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Abstract

In a context of cryosphere degradation caused by climate warming, rock temperature is one of the main driving
factors of rockfalls that occur on high-elevation mountain slopes. In order to improve the knowledge of this critical
relationship, it is necessary to: i) increase measurement capability of rock temperature and its variability in different
lithological and slope/aspect conditions; ii) increase local scale studies; iii) increase the quality and the
comparability of the observational data. This paper shows an example of metrological characterization of sensors
used for rock temperature measurement in mountain regions aiming at establishing, traceability and evaluating
measurement uncertainty. Under such approach, data and results from temperature measurements carried out in the
Bessanese high-elevation experimental site (Western European Alps) are illustrated. The procedures for the
calibration and field characterization of sensors allow to measure temperature in different locations, depths and
lithotypes within 0.10 °C of overall uncertainty. The main results are: i) Metrological traceability is fundamental to
assess data quality and establish comparability among different measurements; ii) There are strong differences
between air temperature and near-surface rock temperature; iii) There are significant differences of rock temperature
acquired in different aspect conditions. Solar radiation, slope/aspect conditions and lithotype, seem to be the main
driving factors of rock temperature.

1. Introduction

In a context of a climate change that affects mountain cryosphere, landscapes are evolving and new hazards are
emerging. Changes in mean and extreme air temperature and precipitation values are, in fact, important preparatory
and triggering factors for slope instability in the mountain cryosphere (Haeberli and Whiteman, 2015; Allen et al.
2017; Patton et al., 2019; Deline et al., 2022). In particular, several processes relate temperature fluctuations to slope
instability: glacier recession due to climate warming may cause stress change in slopes and rock weathering (Deline
et al. 2015), while glacier fluctuations can result in rock damage (Gramiger et al. 2018); frost weathering (Thapa et
al. 2017) and thermo-mechanical stresses due to temperature fluctuations induce crack opening or widening
(Draebing and Krautblatter 2019); permafrost degradation reduces rock strength (Fischer et al. 2012; Krautblatter et
al. 2013); diurnal and seasonal freeze/thaw cycles and, more in general, cycles of thermal expansion/contraction
weaken rock slopes, predisposing them to failure (Gunzburger et al. 2005; Jia et al. 2015; Collins and Stock 2016;
Matsuoka, 2019). Finally, several recent studies pointed out the role of the snow cover in controlling ground
temperature and, consequently, thermal processes taking place in rock slopes (Magnin et al. 2015; Draebing et al.
2017). In the last decades, an increase in natural instability processes affecting high-elevation mountain slopes has
been documented and linked to climate warming (Fischer et al. 2012a; Allen et al. 2013; Mourey et al. 2019). In
particular, a growing number of rockfalls has been reported (Ravanel et al. 2017; Paranunzio et al. 2019g;
Paranunzio et al. 2019b; Chiarle et al. 2021; Guerini et al. 2021; Nigrelli et al. 2021c). This trend can be ascribed to
the cryosphere (including permafrost) degradation caused by air and rock temperature increase (Harris et al. 2009;
Chiarle et al. 2015; Nigrelli et al. 2018; Hock et al. 2019; Bajni et al. 2021; Nigrelli et al. 2021b).

From a thermodynamic point of view, a complete modelling and understanding of heat transfer processes, associated
temperature values and gradients in rocks exposed to radiative, convective, conductive and condensation forcings is
highly complex. At the air-rock interface there are thermal exchanges by irradiation, convection, condensation and
evaporation, while inside the solid rock thermal exchanges occur only by conduction. Moreover, the thermal regime
of the rock surface is very complex because is highly dependent on short- and longwave radiation, albedo, surface
roughness, snow and vegetation cover and its distribution/variability in time and space (Haberkorn et al. 2015).
Although temperature data at the air-rock interface is fundamental, currently there are no data loggers capable of
measuring and storing on-site the temperature data acquired at the air-rock interface for long periods of time (more
than one year) and with a level of accuracy needed for improving knowledge on instability and rockfalls.

In order to better understand the effects of climate warming on slope instability, in a context of cryosphere
degradation, it would be necessary to have long-lasting, homogeneous rock temperature datasets, distributed
throughout the Alps, to be analyzed in relation to the main geomorphological and meteorological parameters.
However, this is difficult to do because:



1. Long time series of rock temperature data, acquired in the mountain cryosphere of the Alps are rare;
2. Where available, rock temperature data are often acquired by means of sensors and acquisition chains, for
which measurement uncertainty is not always known and instrument traceability is often undocumented;
3. Weather stations located in the mountain cryosphere of the Alps (specifically above 2500 m a.s.l.) are
scarce.
Despite these problems, during the last 20 years several studies on rock temperature have been carried out in the
Alps (Gruber et al. 2004; Gunzburger et al. 2005; Gunzburger et al. 2011; Hasler et al. 2011; Moor et al. 2011,
Magnin et al. 2017; Weber et al. 2017; Draebing et al. 2019; Weber et al. 2019; Viani et al. 2020; Gasc-Barbier et al.
2021). These studies highlight the importance of local studies in high-elevation experimental sites (Matsuoka 2019;
Musacchio et al. 2021). The local scale approach through the availability of instrumented experimental areas allows
to obtain precious information on relations between climate variability and thermal conditions of geological
materials, necessary to better understand processes driving slope instability in the cryolithosphere (van Everdingen
1998). However, to take a step forward, two fundamental objectives need to be pursued, to improve data
comparability in time and space: a constant check of data quality through the entire acquisition chain, and the
standardization of measurement techniques and methods. These issues are clearly highlighted in Humlun et al.
(2004), which however does not yet indicate the need to evaluate the uncertainty of measurements and the
traceability of instruments. In summary, the key questions related to this research field are the following:
1. How to increase rock temperature knowledge in the mountain cryosphere?
2. How to increase quality and comparability of rock temperature data?
On such basis, the aims of this work are:
1. To propose a measurement method which includes a robust metrological approach delivering measurement
uncertainty evaluation and improved data quality through documented traceability and comparability;
2. To apply the proposed measurement approach to a high-elevation experimental site, in order to assess rock
temperature, its variability and the relation with the main geomorphological and meteorological parameters;
3. To promote to the international scientific community the need for shared and standardized procedures, and
the importance of local scale studies through the realization of instrumented experimental areas in the
mountain cryosphere.
In this study, we illustrate the results coming from our high-elevation experimental site, during two years of
measurements in the framework of the RiST2 Project.

2. Study area and measurement design

The temperature monitoring site (TMS) considered for this study is located in the Bessanese high-elevation
experimental basin in the Northwestern Italian Alps (Lat. 45°17°52” N, Lon. 7°8°35” E, Figure 1). The Bessanese
experimental basin is an open-air laboratory, instrumented since 2016 for studying the relationships between climate
forcing and geomorphological dynamics, in particular slope instabilities, in a context of climate warming. This site
was chosen because of the variety of geomorphological features and processes that can be found in the area.
Regarding slope instability, nine recent main rockfall events have been identified in the study area. The earliest
documented event dates back to 1956 and produced a “large” rockfall deposit on the glacier front, located at that
time upstream of the glacial lake at 2581 m a.s.l. The second one, reported in 1958, was described as a “recurring
fall of blocks” from the incisions in the Bessanese rockwall. The six most recent events were reported by the
Gastaldi Hut keeper. Lastly, on August 23, 2019 at 12:51 (CEST) a rockfall detached from the top of the NE
rockwall of the basin. The main features of this experimental site and a detailed study of rockfalls occurred in this
area are described in Viani et al. (2020). The lithotype of the TMS is an outcrop of calc-schists. In this site, three
rock-faces with different orientation (N-E, S-E, S-W) were chosen: respectively TMS1, TMS2 and TMS3. In each
of these sites, three instruments for temperature measurement and recording (sensors with embedded data loggers)
were inserted in the rock, horizontally and in three different drills, about 10 cm apart from each other, respectively at
10 cm (also identified as near-surface rock temperature, NSRT), 30 cm and 50 cm depth (Table 1).

In this experimental configuration the N-W exposure is missing due to the geological and topographical conditions
of the site. This TMS is ideal to carry out continuous monitoring in the calc-schists, a common lithotype in the
western alpine sector.

Air temperature and other meteorological data were provided by an automatic weather station (AWS) installed by
ARPA Piemonte in 1988. The AWS is located about 130 m away from the TMS, at an elevation of 2659 m a.s.l.
and its sensors are positioned 6 m above the ground level. Since 2018, the AWS also acquires total incident and
reflected solar radiation (Nigrelli et al. 2021a). The Bessanese experimental basin is part of the Dynamic Ecological
Information Management System — Site and dataset registry (https://deims.org).



3. Measurement approach

The methodology we propose here consists in an innovative approach integrated by the use of advanced
technologies. The main aim of our approach is to achieve a fully documented measurement traceability. In fact, in
cryosphere studies, a fully documented metrological traceability of measurements is frequently missing but it is
fundamental for data comparability in space and in time (Merlone et al. 2015; Musacchio et al. 2021).

This is obtained in two specific steps:

1. Selection of high-quality instruments and sensors, considering the condition of use, the possibility to store
data for long periods, the possibility to be calibrated several times;

2. Definition of specific calibration methodologies and procedures; sensors calibration with associated
calibration curve and uncertainty, including characterization "on-site", also for evaluate further components
of the overall measurement uncertainty (not limited to the calibration uncertainty).

For this study, we used MadgeTech MicroTemp Data Loggers (MT). This choice was made because these MTs are
miniaturized (length 66 mm, diameter 18 mm, weight 14 g), waterproof, self-contained temperature data loggers that
can be easily inserted into rock and other geological materials, such as coarse and fine debris, soil, ice, water. They
can measure and store data for more than one year, since they have user-replaceable batteries, and work in the
temperature range [-40; +80] °C, with a resolution of 0.1 °C. Differently from other disposable sensors, MTs can be
routinely calibrated and their measurements made traceable to Sl standards. Based on our experience, these MTs
offer an excellent compromise between ease of use in extreme conditions, cost and data quality.

The proposed measurement approach consists in the following four steps:

Step 1. Laboratory calibration of the MTs.

This calibration is necessary to: a) establish full traceability, b) correct for instrumental errors, ¢) determine the
calibration uncertainty, a key component of the overall measurement uncertainty, before and after the on-site
deployment. The calibrations have been performed at the Italian National Metrology Institute (Istituto Nazionale di
Ricerca Metrologica, INRiM), by comparison against a reference standard thermometer traceable to national
reference fixed points. The calibration was performed by comparison in a characterized liquid bath, in the range [-
20; 40] °C, a Fluke 1594A high-accuracy readout bridge was used for reading the reference PT100 thermometer.
The calibration uncertainty was evaluated taking into account all components such as the MT resolution, the bath
stability and uniformity and the reference thermometer uncertainty.

All procedures here adopted are in agreement with the Guide to the Expression of Uncertainty in Measurement
(GUM), No. 100:2008, while the terminology here used is aligned with the International VVocabulary of Metrology
(VIM), No. 200:2012).

Step 2. Evaluation of measurement uncertainty.

The calibration procedure explained in Step 1 was expressly designed to minimize the differences with the
measurement environment in which the sensors are exposed. The measurement procedure adopted in this work,
including tests, characterization and calibration results, allowed us to draft a tentative measurement uncertainty budget
(Table 2). In the table, all the considered contributions to uncertainty are present: due to calibration of the devices,
their resolution, the mathematical fitting of the calibration curve (which was found to be negligible) and their field
comparability. The latter term includes a comparison among the MT sensors made in a real-world situation, to assess
the behavior of the instruments when subject to the same environmental factors, not unlike what was done by Coppa
et al. (2021) for AWS. This procedure, briefly reported as well by Viani et al. (2020), allowed us to evaluate this
contribution, which is by far the largest contributor to the overall uncertainty. Using this approach, more acquisition
time, and more sophisticated statistical techniques, in principle this contribution can be reduced to few hundreds of a
degree Celsius while, in general, in the environmental research field, uncertainty is normally declared at around 0.1 °C
(if any), rarely with complete traceability documentation.

Step 3. Rock temperature monitoring.

Considering that the bibliographic analysis did not point out clear standardized practices in relation to depth
configurations, we chose to position the MTs at three different depths in the rock (10, 30 and 50 cm, Table 1). The
MTs have been preventively smeared with white silicone grease to maximize the contact with the rock, thus
improving the thermal conductivity (Figure 2). This mimics the conditions met in liquid bath during calibration, thus
making the calibration curve and associated uncertainty more representative of the measurement conditions. Data
acquisitions of the nine MTs started on 20 July 2018 and ended on 5 August 2020, without missing data. Rock
temperatures were logged every 30 min: MTs acquisitions were synchronized with the AWS acquisitions, in order to
make a correct time comparison. Hours are expressed in Central European Summer Time (CEST).

Step 4. Data analysis.

The local-scale variability of rock temperature and its relation with the main geomorphological and meteorological
parameters were processed and plotted. The on-site daily maximum rock temperature gradient (or lapse rate, DTLR)




of calc-schist rock was calculated. For our analyses, we considered the maximum values for calculating DTLR,
because this is one of the main driving factors of rockfalls that occur at high elevation. The DTLR is an important
parameter that is used for the calculation of the thermal conductivity of materials, through the application of
Fourier's law (Schon et al. 2015). The formula applied to calculate DTLR is: AT/Ax (°C/cm), where AT is the
difference of daily maximum rock temperature acquired by two MTs of the same monitoring site, and Ax is the
difference between two depths, in our cases is set to 20 cm (10 cm vs 30 cm and 30 cm vs 50 cm).

The zero-curtain state is characterized by a constant temperature close to 0 °C due to the snow cover (thermal
insulation) and due to the latent heat released in the melting snow pack (Hasler et al. 2011; Kellerer-Pirklbauer
2017; Viani et al. 2020). In this study, the zero-curtain periods were determined for days with near-surface rock
temperature between [-0.2; +0.2] °C, a range similar to that applied in Gubler et al. (2011). The zero-curtain periods
were not included in the calculation of DTLR. Furthermore, the main physical properties of the calc-schists (color,
bulk density and specific heat capacity) were determined in laboratory on rock samples of about 10-15 cm?® of
volume. The rock samples were collected in the TMS, taking the samples from the surface of the rock outcrop.
Rock color was determined both in wet and dry conditions, by using the Munsell Rock Color Chart. Density (p) is
defined as the quotient of mass m (sample of about 5 g) and volume V of a material (o = m/V). In this work, the bulk
density was calculated, i.e. the mean density of the considered rock volume, including pores. Bulk density (g/cm?)
was calculated by means of pycnometers (Schon et al. 2015). Finally, the specific heat capacity (cp) is defined as the
ratio of the heat input Q to the product of the mass m (sample of about 50 g) and the resulting temperature increase
AT, where the subscript p indicates specific heat capacity at constant pressure: ¢, = Q/(m*4T). The specific heat
capacity (in J/kg K) was calculated by using a Dewar vessel calorimeter (Schon et al. 2015). Temperature in the
calorimeter was measured by using a copper-constantan thermocouple (measurement accuracy 0.2 %) and it was
recorded each 1 s by means of a data logger.

4. Results

Table 3 synthetizes rock and air temperature acquired for the entire period of measurement. Regarding rock
temperatures, the highest value was recorded by MT Q62110 (TMS3, 10 cm depth): 40.8 °C at 18:00 hours of the
28/06/2019 with nearby air temperature of 18.5 °C, and difference between rock and air temperature of 22.3 °C. The
lowest value was recorded by MT Q61213 (TMS1, 10 cm depth): -7.5 °C from 3:00 hours to 4:30 hours of the
14/11/2019 (air temperature -10.3 °C, AT between rock and air temperature -2.8 °C). Regarding air temperatures,
the highest value observed is 19.9 °C (16:00 hours of the 25/06/2019, when the maximum rock temperature is

28.4 °C, observed by MT Q62110) and the lowest value is — 18.8 °C (6:30 hours of the 26/03/2020, when the
minimum rock temperature is 0.50 °C, measured by MT Q61213 under snow cover conditions).

Figure 3 shows rock and air temperature and snow depth trends during the entire observation period. The trends
observed for rock temperature are similar, but several differences in the quantitative values have been found in
relation to the different depths of data loggers and to the different aspect of the three measuring sites. In this figure,
particular evident is the zero-curtain period. The transition to the zero curtain is more gradual at TMS1 (facing N-
NE) than at TMS2 and TMS3 (facing SE and SW, respectively). Snowfalls of just 20 cm were sufficient to
substantially decouple rock and air temperature at this site, both in autumn 2018 and in 2019, while in the other two
sites rock temperature remained substantially aligned with that of the air. However, the final onset of the zero-
curtain period is almost synchronous for the three stations, coinciding with the first snowfall reaching a thickness of
at least one meter. On the contrary, the zero-curtain period ends earlier and more gradually at the TMS2 and TMS3
sites, when the snow pack at AWS is still almost 2 m thick. At the TMS1 site, on the other hand, the zero-curtain
period ends almost 2 months later, when the snow depth at AWS drops to about 80 cm. Figure 3 also highlights the
limited number of diurnal freeze-thaw cycles in the rock, which usually occur in autumn: in fact, when the rock is
finally out of the zero-curtain, air temperature tends to remain above 0 °C. This result is in agreement with the
findings of Viani et al. (2020) in other rock temperature measuring sites in the Bessanese experimental basin. In
addition, only the most surficial MTs experience freeze/thaw cycles.

Strong differences between air temperature and NSRT (MT at 10 cm depth) are visible in Figure 3. During Summer,
the minimum daily air temperature is above 0 °C for several consecutive days: this may cause ground ice melting at
a growing depth in rock slopes and permafrost degradation, predisposing slope to failure (Gruber et al., 2004; Viani
et al., 2020). Figure 4 shows an example of rock and air temperature trends in TMS3, during four consecutive days
(from 1 to 4 September 2019) and their relation with the global and reflected solar radiation. In the night-time, rocks
cool down and, the following morning, before sunrise, the NSRT is sometimes higher than the air temperature by a
few degrees, due to the thermal inertia of the rock mass with respect to air. An example of this process is shown in
Figure 4: during sunny days, high values of AT between air and rock temperature were found (see 3 and 4
September 2019). When direct solar radiation is absent, e. g. during cloudy days (see 1 and 2 September 2019),



differences are minor but still significant. The NSRT is higher than air temperature, due to major radiation
absorption, transferred into available heat content, here detected as temperature increase. Even if AT between air and
rock decreases with increasing rock depth, it never becomes zero.

In Figure 5 the descriptive statistics of the two DTLRs calculated for each TMS, using the three different depths

(10 cm vs 30 cm and 30 cm vs 50 cm) are reported. In TMS1 the linear correlation between the two DTLRs is: y =
0,5022x - 0,0121 (R?>= 0,83; n=262); in TMS2 the linear correlation is: y = 0,3021x - 0,0188 (R?= 0,86; n=365); in
TMS3 the linear correlation is: y = 0,3205x - 0,0305 (R?= 0,88; n=391). DTLR shows a clear variability between
temperatures acquired in each measurement site (TMS1, TMS2 and TMS3), especially between the shallower MTs,
as reported in Figure 5.

5. Discussion
The work here presented is based on an innovative and robust methodology that involves improved understanding of
the whole measurement process: from the sensor calibration and characterization, to the measurement procedure and
complete uncertainty analysis. This process allowed more robust understanding of the local scale relationships
among rock temperature, geomorphological features and meteorological parameters through a spatiotemporal
comparability of data. In this discussion, particular relevance is given to the rock temperature variability, which is a
key driving factor of slope instability. In relation to the results illustrated in the previous paragraph, the key results
are as follows:
1. Metrological traceability is fundamental in data acquisition to achieve comparability and to accurately
capture trends;
2. Strong differences exist between air and rock temperature, in particular NSRT;
3. Significant differences exist between temperatures acquired in each measurement site (TMS1, TMS2 and
TMS3), with particular reference to NSRT;
4. DTLR shows a clear variability between temperatures acquired in each measurement site (TMS1, TMS2
and TMS3), especially between the shallower MTSs;
5. Long periods of zero-curtain;
6. Only a few freeze-thaw cycles occur in the NSRT, with respect to the air temperature.

Point 1). Metrological traceability of measurements is a fundamental requirement to achieve data comparability and
a fundamental aspect to accurately capture trends. Improved and dedicated calibration procedures, uncertainty
evaluation of field measurements results is being carried out under a direct collaboration between metrologists and
scientists operating in instrumented experimental areas in the cryosphere. Field measurements of temperature are a
key investigation for cryosphere studies, in high mountain regions and Arctic environments. Among the numerous
Essential Climate Variables (ECVs), defined by the Global Climate Observing System (GCOS) recommended
terrestrial measurements include quantities of interest in cryosphere studies also under a co-siting vision with the
proposal of a Global Climate Reference Network (Thorne et al. 2018). The WMO's Global Cryosphere Watch
(GCW) has deep interest in implementing metrology and metrological approach. Result of interest for GCW have
already been delivered by European Metrology Research Programme Joint Research Projects such as MeteoMet
(Merlone et al. 2012; Merlone et al. 2015). The activities on the improvement of the data quality for permafrost
measurements, the discussion opened by the series of “Arctic Metrology workshops”, the calibration campaign in
high mountain regions and the proposal for a dedicated metrology infrastructure for polar research are all valuable
examples. Such direct collaboration with the metrology community brings proved benefits and progresses in the
quality of data recorded by the multitude of network and stations of GCW and more in general on studies on the
cryosphere.

It is under such framework, that the work here presented addresses the needs of the GCW as an example of
documented traceability and best practice for calibration and measurement uncertainty.

Point 2). Strong differences exist between air and rock temperature, in particular NSRT. These differences have
been reported in some papers that compared air temperature with NSRT, such as in Haberkorn et al. (2016), Viani et
al. (2020). Our study confirms that there is a low linear correlation between daily maximum air temperature and
daily maximum NSRT (zero-curtain days excluded, see Point 5) below. Linear correlation coefficient (R?) for the
three pairwise comparisons are 0.37 (with 262 days), 0.52 (365 days) and 0.46 (391 days), respectively for TMS1,
TMS2 and TMS3. These results must be taken into serious consideration when analyzing the thermal conditions
associated with the triggering of slope instability. In fact, simply taking into account air temperature trend can lead
to a significant underestimation of rock mass temperature, during the summer or even all year round, in particular in



case of vertical rock walls, where snow cannot accumulate and solar radiation reaches the rock surface all year
round.

Point 3). Significant differences between temperatures acquired in each measurement site (TMS1, TMS2 and
TMS3). These differences are clearly visible in Figures 3 and 5, and are particularly marked for NSRTs. NSRT is
mainly influenced by rock-face slope/aspect and by the thermal characteristics of the specific lithotype, as found
also by other authors (Gruber et al., 2004; Matsuoka 2008; Fischer et al., 2012b; Viani et al. 2020). Differences in
solar radiation and in the timing and thickness of the snow cover are also important (Haberkorn et al. 2015;
Haberkorn et al. 2016). Data in Table 3 highlight this point, in particular MT Q62110 in TMS3. This MT is inserted
in a rock-face that is oriented 225 ° N, with a slope angle of 45°. This optimal positioning, in relation to the
absorption of solar radiation, is evident in the curve of temperature growth in Figure 4. In this figure, after sunrise,
temperature acquired by MT Q62110 (10 cm depth), rises rapidly, well above that of the air, and also while this
latter remains almost stable, until the angle of incidence of the sun decreases. The same trend is displayed by the
other MTs in rock, with different timing and absolute values, in relation to the different slope/aspect conditions of
the rock-face.

In Figure 4 is clearly visible the time shift among the peak values of the global solar radiation and the rock
temperature at 10 cm, 30 cm and 50 cm depth, especially during sunny days. The time shift is due to thermal
diffusivity and it is specific for each lithotype. Thermal diffusivity is a measure of penetration of temperature
changes into a material; it controls the time-dependent temperature distribution (Schon 2015). At seasonal time-
scale, thermal variation can affect rock up to 6 m depth, as other authors have found (Magnin et al. 2015; Gasc-
Barbier et al. 2021; Haberkorn et al. 2021). An in-depth, stronger effect linked to thermal diffusivity occurs in
fractured rocks, where air and water can transfer surficial rock temperatures at depth faster than a compact rock.
However, it should not be forgotten that rocks are strongly anisotropic. In relation to this, several on-site
measurement points and several years of measurements are required, as also reported in Keller-Pirklbauer (2017).
These results confirm that, over a period of several days with stable meteorological conditions, seasonal fluctuations
are not perceptible, and temperatures vary almost periodically with a 1-day period, as reported in Gunzburger et al.
(2011). In the Cryosphere-Climate laboratory of the CNR-IRPI of Torino, the determination of the thermal
properties of the different types of rock that are predominant in the Alps is underway, in order to provide the input
parameters needed to develop accurate and exportable heat transfer models of rocks prone to failure in the Alps.

Point 4). The data relating to the thermal gradient (or lapse rate) of the rocks, provide one of the most important
parameters useful to the definition for the heat transfer models in rock. Due to the different physical, chemical and
mineralogical characteristics of the different types of rocks, these data must be acquired for each lithotype. As
reported above, the lithotype of the three TMSs is an outcrop of calc-schist and the DTLRs of this lithotype are
summarized in Figures 5. In this figure, differences in the DTLR values are clearly visible. The most evident
differences are observed in the calculated values for TMS1-a (0.18 °C/cm), TMS2-a (0.25 °C/cm) and TMS3-a
(0.39 °C/cm). These values indicate that a compact calc-schist rock exposed to SE heats up twice as much as the
same rock exposed to the NE. The differences observed for the extreme values (the whiskers of the box plot) are
even larger for the different aspects of the rock mass. The results of our study confirm that daily temperature
fluctuations are less pronounced for rock faces exposed towards N, than for those exposed towards S, reaching the
highest values for SW exposures. As a result, south-facing rock slopes are particularly exposed to cycles of thermal
expansion/contraction, even if temperature remains above 0 °C (Collins and Stock 2016), which can cause the
progressive degradation of rock properties. On this regard, Nagai et al. (2013), for example, found that southwest-
facing slopes supply the largest quantity of debris mantle on glaciers in the Bhutanese Himalaya. On the contrary,
North-facing slopes are more sensitive to seasonal temperature fluctuations and in general to climate warming, since
their temperature depends on air temperature more than on solar radiation, as it happens for South-facing slopes. In
fact, North-facing slopes are the source of many rock falls occurred in recent decades (Viani et al., 2020).

The values calculated for TMS1-b (0.08 °C/cm), TMS2-b (0.06 °C/cm) and TMS3-b (0.09 °C/cm), are very close,
suggesting that thermal diffusivity, at the daily scale, in a compact calc-schist rock, rapidly decreases with depth.

Point 5). The entire time-series of measurements highlights the impact of snow cover on rock temperature (Figure
3). The thermal insulation properties of snow are well known (Barry, 2008; Harris et al., 2009; Barry, 2011; Ming-
ko, 2012). This is the so-called zero-curtain effect. When data loggers are under snow cover, they are thermally
insulated from the atmosphere and consequently their temperature is close to 0 °C, decoupling them from air
temperature trend. This situation confirms the marked role of the snow cover, in our case from a thickness of about
15-20 cm, as also other authors reveal (Haberkorn et al., 2015). Since the height of the holes in the rock faces



selected for this study are 100 cm and 130 cm, when the mean snow depth during winter and spring can be higher
than 250 cm, and the slope range of the three TMSs is from 45° to 50°, MTSs are under the insulating effect of the
snow from late autumn to late spring. This situation considerably reduces the number of useful measures; however,
also in this case, the rock face exposure is a relevant factor, significantly reducing snow cover duration, and thus the
zero-curtain period, for the SE-SW aspects.

Point 6). Field monitoring in the World has highlighted the roles of diurnal and annual frost cycles in controlling the
timing and magnitude of frost weathering (Matsuoka et al. 2008; Draebing et al. 2017; Draebing et al. 2019). The
weathering by freeze-thaw cycles is an important process that occur in the rock slopes of the Alps. However, in our
study, only a few freeze-thaw cycles in rock were identified. The main causes are three: a) the relatively low altitude
of the measurement site (<3000 m a.s.l.); b) the presence of snow cover for a long period each year (from late
Autumn to late Spring), precisely in the months in which the air temperature undergoes most of the oscillations
above and below 0 °C and could thus causes freeze-thaw cycles and the so-called thermal stress weathering, as some
authors have found (Draebing et al. 2019). These affect rock, debris, ice and water temperature (Fischer et al. 2012a;
Fischer et al. 2012b; Weber et al. 2017). In these seasons, when snow cover is absent from near-vertical rock slopes,
NSRT can be higher than near-surface air temperature and can be some degrees above 0 °C: this is due to strong
short-wave solar radiation; c) the non-vertical conditions of the rock slope at the TMSs, and the limited height of
TMSs from the ground (max. 130 cm). These are significant limiting factors, because do not allow the rock slope to
be without snow cover and therefore to be directly irradiated by the sun.

Considered that near-vertical rock slopes are also the most prone to instability, and that some of the largest slope
failures occurred in recent years in permafrost alpine areas happened from Autumn to Spring (Paranunzio et al.
2018; Paranunzio et al. 2019a), the knowledge of the actual thermal condition of rock slopes during these seasons is
crucial for understanding processes leading to failure (Gruber et al., 2004; Weber et al. 2017). In order to solve this
problem, it would be necessary to set up a measuring site at a higher altitude than the current one, but this would
entail greater logistical difficulties.

Summing up we conclude that, in order of importance, solar radiation ans slope/aspect conditions seem to be the
main driving factors of rock temperature variation at short time-scales (daily to seasonal). We believe that the
lithotype is also one of the main driving factors of rock temperature variation at short time-scales. As regards this
aspect, specific studies are currently underway. It is important to underline that a more in-depth comparison between
the results reported in this work and the results reported in the bibliography is difficult, due to the significant
differences between the applied methodologies and the different sensor types used.

Regarding the crucial parameter of temperature, however, the reference datum is air temperature, as it is usually the
only available. However, this study highlights the strong difference between air and rock temperature and the time
shift that exists between their peak values. This means that, even with all the limitations/exceptions of the case,
estimating rock temperature on the basis of the air temperature alone can lead to a significant underestimation of the
former, and therefore to an incorrect interpretation of the mechanisms associated with geomorphological
dynamics/slope instability. This could explain, e.g., rockfalls occurred at high altitudes in Winter, when air
temperature is well below 0 °C, difficult to interpret if only air temperature is considered (Schnepfleitner et al.
2018). It is evident that solar radiation is critical in this regard, both in terms of cloudiness/seasonality, and with
regard to slope and aspect of rock masses, as other authors mentioned above have also reported.

As already mentioned, the lithological composition of rock masses also plays a role in the thermal behavior of
mountain slopes: new data acquisitions in the laboratory and in the field, specific for each lithotype involved in
rockfall are necessary. The methodological approach used for this work, ensuring comparability of results and
definition of measure uncertainties, is the most appropriate to investigate also these aspects.

6. Conclusions

This paper shows one example of the application of procedures aimed at the metrological characterization of sensors
used for the measurement of temperature in mountain cryosphere. The main novelty is a rigorous application of
metrological principles to establish traceability and fully evaluate measurement uncertainty for this specific
application and linked studies on cryosphere degradation. The case study in an instrumented experimental area, the
Bessanese glacial basin, is the first field application. Data and results from two years of measurements have been
reported. This case study can be considered a preliminary approach for new and more modern research methods
regarding temperature studies in glacial and periglacial areas, with a focus on temperature as a driving factor of
slope instability.

Answering the two key questions reported in the introduction, we conclude that:



1) How to increase rock temperature knowledge in the alpine cryosphere?

Rock temperature knowledge in the alpine cryosphere can be increased by extending and comparing the
instrumented experimental areas; rock blocks and outcrops can be used as analogous of rock slopes, when these
latter are difficult and/or dangerous to reach. This solution can be the right compromise to new data, while keeping
low cost and risks associated with this type of investigation. These instrumented experimental areas could become
authentic reference sites, in which to collect data, but also to develop new methodological approaches and to test and
compare different and evolving instruments and technologies. Furthermore, rock temperature knowledge in the
alpine cryosphere can be increased by using sensors and metrological approaches that take favor of a fully
traceability of measurements.

2) How to increase the quality and the comparability of the data?

It is possible to increase the quality of the data using local scale approaches, applying shared and standardized
methodologies, using sensors and acquisition chains with known measurement uncertainty. In a long-term vision,
setting up an experimental site designed according to the results of the analysis on top quality-reference grade
measurements represents a preliminary example towards a network of reference sites at large regional or future
global scale. During the last twenty years, several projects in the cryosphere have been implemented, several
working groups have been activated, led by the most important government agencies or associations in the world,
for example the Global Cryospheric Watch of the World Meteorological Organization (WMO-GCW), the National
Snow and Ice Data Center (NSIDC), the International Permafrost Association (IPA), the International Association of
Cryospheric Sciences (IACS). During these twenty years many instrumented experimental areas in the cryosphere
have been equipped, following independent approaches and different solution. This results in a low level of data
comparability, very different technical methods adopted, total absence of measurement guidelines or discussed
dedicated calibration procedure. Full understanding and evaluation of measurement uncertainty is not present in
literature, and rarely reported results include at least instrumental uncertainty evaluation. This situation is well
known by WMO-GCW, which in 2020 formed specific working groups tasked to define standards and best practice
for observations and measurements of parameters of the cryosphere: snow, permafrost and glaciers. The final goal is
to extend the WMO guide No.8 to the cryospheric observations. The approach here proposed can be intended as a
local scale case study in order to stimulate the international scientific community towards the adoption of shared and
standardized procedures. When general principles will be formally adopted, a reference network can originate in
harmonized and comparable way, for generating long term measurement records.

Climate change is significantly modifying the cryosphere and one of the most evident consequences is the increase
of natural instability processes, and of related hazards and risks. In order to improve knowledge on hazards and risks
in the cryosphere, a rapid progress in such research activities is needed. To achieve this, it is necessary to combine
efforts by applying standardized methodologies, increasing data acquisition and sharing results within and among
different communities.
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Tables

Table 1. Main characteristics of the three rock-faces (TMS No.) and the nine MT data logger (ID No.) used in this
study. AGL, height of the hole in the rock, above the ground level. * also identified as near surface rock temperature
(NSRT)

TMS Elevation  Aspect Slope Latitude Longitude ID AGL  Depth
(No)  (masl)  (°N) ) (N) (E) (No) (cm)  (cm)
TMS1 2667 30 50 45.29758 7.14259 Q61213 100 10*
Q62122 100 30
Q61215 100 50
TMS2 2666 135 50 45.29702 7.14390 Q61212 130 10*
Q62114 130 30
Q62121 130 50
TMS3 2653 225 45 45.29711 7.14421 Q62110 100 10*
Q62097 100 30
Q61211 100 50

Table 2. Measurement uncertainty components: D, Distribution; N, Normal; R, Rectangular; U, Uncertainty
U component Value D U

9] 0
U calibration 0.027 N 0.027
Resolution 01 R 0.029
Calibration curve residuals ~ Negl. 0.000
Field comparability 01 R 0.029
Total U (K) 0.049

Total U (K=2) 0.098




Table 3. Rock (ID No.) and air (AWS) temperature observed during the two years of measurements, from 20 July
2018 to 5 August 2020 (Tmean, Tmin and Tmax are respectively mean, minimum and maximum temperature; Sd,
standard deviation; * data loggers that have acquired near surface rock temperature)

ID Tmean Tmin Tmax Data Sd

(No.) (°C)  (°C) (°C) (No) (°C)
Q61213* 3.1 -75 27.2 35858 5.4
Q62122 3.0 -5.7 20.7 35858 5.4
Q61215 2.9 -4.3 17.2 35858 5.0
Q61212* 5.4 -2.7 33.0 35858 7.4
Q62114 5.2 -1.6 23.4 35858 6.4
Q62121 51 -1.8 20.5 35858 6.2
Q62110* 5.6 -5.0 40.8 35858 7.9
Q62097 5.5 -2.8 26.0 35858 6.2
Q61211 5.5 -1.8 20.5 35858 5.7
AWS 1.7 -18.8 19.9 35158 6.7

Figure captions

Figure 1 Map of the Bessanese high-elevation experimental site. TMS, temperature monitoring site; AWS,
Automatic Weather Station (owner ARPA Piemonte); Webcam, on the right glacial moraine at 2775 m a.s.l.
(https://bessanese.panomax.com/); Black arrows indicates the glacier terminus at specific years (Aerial photo by
Franco Rogliardo, 7 September 2016, source Comitato Glaciologico Italiano)

Figure 2 Drilling operations at TMS1 (A) and insertion of the temperature data logger at 30 cm depth (B)

Figure 3 Rock temperature trend at different depths (10 cm, 30 cm and 50 cm) at the three rock-faces (TMS1, TMS2
and TMS3) and air temperature and snow depth trends (AWS) acquired during the entire observation period. The
different aspect of the measuring sites is also indicated (black circle in the wind rose)

Figure 4 Trend of rock temperature at TMS3 at the three different depths (10, 30, 50 cm), and of air temperature
(Tair), during four consecutive days of September 2019 (1-2 September, cloudy days; 3-4 September, sunny days) in
relation to the global (Gsr) and reflected (Rsr) solar radiation. Weather conditions of these four days can be checked
by consulting the image archive of the webcam positioned to monitor the Bessanese experimental basin, at an
altitude of 2775 m a.s.l. (https://bessanese.panomax.com/)

Figure 5 Descriptive statistics of the daily temperature lapse rate (DTLR, °C/cm) calculated in TMS1, TMS2 and
TMS3, considering the two different depths intervals: a, 10 cm vs 30 cm; b, 30 cm vs 50 cm. In each box, the
median and the mean are marked (respectively horizontal line and cross), the box edge indicate the first quartile
(bottom) and the third quartile (top), the whiskers indicate the minimum (bottom) and the maximum (top) value






