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Abstract. Long-term borehole temperature monitoring in mountain permafrost environments is challenging un-
der the hostile conditions reigning in alpine environments. On the basis of data measured in the SLF borehole
network we show three situations where ground temperature data should be interpreted with caution. (i) Ther-
mistors have the tendency to drift, particularly if exposed to moisture or mechanical strain. This induces apparent
warming or cooling, which can be difficult to differentiate from real ground temperature changes. Recalibration
of thermistor chains is impossible if they cannot be extracted as a result of borehole deformation in creeping per-
mafrost terrain. A solution using zero-curtain-based detection of drift and correction of data is presented. This
method is however limited to the active layer, due to the lack of a reference temperature at greater depth. (ii) In
contrast to drift-induced apparent warming, actual warming may be induced by natural processes or by the effects
of construction activity. (iii) Control data from neighbouring boreholes are sometimes used to fill data gaps and
discern drift – however these data may only underline the strong spatial variability of ground temperatures rather
than provide measurement redundancy. A selection of recently observed problems regarding borehole moni-
toring in a hostile measurement environment are discussed, and advantages and possible drawbacks of various
solutions including measurement redundancy or alternate instrumentation are presented.

1 Introduction

Mountain permafrost is sensitive to climate change and the
resulting changes in snow cover or air temperature since
ground temperatures are often close to 0 ◦C (e.g. Christiansen
et al., 2010; Harris et al., 2003; PERMOS, 2013; Zenklusen
Mutter et al., 2010). Recently increasing interest in the ther-
mal state of permafrost is related to the construction of infras-
tructure (Bommer et al., 2010), rock-slope instability (e.g.
Fischer et al., 2012; Gruber and Haeberli, 2007; Huggel et
al., 2010; Krautblatter et al., 2013), rock glacier (e.g. Aren-
son et al., 2002; Kenner et al., 2014) and talus slope dynamics
(e.g. Delaloye and Lambiel, 2005) and in general to natural
hazards from permafrost areas (e.g. Huggel et al., 2010; Ra-
vanel and Deline, 2011; Luethi et al., 2015).

The longest available mountain permafrost borehole tem-
perature series worldwide is measured at Murtèl-Corvatsch
rock glacier in the Eastern Swiss Alps and was started in
1987 (Haeberli et al., 1988). Nowadays the data are incor-
porated in the Swiss Permafrost Monitoring Network PER-

MOS (e.g. PERMOS, 2013). In addition to the borehole data
in the large official permafrost monitoring networks (mainly
national ones) like PERMOS, NORPERM (Juliussen et al.,
2010) and several networks in North America (Smith et al.,
2010), which are all incorporated in the Global Terrestrial
Network for Permafrost (GTN-P; Burgess et al., 2000), there
are also a number of other boreholes in which permafrost
temperatures are monitored. In the Swiss Alps the latter are
often located close to infrastructure and can reveal informa-
tion on the influence of construction activity and infrastruc-
ture as well as on the evolution of permafrost.

Most temperature measurement series in the Alps are still
too short to elicit trends but are extremely valuable for the
detection of thermal processes in complex terrain (Zenklusen
Mutter et al., 2010; Zenklusen Mutter and Phillips, 2012a).
Borehole temperature data can also be used to enhance pro-
cess understanding in combination with other measurements
like borehole deformation measurements (Arenson et al.,
2002), borehole logging (Scapozza et al., 2015), geophysical
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methods (e.g. Hauck et al., 2011; Hilbich et al., 2009; Kraut-
blatter and Hauck, 2007; Vonder Mühll et al., 2000) or kine-
matic monitoring with continuous automatic GPS measure-
ments or sporadically with total stations, differential GPS or
terrestrial laser scanning (e.g. Delaloye et al., 2008, 2010;
Kenner et al., 2014; Roer et al., 2005; Scapozza et al., 2014;
Wirz et al., 2014).

The prerequisite for any form of borehole temperature
data analysis is that the data are of high quality and have
long-term continuity. This is a challenging objective for in-
struments located at exposed sites in high alpine terrain.
One of the problems encountered over time with the use of
thermistors is sensor drift, which induces apparent temper-
ature changes. Average relative root mean square drift was
found to be 0.19 ± 0.08 µK week−1 (9.88 × 10−6

± 4.16 ×

10−6 K year−1) in a study on the long-term stability of four
commercially available glass bead thermistors (Lawton and
Patterson, 2002). These authors found that positive thermis-
tor drift is exacerbated by humidity – a ubiquitous problem
in alpine environments. Borehole instruments can be sub-
ject to mechanical strain, which can also lead to erroneous
data. Kreider et al. (2008) state that, in electronic devices
that depend on a change of resistance, stretching of the mem-
brane lengthens the resistive element, thereby increasing re-
sistance. This induces an apparent decrease in the tempera-
ture registered by thermistors. It is therefore essential to be
able to distinguish sensor drift from real temperature modifi-
cations to avoid making false conjectures on the state of the
permafrost.

The aim of this paper is to discuss some of the challenges
presented by long-term temperature measurements in bore-
holes in mountain permafrost – both from a technical point
of view and with regard to data interpretation. Possible solu-
tions are discussed. Examples from the SLF permafrost mon-
itoring network are presented. Data acquisition is described,
data processing is explained and selected results showing
specific problems and various thermal phenomena are pre-
sented. Particular emphasis is given to apparent temperature
changes caused by sensor drift and to data correction within
the active layer.

2 Data

2.1 Borehole temperature measurements and data
access

The SLF permafrost borehole temperature monitoring net-
work includes 25 boreholes at 13 sites in the Swiss Alps
(Fig. 1, Table 1). Nine of these are included in the Swiss
Permafrost Monitoring Network (PERMOS). The others are
not because they were drilled in the context of construction
projects and are often close to mountain infrastructure and
so not ideally suited for undisturbed permafrost monitoring
with regard to climate change. The boreholes are located
at elevations above approximately 2400 m a.s.l. and cover

different landforms like crests, rock walls, talus slopes and
rock glaciers with contrasting temperatures and ice contents.
They are up to 53 m deep and the longest measurement se-
ries were started in 1996. In this paper we discuss data from
the boreholes at Eggishorn, Schafberg, Matterhorn, Grächen
and Arolla. The sites are briefly described in Sect. 2.2. The
Schafberg and Matterhorn boreholes are part of PERMOS.

The boreholes are equipped with grouted watertight PVC
tubes. The instruments are placed in watertight boxes in con-
crete wells and are grounded for protection against lightning.
Temperatures are measured with calibrated high-precision
(±0.01 ◦C) NTC (negative temperature coefficient) Yellow
Springs Instruments (YSI) 48006/8 thermistors at various
depths in 2-hourly to daily resolution, and data are stored in
Campbell CR10X and C1000 data loggers. Power is provided
by two 12 V lithium batteries. All thermistors were calibrated
in the laboratory at 0 ◦C in ice–water mixtures before being
installed.

The SLF permafrost monitoring network has been in-
cluded in the research experiment platform SwissExperi-
ment (Dawes et al., 2008; Jeung et al., 2010) in 2015.
Metadata were registered in the SwissExperiment meta-
data wiki (http://www.swiss-experiment.ch/index.php/SLF_
permafrost_borehole_data). Processed data are available
upon request on the internet (http://montblanc.slf.ch:22001/)
via a GSN middleware (Aberer et al., 2006, 2007). It is trans-
mitted automatically for locations where data are read out re-
motely and updated periodically for all other locations. PER-
MOS data are available online (http://dx.doi.org/10.13093/
permos-2016-01.)

2.2 Site descriptions

2.2.1 Eggishorn

The Eggishorn borehole is located at 2840 m a.s.l., at the
base of a cable-car pylon in a steep southeast-facing scree
slope. The borehole is 10.5 m deep and equipped with 15
YSI 44006 thermistors. It was drilled in 2008 by the cable-
car company for permafrost monitoring purposes.

2.2.2 Schafberg

The Schafberg site has two neighbouring boreholes located
on the west-facing rock glacier Foura da l’Amd Ursina above
Pontresina in the Upper Engadine. They were both drilled
in 1990 by VAW (ETH Zurich) and later on transferred to
the SLF permafrost monitoring network in 1997 and to PER-
MOS in 2000. B1 at 2754 m a.s.l. is equipped with 16 YSI
44006 thermistors and B2 at 2732 m a.s.l. with 12 YSI 44006
thermistors.

2.2.3 Matterhorn, Hörnli Ridge

The Matterhorn borehole is located in a flat sector of the east-
ern Hörnli ridge of the mountain at 3270 m a.s.l., just above
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Table 1. Overview of the presented sites of the SLF permafrost borehole temperature monitoring network. An asterisk indicates boreholes
which are part of the Swiss Permafrost Monitoring Network PERMOS.

Site Landform Borehole(s) Coordinates Elevation
(m a.s.l.)

Measurement period

Mont Dolin talus slope Arolla B2 46.02663◦ N,
7.45473◦ E

2840 16 December 1996 to
28 June 2007

Arolla B1 46.02677◦ N,
7.45487◦ E

2820 16 December 1996 to 7
March 2013

Eggishorn talus slope Eggishorn 46.42687◦ N,
8.09365◦ E

2840 since 27 February 2009

Grächen talus slope Grächen Grat 46.17642◦ N,
7.85910◦ E

2860 since 18 August 2004

Grächen Berg 46.18694◦ N,
7.86922◦ E

2450 since 18 November
2002

Matterhorn rock ridge Hörnli Ridge B2* 45.98231◦ N,
7.67600◦ E

3270 since 8 October 2005

Schafberg
(Ursina/VAW)

rock glacier Schafberg B2* 46.49878◦ N,
9.92522◦ E

2732 since 4 October 1996

Figure 1. Map of Switzerland showing the location of the SLF permafrost monitoring boreholes (sites containing PERMOS boreholes
maintained by SLF are shown in light grey). The boreholes presented in this paper have been underlined. Reproduced with the authorisation
of swisstopo (K606-01).
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the Hörnli mountain hut, and is part of PERMOS. The bore-
hole was drilled in 2005 in an attempt to find water for the
hut and is 53 m deep. It is equipped with 15 YSI 44006 ther-
mistors.

2.2.4 Grächen

Two 24 m deep boreholes were drilled in 2002 during the
planning phase of a chairlift. They are located adjacent to the
chairlift middle station on a northwest-facing talus slope at
2450 m a.s.l. Both boreholes are equipped with 12 YSI 44006
thermistors.

2.2.5 Arolla, Mont Dolin

The two 6 m boreholes on the eastern slope of Mont Dolin
above Arolla were drilled in 1996 to monitor experimental
avalanche defence structures in creeping permafrost terrain
(Phillips, 2000). They are located in a scree slope at 2840 and
2820 m a.s.l. and both equipped with five YSI 44008 thermis-
tors. Unfortunately the measurements in these two boreholes
at Mont Dolin had to be stopped in 2013 due to the occur-
rence of massive rockfall over both boreholes.

3 Methods

3.1 Data analysis and processing

Borehole temperature data were carefully checked and if nec-
essary corrected or removed but data gaps were not filled. To
carry out quality controls specific processing routines were
developed with R (R Development Core Team, 2011) and
applied to all data. For all processed values a flag is set in the
database, indicating the procedure with which the value has
been changed or deleted.

3.1.1 Data filtering

Data were filtered on the basis of predefined minimum
and/or maximum ground temperature values. Values exceed-
ing these were deleted. Filters were applied for all sensors
located at different depths. Temperature minima and maxima
were chosen according to realistic values expected for a cer-
tain thermistor: if for example temperatures within the per-
mafrost body remain below 0 ◦C during the whole measure-
ment series it is not probable that single days exhibit temper-
atures much above 0 ◦C, and therefore a maximum threshold
of a few hundredths of a degree would be chosen. For exam-
ples where drift is visible higher thresholds have to be chosen
in order to avoid losing data unnecessarily by data filtering
since filtering is applied before the zero-curtain-based data
correction.

Figure 2. Schematic zero-curtain-based borehole temperature data
correction.

3.1.2 Zero-curtain-based data correction

The zero curtain refers to the effect maintaining temperatures
of freezing/thawing soils close to 0 ◦C due to latent heat re-
lease during phase change (Outcalt et al., 1990). This phe-
nomenon also occurs within the active layer of permafrost.
The zero curtain is the only period during which ground tem-
perature remains constant at 0 ◦C and thus allows one to eval-
uate whether thermistors in the active layer are measuring
correctly or undergoing sensor drift. A zero-curtain-based
correction has been developed which is explained in the fol-
lowing and shown schematically in Fig. 2. For a zero-curtain-
based correction, the spring or autumn zero curtains of the
different years are first detected by applying the following
criteria: (i) temperature is within a given temperature range
(e.g. > −0.5 and < 0.5 ◦C), and (ii) the temperature gradient
does not exceed a certain predetermined value. Temperature
gradients are based on the absolute difference to the preced-
ing values. Best results were obtained by calculating running
means of the whole time series with a window of a few days.
The detected zero curtain is checked visually and can be im-
proved iteratively by changing the different input parame-
ters of the function. Different regressions can be applied (lin-
ear, exponential and several polynomial regressions) to the
evaluated zero curtain in order to detect and correct thermal
drift. Best fit seems to be obtained by second-order poly-
nomial functions because drift tends to start slowly and in-
crease exponentially. Drift can attain several degrees Celsius
over a period of around 5 years. Drift is only corrected for
increasing fitted values because drift of temperature sensors
rarely results in apparently decreasing temperatures (one ex-
ception is discussed in Sect. 4.2). Our observations show that
in Alpine boreholes drift is most often caused by moisture
incursion due to damaged borehole tubing, which leads to a
decrease in thermal resistivity and thus to apparently increas-
ing temperatures.
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Zero-curtain-based data correction is only possible within
the active layer where phase changes at 0 ◦C occur. Below,
sensors have to be removed for recalibration in the laboratory
to ensure that measurements are correct. This is not always
possible, as thermistor chains can be trapped due to borehole
deformation and/or freezing of water at the base of the bore-
hole. Observations on mechanical disturbances such as water
intrusion or strain damaging the sensors help to discriminate
between sensor drift and natural phenomena related to warm-
ing permafrost.

4 Results showing selected thermal phenomena
registered in boreholes

In the following subsections, selected processes observed in
mountain permafrost and various problems and solutions re-
garding measurement techniques are discussed on the ba-
sis of temperature data measured in different boreholes in
the SLF permafrost monitoring network. The phenomena
shown include apparent warming due to sensor drift, appar-
ent cooling caused by the stretching of thermistor cables, ac-
tual permafrost degradation caused by construction activity
and unexpected contrasts in ground temperature over short
distances. These examples have been chosen because they
represent typical challenges in the context of borehole tem-
perature monitoring at present.

4.1 Apparent warming induced by sensor drift

Apparent warming induced by sensor drift was observed in
boreholes at Eggishorn and Schafberg. The application of
zero-curtain-based data correction is shown, and its influence
on active layer thickness (ALT) is evaluated.

4.1.1 Eggishorn

Borehole temperature measurements from early 2009 on-
wards indicated that the active layer was 6 m thick. In sum-
mer 2011 sudden permafrost degradation occurred to the
base of the borehole (Fig. 3a), and the active layer did not
freeze back completely in winter 2011/2012. This abrupt
warming to 10.5 m depth seemed suspicious, so the ther-
mistor chain was recalibrated and found to be defect, as it
registered positive temperatures (several tenths of a degree
Celsius) in a 0 ◦C ice–water mixture. Dissection of the ther-
mistor chain in the laboratory revealed that water had caused
damage to the thermistors, leading to sensor drift and thus to
apparently increasing ground temperatures. Lawton and Pat-
terson (2002) confirm that humidity adversely affects ther-
mistor stability. The thermistor chain was replaced, as was
the logger and special waterproofing measures were taken
(e.g. additional heat shrink tubing) to protect the sensors
against renewed water infiltration.

In an attempt to reconstruct the temperature regime within
the active layer during the period when the thermistors

were faulty, the zero-curtain-based correction explained in
Sect. 3.2.2 was applied. Ground temperatures were corrected
for all sensors to a depth of 5 m, i.e. within the active layer
with the parameters specified in Table 2. Temperature data
below were removed after the date at which the sensors
within the active layer exhibited temperature drift for the first
time. Visual inspection of the measured data clearly indicates
that drift was also occurring below the active layer. Compar-
ison of the thermal contour plot of raw temperature data with
the plot showing the processed data (Fig. 3) shows that the
correction of ground temperatures to the order of 0.1 ◦C or
even less results in significant changes in the interpretation
of active layer duration. This is due to the fact that tempera-
ture gradients in the profile are low and ground temperatures
are close to 0 ◦C. This method allowed cutting data loss to
a certain extent within the active layer. Continued measure-
ments with the new thermistor chain will help to understand
the processes occurring in this warm permafrost substrate.

4.1.2 Schafberg

Borehole 2 (located at 2754 m a.s.l.) exhibited drift from
2010 onwards, so the thermistor chain was replaced in 2013.
Analogous to Eggishorn (Sect. 4.1.1) zero-curtain correction
has been applied with second-order polynomial regression in
order to reconstruct borehole temperature data prior to 2013.
The values of the used parameters are specified in Table 2.
Processed borehole temperature data at 2 and 3 m depth are
shown in Fig. 4. Using these processed data, annual maxi-
mum active layer thicknesses have been calculated (Fig. 5).
Even though they do not represent true temperatures and sen-
sors below the active layer cannot be corrected, they give an
indication on the evolution of the temperatures in the active
layer.

4.2 Apparent cooling induced by stretching of thermistor
cables

The instruments in boreholes in mountain permafrost can un-
dergo strong lateral deformation (e.g. due to the presence
of shear horizons) leading to thermistor loss through shear-
ing (Zenklusen and Phillips, 2012b). Borehole instruments
can also be subject to longitudinal deformation, caused by
ground subsidence or mechanical strain. Stretching of ther-
mistor cables lengthens the resistive element, thereby in-
creasing resistance (Kreider et al., 2008). This causes an ap-
parent decrease in ground temperature when using NTC ther-
mistors.

The Matterhorn borehole data shows initial warming fol-
lowed by decreasing temperatures at depths significantly be-
low the active layer (Fig. 6), particularly between 20 and
40 m depth. This phenomenon started after snowmelt washed
fine-grained material into the borehole tubing in July 2008,
making it impossible to extract the thermistors thereafter.
This “cementing” of the tube may have induced stretching
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Figure 3. Contour plots of measured borehole temperature data at Eggishorn at several depths (a) and the corresponding zero-curtain-
corrected ground temperatures and removed data for unverifiable values measured below the active layer (b).

Table 2. Values used for the zero-curtain-based borehole temperature correction for Eggishorn and Schafberg B1.

Borehole Depth (m) Temperature Temperature Window of Correction
range (◦C) gradient (◦C) running mean method

Eggishorn 0.5 −0.15–0.25 0.003 40 h exponential
1.0 −0.18–0.15 0.0006 80 h exponential
1.5 −0.2–0.3 0.0015 40 h second-order polynomial
2.0 −0.2–0.3 0.0015 40 h second-order polynomial
2.5 −0.3–0.1 0.0015 40 h second-order polynomial
3.0 −0.2–0.3 0.0015 40 h second-order polynomial
3.5 −0.05–0.5 0.0008 40 h second-order polynomial
4.0 −0.1–0.2 0.0005 40 h second-order polynomial
4.5 −0.1–0.5 0.0005 40 h second-order polynomial
5.0 −0.1–0.045 0.0001 50 h second-order polynomial

Schafberg B1 2.0 −0.3–0.25 0.005 15 days second-order polynomial
3.0 −0.05–0.3 0.005 20 days second-order polynomial
4.0 −0.3–0.25 0.005 15 days second-order polynomial

of some thermistor cables, causing the apparent temperature
decrease registered since 2008. Due to the lack of a reference
temperature at depth, it is not possible to correct these data.

4.3 Warming induced by construction activity

Construction activity in mountain permafrost can influence
both ground temperature and ice content (Bommer et al.,
2010) and eventually lead to mass movements (e.g. Ravanel
et al., 2013) or to creep and/or subsidence due to warming
and ice loss. These processes can affect the geometry of in-
frastructure, causing damage and substantially shortening its

design life. As a result, specially adapted technical measures
and construction materials need to be used in substrates with
negative ground temperatures – and wherever possible, ice-
rich ground should be avoided (Bommer et al., 2009). High-
quality borehole temperature measurements are therefore es-
sential in the planning phase of mountain infrastructure.

Temperature measurements in the two boreholes near
the intermediate station of a chairlift at 2450 m a.s.l. above
Grächen show the rapid degradation of permafrost since
2003, following the formation of a supra-permafrost talik in
place of the active layer and massive intra-permafrost talik
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Figure 4. Measured and processed borehole temperature data at 2
and 3 m depth (in the active layer) at Schafberg B1.

Figure 5. Maximum annual active layer thicknesses of raw and pro-
cessed borehole temperature data at Schafberg B1.

formation (Fig. 7). This rapid thawing can be attributed to
the construction of the chairlift midway station during the
exceptionally hot summer 2003, when a large pit had to be
excavated for the foundations. The structure was specifically
designed for this site: it is flexible and its three-point geome-
try can constantly be adapted to the changing substrate con-
ditions inducing subsidence during ice loss (Phillips et al.,
2006). The credibility of the borehole temperature data at this
site is underlined by the fact that the permafrost degradation
was registered in two boreholes simultaneously, underlining
the utility of redundant measurements. In addition, data mea-
sured in boreholes within a radius of a few hundred metres
(Ritigraben and Seetalhorn) helped to confirm that the per-
mafrost thaw described above was very local and can be at-
tributed to the influence of the construction activity.

Figure 6. Contour plot of ground temperatures in the Matterhorn,
Hörnli Ridge, borehole with apparent cooling effects at depth.

Measurements carried out in boreholes located close to
each other can be useful to identify technical problems such
as sensor drift or unexpected thermal anomalies, caused for
example by air or water fluxes within the ground, which
could otherwise be interpreted as measurement errors them-
selves. In contrast, they sometimes also allow one to discern
the high spatial variability of ground temperature in moun-
tainous terrain over short distances.

4.4 Contrasting ground temperatures over short
distances

Temperature measurements in two 6 m boreholes on the east-
ern slope of Mont Dolin above Arolla are shown in Fig. 8.
Surprising contrasts in ground temperature can be observed
here over a very short distance. Permafrost is completely
absent in borehole B1, which is only affected by seasonal
frost to varying depths (depending on the depth and dura-
tion of the winter snow cover) and remains unfrozen the
remainder of the year. In contrast, permafrost is present in
borehole B2, which is only 30 m away but higher up on
the slope. The permafrost appears to be quite ice-rich here,
as active layer thickness remained rather constant at around
2.5 m depth over the measurement period between 1996 and
2011, whereas active layers thickened in other talus slopes in
the Swiss Alps during this period (e.g. during the 2003 heat
wave) (PERMOS, 2007). High ice contents below the active
layer typically lead to constant active layer thicknesses due
to the latent heat required to melt ice (Zenklusen Mutter and
Phillips, 2012a).
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Figure 7. Contour plots of ground temperatures in two boreholes at the intermediate station of a chairlift above Grächen showing permafrost
degradation at depth (a) and supra-permafrost and intra-permafrost talik formation leading to permafrost degradation (b).

5 Discussion

Over the years various technical challenges related to the
measurement of ground temperature in boreholes have be-
come apparent and have been solved with technical solutions
and/or the post-processing of thermal data. Measurement un-
certainties of high-precision thermistors are of the order of a
few hundredths of a degree when thermistors are calibrated
on a regular basis. However, in Alpine permafrost, recali-
bration is often impossible because thermistors are blocked
in the borehole tube due to borehole deformation caused by
creep and shearing of the permafrost substrate. It can there-
fore be assumed that effective precision may be reduced with
time, which is a problem for long-term measurements. Not
being able to recalibrate thermistors leads to a further chal-
lenge, namely in distinguishing between actually occurring
processes (e.g. permafrost warming) and sensor drift. In ad-
dition, for logistical, technical and financial reasons most
borehole data are only retrieved on-site once or twice a year,
which results in huge data losses in the event of technical
problems. Drift is often not immediately detected unless it re-
sults in an obvious suspicious increase in temperatures (e.g.
induced by water damage to the sensors), as was registered at
Eggishorn – however lateral water/air fluxes at depth can lead
to similar “suspicious” temperature data but are a naturally
occurring phenomenon of particular interest. Observations of
such lateral disturbances in mountain permafrost – caused by
water (Zenklusen and Phillips, 2012b) or air fluxes (Phillips
et al., 2009) – have increased recently. Less dramatic sensor
drift is often only detected after several years, making it all
the more difficult to discriminate between sensor drift and ac-

tually occurring processes. The presented zero-curtain-based
data correction may help to reduce data loss by the detection
of sensor drift in advance and by correcting drifting temper-
atures. Nevertheless every processing routine contains some
uncertainties – that is, the possibility of not detecting the zero
curtain or detecting a wrong zero curtain.

Long-term cooling is more suspicious under the present
climate conditions. The coincident occurrence of mechanical
disturbance and persistent cooling in the Matterhorn bore-
hole makes it doubly suspicious, and it probably has to be
attributed to stretching of thermistor cables.

Despite being extremely expensive and logistically chal-
lenging, measurement redundancy (i.e. the drilling of two
boreholes per site rather than one) allows one to discern
natural processes such as lateral air/water fluxes, to observe
ground temperature contrasts over short distances and to de-
tect the occurrence of sensor drift. However the Mont Dolin
example shows that measurement redundancy can also un-
expectedly reveal contrasting ground temperatures over very
short distances, which is of interest but cancels the actual
aim of carrying out “control” measurements in adjacent bore-
holes.

The borehole data shown here underline the fact that
changes can occur at unpredictable depths in the ground and
thermistors have the limitation of being located at predefined
depths. The ideal measurement technique in changing moun-
tain permafrost substrates would be fibre-optic distributed
temperature sensing (DTS) since it allows one to measure
temperatures over the whole length of the borehole and thus
discern variations at any depth. However at present, first tests
(not shown here) using DTS in the laboratory and in our
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Figure 8. Contour plots of the ground temperatures in two boreholes at Mont Dolin, Arolla. Borehole B1 (a) is not in permafrost whereas
B2 (b) is.

boreholes have shown that there is too much measurement
noise and the accuracy of the system (0.2 ◦C) is not yet high
enough to register temperature changes smaller than 0.02 ◦C,
which is crucial for example in the detection of water dur-
ing talik formation (Zenklusen and Phillips, 2012b). In ad-
dition, the system has a high energy consumption and is far
too bulky to fit into conventional concrete shafts – which are
essential for protection against rockfall and avalanches.

The SLF borehole temperature monitoring network has
not only proven useful to measure the long-term evolution
of permafrost – it also delivers valuable information on natu-
ral and artificial factors influencing temperature and ice con-
tent in mountain permafrost. The latter can for example be
derived from borehole drilling logs or cores. The data ob-
tained are also essential for calibrating and validating numer-
ical simulations (e.g. Haberkorn et al., 2015a, b; Magnin et
al., 2015; Noetzli et al., 2010).

6 Conclusions

Long-term temperature monitoring in boreholes is carried
out to detect the influences of the climate and of local con-
ditions such as snow cover depth and duration on the ther-
mal state of permafrost. However, data must be interpreted
with care, as thermistors can be subject to drift if they are ex-
posed to moisture or their cables are damaged. Thermistors
should therefore be recalibrated regularly. However, in creep-
ing mountain permafrost thermistor chains are often blocked
in the boreholes or frozen to the tube, preventing recalibra-
tion. Using specially developed R functions we showed that

semi-automatic zero-curtain-based drift detection and cor-
rection are possible for data measured within the active layer
thanks to the bi-annual occurrence of 0 ◦C for prolonged pe-
riods, but not below, due to the lack of a reference tempera-
ture. Measurement redundancy is very useful to detect mea-
surement errors, natural phenomena such as lateral water/air
flow or the influence of infrastructure. However, redundancy
can also reveal strongly contrasting ground conditions over
short distances (permafrost/no permafrost) and thus could no
longer be useful in this respect. An alternate measurement
system using distributed temperature sensing which is not
subject to drift would be ideal to measure temperatures over
the entire length of a borehole, but the required accuracy has
not yet been attained and the hardware is not yet suitable for
hostile field conditions.

The following phenomena or combinations of these were
observed in selected boreholes of the SLF monitoring net-
work: (i) moisture-induced sensor drift leading to apparent
warming; (ii) mechanically strained cables, causing appar-
ent cooling; (iii) evidence of the influence of construction
activity; and (iv) contrasting ground temperatures over short
distances.

These examples underline that great care must be taken in
the measurement design, the analysis and interpretation of
long-term borehole temperature data as well as in the main-
tenance of the measurement infrastructure.
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7 Data availability

Data are available from the Swiss Permafrost Monitoring
Network Database (PERMOS Database) of the Swiss Per-
mafrost Monitoring Network (PERMOS) http://dx.doi.org/
10.13093/permos-2016-01.

The Supplement related to this article is available online
at doi:10.5194/gh-71-121-2016-supplement.
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