure 4. Isotherms of the modeled subsurface temperature field
for a north-south cross section of the Schilthorn crest. The 0 °C
isotherm is depicted in black, and the dashed black lines indicate
the boreholes. Light gray areas are permafrost, darker shades areas
are outside permafrost.

The coldest temperatures exist below the northern and
central part of the ridge. The reason is that coldest surface
temperatures are found in the steep part of the northern slope (mainly due to reduced solar radiation and longer snow
cover duration), and that surface temperatures are higher on
the small plateau where the boreholes are located as well as
on the southern side. The southern slope is mainly permafrost-free at the surface. However, due to the cold northern
slope permafrost can be found below the surface. In
addition, this is caused by the fact that 20th century warming
has not yet penetrated to greater depth in the model, which
additionally lowers the temperatures a few tens of meters
below the surface compared to present-day steady-state
conditions. Similarly, permafrost remains below the surface
at the foot of the northern slope. These results point to the
importance of transient 2D/3D modeling, as such transient
and topography related effects could not be detected using
steady state 1D models.
In contrast to ERT profiles (c.f., next section), which
mainly allow a qualitative validation of the general pattern
of temperature distribution, comparison with extracted T(z)profiles at the locations of the boreholes shows the accuracy
of the modeled temperature values (Fig. 3). In general, the
modeled profiles correspond to the measured data in Figure
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3 as temperatures are below -1.5 °C for the entire profile
and temperature gradients with depth are small. For both
measured and modeled profiles the oblique borehole shows
a slightly more curved profile. However, temperatures of
the modeled profile average about 0.2 °C colder than the
measured values, but range up to 1 °C in the upper half of
the profile. Further, in the lower parts the oblique profile is
warmer than the vertical profile, which could not be reproduced in the simulation. The results are encouraging given
the model error sources, which include: (1) subsurface properties (i.e., ice content, thermal conductivity) are assumed
as homogenous for the entire profile and are hardly known
at depth. (2) the temperature evolution at the surface that
may be influenced by effects of solar radiation and snow
cover and do not exactly follow air temperature. In addition,
and the higher ice-content in the limestone scree in the upper meters can slow down the reaction of the subsurface to
changing surface temperatures by the uptake of latent heat.
(3) small scale variability at the site that my cause random
errors in logger measurements, and (4) processes such as
heat transport by convection are not taken into account.

Geophysical Measurements
Electrical Resistivity Tomography (ERT)
In 1999 a semi-automatic ERT monitoring system was installed on a 60 m line close to the three boreholes in the
north facing slope to observe subsurface resistivity changes
with respect to ground ice and water content (Hauck 2001,
Hilbich et al. 2008). In summer 2005, a second ERT monitoring line (188 m) was installed across the crest, complemented by a quasi-3D ERT survey along four transects across the crest in 2006. Datasets across the crest can be used
to analyze the 3D permafrost distribution.
The measured signal is sensitive to temporally variable
properties such as temperature, via the unfrozen water, and

ments, therefore, yield information on the changes occurring
in the physical properties of the ground with changing temperature and time (Fortier et al. 1994).
ERT monitoring data of the cross-crest profile (Fig. 2) are
available on different time scales: (a) annual measurements
in late summer (August/September) for 2005, 2006, and
2007, and (b) seasonal-scale measurements between August
and December 2006. Whereas the annual resolution provides inter-annual resistivity changes between 2005 and 2007,
the seasonal scale helps to identify zones with pronounced
resistivity changes to delineate ice-free from ice-rich
regions. ERT data were processed with the software
RES2DINV (Loke & Barker 1995). Besides a qualitative
comparison of individual tomograms, a so-called time-lapse
inversion of time series of ERT data allows for a quantitative assessment of the resistivity changes.
Results
Figure 5 shows the results of the ERT monitoring across
the Schilthorn crest. In general, measured resistivities are
quite low compared to other permafrost sites and do not
exceed 4000 ȍm. This is mainly due to the thick finegrained debris layer covering the summit region. Outcrops
of the underlying bedrock also indicate strongly weathered
conditions of the micaceous shales with crevices, where
water can percolate. In addition to the comparably conductive host material, the low ice content is in accordance with
the low resistivity values.
A number of features can be observed in all tomograms
(cf. Fig. 6): (A) a relatively homogeneous zone with resistivities between 700 and 1600 ȍm in the lower part of the
northern slope, (B) a high resistive zone (> 3000 ȍm) in the
upper part of the northern slope, (C) a homogeneous intermediary zone in the southern slope with resistivities from
1200 to 1700 ȍm, and (D) a very low resistive anomaly (<
500 ȍm) with an underlying high resistive anomaly (> 2300
ȍm) at the summit.

Figure 5. ERT monitoring data illustrated as individual resistivity tomograms for subsequent measurement dates (a), and as calculated
The high resistive anomaly in the northern slope (B) may
ice content, as well as unchanging material characteristics,
change in resistivity based on the reference profile from August 10, 2006 over one, four and 13 months (b).

such as lithology and porosity. Repeated ERT measure-

indicate the presence of ground ice and/or firm bedrock.
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Both possibilities would result in increased resistivity values
compared to regions with lower ice contents or more weathered bedrock occurrences, respectively. The low resistive
anomaly at the crest (D) is difficult to interpret. In comparable terrain, such low resistivity values are normally associated with very high amounts of unfrozen water or conductive man made structures (e.g., cables). The presence of
such a large amount of water is very unlikely since the crest
consists of firm bedrock without a superficial debris cover,
whereas metallic remnants from the construction of the
summit station (e.g., anchors) are found all over the crest. A
man-made low resistive anomaly can therefore not be excluded. The high resistive anomaly directly below this feature
is believed to be an inversion artifact, which is often generated during inversion below a zone of anomalously high or
low resistivity values (Rings et al. 2007).
Apart from the high and low resistive anomalies close to
the crest, the characteristics of the northern (A) and southern (B) slope seem to be similar. From the qualitative analysis of the individual tomograms no clear indication of differences in permafrost occurrence and ice content between
the two slopes is apparent. Calculating the percentage change of resistivities between subsequent measurements (Fig.
6) the tomograms can be transferred into information on
seasonally changing properties. From this, zone (A) in the
northern slope can be seen as a region with little changes in
the deeper parts but with pronounced resistivity changes
within the upper 4-5 m. This clearly indicates the presence
of permafrost with active layer freezing in winter. The deeper parts tend to exhibit slightly lower resistivities in winter,
which we interpret as delayed advance of the summer heating (increasing unfrozen water content and therefore decreasing resistivities) into the ground. Zone (B) only yields
systematic resistivity changes near the surface, that can be
attributed to thawing (decreasing resistivities) between August and September and freezing (increasing resistivities)
processes until December. Both processes are similar to the
features in zone (A) but seem to be more pronounced. Zone
(C) is characterized by a homogeneous resistivity decrease
during summer, but shows almost no changes between August and December, i.e., no active layer freezing can be observed. In contrast to the very similar absolute resistivity values, seasonal changes are different in the northern and
southern slope. This can be related to differences in subsurface material properties, i.e. permafrost or ice content.

Discussion
In both the modeled temperature field and the ERT profiles, three zones in the investigated cross section of the
Schilthorn crest can be distinguished that are particularly
interesting (Fig. 6). Cross validation of the results of the two
complementary approaches enables an interpretation as
follows.
(A) In the lower part of the northern slope a zone of homogeneous temperatures and resistivities exits. The small
variations in temperature in this area may be explained by
the fact that temperature values are only little below the
melting point and the energy input of the recent warming is
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consumed by latent heat. Also the results from ERT monitoring suggest high amounts of unfrozen water and only
little ice content (Hauck et al. 2008).
(B) In the upper part of the northern slope a zone of cold
temperatures exists. The corresponding zone of high resistivity in the ERT profile is, hence, probably caused by higher
ice content rather than by geological characteristics. This is
also supported by the larger seasonal resistivity changes
pointing to higher contents of ice and unfrozen water than in
the lower part of the northern slope.
(C) The permafrost boundary on the southern slope is likely situated only little below the surface, an effect that can
be mainly attributed to surface warming of the past century
that has not yet affected greater depths. Seasonal resistivity
changes support the hypothesis that there is no permafrost
near the surface in the southern slope.

Figure 6. Three features that are addressed in the discussion section are highlighted by black circles: (A) A homogeneous perma–
frost zone in the lower northern slope with low ice-content, (B) a
cold zone in the north slope with a high ice-content, and
(C) no permafrost near the surface on the southern slope.
Additionally, grey dashed lines indicate the boreholes and the
extent of the ERT profile.

The results of this qualitative validation corroborate the
assumption that the general pattern of the subsurface temperature field can be modeled using diffusive and transient 2D
and 3D simulations. Using such an approach enables the
simulation of temperature fields at greater depths that cannot be reached by geophysical measurements or direct measurements in boreholes. Additionally, the numerical model
can be used to calculate scenarios of the evolution of subsurface temperatures and of future permafrost occurrence
below the Schilthorn crest by prescribing the evolution of
the upper boundary condition or by coupling the model to a
surface energy balance model and/or using regional climate
model output (cf., Noetzli et al. 2007).

Conclusions and Perspectives
The subsurface thermal field of a 2D-section across the
Schilthorn was modeled assuming a purely conductive and
homogenous underground in a first approach. Comparison
with measured ground temperatures and ERT profiles leads
to the following conclusions:
• The subsurface thermal regime of the Schilthorn crest is
predominantly influenced by both topography and
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transient effects. The cold northern slope and the recent
20th century warming induce permafrost on the southern side of the crest only little below the surface.
The thermal regime of the profile can be characterized
by a cold zone below the upper part of the northern
slope, permafrost occurrence only little below the surface on the southern slope and in the lowest part of the
northern slope, and rather homogeneous conditions at
and below the area of the boreholes.
The modeled temperature field agrees with the results
from ERT monitoring. The three zones mentioned above can be distinguished in the results of both methods.

ERT monitoring on Schilthorn is being continued in the
scope of PERMOS. The combination of thermal modeling,
temperature measurements in boreholes and geophysical
surveys bears potential to further improve modeling and
validation strategies. These may include (1) quantitative
comparison of numerical results and measured data to estimate model performance, (2) extending single point temperature data to larger scales using 2D or 3D resistivity values,
and (3) improving the representation of the subsurface physical properties in the model by incorporating subsurface information (e.g., geological structures, water/ice content) detected by geophysical surveys.
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The RMS (root mean square) error given for all tomograms in publications #1 and #2 is in
fact the absolute data misfit value in percent. The value of the given error is correct.
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