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ARTICLE INFO ABSTRACT

Keywords: Permafrost degradation is a growing direct impact of climate change. Detecting permafrost shrinkage, in terms of
Permafrost monitoring extension, depth reduction and active layer shift is fundamental to capture the magnitude of trends and address
Metrology

actions and warnings. Temperature profiles in permafrost allow direct understanding of the status of the frozen
ground layer and its evolution in time. The Sommeiller Pass permafrost monitoring station, at about 3000 m of
elevation, is the key site of the regional network installed in 2009 during the European Project “PermaNET” in
the Piedmont Alps (NW Italy). The station consists of three vertical boreholes with different characteristics,
equipped with a total of 36 thermistors distributed in three different chains. The collected raw data shows a
degradation of the permafrost base at approximately 60 m of depth since 2014, corresponding to about 0.03 °C/
yr. In order to verify and better quantify this potential degradation, three on-site sensor calibration campaigns
were carried out to understand the reliability of these measurements. By repeating calibrations in different years,
two key results have been achieved: the profiles have been corrected for errors and the re-calibration allowed to
distinguish the effective change of permafrost temperatures during the years, from possible drifts of the sensors,
which can be of the same order of magnitude of the investigated thermal change. The warming of permafrost
base at a depth of ~ 60 m has been confirmed, with a rate of (4.2 & 0.5)e10™2 °C/yr. This paper reports the
implementation and installation of the on-site metrology laboratory, the dedicated calibration procedure
adopted, the calibration results and the resulting adjusted data, profiles and their evolution with time. It is
intended as a further contribution to the ongoing studies and definition of best practices, to improve data
traceability and comparability, as prescribed by the World Meteorological Organization Global Cryosphere
Watch programme.

Sensor calibration
Reference site
Calibration uncertainty

1. Introduction

Together with sea ice, snow and glaciers, permafrost is a key
component of the cryosphere through its influence on energy exchanges,
hydrological processes, natural hazards, carbon dioxide and methane
emission and the global climate system (Riseborough et al., 2008). The
thawing of permafrost leading to the destabilization of rocks and
mountain slopes is an increasing hazard in alpine environments (Gruber
et al., 2004; Gruber and Haeberli, 2007; Krautblatter et al., 2013).
Moreover, its degradation is seen as a major challenge in the current
discussion of global warming (Stocker et al., 2013), due to the possible
effects on climate (Colombo et al., 2019; Harden et al., 2012; Schuur
et al., 2015) also through release of trapped gases in high latitude areas.
Actually, as a consequence of global warming trends, ground tempera-
ture near the depth of Zero Annual Amplitude (ZAA) increased globally
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by 0.29 £ 0.12 °C during the decade between 2007 and 2016 (Biskaborn
et al., 2019), while the active layer is known to be progressively deep-
ening in various parts of the cryosphere (Desyatkin et al., 2021; Li et al.,
2022; Xu and Wu, 2021).

European Alps permafrost studies are a rather recent field: the first
map of the permafrost distribution in the Alps was published by Boeckli
et al. (2012), but generic studies on single permafrost sites are only
marginally older (Haeberli, 1992), and usually hint at the poor knowl-
edge of their state and evolution especially compared to glaciers
(Haeberli and Beniston, 1998). Notable exceptions are localized in the
Swiss Alps, where permafrost has been monitored since at least the
1970s (Gartner-Roer et al., 2022) or, sporadically, even before (see
Haeberli et al., 2011 for a review).

Correspondingly, knowledge on permafrost in the Italian Western
Alps was rather poor up until the first years of the 21st century and
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limited to a few localized rock glacier studies in the Maritime Alps
(Ribolini and Fabre, 2006). In 2006 ARPA Piemonte, Piedmont Regional
Agency for Environmental Protection, in collaboration with the Uni-
versity of Insubria, started a regional study to improve knowledge on
relations among alpine permafrost and climate change, natural hazards
and water resources. These activities increased during the European
project “PermaNET — Long-term monitoring network”,’ with the estab-
lishment of five new permafrost monitoring stations in the Piedmont
Alps, from 2500 m to more than 3000 m of elevation, including the
Sommeiller Pass station. Since 2009, the activity on permafrost moni-
toring has become an institutional service by ARPA Piemonte, allowing
proper site maintenance and research activities on the permafrost and
periglacial environment in Piedmont Alps (Paro and Guglielmin, 2013).

The Global Cryosphere Watch (GCW), the World Meteorological
Organization (WMO) program supporting all key cryospheric on-site
and remote sensing observations, has deep interest in implementing a
metrological approach in such observations and analyses. A specific
expert team was formed in 2020, tasked to draft best practice for
permafrost measurements including optimized methods to establish
metrological traceability, through dedicated calibrations and evaluation
of uncertainties. Accurate measurements of the permafrost properties,
calibration of instruments and sensors, improved data quality are
fundamental to achieve more reliable knowledge on the evolution of this
component of the cryosphere, especially for observations from different
stations taking part in networks.

To organize scientific analyses of the cryosphere to support decision-
making and environmental policy, GCW lists the need to “Enhance the
quality of observational data by improving observing standards and best
practices for the measurement of essential cryospheric variables. This includes
developing measurement guidelines and best practices; engaging in, and
supporting, intercomparison of products, formulating a set of best practices
for product intercomparisons”, as stated in the expression of interest sent
to the European Association of National Metrology Institutes (EUR-
AMET) Task Group Environment in November 2017. Best practices in
cryosphere observations have been recently included as a chapter in the
new WMO “Guide to Instruments and Methods of Observations”, known
as the GIMO guide #8. Permafrost has also been identified as one of the
cryospheric indicators of global climate change within the Global
Climate Observing System (GCOS, 2003) with its associated Essential
Climate Variables (ECVs), whose definitions have been recently refined
(GCOS, 2022). The need for metrological traceability and adoption of
standard methods was also expressed by GCOS: “Measurement and
reporting standards are emerging, but further work is needed to prepare and
publish definitive reporting standards” (GCOS, 2016).

In the framework of EURAMET project MeteoMet and follow-on
actions (Merlone et al., 2018; Merlone et al., 2015), three on-site cali-
bration campaigns (2017, 2018, 2020) were planned and performed by
the Italian Institute of Metrological Research (Istituto Nazionale di
Ricerca Metrologica, INRiM) and ARPA Piemonte, for the permafrost
temperature sensors chains managed by the latter and hosted at the
Sommeiller Pass in NW Alps. Beyond the on-site temperature sensors
calibration per se, this study was conceived with several other objec-
tives, such as the definition and testing of calibration and measurement
best practices; evaluation of sensors drift and stability; validation of
temperature profiles in the boreholes. These experimental activities
improve scientific and technical knowledge on establishing traceability,
by means of calibration and uncertainty evaluation, to permafrost
temperature profiles, their evolution in time and comparability of data
from different stations and networks.

The paper is organized as follows: Section 2 will describe the Som-
meiller Pass permafrost monitoring station, its scientific rationale, the
calibration campaigns and the instrumental apparatus; Section 3 will

! PermaNET 2011. Permafrost Long-term Monitoring Network, Synthesis
Report. http://www.permanet-alpinespace.eu/home.html
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present the results in terms of calibration correction and uncertainty,
their effect on the borehole temperature profile and an evaluation of
thermometer drift, along with a brief discussion; Section 4 will feature
the conclusions drawn from the experiment.

2. Instruments and methods
2.1. Permafrost monitoring station at the Sommeiller Pass

The Sommeiller permafrost monitoring station is the key site of the
regional network, located at about 3000 m a.s.l. in upper Susa Valley
(NW Italy) and became fully operational in 2011. The station is defined
as “key site” by ARPA Piemonte which manages it (Paro et al., 2018),
because it is the only 100-m deep borehole, in contrast with the other
sites which are only 30-m deep, which allows for more sophisticated
analyses, not only for permafrost characteristics and evolution, but also
for paleoclimatic estimates.”

The station features three boreholes, respectively 5, 10 and 100 m
deep, vertically drilled in the bedrock, a few meters apart, equipped with
thermistors chains (Campbell Scientific model 107, encapsulated in an
epoxy-filled aluminium housing). The 5 m borehole is equipped with
two sensors placed directly in the uncasing borehole filled with cuttings.
The 10 m and 100 m boreholes are equipped with 12 and 22 sensors
respectively, each placed in a @ 50 mm HDPE tube. The 100 m borehole
is equipped with a metal casing for the first 10 m, with head buried
under about 70 cm of debris. Data is collected by a CR1000 Campbell
Scientific datalogger and manually downloaded at least once a year.

In addition, a weather station equipped with a thermo-hygrometer, a
nivometer and a radiometer has been installed in the same site. Since
2009, geoelectric and Bottom Temperature of the Snow (BTS) surveys
have been also carried out in the site.

Until 2013, using raw data, permafrost was detected from —10 m all
the way down to the bottom of the deepest hole at 100 m, with a tem-
perature gradient from the base of the AL evaluable as ~ 2 mK/m, which
includes a ~ 25 m plateau and a ~ 6 mK/m rise below 40 m. Since 2014,
a positive temperature transition (~ 0.15 °C) has occurred at about 60 m
of depth indicating a degradation of the permafrost base (Fig. 1). In
order to verify this variation (grown to ~ 0.25 °C in 2016), sensor
calibration became necessary to understand the reliability of the
observed warming.

These values seem compatible to those described in literature: for
instance, according to Dobinski (2020), “the active layer is thin in the
High Arctic and becomes thicker farther south”, and the thickest AL can
reach over 20 m of depth. Li et al. (2022) and Luo et al. (2016) concur
that “the ALT varied from approximately 30 cm in the Arctic and
circumpolar regions to greater than 10 m in the midlatitude moun-
tainous permafrost zone during 1990-2015”. Regarding the temperature
gradient, Harris et al. (2003) presented the results of measurements in
the Alps which ranged from 0.005 °C/m at Schilthorn to 0.018 °C/m at
Stockhorn (both in Switzerland).

However, the particular characteristics of Sommeiller pass borehole,
in terms of geology, geomorphology, climatology and location of the site
in comparison with other European sites, as well as the thermal char-
acteristics of the permafrost geomaterial, are the subject of two further
papers which are currently in progress.

2.2. On-site calibrations

Several factors directly or indirectly affect both temperature mea-
surements and sensors’ calibration differently in the field with respect to
the laboratory. Environmental conditions can condition the perfor-
mance of the datalogger; cables, connectors, and multiplexing schemes

2 ARPA Piemonte. Il permafrost nelle Alpi Piemontesi — Sito del Colle del
Sommeiller. https://www.arpa.piemonte.it/media/3242 (in Italian).
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Fig. 1. Permafrost profile temperatures measured in different years, before the
start of the calibration campaigns (raw data). Shown in grey is the active layer.
MAT = Mean Annual Temperature.

are used under the same conditions they usually work, as well as the
sensors themselves. All these aspects make the calibration curve more
representative of the measuring process and the calibration uncertainty
becomes the largest contribution to the overall measurement uncer-
tainty, reducing most of the other factors to negligible contributions. As
a matter of fact, the calibration uncertainty sometimes is considered as
the total measurement uncertainty, despite being just a component of
the overall budget. By performing on-site calibration in almost identical
conditions to the measurement ones, the calibration uncertainty be-
comes the major if not almost total contribution to the overall mea-
surement uncertainty.

Moreover, removing a chain of sensors from a borehole, bringing it to
the laboratory and restoring them in place is not always easy or feasible,
especially in remote and hard-to-reach areas; transportation itself can
cause shocks to the sensors, thus changing their response curve, as
evaluated during the calibration.

Temperature sensors and, more in general, sensors that have been
exposed for prolonged periods of time to harsh environmental condi-
tions, are known to exhibit slight modifications in their physical prop-
erties that can also change their measurements — or drift (Bell et al.,
2017; Musacchio et al., 2015). In laboratory conditions, thermistor drift
can be evaluated to be as low as few mK per year or even lower (Lawton
and Patterson, 2002); however, thermistors in permafrost boreholes are
subject to much more stress and can exhibit larger drifts (Widmer et al.,
2023), which are difficult to evaluate given the long periods of time
necessary to detect them (Batir et al., 2017) and are sometimes only
evaluable in certain conditions given the lack of references (Luethi and
Phillips, 2016). Sensor drift is mainly caused by oxidation due to ageing
and imperfect insulation. It can be caused as well by thermal or me-
chanical shocks (Kowal et al., 2020), all of which can act on the resistor
and change its electrical resistance, which is proportional to the
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temperature measured. A change in electrical properties of the resistor
can therefore mimic a change in temperature, even when this is not
happening.

This drift is often evaluable as few hundredths of a °C, comparable
with the signal coming from climate change-related thermal phenom-
ena, like the permafrost thawing (Haberkorn et al., 2021). For this
reason, and in order to prevent that drift could be mistaken for climate
change signal (Kenner et al., 2017), environmental thermometers are
required to be calibrated frequently — possibly annually - to evaluate
this drift and disentangle this component from real measurand changes
(Noetzli et al., 2021).

For these reasons, several on-site calibrations were deemed neces-
sary, and a dedicated transportable calibration system was developed at
INRIiM (Merlone et al., 2020) and used for the three campaigns at the
Sommeiller Pass station.

2.3. Test calibration campaign (2017)

For the first on-site campaign, carried out in August 2017, two
reference temperature sensors (Pt100, 5615-6-Fluke, labelled RS
henceforth), a thermostatic bath (Thermo Scientific Enco Haake G50 —
AC200), a high-accuracy resistance bridge for readout (Fluke 1594A),
two power generators and a light shelter were brought to the site
(Fig. 2). Due to space and time constraints, only 13 out of the 36 total
temperature sensors (coded PS) were selected for calibration.

The PS were extracted from the boreholes of 100 m and 10 m and
grouped with the two RS used as reference sensors, coded NSO1 and
NSO03. These two RS were already calibrated at INRiM laboratories in a
liquid bath (INRiM internal procedure, CMC PT-T.2.2-01, Key Com-
parison Database), by comparison against a 25 Q Standard Platinum
Resistance Thermometer calibrated at the fixed points of the ITS-90. The
grouped sensors were then inserted in the thermostatic bath, filled with
pure alcohol as a medium. In order to maximize the calibration accuracy
in the permafrost temperature range and minimize the interpolation
uncertainties, five temperature points close to the freezing point of
water were chosen as calibration points (-7 °C, —3 °C, 0 °C, +3 °C,
+7 °C). The 0 °C point was repeated to check for hysteresis as usually
done in calibration procedures.

After the given temperature point reached the requested stability,
data was recorded for 30 min, at one-minute recording/storing fre-
quency. Within this recorded interval, a sub-range of 10 min with best
stability was selected and used to compare the readings of each PS
sensors differences from the weighted average reference temperature
given by the RS sensors.

The calibration required two days of measurements at the end of
which the “calibration camp” was dismantled and the PS chains re-
inserted in the boreholes. The whole procedure required three days:
half day to setup the on-site calibration laboratory, two days of cali-
bration activity and about a half-day to dismantle the systems.

2.4. Calibration campaigns (2018 and 2020)

Following the experience acquired in 2017, a second calibration
campaign was carried out in August 2018, and a third in August 2020.

For these activities, the same reference temperature sensors and
high-accuracy readout bridge used in the previous campaign were
employed. A third reference sensor was added (coded NS02) while the
thermostatic bath was replaced by another (Polyscience PP15R-40-
A12E) equipped with a wider reservoir that allowed the insertion of a
larger number of sensors (Fig. 3a). Moreover, thanks to the lower power
requirements, the use of a single generator was sufficient, therefore
reducing costs and weight of the equipment.

A dedicated copper comparator block (Fig. 3b) was designed, man-
ufactured and characterized at INRiM laboratories, allowing the inser-
tion of the 32 permafrost temperature sensors plus the three PRT
reference sensors.
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Fig. 2. The mobile calibration facility at Sommeiller Pass during the 2017 campaign. a) Inside the shelter: thermostatic bath and high-accuracy readout bridge,
grouped permafrost sensors chain with reference sensors. b) Outside: 100 m permafrost borehole, shelter and power generators.

Fig. 3. The calibration apparatus in its final configuration (a), and a closeup of the copper comparator block with all the RS and the PS inserted (b), during the

2018 campaign.
3. Results and discussion

As already mentioned, the experimental calibration performed in
2017 has been considered as a test for the methods and the equipment.
Unfortunately, it was evident that the setup was not satisfactory, as the
calibration uncertainties were higher than anticipated (Fig. 5a) and
sometimes not even easily determinable. The largest problem was
identified in the PS setup inside the calibration bath: being in close
contact with one another, the medium was not able to correctly enclose
all of them and make the temperature uniform; moreover, the self-
heating generated by each sensor was not correctly dissipated by the
medium and affected the measurements of the nearby sensors, in a hard-
to-determine way.

For this reason, the 2017 calibration was not considered for the
determination of the sensor’s drift.

During the calibrations described, no anomalous data have been
recorded; in case they were, they would have been immediately recog-
nized as spikes, given that calibrations are performed at constant
temperature.

According to the data measured by ARPA Piemonte on-site weather
station, air temperatures during the calibration campaigns of 2018 and
2020 ranged from 3 °C to 15 °C, much lower than in laboratories, so we

also questioned the stability and the performance of the readout bridge
exposed to such low environmental temperatures. For this reason, the
bridge was tested in the lab against another identical unit.

The bridge was put inside a climatic chamber, set first at room
temperature (~ 21 °C), then at temperatures similar to those recorded
by the weather station on-site, while reading the output of two reference
sensors inside a stirring bath set at the same temperature at which the
calibrations were performed (3 °C). The second identical unit, kept
outside of the climatic chamber at room temperature, was set to read
two other reference sensors inside the same bath.

Fig. 4 shows the results of this experiment. Lines represent the
readings of the four reference sensors by the two bridges, while the
coloured background indicates the temperature at which the “chamber”
bridge was exposed. In the yellow part of the plot, both bridges were
exposed to room temperature, then the climatic chamber was set first at
8 °C, then at 3 °C, simulating the environmental conditions during on-
site calibrations. The impressive stability of both bridges at all temper-
atures is evident, therefore we concluded that the environmental con-
ditions did not contribute significantly to the acquisition system
uncertainty budget.
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Fig. 4. Stability of the readout bridge at different ambient temperatures. Four sensors, kept at ~3 °C inside a calibration bath, are read in couples by two identical
readout bridges, one kept constantly at room temperature (“Ambient™), the other kept inside a climatic chamber with varying temperature from room (yellow) to ~
8 °C, to 3 °C. The four sensors measure the same temperature, with differences well within their calibration uncertainty, and their readings are not influenced by the
temperatures at which the bridges are exposed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

3.1. Calibration curves and drift evaluation

Shown in Fig. 5a, b and c (related to 2017, 2018 and 2020 calibration
campaign, respectively) are the calculated calibration curves (for sensor
PS9 only, as an example) obtained through a second order polynomial fit
on the differences AT between the averaged readings of the reference
sensors (Tgg) and the sensor in calibration (Tps).

y =-0.000016x2- 0.007040x + 0.041396

PS9 (2017) R? = 0.740336

AT (°C)
o
o
[+
[ ]
[ ]
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Fig. 5a clearly shows the problems that arose during the test cali-
bration of 2017, with a bad R? on the fit, poor reproducibility shown by
the very different values of the 0 °C points and in general large
uncertainties.

Fig. 5b and ¢ show the calibrations of 2018 and 2020, with much
better fits, reproducibility and hysteresis. The differences between the
two calibrations are due to the sensor drift, evaluated in Fig. 5d as

PS9 (2018) y = 0.000040x2 - 0.005892x - 0.021713
R?=0.977621
__ 002
< ...
2 o000 e
-0.02
..
o
-0.03
L ]
-0.05 - _
Ky
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6 -4 2 0 2 4 6
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O 35602
£
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Fig. 5. Calibration curves relative to 2017 (a), 2018 (b) and 2020 (c) calibration campaign for the sensor PS9, obtained through a polynomial fit on the temperature
differences between the averaged readings of the reference sensors and the sensors in calibration. Subfigure (d) shows the drift function of PS9, evaluated as dif-

ferences between the calibration functions of 2020 and 2018.
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polynomial differences between the calibration curves of 2020 and
2018. In this case, at the temperatures typical of the permafrost, the drift
can be evaluated as 3.20102 °C during this 2-years period, corre-
sponding to 1.6e1072 °C. The other sensors show similar values of
annual drift, between 21072 and 1073 °C/yr, while one sensor showed
a larger drift of 661072 °C/yr, spy of a possible mechanical or electrical
problem.

Not counting this outlier, these are typical drift values for resistors
and thermistors even when not exposed to harsh environments (Kowal
et al., 2020).

The drift has been here evaluated on the basis of only two calibra-
tions, which may be deemed not enough for an accurate assessment. In
laboratory conditions, thermistors (and RTDs in general) are known to
exhibit very linear drifts (Kulkarni et al., 2015; Li et al., 2023), even
though environmental sensors are subject to much more strain and
stress, and therefore their drifts can vary in ways which are difficult to
predict.

For this reasons, more on-site calibrations are envisaged, to refine
and validate the present analysis.

3.2. Calibration correction effect on measured permafrost temperature
profile

Data provided by ARPA was recorded hourly from January 2012 to
December 2017. The daily and monthly averages were calculated. A
quality data check was performed before applying the calibration
curves. The outliers, the periods in which the sensor chain were in
maintenance or those in which there were technical problems were
eliminated from the analysis. For instance, some anomalous data have
been identified in the temperature profiles, in particular with the sensor
placed at —27 m (coded PS24). It showed erratic behaviour, especially in
older measurements, therefore it has been excluded from the analysis
altogether.

Data coming from calibrated sensors show that the 6-year record of
permafrost temperatures from the 100-m deep Sommeiller Pass borehole
show a warming trend. With respect to uncalibrated sensors data, the
active layer ends at a depth of ~ 11 m (Fig. 6).

As it can be seen by comparing to Fig. 1, the implementation of the
2018 calibration curves to the 2012-2017 profiles had the effect of
pushing the permafrost degradation point downward from ~ 55 m to ~
65 m, with the uncalibrated values generally overestimating tempera-
tures at that depth by ~ 0.08 °C, larger than calibration plus drift un-
certainties for almost all sensors. It must be noted, however, that for the
majority of the other sensors, it is actually the vice versa (uncalibrated
values indicate lower temperatures). This depends essentially on the
way they are calibrated or characterized at the factory, and their history
of measurements.

As far as the permafrost base is concerned, borehole thermal gradi-
ents may be influenced, among the major factors, by the regional
geothermal heat flux (Harris et al., 2003). The calibrated profile at low
depths (from —80 m) showed a more consistent curvature with the
geothermal heat flux coming from the ground beneath the borehole,
compared to the curvature shown by the uncalibrated profile. Calibrated
values have the effect of steepening the gradient to ~ 4 mK/m from the
AL base and ~ 7 mK/m from the end of the temperature plateau.

Fig. 7 shows the differential temperature increase during the period
2013-2017 from calibrated profiles at the depth of 60 m, calculated as
differences between each year and the 2012 baseline. The plot shows
positive differences for each year, with a rate of (5.6 + 1.6)e1072 °C per
year during 2012-2014 and a slower, steadier rate of (1.4 + 1.6)e
10~2°C/yr from 2014 to 2017. The overall rise, during the whole period,
is evaluable as (4.2 + 0.5)-10’2 °C/yr.

4. Conclusions

This study reports a multiple calibration campaign, carried out by
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Fig. 6. Temperature profiles data using 2018 calibration. Uncertainty bars
represent calibration uncertainty plus the drift evaluated from 2018 and 2020
calibrations.

INRiM between 2017 and 2020, for permafrost temperature sensors
installed and managed by ARPA Piemonte on a 100-m deep borehole at
the Sommeiller Pass, in NW Italian Alps. The in-situ calibrations have
been performed using a portable system designed and developed by
INRiM, and tested in 2017. The calibrations performed in 2018 and 2020
have been used to correct the measurements obtained from 2012 by the
20 temperature sensors installed at different depths in the 100-m
borehole, and have been used also to compute the sensors’ drift, i.e.
the variation in response by the sensors, subject to the same
temperature.

Most sensors exhibit deviations from the real temperature of the
order of 0.1 °C or less, with maximum values at lower temperatures.
Some of the sensors, however, showed deviations of ~ 0.3 °C at —7 °C,
and around 0.15 °C at 0 °C. Drift of the sensors, computed as differences
between the deviations calculated by the 2020 and 2018 calibrations,
has been evaluated between 2¢10~2 and 10~3 °C/yr, similar to the signal
generated by the general degradation of the permafrost caused by
climate change. After the application of calibration curves to the past
data the permafrost degradation is still present, however the permafrost
degradation point has been pushed downward from ~ 55 m to ~ 65 m.
At that point, uncalibrated sensor readings overestimate temperatures
by ~ 0.08 °C, while other sensors generally underestimate real
temperatures.

This study shows the added value that collaboration between
metrology and the community working in cryosphere observations can
bring to permafrost studies. A need to discuss and agree on common
approaches, best practice and uncertainty evaluation on the numerous
measurements made in glacial and periglacial areas, including methods
to measure permafrost temperature profiles, had emerged. Together
with the experience achieved during the calibration campaign at the
Sommeiller Pass, and the issues encountered during laboratory
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Fig. 7. Temperature increase with respect to the 2012 value recorded by the sensor at 60 m. Each value represents the difference between average recordings
between each year and the 2012 value, with measurement uncertainties as error bars and uncertainty bands due to the weighted fits.

calibration of different typologies of thermometers, best practice pro-
cedures can now be adopted, and studies can be started towards the
definition of reference calibration and measurement methods for refer-
ence sites. Documented traceability is the primary tool to improve data
comparability within a single station, among stations taking part in a
network and among networks. This initiative can be expanded to further
agreed processes for calibration and uncertainty evaluation to also
benefit the data quality achievable by the Cryonet stations network
supervised by the Global Cryosphere Watch of the World Meteorological
Organization.

CRediT authorship contribution statement

Graziano Coppa: Writing — review & editing, Writing — original
draft, Methodology, Investigation, Formal analysis, Data curation.
Francesca Sanna: Software, Methodology, Formal analysis. Luca Paro:
Resources. Chiara Musacchio: Methodology, Investigation. Andrea
Merlone: Visualization, Project administration, Funding acquisition,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was developed within the frame of the European
Metrology Research Program (EMRP) joint research project ENV58
“METEOMET2”. The EMRP is jointly funded by the EMRP participating
countries within EURAMET and the European Union.

Data availability

Data will be made available on request.

References

Batir, J.F., Hornbach, M.J., Blackwell, D.D., 2017. Ten years of measurements and
modeling of soil temperature changes and their effects on permafrost in
Northwestern Alaska. Glob. Planet. Chang. 148, 55-71. https://doi.org/10.1016/j.
gloplacha.2016.11.009.

Bell, S.A., Carroll, P.A., Beardmore, S.L., England, C., Mander, N., 2017. A methodology
for study of in-service drift of meteorological humidity sensors. Metrologia 54,
S$63-S73. https://doi.org/10.1088/1681-7575/aa6dd0.

Biskaborn, B.K., Smith, S.L., Noetzli, J., Matthes, H., Vieira, G., Streletskiy, D.A.,
Schoeneich, P., Romanovsky, V.E., Lewkowicz, A.G., Abramov, A., Allard, M.,
Boike, J., Cable, W.L., Christiansen, H.H., Delaloye, R., Diekmann, B., Drozdov, D.,
Etzelmiiller, B., Grosse, G., Guglielmin, M., Ingeman-Nielsen, T., Isaksen, K.,
Ishikawa, M., Johansson, M., Johannsson, H., Joo, A., Kaverin, D., Kholodov, A.,
Konstantinov, P., Kroger, T., Lambiel, C., Lanckman, J.P., Luo, D., Malkova, G.,
Meiklejohn, I., Moskalenko, N., Oliva, M., Phillips, M., Ramos, M., Sannel, A.B.K.,
Sergeev, D., Seybold, C., Skryabin, P., Vasiliev, A., Wu, Q., Yoshikawa, K.,
Zheleznyak, M., Lantuit, H., 2019. Permafrost is warming at a global scale. Nat.
Commun. 10, 264. https://doi.org/10.1038/541467-018-08240-4.

Boeckli, L., Brenning, A., Gruber, S., Noetzli, J., 2012. Permafrost distribution in the
European Alps: calculation and evaluation of an index map and summary statistics.
Cryosphere 6, 807-820. https://doi.org/10.5194/tc-6-807-2012.

Colombo, N., Salerno, F., Martin, M., Malandrino, M., Giardino, M., Serra, E., Godone, D.,
Said-Pullicino, D., Fratianni, S., Paro, L., Tartari, G., Freppaz, M., 2019. Influence of
permafrost, rock and ice glaciers on chemistry of high-elevation ponds (NW Italian
Alps). Sci. Total Environ. 685, 886-901. https://doi.org/10.1016/j.
scitotenv.2019.06.233.

Desyatkin, A., Fedorov, P., Filippov, N., Desyatkin, R., 2021. Climate change and its
influence on the active layer depth in central Yakutia. Land (Basel) 10, 1-13. https://
doi.org/10.3390/1and10010003.

Dobinski, W., 2020. Permafrost active layer. Earth Sci. Rev. 208, 103301. https://doi.
org/10.1016/j.earscirev.2020.103301.

Gartner-Roer, 1., Brunner, N., Delaloye, R., Haeberli, W., Kaab, A., Thee, P., 2022.
Glacier-permafrost relations in a high-mountain environment: 5 decades of
kinematic monitoring at the Gruben site, Swiss Alps. Cryosphere 16, 2083-2101.
https://doi.org/10.5194/tc-16-2083-2022.

GCOS, 2003. Second Report on the Adequacy of the Global Observing Systems for
Climate in Support of UNFCCC (GCOS-82). Geneva (CH). URL: https://library.wmo.
int/idurl/4/41396.

GCOS, 2016. The Global Observing System for Climate: Implementation Needs (GCOS-
200). Geneva (CH). URL: https://unfccc.int/sites/default/files/gcos_ip_100ct2016.
pdf.

GCOS, 2022. The 2022 GCOS ECVs Requirements (GCOS 245). Geneva (CH). URL:
https://library.wmo.int/idurl/4/58111.

Gruber, S., Haeberli, W., 2007. Permafrost in steep bedrock slopes and its temperatures-
related destabilization following climate change. J. Geophys. Res. Earth Surf. 112,
F02S18. https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2006JF000
547.

Gruber, S., Hoelzle, M., Haeberli, W., 2004. Permafrost thaw and destabilization of
Alpine rock walls in the hot summer of 2003. Geophys. Res. Lett. 31, L13504.
https://doi.org/10.1029/2004GL020051.

Haberkorn, A., Kenner, R., Noetzli, J., Phillips, M., 2021. Changes in ground temperature
and dynamics in mountain permafrost in the Swiss Alps. Front. Earth Sci. (Lausanne)
9, 626686. https://doi.org/10.3389/feart.2021.626686.

Haeberli, W., 1992. Construction, environmental problems and natural hazards in
periglacial mountain belts. Permafr. Periglac. Process. 3, 111-124. https://doi.org/
10.1002/ppp.3430030208.

Haeberli, W., Beniston, M., 1998. Climate change and its impacts on glaciers and
permafrost in the Alps. Ambio 27, 258-265. URL: https://www.jstor.org/stable/
4314732 (accessed 7/11/2024).

Haeberli, W., Noetzli, J., Arenson, L., Delaloye, R., Gartner-Roer, 1., Gruber, S.,
Isaksen, K., Kneisel, C., Krautblatter, M., Phillips, M., 2011. Mountain permafrost:


https://doi.org/10.1016/j.gloplacha.2016.11.009
https://doi.org/10.1016/j.gloplacha.2016.11.009
https://doi.org/10.1088/1681-7575/aa6dd0
https://doi.org/10.1038/s41467-018-08240-4
https://doi.org/10.5194/tc-6-807-2012
https://doi.org/10.1016/j.scitotenv.2019.06.233
https://doi.org/10.1016/j.scitotenv.2019.06.233
https://doi.org/10.3390/land10010003
https://doi.org/10.3390/land10010003
https://doi.org/10.1016/j.earscirev.2020.103301
https://doi.org/10.1016/j.earscirev.2020.103301
https://doi.org/10.5194/tc-16-2083-2022
https://library.wmo.int/idurl/4/41396
https://library.wmo.int/idurl/4/41396
https://unfccc.int/sites/default/files/gcos_ip_10oct2016.pdf
https://unfccc.int/sites/default/files/gcos_ip_10oct2016.pdf
https://library.wmo.int/idurl/4/58111
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2006JF000547
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2006JF000547
https://doi.org/10.1029/2004GL020051
https://doi.org/10.3389/feart.2021.626686
https://doi.org/10.1002/ppp.3430030208
https://doi.org/10.1002/ppp.3430030208
https://www.jstor.org/stable/4314732
https://www.jstor.org/stable/4314732

G. Coppa et al.

development and challenges of a young research field. J. Glaciol. 56, 1043-1058.
https://doi.org/10.3189/002214311796406121.

Harden, J.W., Koven, C.D., Ping, C.L., Hugelius, G., David McGuire, A., Camill, P.,
Jorgenson, T., Kuhry, P., Michaelson, G.J., O’Donnell, J.A., Schuur, E.A.G.,
Tarnocai, C., Johnson, K., Grosse, G., 2012. Field information links permafrost
carbon to physical vulnerabilities of thawing. Geophys. Res. Lett. 39, 1-6. https://
doi.org/10.1029/2012GL051958.

Harris, C., Miihll, D.V., Isaksen, K., Haeberli, W., Sollid, J.L., King, L., Holmlund, P.,
Dramis, F., Guglielmin, M., Palacios, D., 2003. Warming permafrost in European
mountains. Glob. Planet. Chang. 39, 215-225. https://doi.org/10.1016/j.
gloplacha.2003.04.001.

Kenner, R., Phillips, M., Hauck, C., Hilbich, C., Mulsow, C., Biihler, Y., Stoffel, A.,
Buchroithner, M., 2017. New insights on permafrost genesis and conservation in
talus slopes based on observations at Fliielapass, Eastern Switzerland.
Geomorphology 290, 101-113. https://doi.org/10.1016/j.geomorph.2017.04.011.

Kowal, A., Merlone, A., Sawinski, T., 2020. Long-term stability of meteorological
temperature sensors. Meteorol. Appl. 27. https://doi.org/10.1002/met.1795.

Krautblatter, M., Funk, D., Giinzel, F.K., 2013. Why permafrost rocks become unstable: a
rock-ice-mechanical model in time and space. Earth Surf. Process. Landf. 38,
876-887. https://doi.org/10.1002/esp.3374.

Kulkarni, A., Patrascu, M., van de Vijver, Y., van Wensveen, J., Pijnenburg, R.,
Nihtianov, S., 2015. Investigation of long-term drift of NTC temperature sensors with
less than 1 mK uncertainty. In: 2015 IEEE 24th International Symposium on
Industrial Electronics (ISIE). IEEE, pp. 150-155. https://doi.org/10.1109/
ISIE.2015.7281460.

Lawton, K.M., Patterson, S.R., 2002. Long-term relative stability of thermistors: Part 2.
Precis. Eng. 26, 340-345. https://doi.org/10.1016/50141-6359(02)00110-1.

Li, C., Wei, Y., Liu, Y., Li, L., Peng, L., Chen, J., Liu, L., Dou, T., Wu, X., 2022. Active
Layer Thickness in the Northern Hemisphere: changes from 2000 to 2018 and Future
Simulations. J. Geophys. Res. Atmos. 127, €2022JD036785. https://doi.org/
10.1029/2022JD036785.

Li, J., Sun, J., Li, T., Wang, H., Wang, G., Pan, J., Chen, Z., Gao, C., 2023. Investigation of
calibration equations for NTC thermistors utilized in the deep-ocean temperature
range. Measurement 207, 112394. https://doi.org/10.1016/j.
measurement.2022.112394.

Luethi, R., Phillips, M., 2016. Challenges and solutions for long-term permafrost borehole
temperature monitoring and data interpretation. Geogr. Helv. 71, 121-131. https://
doi.org/10.5194/gh-71-121-2016.

Luo, D., Wu, Q., Jin, H., Marchenko, S.S., L, L., Gao, S., 2016. Recent changes in the
active layer thickness across the northern hemisphere. Environ. Earth Sci. 75, 555.
https://doi.org/10.1007/512665-015-5229-2.

Merlone, A., Lopardo, G., Sanna, F., Bell, S., Benyon, R., Bergerud, R.A.A,, Bertiglia, F.,
Bojkovski, J., Bose, N., Brunet, M., Cappella, A., Coppa, G., del Campo, D.,

Dobre, M., Drnovsek, J., Ebert, V., Emardson, R., Fernicola, V., Flakiewicz, K.,
Gardiner, T., Garcia-Izquierdo, C., Georgin, E., Gilabert, A., Grykatowska, A.,
Grudniewicz, E., Heinonen, M., Holmsten, M., Hudoklin, D., Johansson, J.,
Kajastie, H., Kaykisizli, H., Klason, P., Knazovickd, L., Lakka, A., Kowal, A.,
Miiller, H., Musacchio, C., Nwaboh, J., Pavlasek, P., Piccato, A., Pitre, L., de
Podesta, M., Rasmussen, M.K., Sairanen, H., Smorgon, D., Sparasci, F., Strnad, R.,
Szmyrka- Grzebyk, A., Underwood, R., 2015. The MeteoMet project - metrology for
meteorology: challenges and results. Meteorol. Appl. 22, 820-829. https://doi.org/
10.1002/met.1528.

Merlone, A., Sanna, F., Beges, G., Bell, S., Beltramino, G., Bojkovski, J., Brunet, M., Del
Campo, D., Castrillo, A., Chiodo, N., Colli, M., Coppa, G., Cuccaro, R., Dobre, M.,

Cold Regions Science and Technology 229 (2025) 104364

Drnovsek, J., Ebert, V., Fernicola, V., Garcia-Benadi, A., Garcia-Izquierdo, C.,
Gardiner, T., Georgin, E., Gonzalez, A., Groselj, D., Heinonen, M., Hernandez, S.,
Hogstrom, R., Hudoklin, D., Kalemci, M., Kowal, A., Lanza, L., Miao, P.,
Musacchio, C., Nielsen, J., Nogueras-Cervera, M., Oguz Aytekin, S., Pavlasek, P., De
Podesta, M., Rasmussen, M.K., Del-Rio-Fernandez, J., Rosso, L., Sairanen, H.,
Salminen, J., Sestan, D., Sindelafova, L., Smorgon, D., Sparasci, F., Strnad, R.,
Underwood, R., Uytun, A., Voldan, M., 2018. The MeteoMet2 project - highlights
and results. Meas. Sci. Technol. 29, 025802. https://doi.org/10.1088/1361-6501/
aa99fc.

Merlone, A., Sanna, F., Coppa, G., Massano, L., Musacchio, C., 2020. Transportable
system for on-site calibration of permafrost temperature sensors. Permafr. Periglac.
Process. 31, 610-620. https://doi.org/10.1002/ppp.2063.

Musacchio, C., Bellagarda, S., Maturilli, M., Graeser, J., Vitale, V., Merlone, A., 2015.
Arctic metrology: calibration of radiosondes ground check sensors in Ny-Alesund.
Meteorol. Appl. 22, 854-860. https://doi.org/10.1002/met.1506.

Noetzli, J., Arenson, L.U., Bast, A., Beutel, J., Delaloye, R., Farinotti, D., Gruber, S.,
Gubler, H., Haeberli, W., Hasler, A., Hauck, C., Hiller, M., Hoelzle, M., Lambiel, C.,
Pellet, C., Springman, S.M., Vonder Muehll, D., Phillips, M., 2021. Best Practice for
measuring Permafrost Temperature in Boreholes based on the experience in the
Swiss Alps. Front. Earth Sci. (Lausanne) 9, 280. https://doi.org/10.3389/
feart.2021.607875.

Paro, L., Guglielmin, M., 2013. Sintesi e primi risultati selle attivita ARPA Piemonte su
ambiente periglaciale e Permafrost nelle Alpi Piemontesi. Neve e Valanghe 80,
50-59. URL: https://www.arpa.piemonte.it/sites/default/files/media/2023-11/
nv80_rivista-8_2013.pdf (accessed 7/11/2024).

Paro, L., Guglielmin, M., Merlone, A., Coppa, G., Musacchio, C., Sanna, F., 2018.
Permafrost station at Sommeiller Pass (NW Italy): from the monitoring to reference
site and methods. In: EUCOPS. Institute of Physics Publishing. URL: https://hal.sc
ience/hal-01816115/ (accessed 7/11/2024).

Ribolini, A., Fabre, D., 2006. Permafrost existence in rock glaciers of the Argentera
Massif, Maritime Alps, Italy. Permafr. Periglac. Process. 17, 49-63. https://doi.org/
10.1002/ppp.548.

Riseborough, D., Shiklomanov, N., Etzelmiiller, B., Gruber, S., Marchenko, S., 2008.
Recent advances in permafrost modelling. Permafr. Periglac. Process. 19, 137-156.
https://doi.org/10.1002/ppp.615.

Schuur, E.A.G., McGuire, A.D., Schadel, C., Grosse, G., Harden, J.W., Hayes, D.J.,
Hugelius, G., Koven, C.D., Kuhry, P., Lawrence, D.M., Natali, S.M., Olefeldt, D.,
Romanovsky, V.E., Schaefer, K., Turetsky, M.R., Treat, C.C., Vonk, J.E., 2015.
Climate change and the permafrost carbon feedback. Nature 520, 171-179. https://
doi.org/10.1038/nature14338.

Stocker, T.F., Qin, D., Plattner, G.K., Tignor, M.M.B., Allen, S.K., Boschung, J., Nauels, A.,
Xia, Y., Bex, V., Midgley, P.M., 2013. Climate change 2013 the physical science
basis: Working Group I contribution to the fifth assessment report of the
intergovernmental panel on climate change. In: Climate Change 2013 the Physical
Science Basis: Working Group I Contribution to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge. https://doi.org/10.1017/CB0O9781107415324.

Widmer, L., Phillips, M., Buchli, C., 2023. Brief communication: Comparison of the
performance of thermistors and digital temperature sensors in a mountain
permafrost borehole. Cryosphere 17, 4289-4295. https://doi.org/10.5194/tc-17-
4289-2023.

Xu, X., Wu, Q., 2021. Active layer thickness variation on the Qinghai-Tibetan Plateau:
historical and projected trends. J. Geophys. Res. Atmos. 126, €2021JD034841.
https://doi.org/10.1029/2021JD034841.


https://doi.org/10.3189/002214311796406121
https://doi.org/10.1029/2012GL051958
https://doi.org/10.1029/2012GL051958
https://doi.org/10.1016/j.gloplacha.2003.04.001
https://doi.org/10.1016/j.gloplacha.2003.04.001
https://doi.org/10.1016/j.geomorph.2017.04.011
https://doi.org/10.1002/met.1795
https://doi.org/10.1002/esp.3374
https://doi.org/10.1109/ISIE.2015.7281460
https://doi.org/10.1109/ISIE.2015.7281460
https://doi.org/10.1016/S0141-6359(02)00110-1
https://doi.org/10.1029/2022JD036785
https://doi.org/10.1029/2022JD036785
https://doi.org/10.1016/j.measurement.2022.112394
https://doi.org/10.1016/j.measurement.2022.112394
https://doi.org/10.5194/gh-71-121-2016
https://doi.org/10.5194/gh-71-121-2016
https://doi.org/10.1007/s12665-015-5229-2
https://doi.org/10.1002/met.1528
https://doi.org/10.1002/met.1528
https://doi.org/10.1088/1361-6501/aa99fc
https://doi.org/10.1088/1361-6501/aa99fc
https://doi.org/10.1002/ppp.2063
https://doi.org/10.1002/met.1506
https://doi.org/10.3389/feart.2021.607875
https://doi.org/10.3389/feart.2021.607875
https://www.arpa.piemonte.it/sites/default/files/media/2023-11/nv80_rivista-8_2013.pdf
https://www.arpa.piemonte.it/sites/default/files/media/2023-11/nv80_rivista-8_2013.pdf
https://hal.science/hal-01816115/
https://hal.science/hal-01816115/
https://doi.org/10.1002/ppp.548
https://doi.org/10.1002/ppp.548
https://doi.org/10.1002/ppp.615
https://doi.org/10.1038/nature14338
https://doi.org/10.1038/nature14338
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.5194/tc-17-4289-2023
https://doi.org/10.5194/tc-17-4289-2023
https://doi.org/10.1029/2021JD034841

	Metrological approach for permafrost temperature measurements
	1 Introduction
	2 Instruments and methods
	2.1 Permafrost monitoring station at the Sommeiller Pass
	2.2 On-site calibrations
	2.3 Test calibration campaign (2017)
	2.4 Calibration campaigns (2018 and 2020)

	3 Results and discussion
	3.1 Calibration curves and drift evaluation
	3.2 Calibration correction effect on measured permafrost temperature profile

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	datalink4
	References


