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Abstract

The distribution of freezing and thawing within rock masses is time varying (day to

day or season to season) and controls the effectiveness of the frost cracking pro-

cesses from the surface until various depths. These processes are major contributors

to the development of rock instabilities. By altering the thermal regime of rockwalls,

global warming could have a major impact on rockfall dynamic by the end of the 21st

century. This study seeks to improve our understanding of the influence of this

warming on (i) the distribution of freezing and thawing within rock masses, (ii) the

effectiveness of frost cracking and (iii) the frequency and magnitude of rockfalls.

Thermistor sensors inserted in a 5.5-m horizontal borehole and a weather station

were installed on a vertical rockwall located in the northern Gaspé Peninsula

(Canada). This instrumentation was used to calculate the surface energy balance of

the rockwall and to measure and model its thermal regime at depth over a period of

28 months. Combining locally recorded historical air temperature data with simulated

future data (scenarios RCP4.5 and RCP8.5) made it possible to extend the rockwall

thermal regime model over the period 1950–2100. The effectiveness of frost crack-

ing over this 150-year period has been quantified using a thermomechanical model.

Depending on the scenario, warming of 3.3�C to 6.2�C is expected on the northern

Gaspé Peninsula by the end of the 21st century. This rapid warming is likely to

decrease the maximum depth reaches by the seasonal frost by 1–2 m and shorten its

duration by 1–3 months. The frequency of freeze–thaw cycles could increase

twelvefold in January. Frost cracking effectiveness should intensify around 70 cm in

depth and disappear beyond that (RCP4.5) or diminish starting at 10 cm in depth

(RCP8.5). In areas subject to seasonal freeze–thaw cycles, decimetric rockfall fre-

quency could grow considerably in winter but be significantly reduced in fall and

spring. Furthermore, frost cracking would cease contributing to the development of

larger magnitude instabilities.
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1 | INTRODUCTION

Through perturbation to the precipitation and temperature regimes,

climate change has significant impacts on hillslope dynamics and

processes (Crosta & Clague, 2009; Crozier, 2010; Gariano &

Guzzetti, 2016; Huggel et al., 2012; Korup et al., 2012; Sidle &

Ochiai, 2006). However, how these perturbations interact with the

occurrence, frequency and magnitude of slope movements remains
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challenging to understand (Alvioli et al., 2018; Gariano &

Guzzetti, 2016; Huggel et al., 2012). The influence of climate change

on those movements is a function of the material, type of movement

and the initial and new climatic conditions (Crozier, 2010).

Rockfall is a hillslope movement in which blocks of various magni-

tude detach from the surface of rock escarpments (Budetta, 2004;

Michoud et al., 2012; Piteau & Peckover, 1978; Selby, 1993). While

spontaneous, rockfalls result from a series of processes that interact

over long periods. It never result solely from the latest apparent

change (Draebing & Krautblatter, 2019; Gunzburger et al., 2005;

Schovanec, 2020). The two principal climatic factors contributing to

the development of rock instabilities in hillslope and mountain envi-

ronments are precipitation and freeze–thaw (FT) cycles (Birien &

Gauthier, 2023a; Collins & Stock, 2016; Coutard & Francou, 1989;

D’Amato et al., 2016; Delonca et al., 2014; Hungr et al., 1999;

Matsuoka & Sakai, 1999; Rapp, 1960; Wieczorek & Jäger, 1996).

While the influence of climate change on precipitation regimes is

highly variable on the global scale, rising air temperatures affect the

entire planet and are particularly significant at high latitudes and ele-

vations (Collins et al., 2013; Hartmann et al., 2013). Global warming

alters the distribution of freezing and thawing within rock masses and,

by extension, the effectiveness of the main frost cracking processes

(Rode et al., 2016). Frost cracking is defined as the breakdown of

rocks by freezing (Walder & Hallet, 1985), and two main processes

can conduct to frost cracking: the volumetric expansion of freezing

water and ice segregation (Matsuoka & Murton, 2008; Rode et al., 2016).

Frost damage induced by the volumetric expansion of freezing water

requires a temperature below the freezing point and a rock water satura-

tion of over 90% (Walder & Hallet, 1986), and frost damage due to ice

segregation within the rock requires colder ‘frost cracking windows’
(Anderson, 1998) that depend on rock strength (Mayer, Deprez,

et al., 2023a; Walder & Hallet, 1985). Hallet et al. (1991) have shown that

the most efficient temperature range was between �6�C and �3�C for

low-strength rock, and Walder & Hallet (1985) have obtained values

between �15�C and �4�C for high-strength rocks. Mayer, Deprez, et al.

(2023a) have recently suggested that initial rock moisture content is not a

primary control of ice segregation, and Mayer, Eppes, & Draebing

(2023b) have shown that ice segregation occurs on low-saturated (30%)

samples. Modern climate warming should have repercussions on the

effectiveness of volumetric expansion and on ice segregation processes,

and these repercussions are already apparent in the frequency of rock-

falls of varying magnitudes in alpine periglacial environments (Gobiet

et al., 2014; Gruber et al., 2004; Gruber & Haeberli, 2007; Harris

et al., 2009; Hartmeyer et al., 2020; Huggel, 2009; Huggel et al., 2012;

Paranunzio et al., 2016; Ravanel & Deline, 2011).

Modern climate warming is only in its infancy (Collins et al., 2013;

Hartmann et al., 2013), and the already considerable impact of global

warming on rockfall dynamics (Hartmeyer et al., 2020; Ravanel &

Deline, 2011a) can make human populations and infrastructure more

vulnerable (Haque et al., 2019; Mourey et al., 2020; Mourey

et al., 2022; Pröbstl-Haider et al., 2021). The intensification of climate

warming expected over the coming decades (Collins et al., 2013;

Hartmann et al., 2013) raises a number of questions. To what extent

will climate warming in the 21st century alter the distribution of freez-

ing and thawing within rock? What repercussions on the effectiveness

of frost cracking can be expected? What will be the impact on rockfall

frequency and magnitude?

Most studies on the impacts of climate warming on rockfall

dynamic between the present and the end of the 21st century are

qualitative and hypothetical in nature (Gruber et al., 2004;

Huggel, 2009; Ravanel & Deline, 2011). The development of some

models that allow to calculate the surface and near-surface tempera-

ture of rock slopes using meteorological data as input can be used to

quantify the effects of future global warming on rock slopes affected

by permafrost or dominated by seasonal frost (SF) or sporadic FT

cycles (on the scale of few hours to few days). Hales & Roering (2007)

have modelled high mountain permafrost distribution 100 and

200 years in the future and assume surface warming of 2.5–3.5�C,

depending on slope aspect. They have shown that even if permafrost

degradation could occur in few decades near the rock mass surface,

relict permafrost could persist at greater depth for centuries. In the

French Alps, Magnin et al. (2017) modelled the long-term evolution of

permafrost in three vertical cross sections of rockwall sites with eleva-

tion ranging between 3160 and 4300 m from the Little Ice Age to

2100. They have shown that the rate of change between 1850 and

the early 1990s was in the same range as the one experienced during

the past three decades. By the end of the 21st century, even the core

of wide summits will be strongly affected by the global warming

(Magnin et al., 2017). Rode et al. (2016) compared periods favourable

to frost cracking in the Austrian Alps in 2010 and 2100. They have

shown that by the end of the 21st century, such periods can be

expected to dwindle at low elevations. In contrast, in high elevation

permafrost zone, these periods are likely to be longer due to more fre-

quent thaw periods and a higher availability of liquid water (Rode

et al., 2016). Studies by Hales & Roering (2007), Magnin et al. (2017)

and Rode et al. (2016) illustrate how the modern global warming is

affecting the frost distribution in rock masses, but their aim was nei-

ther to quantify the evolution of the effectiveness of frost cracking

nor to discuss the evolution of the frequency and magnitude of rock

instabilities within the larger context of modern climate change. Sev-

eral methods developed in the last decades allow to model the frost

cracking process (Anderson, 1998; Hales & Roering, 2007; Rempel

et al., 2016; Walder & Hallet, 1985). Two are purely thermal models

(Hales & Roering, 2007; Anderson, 1998), and models developed by

Walder and Hallet (Walder & Hallet, 1985) and by Rempel et al.

(2016) are thermomechanical models. The thermomechanical model

of Rempel et al. (2016) is based on the model developed by Walder &

Hallet (1985) and assumes that frost damage is correlated with poros-

ity increases under conditions where frost cracking takes place. They

make the assumption that porosity increases driven by the formation

of ice lenses occurs parallel to the frost cracking front (Rempel

et al., 2016). Hydraulic, thermal and mechanical properties of rock

masses controlled the frost cracking effectiveness, but these proper-

ties are difficult to measure, especially at a landscape scale

(Draebing & Mayer, 2021). Nevertheless, even if inherent limitations

in model combinations or availability of input data (e.g. rock water

content) could remain challenging, these tools could be greatly rele-

vant to model the evolution of the efficiency of frost cracking by the

end of the 21st century.

The main objectives of this study are to analyse the influence of

global warming on (1) the evolution of the freezing and thawing distri-

bution within the rockwall, (2) the evolution of frost damage over time

and at different depths and (3) the frequency and magnitude of rock

instabilities in environments subject to FT cycles. To achieve those
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objectives, we modelled the thermal regime of a rockwall on the

northern Gaspé Peninsula (Canada) using a dataset composed of air

temperature data collected from 1950 to present along and simulated

data from present to 2100. On the basis of this 150-year air tempera-

ture time series, we modelled the evolution of frost cracking effective-

ness using the model designed by Rempel et al. (2016).

2 | STUDY AREA

This study was carried in northern Gaspésie (Figure 1). The local relief

is dominated by glacial valleys (Hétu & Gray, 1985) that separate

rocky plateaus reaching 400–600 m in elevation. The junction

between these plateaus and the Gulf of St. Lawrence is marked by

rock walls. Cut into Ordovician flysch, these rockwalls are mainly com-

posed of alternating strata of sandstone, greywacke, siltstone and

pelagic shale of multi-decimetre thickness (Enos, 1969a, 1969b).

These rocks are highly fissile and promote a high density of rock dis-

continuities (Hétu & Vandelac, 1989). They show a high retreat rate

(3 mm�a�1) and high frequency of rockfall (1 per 13 m2�a�1) (Birien &

Gauthier, 2023a). Most rock slopes are facing north, which limits the

influence of solar radiation on rock temperature. They are in constant

shade from mid-October to mid-March and become exposed again to

the late afternoon sun in spring. Most of them are steep (70–90�) and

not conducive to snow accumulation (Birien & Gauthier, 2023a). The

area is characterized by a humid continental climate with short cool

summers, according to the Köppen climate classification system (Beck

et al., 2018). Weather data for the period 1991–2020 from Cap-

Madeleine weather station (49�1500300N 65�1902900W) (Figure 1) show

that it has an annual mean temperature of 3.9�C and warmest (July)

and coldest (January) month mean temperatures of 16.3�C and

�9.2�C, respectively. Over this 30-year period, it received a total

annual precipitation of 888 mm, 33% of which fell as snow

(Environnement Canada, 2021).

3 | METHODOLOGY AND METHODS

A time series of air temperatures from 1 January 1950 to

31 December 2099 was constructed using locally recorded historical

data (1950–2020) and simulated data (2021–2099). This time series

was then used to model the thermal regime of a rockwall, which was

previously validated with temperatures measured up to 5.5 m in depth

between 10 June 2018 and 8 October 2020 (Site MAE, Figure 1).

Based on this thermal regime model, the evolution of the FT charac-

teristics and the frost cracking intensity within the rockwall were

analysed and compared for typical 30-year climatic normal periods:

1950–1979, 1980–2009, 2010–2039, 2040–2069 and 2070–2099

(Figure 2).

3.1 | Air temperature datasets

Historical data (1950–2020) come from hourly air temperature col-

lected at the Environment Canada weather station at Cap-Madeleine

(Figure 1). Weather data from this station are continuous during this

period, except for a few gaps of 1–7 days, which have been filled

using data from another Environment Canada weather station at Cap-

Chat, located 95 km to the west.

Five simulated daily air temperature time series (1970–2100)

were extracted from three Regional Climate Models (RCMs) driven by

three Coupled Global Climate Models (GCMs) (Table 1). These five

simulations, characterized by a 0.44� grid mesh (around a 50-km grid

resolution), were obtained from the North America Coordinated

F I GU R E 1 Location map showing the Environment Canada weather stations at Cap-Chat (green dot, 49�0603300N 66�3901600W) and at Cap-
Madeleine (red dot, 49�1500300N 65�1902900W), the instrumented rockwall with weather station and temperature logger (yellow dot, 49�1501400N
65�3103800W) and the NAM-44 grid points (orange dots) used for climate projection. Elevation is given for each grid point, like the distance

between these points and the weather station of Cap-Madeleine.

BIRIEN ET AL. 3
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Regional Climate Downscaling Experiment (CORDEX-NA) project

(Mearns et al., 2017). The simulations were done under moderate

(RCP4.5) and high (RCP8.5) Representative Concentration Pathways

(RCPs). We selected RCP4.5 and RCP8.5 as they represent middle- and

worst-case climate change scenarios (van Vuuren et al., 2011). The five

simulations have been chosen because their basic states are very close

to the observational records of the 1970-1999 historical period.

The 50-km resolution of the GCMs data needs to be downscaled

for a better representativity of the temperature measured at the

weather station (CAM). To support the grid point selection, simulated

temperatures from the GCMs have been compared with the historical

time series from the CAM weather station (1970–1999). A combina-

tion of five grid points has been chosen (Figure 1) according to the

goodness-of-fit of the simulated mean temperature (from the five

GCMs) on the measured temperature during this historical period

(coefficient of determination). The grid points selection has also been

guided by their respective distances from CAM, their elevation and

their geographical location (maritime and continental influence). The

models output included the minimum, mean and maximum daily tem-

peratures. With the use of linear interpolation between the minimum

and maximum daily temperatures, we extracted hourly data for the

future period to match the time scale of the historical period as well

as the time scale of the software we used to model rock temperature

(WUFI® Pro). Finally, historical data were combined with climate pro-

jection data to obtain a 150-year time series (1950–2100). At this

point, the temperatures simulated with the five models were not aver-

aged to avoid loss of information on climate extremes.

3.2 | Meteorological and rockwall temperature
datasets

A small weather station was installed in June 2018 at 20 m from the

top of a 100 m high vertical rockwall facing north (MAE) located

15 km west of Cap-Madeleine weather station (Figure 1). The

weather station measures air temperature, incident and reflected solar

radiation perpendicular to the rockwall and wind speed and direction

(Figure 3). Atmospheric pressure and incident and reflected long

wavelength radiation were recorded from another weather station

located on the scree slope under the rockwall (Table 2). The rockwall

temperature was measured with a thermistor string inserted into a

borehole perpendicular to the surface. The 2-inch diameter borehole

was carried out with a drill (Figure 3) connected to an air compressor

at the top of the rockwall. Thermistors were installed at depths of

0.01 (near surface), 0.3, 0.6, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0 and

5.5 m. A continuous temperature profile of rock was produced using

linear interpolation between the thermistors. The purpose of this

instrumentation was to (1) calculate the energy balance at the

rockwall surface and (2) measure its thermal regime up to 5.5 m in

depth. The data collection period covered 28 months from 10 June

2018 to 8 October 2020. Readings were taken every 15 min and

averaged to get hourly data.

3.3 | Rock temperature and frost damage
modelling

Modelling surface thermal signal propagation to depth requires

detailed knowledge of site lithology. Several intact sample blocks

F I G U R E 2 Summary of
methodological steps used to analyse the
influence of global warming on Rockwall
thermal regime and frost cracking.

T AB L E 1 The five simulations used in this study from Regional
Climate Models (RCMs) driven by different Coupled Global Climate
Models (GCMs). The simulations used two Representative
Concentration Pathways (RCP4.5 and RCP8.5). This North American
climate data were obtained from the NA-CORDEX database (Mearns
et al., 2017).

Regional Climate
Models

Driven
conditions from
coupled global
climate Institutions for cGCMs

HIRHAM

(Christensen

et al., 2007)

ICHEC-EC-

EARTH

Irish Centre for High

End Computing (ICHEC),

Ireland

CRCM5

(Martynov

et al., 2013;

Šeparovi�c

et al., 2013; Zadra

et al., 2008)

CCCma-

CanESM2

MPI-M-MPI-

ESM

Canadian Centre for

Climate Modelling and

Analysis (CCCma),

Canada

Max Planck Institut

(MPI), Germany

RCA4

(Samuelsson

et al., 2011)

CCCma-

CanESM2

ICHEC-EC-

EARTH

Canadian Centre for

Climate Modelling and

Analysis (CCCma),

Canada

Irish Centre for High and

Computing (ICHEC),

Ireland

4 BIRIEN ET AL.
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about 20 cm long were collected directly from the rockwall surface:

7 blocks of greywacke, 9 blocks of siltstone and 3 blocks of shale.

Natural discontinuities in the rock masses, particularly in the stratified

siltstone and shale blocks, made it possible to separate the samples

without weakening them. At the Laboratoire de géomorphologie et de

gestion des risques en montagne (LGGRM), the volume, dry mass and

water saturated mass of each sample were measured to calculate their

density and porosity (ISRM, 1979). All the samples have been dried in

an oven for 1 week and weighed before being immersed in water dur-

ing one additional week or until their weight have stabilized. The ther-

mal properties of the samples were measured at the Laboratoire

ouvert de géothermie (LOG) at the Institut National de la Recherche

Scientifique Eau Terre Environnement Research Centre (INRS-ETE).

The LGM Lippmann TCSCAN infrared scanner was used to measure

the thermal conductivity and diffusivity of each sample (Lippmann and

Rauen GbR, 2022). Because siltstone and shale are anisotropic rocks,

thermal signals that are perpendicular or parallel to the bedding plane

do not propagate at the same speed. For 2D anisotropic rock samples,

the average thermal conductivity and diffusivity values are calculated

using the method developed by Popov et al. (2016). This method

allows to derive the conductivity parallel and perpendicular to the lay-

ering plane from only 2 scan lines per sample (Popov et al., 2016).

Thermal capacity of each sample was then calculated from the thermal

density, conductivity and diffusivity values. In this way, average values

of the thermal parameters for each type of rock were calculated from

collection of samples.

WUFI® Pro is an easy-to-use, menu-driven program designed to

model transient one-dimensional heat and moisture transfer

(Karagiozis et al., 2001). It is usually used to assess the hygrothermal

behaviour of a wide range of building material classes under climatic

conditions (Karagiozis et al., 2001), but it has also previously been

used to successfully model the thermal regime and moisture of rock

masses (Rode et al., 2016; Sass, 2005; Schnepfleitner et al., 2018).

The model is adapted for cold climate because it considers parameters

like freeze–thawing mechanism or latent heat of phase change condi-

tions (Karagiozis et al., 2001). All the weather conditions measured at

the rockwall surface and detailed into the Table 2 served as inputs

into the software to model the rock surface temperature along the

time (hourly between 10 June 2018 and 8 October 2020). Slope,

topographical aspect, heat-transmission resistance and short-

F I GU R E 3 Instrumented rockwall
(MAE) including 20-m-long chain link
protective fences (1), wind direction
sensor (2), wind speed sensor (3),
pyranometers (4), air temperature sensor
(5), datalogger (6), rock temperature
thermistances up to 5.5 m deep (7) and
back-up rock temperature thermistances
up to 0.5 m deep (8). Our drill set-up is
pictured on the lower left-hand corner.

T AB L E 2 Instruments used to (i) assess the energy balance at the rockwall surface and (ii) measure its thermal regime from the surface to
5.5 m in depth.

Data Unit Instrument (company) Accuracy

Air temperature �C Air temperature sensor TMC6-HD + Solar radiation

shield M-RSA (HOBO by Onset)

±0.25�C

Rock temperature �C Thermistor string 915 MHz + minilogger

M-Log5WDALLAS-US (Geoprecision)

±0.25�C

Incident solar radiation

Reflected solar radiation

W/m2 Pyranometer S-LIB-M003 (HOBO by Onset) ±10 W/m2

Incident infrared radiation

Reflected infrared radiation

W/m2 Pyrgeometer SN-500-SS (Apogee Instruments) ±8.5 W/m2

Wind and gust speed

Wind direction

m/s

Ø

Wind speed and direction sensor S-WSET-B (Onset) ±1.1 m/s

±5�

Air pressure mbar Barometric pressure sensor S-BPB-CM50 (Onset) ±5.0 mbar

BIRIEN ET AL. 5
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wavelength radiation absorption are commonly used parameters into

the software to model the rock surface temperature. These parame-

ters were not required in our case because the weather station mea-

sures incident and reflected solar radiation perpendicular to the

rockwall as well as wind speed and direction directly on the rockwall

(Figure 3). The coefficient of determination is the statistic test used to

validate the surface temperature time series modelled from the mea-

surements recorded directly at the rockwall surface.

To assess the influence of this surface temperature into the

rockwall thermal regime, physical properties (density, porosity) and

rock thermal properties (conductivity, capacity and diffusivity) mea-

sured have been added as input in WUFI® Pro. The propagation of

the modelled thermal signal was validated using measured data

(coefficient of determination) by modulating the thickness and

nature (thermal properties) of the rock layers traversed. That combi-

nation of thickness and nature had to correspond to the geological

units observed on the rockwall surfaces (Figure 3). Figure 4 summa-

rizes the protocol used in this study. Although our instrumentation

limited the temperature measurements to 5.5 m in depth, we mod-

elled them to a depth of 20 m. The mesh width of the numerical grid

has been defined to 1 cm for all the 20-m profile. Model the water

saturation degree was not the aim of this study but because the

thermal properties of rocks are dependant of this water saturation

degree (Albert et al., 2017), a value has to be set. In the Alps, Sass

(2005) modelled the degree of saturation in a rockwall that stabilized

around 80% in the first decimetres below the surface. In the absence

of local measurements, this average value was used at the surface,

and we assume that this value is constant on the entire modelled

profile.

After the model was validated with the rockwall temperature

measured between 1 June 2018 and 8 October 2020, it has been

used to simulate the thermal regime between 1 January 1950 to

31 December 2099. The time series of air temperatures, constructed

from historical and simulated data (Figure 2), was used as input in the

model. As modelled by Lachenbruch et al. (1988), the year-to-year

variability of surface temperatures become negligible in rockslope at

the depth of 20 m, and this constant temperature is equal to the mean

annual air temperature. Nevertheless, in a climate change context, the

temperature can evolve at greater depths (Lachenbruch et al., 1988).

Thus, a 30-year moving average of air temperature was used to set

the temperature at 20 m in depth. For example, the 20-m-deep input

temperature in 2050 is the mean annual air temperature of the 2020–

2049 period. Further studies should help to improve our ability to

forecast the evolution of wavelength radiation, atmospheric pressure

and wind speed and direction in the current climate change context

(Collins et al., 2013; Hartmann et al., 2013). Furthermore, because the

instrumented rockwall has a northerly exposure and remains in

shadows from mid-October to mid-March, it is mostly affected by air

temperature fluctuations in winter (Birien & Gauthier, 2023b;

Gauthier et al., 2013; Gauthier et al., 2015). The values for short and

long wavelength radiation, atmospheric pressure and wind speed

and direction for the year 2019 were assumed to be representative

and looped for each year of the covered period.

In order to quantify the global warming influence on the effec-

tiveness of frost cracking, the thermomechanical model developed by

Rempel et al. (2016) was used. The key assumption made by the

author is that the increase of porosity is driven by the formation of ice

lenses parallel to the frost cracking front (Rempel et al., 2016). Under

conditions where frost cracking takes place, their model measures the

porosity change in a rock slope, integrated over time, yielding a poros-

ity change profile that should be correlated with frost-driven rock

damage. In our study, we used the 150-year period of thermal regime

simulated to drive this thermomechanical model. The key parameter

of this model is the cracking pressure Pc that determine the upper

temperature limit at which frost damage can occur, called the

undercooling crack temperature ΔTc:

Pc ¼
ffiffiffi
π

p
2

Ftffiffiffiffi
xi

p ,and ð1Þ

ΔTc ≈
Tm

ρiL
Pc, ð2Þ

where Tm is the melt temperature, ρi the ice density, L the latent heat,

xi the crack radius and Ft the fracture toughness. The frost damage Δn

(z) is then defined by the porosity change Δn over depth z. Δn(z) rep-

resents the frost damage occurring when the temperature melt varia-

tion ΔT¼ Tm�T z,tð Þ reached the threshold for the undercooling

cracking temperature ΔTc, integrated over the time period of the tem-

perature series:

F I G U R E 4 Data obtained from our
field and laboratory measurements to
model rock temperature in WUFI® Pro.
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Δn zð Þ¼ D

ΔT2
c

 !ð
ΔT >ΔTc

ΔTc

ΔT

� �αþ1 dT
dz

� �
dt, ð3Þ

where α is an empirical power law exponent (Andersland &

Ladanyi, 2003) set at 4 as recommended by Rempel et al. (2016). The

diffusivity (D) is defined by D = αρiLkcTc/(Tmμ) in which kc is the per-

meability and μ the water viscosity at Tc. All parameter values are

presented in Table 3. Except for rock temperatures, fracture tough-

ness and initial crack radius, all other parameters are set according to

the study of Rempel et al. (2016). The values of dt and dz were,

respectively, set to 0.01 days and 0.01 m to ensure a proper numerical

approximation of the derivative while retaining a low computational

cost. The initial crack radius was set to 0.05 m (value based

on Draebing and Mayer, 2021b; Walder & Hallet, 1985; and

Atkinson & Rawlings, 1981). We used a critical Ft value of

0.345 MPa m�1/2 as measured by Dwivedi et al. (2000) on a sand-

stone sample at 0�C with a porosity similar to that measured on the

greywacke samples collected in the field. To simplify our analysis, we

have chosen to use a constant value of Ft, even if its value should nor-

mally decrease over time, especially over such long analysis periods.

The decrease in fracture toughness caused by the increasing porosity

leads to the detachment of blocks from the rock face and eventually

to rockfalls (Gauthier, Birien, & Meloche, 2022a; Gauthier, Laliberté,

et al., 2022b). This dynamic of erosion and renewal of rocks directly

exposed to the atmosphere has not been considered in the modelling.

Thus, the values of porosity change over time should be seen as a

proxy of potential rock damage caused by freezing. For further infor-

mation on the model, please refer to Rempel et al. (2016).

3.4 | Trend analyses

We analysed the seasonal evolution of freezing and thawing distribu-

tion within the rockwall and the effectiveness of frost damage over

typical 30-year climatic periods: 1950–1979, 1980–2009, 2010–

2039, 2040–2069 and 2070–2099. On the basis of those periods, we

quantified the impact of climate warming on five parameters used as

indicator of the intensity of cryogenic processes:

1. the duration between the earliest autumnal and the last spring FT

cycle during a season (Figure 5).

2. the frequency of sporadic FT cycles between the earliest autumnal

and the last spring FT cycle each season. Sporadic FT cycle is

defined as any cycle, irrespective of duration, that reaches a mini-

mum depth of 0.1 m (Figure 5).

3. the duration and

4. the maximum depth of SF. The SF is defined as the longest

uninterrupted period of rockwall temperatures below the freezing

point over a winter season. It is the only FT cycle that is not con-

sidered as a sporadic cycle during a season (Figure 5).

5. the intensity of frost damage (porosity change) at all depths

affected by freezing temperatures into the rockwall (Figure 5).

By definition and as a rule, a threshold temperature of 0�C is con-

sidered as the freezing temperature of water in rock masses in differ-

ent morphoclimatic environments (Coutard & Francou, 1989;

D’Amato et al., 2016; Fahey & Lefebure, 1988; Gruber et al., 2004;

Hales & Roering, 2007; Kromer et al., 2018). To maintain consistency

with those studies, we used 0�C for counting sporadic FT cycles and

quantifying the depth and duration of SF.

Averaging the air temperatures produced by the five models

(Table 1) attenuates climate extremes and prevents meaningful quantifi-

cation of the target parameters (Figure 5). To address this issue, rockwall

thermal regime was simulated separately for each GCMs. The target

parameters were then counted (e.g. frequency of sporadic FT cycles) or

quantified (e.g. maximum depth of SF) for each simulation. Finally, an

average of those parameters from all simulations was calculated. These

same steps were carried out for RCP4.5 and RCP8.5 scenarios.

4 | RESULTS

4.1 | Rock physical and thermal properties

Surrounding to the borehole, where the thermal regime of the

rockwall is measured and modelled, the shale strata are on the order

T AB L E 3 Parameters and values used to feed the
thermomechanical model developed by Rempel et al. (2016).

Parameter Abbreviation Value Unit

Ice density ρi 920 Kg m�3

Latent heat L 334 kJ kg�1

Bulk melt temperature Tm 0 �C

Water viscosity μ 1.8 MPa s

Cracking pressure Pc 5.03 MPa

Unfrozen permeability k0 10�16 m2

Permeability at ΔTc kc 2.5 � 10�23 m2

Power-law exponent α 4 -

Undercooling for

cracking

ΔTc 4.47 �C

Undercooling for ice

formation

ΔTf 0.1 �C

Crack radius xi 0.05 m

Fracture toughness Ft 0.345 MPa m�1/2

F I G U R E 5 Diagram showing thermal parameters quantified for

the five climatic periods. Continuous black lines represent
occurrences of 0�C.

BIRIEN ET AL. 7
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of centimetres in thickness, and the siltstone and greywacke strata

thickness are more variable (decimetre to metre). The density, poros-

ity, thermal conductivity, diffusivity and thermal capacity values mea-

sured in laboratory from the study site samples are detailed in

Table 4. The proportions of greywacke, siltstone and shale used as

input in the 20-m-deep rockwall modelled give average values of ther-

mal conductivity, diffusivity and capacity of 3.52 W m�1 K�1,

1.41e�06 m2/s and 964.12 J kg�1 K�1, respectively.

4.2 | 1950–2100 air temperature trends

For the historical period used to downscale the modelled tempera-

tures from the GCMs (1970–1999), the mean annual air temperature

modelled was equal to 3.28�C, and the value measured at

Cap-Madeleine during this same period was equal to 3.30�C

(Figure 6). Nevertheless, because they are averaged over five grid

points of five simulations, the modelled data show less year-to-year

variability than the Cap-Madeleine data (Figure 6).

On the northern Gaspé Peninsula, the measured annual mean air

temperature was 3.42�C for the period 1950–1979, compared with

6.41�C modelled according to RCP4.5 and 8.72�C modelled according

to RCP8.5 for the period 2070–2099 (Table 5). Over the 21st century,

air temperature can be expected to rise on average by 0.33�C per

decade considering RCP4.5 (+3.3�C) and by 0.62�C per decade con-

sidering RCP8.5 (+6.2�C). Climate warming should be more pro-

nounced in winter (+0.4�C per decade with RCP4.5, +0.8�C with

RCP8.5) than in summer (+0.2�C per decade with RCP4.5, +0.4�C

with RCP8.5). Following the RCP8.5, the mean winter temperature

should rise above the freezing point (+0.33�C) by the end of the 21st

century.

4.3 | Rockwall contemporary thermal regime

From 10 June 2018 to 8 October 2020, the modelled thermal

regime is consistent with the measurements recorded in the rockwall

(Figure 7). The coefficient of determination of the surface tempera-

ture is very high (R2 = 0.986) and rises further with depth

(R2 = 0.996 at 0.3 m) as temperature variability decreases. The ther-

mal regime measurements show that the annual temperature ampli-

tude in the rock decreases rapidly with depth (Figure 7): 45�C at the

surface, 34�C at 0.3 m, 22�C at 1.0 m and only 6�C at 5.5 m. Modelled

amplitude is similar to measured amplitude.

T AB L E 4 Bulk density, porosity and thermal parameters measured in the laboratory for the three main types of rock characteristics of our
study sites. Values of thermal parameters are for 80% water saturation.

Rock type Bulk density (kg/m3) Porosity (%) Thermal conductivity (W/mK) Thermal diffusivity (m2/s) Thermal capacity (J/kgK)

Shale 2467 11.32 1.76 5.89e�07 1379.24

Siltstone 2987 4.50 3.14 1.24e�06 895.04

Graywacke 2574 3.88 3.93 1.58e�06 980.06

F I GU R E 6 Mean annual air temperature anomalies measured at the weather station of Cap-Madeleine (green) and modelled (black) during
the reference period and between 2010 and 2100 with scenario RCP4.5 (blue) and RCP8.5 (orange). The mean temperature of the reference
period (1970–1999) is 3.3�C.

8 BIRIEN ET AL.
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The spatio-temporal distribution of freezing and thawing in the

rockwall is similar between the measured and the modelled data

(Figure 7). In winter 2018–2019, the period of occurrence of FT cycles

was 4 days longer with modelled data (194 days) than with the mea-

sured data (190 days). The modelled SF was 6 days shorter (127 days),

and its maximal depth into the rock mass was lower by 7 cm (4.04 m).

In winter 2019–2020, the modelled period of occurrence of FT cycles

was identical in duration to the measured period (173 days), the mod-

elled SF was 2 days shorter (141 days) and the modelled maximum

depth of SF was greater by 7 cm (3.60 m). During the winter 2019–

2020, the number of measured and modelled FT cycles reaching the

surface (36 vs 34), 0.1-m depth (23 vs 21) and 0.5-m depth (7 vs 5)

were also similar (Figure 7). Because the surface thermistor was over

isolated with insulating foam during the previous winter (by mistake),

less sporadic FT cycles were probably recorded than it really occurred

during the winter 2018–2019. At the onset of these winters (2019,

2020), major surface thaws have resulted in a brief interruption in the

freezing front in depth. Most sporadic FT cycles occurred in April

(Figure 7) as the intensity of solar radiation rose.

4.4 | FT indicator trends

Results show that modern climate change can be expected to have a

significant influence on the duration and the maximum depth of

SF. According to RCP4.5, the duration of SF would decrease by

47 days between the periods of 1950–1979 (148 days) and 2070–

2099 (101 days). According to RCP8.5, the SF would only persist for

39 days in the period 2070–2099 (Figure 8). The maximum depth of

SF would decrease from 4.10 m in the period 1950–1979 to 3.13 m

in 2010–2039 and 2.13 m in 2070–2099 considering RCP4.5. The

drop is more pronounced considering RCP8.5: the SF would reach a

depth of 3.01 m during the period 2010–2039 and just 1.05 m in

2070–2099 (Figure 8).

It is expected that global warming will be accompanied by a change

in the period of occurrence of sporadic FT cycles. For the period 1950–

1979, those cycles were concentrated in fall (7.3 in November) and

spring (8.2 in April), whereas they were rare in winter (0.5 in January

and 0.8 in February) (Figure 9). By the end of the 21st century, winter

can be expected to become the period with the highest number of spo-

radic FT cycles. They could become 2.4, 4.8, 2.9 and 1.5 times more fre-

quent in December, January, February and March, respectively,

according to RCP4.5 (Figure 9a) and 2.2, 12.1, 7.7 and 2.0 times more

frequent according to RCP8.5 (Figure 9b). Conversely, the previously

highly eventful months of November and April can be expected to

become periods with a low occurrence of sporadic FT cycles. Their fre-

quency could be divided by 3 in November and by 1.6 in April consider-

ing RCP4.5 (Figure 9a). According to RCP8.5, they should become 11.8

and 4.6 less frequent in November and April, respectively (Figure 9a).

The disappearance of October and May sporadic FT cycles in the late

21st century is indicative of a shorter freezing period.

Between 1950 and 2099, an inverse relationship can be observed

between the normalized frequency of sporadic FT cycles and the maxi-

mum depth of SF (Figure 10a). In general terms, as the climate warms,

the maximum depth of SF is expected to decrease (Figure 10b), and the

frequency of sporadic FT cycles is expected to increase (Figure 10c).

During the 150-year study period, the maximum depth of SF is

expected to decrease from 4.15 to 2.13 m according to RCP4.5 and

from 4.15 to 1.05 m according to RCP8.5 (Figure 10b). The frequency

of sporadic FT cycles did not increase between the periods 1950–1979

and 1980–2009; in fact, it decreased slightly (0.14 vs 0.13 FT cycles

d�1). In contrast, between the periods 1980–2009 and 2070–2099, this

frequency increase by 1.3 considering RCP4.5 and by 1.7 considering

RCP8.5 (Figure 10c). Global warming also appears to result in a lower

FT cycle frequency at greater depth (Figure 10c).

4.5 | Frost damage indicator trends

For the periods 1950–1979 and 1980–2009, increased porosity cau-

sed by the formation of segregated ice could have an impact on the

rock to a depth of 3.5 m. The formation of ice lenses could cause

T AB L E 5 Mean air temperature for the five consecutive 30-year periods from 1950 to 2100 for two Representative Concentration Pathways
(RCP4.5 and RCP8.5).

BIRIEN ET AL. 9

 10969837, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/esp.5913 by C

repuq - U
niversitã©

 D
u Q

uã©
B

ec, W
iley O

nline L
ibrary on [29/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



damage at four preferential depths: at the surface and around 0.7, 1.3

and 2.7 m (Figure 11). The period 2010–2039 is expected to experi-

ence climate warming of over one degree Celsius compared with the

two previous 30-year periods (Table 5). This warming would be

enough to prevent ice lenses from forming deeper than 3.2 m

(Figure 11). The following period (2040–2069) is expected to be mar-

ked by increased frost damage around 0.7 m in depth compared with

historical periods and by decreased damage at greater depths

(Figure 11). While this trend continues during the period 2070–2099

according to RCP4.5 (Figure 11a), effectiveness of frost cracking is

predicted to decrease starting at 10 cm in depth considering RCP8.5

(Figure 11b). Climate warming could result in an increase in frost dam-

age around 0.7 m in depth and a significant decrease past that depth.

At the surface, frost cracking effectiveness is likely to remain as signif-

icant in the 2070–2099 period as in the historical periods (Figure 11).

5 | DISCUSSION

5.1 | Limitations and uncertainties

Uncertainties in modelling can come from not considered or mis-

represented processes or errors in input data (Gubler et al., 2013;

Gupta et al., 2005; Magnin et al., 2017), and it is inevitable that the

model uncertainties increase at each step of our sequence: frost

cracking is modelled from modelled rock temperature, which is itself

modelled from modelled air temperature. The first limitation is that

we only modelled air temperature for the future period and so we

assumed that other parameters that have an influence on rock tem-

perature as solar radiation or wind speed will not significantly be mod-

ified because of climate change. Nevertheless, as the modelled site is

facing north and remains in constant shade from mid-October to mid-

F I GU R E 7 Measured and modelled thermal regime perpendicular to the surface of a flysch rockwall, 0–5.5 m in depth. Continuous black
lines delineate the 0�C isotherm into the rockwall.

F I GU R E 8 Duration and maximum depth of seasonal frost (SF), winters 1950–2100. From 1950 to 2020, the models used the air
temperature measured at Cap-Madeleine. From 2021 onward, simulated temperatures from scenarios (a) RCP4.5 and (b) RCP8.5 were used.
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March and become only exposed to the late afternoon sun in spring, it

is mostly affected by air temperature fluctuations in winter (Birien &

Gauthier, 2023b). Snow cover can affect the rockwall surface temper-

ature and thermal regime (Haberkorn et al., 2015, 2017; Phillips

et al., 2016); however, the investigated rockwall is steep and not con-

ducive to snow accumulation (Birien & Gauthier, 2023a) so we have

neglected snow effect in our model.

Thermal conductivity, diffusivity and capacity drive the energy

transfer inside the rock mass (Magnin et al., 2017), but other parame-

ters that could affect this transfer have not been considered in our

study. The presence of discontinuities that communicate with the sur-

face and reach different depths into the rockwall can considerably

increase heat flux through air convection (Gischig et al., 2011a, 2011b;

Moore et al., 2011) or water advection (Gruber & Haeberli, 2007;

Hasler et al., 2011; Phillips et al., 2016). In the absence of air gaps along

borehole instrumented with thermistor strings, these nonconductive

heat transfers were not accounted for in our modelling approach. Nev-

ertheless, it may concern other places in northern Gaspésie.

In porous and mostly saturated rock masses, the variable propor-

tion (and state) of the interstitial ice or water can change the thermal

properties over time (Magnin et al., 2017; Wegmann et al., 1998). The

phase transition can also alter the speed of heat propagation through

the rock by releasing or absorbing latent heat. These processes are

included in WUFI® Pro (Karagiozis et al., 2001), but because we have

used an invariable through time and depth degree of saturation of

80%, this process may be misrepresented. Water content into rock

masses is very difficult to measure directly (Anderson et al., 2013), but

some studies have shown that it remains quite high and relatively

steady at depth (Graham et al., 2010; Langston et al., 2011;

Sass, 2005). The water content value we have used is based on the

work of Sass (2005), and the unknown availability of water remains an

important assumption in our model.

The thermomechanical model developed by Rempel et al. (2016)

assumes that frost damage is correlated with porosity increases under

conditions where frost cracking takes place. One of the most impor-

tant parameters in this model is the fracture toughness, which can be

defined as the ability of rock to resist fracturing (Jian-An &

Sijing, 1985) or in other words as the fracture energy consumption

rate required to create new surfaces (Sun & Ouchterlony, 1986). The

fracture toughness is closely linked with rock temperature and poros-

ity (Atkinson, 1984; Dwivedi et al., 2000). We have used as input a

constant value of fracture toughness for a fine-grained sandstone at

0�C from Dwivedi et al. (2000). The first limitation to use a constant

value is that a decrease of 10�C from 0�C to �10�C results in an

increase of the fracture toughness value of 11% (Dwivedi

et al., 2000). Fortunately, temperature in the subsurface does not

change as fast as at the rockwall surface (Figure 7). The second limita-

tion is that we modelled the porosity change for 30-year periods, and

the values obtained are cumulative. Draebing & Mayer (2021) have

tested the sensitivity of this thermomechanical model, and by increas-

ing the hydraulic permeability from 10�18 to 10�14 m2, it shifts the

porosity change by four orders of magnitude with values above 100%

in only two winters. Our study, as well as the work of Draebing &

Mayer (2021) or the work of Gauthier, Laliberté, et al. (2022b),

Gauthier, Birien, & Meloche (2022a) show that the model developed

by Rempel et al. (2016) is very sensitive to key parameter value

adjustments as the fracture toughness, the hydraulic permeability or

the initial crack length. Values of porosity change above 100% do not

reflect the reality: when this value is reached, we assume that it

attests to the development of crack at these depths. Then, the devel-

opment of cracks and the detachment of blocks can lead to rockfalls.

The new rockwall surface directly exposed to the atmosphere will be

less porous and more resistant to fracturing. This erosion dynamics,

which has not been taken into account in the modelling, is also in line

F I GU R E 9 Mean monthly occurrence of sporadic freeze–thaw (FT) cycles during five 30-year periods from 1950 to 2099. The two first
periods (1950–1979 and 1980–2009) were built with measured air temperature data, whereas the three last ones were partially (2010–2039) or
fully (2040–2069, 2070–2099) built with simulated air temperature data from (a) RCP4.5 and (b) RCP8.5.
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F I GU R E 1 0 (a) Relationship between the normalized frequency of sporadic freeze–thaw (FT) cycles (or number of sporadic FT cycles per
season divided by season length) (y-axis) and the maximum depth of seasonal frost (SF) (x-axis), from 1950 to 2099. (b) Mean maximum depth of
SF during the historical period and for future periods according to RCP4.5 and RCP8.5, (c) relative FT cycles frequency (%) at different depths for
the period 2070–2099 compared with the historical period (1950–2009) according to RCP4.5 and RCP8.5. Data from 1950 to 2020 were built
with measured air temperature, whereas data from 2021 to 2099 were built with simulated air temperature based on RCP4.5 and RCP8.5.

F I G UR E 1 1 Simulations of
cumulative porosity change (%) based on
simulated rock temperatures for the five
consecutive 30-year periods from 1950
to 2099 according to (a) RCP4.5 and
(b) RCP8.5. The bars below the graphs
represent the relative porosity change
between the rockwall surface and the
depth of 3.5 m for the periods 1980–
2009, 2010–2039, 2040–2069 and
2070–2099 compared with the period
1950–1979.
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with average rockwall retreat rates (2.8–5.5 mm year�1) measured in

flysch formations in northern Gaspésie (Birien & Gauthier, 2023a).

Moreover, the frost cracking model proposed by Rempel et al. (2016)

as well as those developed by Hales & Roering (2007) or by Anderson

et al. (2013) or by Walder & Hallet (1985) assumes many thermal,

hydrological and mechanical properties of rock (Draebing &

Mayer, 2021). Because of these potential misrepresented properties,

and as suggested by Draebing & Mayer (2021), the magnitude of frost

cracking can only be interpreted in a qualitative way. Thus, we have

limited our interpretation of the results to compare the effectiveness

of frost cracking into the rockwall between the five 30-year studied

periods rather than to interpret the order of magnitude of these

values.

We have modelled air temperature locally and rock thermal

regime or frost cracking on a micro-scale in the vicinity of the

instrumented site. We consider that quantifying these processes on a

micro-scale is an essential preliminary step to understand them on

a macro-scale. Moreover, it is difficult to relate the physics of ice

growth to rock breakdown by frost cracking at a regional scale

because controlling hydraulic, thermal and mechanical parameters are

difficult to obtain (Draebing & Mayer, 2021) and usually heteroge-

neous at this scale. Nevertheless, the instrumented (and modelled) site

has been chosen to be as representative as possible of rockwalls at a

region scale, especially because their great majority in northern Gas-

pesie overhang the St Lawrence estuary (same elevation and climate),

are facing north, steep and composed of alternating strata of sand-

stone, greywacke, siltstone and shale of multi-decimetre thickness

(Birien & Gauthier, 2023a, 2023b; Enos, 1969a, 1969b).

5.2 | Evolution of the frost processes ability to
trigger rockfall in the global warming context

5.2.1 | From ice segregation to frost cracking

Based on our frost damage simulation results, ice lens formation could

result in a preferential increase in porosity at the surface and at 0.7,

1.3 and 2.7 m in depth (Figure 11). These peaks of porosity change

are indicators of frost-driven rock damage effectiveness and could be

explained by the prolonged exposure at these depths to temperatures

that promote water migration (Rempel et al., 2016). Global warming

could have a major impact on these preferential depths of frost crack-

ing by decreasing the maximum depth of SF by 1–2 m and shorten its

duration by 1–3 months (Figure 8). Starting in the first decimetres

below the surface, periods of rock temperatures within the range that

promotes water migration and ice segregation could become scarce or

even vanish. The frost cracking effectiveness should decrease as of

0.7 m in depth (RCP4.5) or as of 0.1 m in depth (RCP8.5) by the end

of the 21st century (Figure 11).

Frost damage can also be induced by sporadic FT cycles through

direct volumetric expansion of freezing water if the rock water satura-

tion is above 91% (Deprez et al., 2020a, 2020b; Walder &

Hallet, 1986). As explained by Matsuoka & Murton (2008), if the

water completely fills spaces in rock and freezes in situ, then, theoreti-

cally, at a temperature of �22�C, ice growth can generate pressures

up to 207 MPa inside cracks in a rock strong enough to withstand

it. The maximum tensile strength of rock is one to two orders of

magnitude lower than 207 MPa, and even at warmer subzero temper-

atures, the maximum ice-induced stress is easily enough to fracture

any rock (Matsuoka & Murton, 2008; Tsytovich, 1975). However,

Deprez et al. (2020a, 2020b) demonstrated that water crystallization

in pores could drain water from adjacent micropores during short-

term FT cycles. Thus, an initial critical saturation of only 70–80% is

necessary to induce frost damage. As global warming appears to result

in a higher FT cycle frequency near the surface and lower at greater

depth in Northern Gaspésie (Figure 10c), the frost cracking effective-

ness developed by volumetric expansion could intensify in shallower

depth and be significantly reduced at greater depths.

5.2.2 | Effect on rockfall frequency and magnitude

It has been shown that FT cycles are strongly correlated with major

deformations recorded by crackmetres in a siltstone segment of a

rockwall in Northern Gaspésie (Birien & Gauthier, 2023b). While FT

cycle occurrences only coincided with 4.7% of the 28-month time

series, they corresponded to 40% of all identified major deformations

(Birien & Gauthier, 2023b). In another work on the same rockwalls, it

has been recorded that rockfall frequency was 11.7 times higher dur-

ing FT cycles than during cold periods when the temperature remains

below the freezing point (Birien & Gauthier, 2023a). The winter FT

cycles were associated with a very high frequency of low-magnitude

rockfalls, and the relation between winter FT cycles and

higher-magnitude events was non-significant. This result is consistent

with the fact that winter FT cycles influenced mainly the first 15 cm

from the surface (Birien & Gauthier, 2023b). Other studies around the

world have shown the relation between FT cycles depth and rockfalls

(D’Amato et al., 2016b; Delonca et al., 2014b; Matsuoka, 2019). On

the basis of the recent studies that have shown the relation between

FT cycles and rock deformation (Birien & Gauthier, 2023b) as well as

between FT cycles and rockfall (Birien & Gauthier, 2023a) in northern

Gaspésie, we postulate that modern climate warming should increase

the frequency of small rockfalls triggered by frost cracking (Figure 12).

The seasonal freezing phase is conducive to volumetric expansion

and ice segregation processes that can induce frost cracking and so

F I G U R E 1 2 Conceptual relationship between frequency and
magnitude of rockfall triggered by frost cracking in the context of

global warming in environments subject to seasonal freezing.
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fractures to open (Coutard & Francou, 1989; Matsuoka, 2008;

Matsuoka & Sakai, 1999). However, cohesion at the ice–rock inter-

face is generally sufficient to hold newly unstable blocks of rock in

place; these blocks could fall later, when the ice melts in spring or

summer (Fiorio et al., 2002; Krautblatter et al., 2013). The reduced

cohesion associated with ice melt can be amplified by the increase in

hydrostatic and in water-induced interstitial pressure. The water avail-

ability in spring could also be increased by water advection associated

with snow cover melting and groundwater recharge (Gruber &

Haeberli, 2007; Hasler et al., 2011; Phillips et al., 2016). Consequently,

the mechanical action of this high-amplitude and long-term seasonal

FT cycle (SF) has strong potential to destabilize rock portions (Dramis

et al., 1995; Matsuoka, 2019; Matsuoka & Murton, 2008b;

Wieczorek & Jäger, 1996). Indeed, the largest rockfalls in northern

Gaspésie occur in spring when the SF thaws completely and during

heavy rainfall events (Birien & Gauthier, 2023a). The relationship

between rockfall magnitude and the depth of SF had also been

reported by Matsuoka (2019) in a permafrost-free rockwall in the

Japanese Alps. In Northern Gaspésie, only the SF reaches depths

exceeding 1 m (Figure 7). Thus, global warming will likely result in a

significant decrease in the maximum depth and duration of the SF

(Figures 9 and 10). Because the frost cracking effectiveness should

decrease starting at 70 cm in depth (RCP4.5) or even at 10 cm in

depth (RCP8.5) by the end of the 21st century (Figure 11), frost crack-

ing distribution into the rockwall should cease contributing to the

development of large magnitude instabilities (Figure 12).

5.2.3 | Effect on monthly rockfall dynamic

The 21st century’s climate changes are likely to result in the progres-

sive disappearance of October and May frosts. Between 1950 and

2100, the frequency of sporadic FT cycles in November could be

divided by 3 according to RCP4.5 and by 12 according to RCP8.5

(Figure 9). A decrease in both the effectiveness of frost cracking at

the surface and the depth at which it operates can be expected. This

should reduce the frequency of rockfall triggered by frost cracking,

particularly large magnitude rock instabilities (Figure 13a). In

December, the frequency of sporadic FT cycles can be expected to

double (Figure 9), but the freezing depth will decrease. By extension,

the frequency of low magnitude rockfall triggered by FT cycles should

increase while the frequency of higher magnitude instabilities

should decrease (Figure 13b).

Historically, the winter period was particularly stable (Birien &

Gauthier, 2023a; Laliberté et al., 2022) because the ice in cracks pro-

vided significant cohesion at the ice-rock interface to maintain unsta-

ble blocks in place (Fiorio et al., 2002). At the end of the 21st century,

this period could be regularly interrupted by winter thaws. Compared

with the period 1950–1979, their frequency could increase fivefold in

January and threefold in February considering RCP4.5 and 12-fold

and eightfold considering RCP8.5 (Figure 9). The volumetric expansion

caused by short-term FT cycles can be expected to be exacerbated at

the rockwall surface. This trend would extend to greater depths

because the intensity and duration of winter thaws favour higher

amplitude FT cycles. As a result, the rockfall frequency should

increase proportionally with rockfall magnitude (Figure 13c,d). In

March, the frequency of sporadic FT cycles would double (Figure 9),

but the lower SF depth in winter (Figures 8 and 10b) would not favour

FT cycles of very high amplitude. The frequency of rockfall could

therefore substantially increase at the surface and significantly

decrease at depth (Figure 13e). In April, sporadic FT cycles would be

two times (RCP4.5) to five times (RCP8.5) less frequent (Figure 9), and

the freezing depth of these cycles should decrease. This should result

in a lower frequency of small magnitude rockfall and the end of frost

cracking at greater depths (Figure 13f).

5.2.4 | Water availability and other processes

The role of water in the effectiveness of frost cracking has been dis-

cussed by many authors (Birien & Gauthier, 2023b; Bost, 2008;

Davidson & Nye, 1985; Hall, 2004; Hallet et al., 1991;

F I G U R E 1 3 Conceptual
representation of the relative frequency
of varying magnitudes rockfalls triggered
by frost cracking by the end of the
century (2070–2099) compared with
1950–1979, in (a) November,
(b) December, (c) January, (d) February,
(e) March and (f) April in environments
subject to seasonal frost.
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Matsuoka, 2001, 2008). Hall et al. (2002) note that the ability of FT

cycles to alter rock is often overestimated, whereas the importance of

available water is often underestimated. Birien & Gauthier (2023b)

have shown that a high rock water content is a preliminarily condition

to the irreversibility of major deformation triggered by sporadic FT

cycles. The increasing number of winter thaws in the late 21st century

(Figure 9) should favour a greater availability of liquid water from

melted interstitial ice and surface snow and from more frequent win-

ter rain events (Gauthier, Laliberté, et al., 2022b; Hall et al., 2002;

Rode et al., 2016). On the basis of these works, we assume that the

water content should increase in winter with global warming.

The effectiveness of other processes than frost cracking could

also be altered by modern climate change, especially because of the

increased water availability. Rain events are particularly effective

rockfall triggering factors (Birien & Gauthier, 2023a; D’Amato

et al., 2016; Delonca et al., 2014; Matsuoka, 2019), and most other

weathering processes are also dependent on liquid water inputs (Hall

et al., 2002). This is particularly the case for dissolution, carbonation,

hydrolysis and redox (Dixon & Thorn, 2005). Given the higher avail-

ability of liquid water in winter expected by the late 21st century, the

effectiveness of these processes on rockwall surfaces and

the resulting rates of weathering and erosion can be expected to rise.

High amplitude thermal changes without freezing and water satura-

tion can still cause subcritical cracking (Draebing, 2021; Eppes

et al., 2016) and trigger rockfalls (Collins & Stock, 2016; Stock

et al., 2012). Draebing (2021) has shown that climate change will

affect the number and magnitude of these thermal changes, the asso-

ciated stresses and so the rockfall dynamic.

5.3 | Frost-triggered rockfall dynamic on rockwalls
affected by permafrost, by SF and by sporadic frost

In periglacial environments, permafrost has a significant influence on

rockfall dynamics (Draebing et al., 2022; Paranunzio et al., 2016;

Rabatel et al., 2008; Ravanel & Deline, 2011). Climate change leads to

permafrost degradation, resulting at the very least in an increase in

the thickness of its active layer in summer and even by the complete

loss of relict permafrost (Farbrot et al., 2013; Gray et al., 2017; Gruber

et al., 2004; Gruber & Haeberli, 2007; Hales & Roering, 2007). The

increasing thickness of the active layer, along with a greater availabil-

ity of liquid water (Rode et al., 2016), could result in increased rockfall

frequency and, above all, magnitude in periglacial environments

(Draebing et al., 2022; Gobiet et al., 2014; Hartmeyer et al., 2020;

Ravanel & Deline, 2011) (Figure 14a). However, following Murton

et al. (2006), Murton, Kuras, et al. (2016a) and Murton, Ozouf, &

Peterson (2016b) experiments, segregated ice tends to accumulate

just below the permafrost table due to two-sided freezing. Thus, most

intensive rockfall activity can be expected during the first stage of

permafrost thawing, while further thawing of (possibly ice-poor) per-

mafrost may reduce rockfall activity.

In rock masses subject to SF, global warming is likely to lead to

more frequent sporadic FT cycles, particularly in winter (Figures 9 and

10), and greater liquid water availability (Rode et al., 2016). The periods

of occurrence of these cycles should be shorter (Figure 9), and the

freezing front should reach shallower depth (Figure 10). Compared with

the historical period, late 21st century weather conditions would favour

a rate of frost damage that is higher close to the rockwall surface but

significantly lower at depth (Figure 11). An increased frequency of small

magnitude rockfall triggered by frost cracking and a decreased fre-

quency of higher magnitude instabilities can be expected (Figure 14b).

Some midlatitude climates such as those of the low elevation

mountain in the European Alps (D’Amato et al., 2016; Rode

et al., 2016), the Japanese Alps (Matsuoka, 1991), the Sierra Nevada

(Wieczorek & Jäger, 1996) or the Canadian coast mountain (van Veen

et al., 2017) are more temperate than those of northern Gaspésie

(Beck et al., 2018). They experience a higher frequency of sporadic FT

cycles, shorter winter periods and an absence of SF. In this context,

frequent winter temperature oscillations around the freezing point

promote the development of small magnitude rock instabilities

(D’Amato et al., 2016; Delonca et al., 2014; Kromer et al., 2018;

Macciotta et al., 2015; van Veen et al., 2017). Climate warming by the

end of the 21st century in these regions can be expected to reduce

the frequency and amplitude of winter FT cycles or even eliminate

them (Rode et al., 2016). This should reduce the frequency of small

magnitude rockfall triggered by frost cracking (Figure 14c).

6 | CONCLUSION

Depending on the scenario, the climate of the northern Gaspé Penin-

sula can be expected to warm by 3.3�C (RCP4.5) to 6.2�C (RCP8.5) dur-

ing the 21st century. This rapid warming will likely result in a significant

decrease in the maximum depth of SF, a truncated period of occurrence

F I GU R E 1 4 Conceptual representation of the relative frequency of varying magnitudes rockfalls triggered by frost cracking by the end of
the century (2070–2099) compared with 1950–1979 in regions affected by (a) permafrost, (b) seasonal frost and (c) sporadic frost.
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of sporadic FT cycles and a very substantial increase in their frequency

in winter. Compared with the historical period (1950–2009) and follow-

ing RCP4.5, frost cracking effectiveness should intensify around 70 cm

in depth and disappear beyond that. According to RCP8.5, frost crack-

ing effectiveness is predicted to decrease as of 10 cm in depth. In rock

masses subject to seasonal freezing, the changes predicted in frost

cracking process effectiveness by the end of the 21st century should

favour the development of small magnitude rock instabilities over high

magnitude ones. The frequency of rockfall triggered by sporadic FT

cycles could grow considerably in winter but be significantly diminished

in fall and spring. In the initial phase of permafrost thawing, the increas-

ing thickness of the active layer, along with a likely greater availability

of liquid water, should result in increased rockfall frequency and, above

all, magnitude. In warmer environments, where rockslope are only

affected by sporadic FT cycle, global warming is likely to diminish the

frequency and intensity of winter FT cycles. This should also reduce the

frequency of small magnitude rockfalls triggered by those cycles. Other

mechanical and chemical weathering processes effectiveness could be

altered by climate warming and change the rockwall retreat rate and

thus the frequency and magnitude of rock instabilities in the late 21st

century. No conclusion from our work can be given on this overall rock-

fall dynamic in a climate change context because we only focused on

the frost processes influence. Further studies are required to establish

links between climatic drivers, weathering processes and rockfalls.
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