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Abstract

Frost weathering is a major control of rockwall erosion in alpine environments. Previous frost cracking model approaches

used air temperatures as a proxy for rock temperatures to drive frost weathering simulations on rockwall and on mountain

scale. Unfortunately, the thermal rockwall regime differs from air temperature due to topographic effects on insolation and

insulation, which affects frost weathering model results and the resulting erosion patterns. To provide a more realistic model of

the rockwall regime, we installed six temperature loggers along an altitudinal gradient in the Swiss Alps including two logger

pairs at rockwalls with opposing aspects. We used the recorded rock surface temperatures to model rock temperatures in the

upper 10 m of the rockwalls and as input data to run four different frost cracking models. We mapped fracture spacing and rock

strength to validate the model results. Our results showed that frost cracking models are sensitive to thermal, hydraulic and

mechanical parameters that affect frost cracking magnitude, while frost cracking patterns in terms of peak location and affected

rock mass were consistent. Thermo-mechanical models incorporate rock strength and hydraulic properties and provided a frost

cracking depth pattern at rockwall scale that reflects better measured rock strength and fracture spacing of the simulated rock

masses. On mountain scale, these models showed a pattern of increasing frost cracking with altitude, which is contrary to

purely thermal models but consistent with observations of existing rockfall studies.
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Key Points: 9 

 Temperature loggers provide rock temperature data that incorporates topographic effects 10 

on insolation and insulation. 11 

 Sensitivity tests on frost cracking models showed differences of frost magnitude while 12 

frost cracking depth patterns were consistent.  13 

 Thermo-mechanical models incorporating rock strength and hydraulic properties 14 

produced more realistic altitudinal frost cracking patterns.  15 
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Abstract 17 

Frost weathering is a major control of rockwall erosion in alpine environments. Previous frost 18 

cracking model approaches used air temperatures as a proxy for rock temperatures to drive frost 19 

weathering simulations on rockwall and on mountain scale. Unfortunately, the thermal rockwall 20 

regime differs from air temperature due to topographic effects on insolation and insulation, 21 

which affects frost weathering model results and the resulting erosion patterns. To provide a 22 

more realistic model of the rockwall regime, we installed six temperature loggers along an 23 

altitudinal gradient in the Swiss Alps including two logger pairs at rockwalls with opposing 24 

aspects. We used the recorded rock surface temperatures to model rock temperatures in the upper 25 

10 m of the rockwalls and as input data to run four different frost cracking models. We mapped 26 

fracture spacing and rock strength to validate the model results. Our results showed that frost 27 

cracking models are sensitive to thermal, hydraulic and mechanical parameters that affect frost 28 

cracking magnitude, while frost cracking patterns in terms of peak location and affected rock 29 

mass were consistent. Thermo-mechanical models incorporate rock strength and hydraulic 30 

properties and provided a frost cracking depth pattern at rockwall scale that reflects better 31 

measured rock strength and fracture spacing of the simulated rock masses. On mountain scale, 32 

these models showed a pattern of increasing frost cracking with altitude, which is contrary to 33 

purely thermal models but consistent with observations of existing rockfall studies.  34 

 35 

Plain Language Summary 36 

Frost weathering is an important mechanism of shaping rockwalls in alpine environments. 37 

Previous studies developed purely thermal and thermo-mechanical models incorporating 38 

mechanical and hydraulic parameters to simulate this process. Both model types provide 39 

valuable insights about a process that is hard to measure. Previous model approaches used air 40 

temperature as input data. Unfortunately, rock temperatures differ from air temperatures due to 41 

topography that changes the insolated surface of rockwalls and insulating snow cover. We 42 

measured rock temperatures directly at six rockwalls with different aspects and lithology along a 43 

large range of altitude. We used our data to run four existing frost weathering models. Our 44 

results show that the rock type, strength of rocks and water availability influences the magnitude 45 

of frost weathering, while frost cracking location and affected rockwall depth does not change. 46 

The frost cracking pattern should be reflected by the fracture network and the strength of 47 

rockwalls. We mapped fractures and measured rock strength and our results correspond better to 48 

thermo-mechanical model results. Thermo-mechanical model results show an increase of frost 49 

weathering with increasing altitude. This pattern is consistent with rockfall observations. In 50 

contrast, purely thermal models showed an inverse relationship with higher frost cracking at 51 

lower altitudes.  52 

 53 

1 Introduction 54 

The interplay of tectonic, climatic and erosion processes controls topography and in turn 55 

steep alpine environments are characterized by high erosion rates [Montgomery & Brandon, 56 

2002; Whipple et al., 1999]. Climate affects mechanical weathering including frost cracking 57 

processes [Eppes & Keanini, 2017] that breakdown rock [Matsuoka & Murton, 2008]. This rock 58 

is subsequently transported by rockfall processes [Krautblatter & Dikau, 2007] and results in 59 
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erosion of rockwalls. Rockwall erosion depends also on in situ stress, geological, hydrological 60 

and biological conditions as well as time [Krautblatter & Moore, 2014]. Therefore, a spatial and 61 

temporal detection of rockfall using laserscanning and seismic monitoring cannot identify frost 62 

cracking, however, previous studies gave a likelihood of potential rock breakdown processes and 63 

highlighted the importance of frost weathering as preparing and triggering factor of rockfall [e.g. 64 

Dietze et al., 2017; Strunden et al., 2015].  65 

Field measurements of rockwall erosion using rockfall collectors suggest that rockfall is 66 

influenced by seasonal ice segregation [Matsuoka, 2019; Matsuoka & Sakai, 1999; Sass, 2005c] 67 

and volumetric expansion caused by short-term freezing [Fahey & Lefebure, 1988; Matsuoka, 68 

2019; Sass, 2005c], which both are controlled by moisture supply [Rode et al., 2016; Sass, 69 

2005a, 2005c]. If rockfall deposits are not reworked by glaciers [e.g. Scherler et al., 2011] or 70 

rivers [e.g. Schrott et al., 2003], long-term rockfall results in scree slope formation [Statham, 71 

1976]. The spatial distribution of scree slopes suggest a climatic control by frost weathering on a 72 

regional scale [Hales & Roering, 2005; Thapa et al., 2017]. Erosion rates derived from talus 73 

slopes [Sass, 2010] and spatially distributed rockfall collectors [Sass, 2005b] indicate an increase 74 

of rockfall supply from north-facing permafrost affected rockwalls on short-term (up to five 75 

years) and mid-term scale [aproximately 400 years; Sass, 2010]. On Holocene scale, talus slope 76 

deposits suggest an increased rockwall erosion rate at north-facing compared to south-facing 77 

rockwalls [Sass, 2007]. 78 

The efficacy of different frost weathering processes has been discussed since the 1980s 79 

[McGreevy & Whalley, 1985; Walder & Hallet, 1986]. Volumetric expansion by freezing ice 80 

occurs during short-term freezing cycles and can produce stresses as high as 207 MPa [Matsuoka 81 

& Murton, 2008]. Field measurements suggest that these processes occur during freezing periods 82 

in late autumn and due to refreezing of meltwater in late spring and summer [Matsuoka, 2001, 83 

2008]. In contrast, ice segregation occurs during sustained freezing conditions due to 84 

cryosuction-induced stresses [Matsuoka & Murton, 2008]. Laboratory [Duca et al., 2014; Hallet 85 

et al., 1991; Murton et al., 2006] and field studies [Draebing et al., 2017b; Weber et al., 2018] 86 

support the importance of ice segregation for frost weathering. Recently, Draebing and 87 

Krautblatter [2019] tested the efficacy of volumetric expansion and ice segregation on fractured 88 

rock in geometrically defined cracks. Fractures in rock can grow when stresses exceed the 89 

strength properties of rock (critical cracking), however, cracks can also grow steadily at stresses 90 

below critical levels [subcritical cracking; Eppes & Keanini, 2017]. Draebing and Krautblatter 91 

[2019] quantified volumetric expansion of saturated fractures and demonstrated that resulting 92 

stresses exceeded strength properties of rocks. Therefore, volumetric expansion is highly 93 

effective but unlikely due to a lack of saturation of fractures in the field. In contrast, ice 94 

segregation on seasonal scale produced stresses in the subcritical range [Draebing & 95 

Krautblatter, 2019]. The ice-induced stresses started to occur at a temperature between -0.04°C 96 

and -2.35°C depending on lithology [Draebing & Krautblatter, 2019] at pore water availability 97 

ranges that are common in Alpine rockwalls [Girard et al., 2013; Sass, 2005a]. Field 98 

measurements of frost cracking and ice-induced crack widening at or near the rock surface 99 

[Amitrano et al., 2012; Draebing et al., 2017b; Girard et al., 2013] and in rock depth of 20 m 100 

[Wegmann & Gudmundsson, 1999; Wegmann & Keusen, 1998] demonstrated that frost cracking 101 

occurs at the full temperature range between 0 and -15° C. Sustained freezing results in higher 102 

frost cracking activity than frequent freeze-thaw cycling [Amitrano et al., 2012; Girard et al., 103 



manuscript submitted to Journal of Geophysical Research Earth Surface 

 

2013], however, field studies are unable to distinguish the roles of volumetric expansion and ice 104 

segregation in frost cracking. 105 

Different frost cracking models have been developed to model ice segregation induced 106 

weathering. Thermo-meachnical models include lithological and hydrological effects [Walder & 107 

Hallet, 1985] and were successfully used to model frost cracking at laboratory [Murton et al., 108 

2006] and rockwall scale [Sanders et al., 2012]. At geomorphic scales such as landscapes, it is 109 

difficult to relate the physics of ice growth to rock breakdown by frost cracking and rockwall 110 

erosion by rockfall. A simple empirical frost cracking model using elevation dependent air 111 

temperature was developed by Hales and Roering [2007] to model spatial and temporal patterns 112 

of rockwall erosion. This model was applied in studies in the European Alps [Delunel et al., 113 

2010; Messenzehl et al., 2018; Savi et al., 2015], New Zealand Alps  [Hales & Roering, 2009], 114 

Himalayas [Orr et al., 2019; Scherler, 2014]  or Oregon Coast range [Marshall et al., 2015; 115 

Marshall et al., 2017]. Resulting frost cracking intensity was validated using fracture spacing as 116 

a proxy for rock mass susceptibility for frost weathering [Hales & Roering, 2007, 2009; 117 

Messenzehl et al., 2018] or compared to erosion rates [Delunel et al., 2010; Marshall et al., 118 

2015; Marshall et al., 2017; Savi et al., 2015]. Anderson et al. [2013] extended the model to 119 

simulate long-term development of periglacial landscapes. Recently Rempel et al. [2016] 120 

developed a thermo-mechanical model based on the model by Walder and Hallet [1985] to 121 

incorporate ice physics without losing the applicability at geomorphic scales. Marshall et al. 122 

[2021] applied the model in combination with climate simulations to model frost weathering in 123 

unglaciated North America during the Last Glacial Maximum. The different models use air 124 

temperature as a proxy for rock temperature [e.g. Hales & Roering, 2007; Rempel et al., 2016], 125 

however, previous permafrost studies demonstrated that there is a significant temperature offset 126 

between air and rockwall temperatures [e.g. Hasler et al., 2011b; Magnin et al., 2015]. 127 

Furthermore, the models assume thermal, hydrologic and mechanical properties of rocks, 128 

however, previous studies have not tested yet how these properties influence model results at 129 

rockwall and mountain scales. For this purpose, we installed six rock temperature loggers along 130 

an altitudinal transect including different aspects and different lithology. We use obtained rock 131 

temperature data to (1) model frost cracking activity on rockwall scale applying the models by 132 

Hales and Roering [2007], Anderson et al. [2013], Walder and Hallet [1985] and Rempel et al. 133 

[2016]. We (2) test the sensitivity of these models for rock thermal diffusivity, hydraulic 134 

properties, initial crack length and fracture toughness. We (3) map fracture spacing and quantify 135 

rock strength in the field as a proxy for frost weathering and compare the data to frost cracking 136 

model results on rockwall and mountain scale. 137 

 138 

2 Study site 139 

Research was conducted in the Hungerli Valley and Steintaelli, Swiss Alps (Fig. 1a-b). 140 

The Hungerli Valley is an east to west oriented hanging valley of the Turtmann Valley (Fig. 1c), 141 

while the Steintaelli is a 50 m northeast (NE) to southwest (SW) orientated ridge on the crestline 142 

between Matter and Turtmann Valley (Fig. 1d). Lithology consists of paragneiss, manly schisty 143 

quartz slate with inclusions of aplite and quartzite in the Rothorn (RH) cirque (Fig. 1e) and 144 

amphibolite in the Hungerlihorli [HH, Fig. 1c; Bearth, 1980]. Rockwalls reach from 2400 m up 145 

to the Rothorn at 3277 m. Adjacent to the rockwalls, talus slopes formed by rockfall processes 146 



manuscript submitted to Journal of Geophysical Research Earth Surface 

 

store one fifth of the sediment of the Hungerli Valley [Otto et al., 2009]. In the Steintaelli, 147 

geophysical measurements indicated the occurrence of permafrost on the NE-facing slope, while 148 

permafrost was absent in the SW slope between 2006 and 2019 [Draebing et al., 2017a; 149 

Krautblatter & Draebing, 2014; Scandroglio et al., 2021]. Permafrost distribution is strongly 150 

controlled by snow cover, which resulted in 3.7 to 3.9 °C colder mean annual rock surface 151 

temperature (MARST) at the NE compared to SW slope [Draebing et al., 2017a]. Snow cover 152 

influenced cryogenic and thermal processes that resulted in fracture opening due to ice 153 

segregation on the crest and thermal induced fracture dynamics on the SW slope [Draebing et 154 

al., 2017b]. 155 

 156 

3 Methods 157 

We conducted measurements at rockwalls ranging from 2580 to 3158 m to identify the 158 

influence of altitude on frost weathering (Fig. 2a). To determine the influence of aspect, we 159 

investigated two rockwalls (RW1 and RW3) at similar altitudes with opposing north and south 160 

expositions. 161 

3.1 Rockwall and rock mechanical data 162 

To validate the effect of frost cracking, we conducted horizontal and vertical scanline 163 

measurements [Priest, 1993] at RW2 to RW4 and re-analyzed previous conducted measurements 164 

at RW1 [Halla, 2013]. Based on these measurements, we calculated the fracture spacing [Priest, 165 

1993], which will be compared to the depth and peaks of modelled frost cracking [Hales & 166 

Roering, 2007, 2009; Messenzehl et al., 2018]. We quantified rock strength using Schmidt 167 

hammer measurements, which are a common tool to quantify effects of near surface weathering 168 

[McCarroll, 1991; Murphy et al., 2016; Shobe et al., 2017] including frost weathering 169 

[Matsuoka, 2008; Matthews et al., 1986]. We compared measured rock strength to near surface 170 

model results of frost cracking. Furthermore, we evaluated rock mass strength using the method 171 

by Selby [1980]. We collected several 0.4 x 0.2 x 0.15 m large schisty quartz slate samples from 172 

the talus slope below RW4, amphibolite samples below RW3-N and aplite samples below RW2. 173 

We assume that talus slope samples represent mechanical properties of the adjacent rockwalls. 174 

We quantified rock sample anisotropy [Draebing & Krautblatter, 2012], Young modulus E, 175 

Poisson' ratio v, shear modulus G using seismic laboratory measurements (see Text S1 in the 176 

Supporting information). Rock porosity φr and density ρr were measured following the German 177 

industry norm (DIN 52102, DIN EN 1097-6). We derived uniaxial compressive strength σu 178 

[Mutschler, 2004], tensile strength σt [Lepique, 2008] and estimated fracture toughness KC 179 

[Chang et al., 2002; Zhang, 2002].  180 

3.2 Meteorological and rock temperature data 181 

We use air temperature (AT) and snow depth data obtained from Oberer Stelligletscher 182 

(2910 m), located on flat terrain 2-3 km southeast (SE) of our study area in the Matter Valley 183 

[MeteoSwiss, 2019b]. The data shows a gap from mid-January to end of February 2018 (Fig. 2a), 184 

probably as a result of intense snow depth (>3.5 m). To fill the gap, we adapted air temperature 185 

from near-by (6.5 km) meteo station Grächen [MeteoSwiss, 2019a], located at 1605 m in the 186 
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Matter Valley using a linear correlation (r²= 0.85). The temperature adjustment corresponds to a 187 

lapse rate of 6 °C km
-1

.  188 

Rock surface temperatures depend on topography, snow cover, fracturing and water 189 

availability. Topography changes the insolated geometry and results in solar radiation differences 190 

[Gruber et al., 2004; Hasler et al., 2011b], while snow cover can build up from ledges and reach 191 

a thickness of several meters at rockwalls [Haberkorn et al., 2017; Phillips et al., 2017; Wirz et 192 

al., 2011] insulates the rock surface [Haberkorn et al., 2015a; Haberkorn et al., 2015b]. 193 

Fracturing increases surface roughness and the ability to retain snow [Gruber & Haeberli, 2007], 194 

increases convective heat flow by air [Moore et al., 2011] and advective heat flow by water 195 

[Gruber & Haeberli, 2007; Hasler et al., 2011a; Phillips et al., 2016] as well as water 196 

availability and permeability [Dietrich et al., 2005; Gruber & Haeberli, 2007]. To monitor rock 197 

surface temperature (RST), we installed six Maxim iButton DS1922 L temperature loggers in 10 198 

cm deep boreholes following the measurement method by previous studies [e.g. Draebing et al., 199 

2017a; Haberkorn et al., 2015b]. Temperature loggers have a nominal accuracy of ±0.5 °C 200 

according to the manufacturer, however, zero curtain occurrence suggest an accuracy of 201 

±0.25 °C at the freezing point. The loggers recorded RST in 3 h intervals between 1 September 202 

2016 and 31 August 2019 (RW2, RW3-N, and RW4) or between 1 September 2017 and 31 203 

August 2019 (RW1-N, RW1-S, and RW3-S), respectively. Snow cover and zero curtain duration 204 

can be detected in RST time series using daily standard deviations due to insulating properties of 205 

snow [Haberkorn et al., 2015a; Schmid et al., 2012]. We applied the uniform standard deviation 206 

threshold of <0.5 K for positive and negative RST by Haberkorn et al. [2015b], which was 207 

previously validated in a study in the Steintaelli [Draebing et al., 2017a]. We calculated mean 208 

annual air temperature (MAAT) and adapted air temperature to logger elevations by using the 209 

temperature lapse rate. To compare temperature logger locations, we calculated the mean annual 210 

rock surface temperature (MARST). We calculated mean winter and mean summer air/rock 211 

surface temperatures to anaylse seasonal effects. We calculated a 10-day running average of air 212 

and rock surface temperatures and calculated the thermal offset that should reflect insolation and 213 

insulation effects. 214 

To model rock temperatures up to 10 m depth in 0.1 m resolution steps, we use a 1D 215 

conductive heat model applying the Fourier Equation [Carslaw & Jaeger, 1986] and incorporate 216 

latent heat effects as previous studies [e.g. Anderson et al., 2013; Hipp et al., 2014]. Rock 217 

porosity of the rock samples are below 1 % (Table 2). In contrast to intact rock samples, rock 218 

masses of rockwalls consist of fractures. These fractures are incorporated into the model by 219 

increasing the rockwall porosity to 3 %. We assume that the pores and fractures are fully 220 

saturated. Therefore, we assume isotropic rocks as done in previous rock temperature model 221 

approaches [e.g. Draebing et al., 2017a; Noetzli & Gruber, 2009; Noetzli et al., 2007; Wegmann 222 

et al., 1998; Wegmann & Keusen, 1998]. However, rock masses are anisotropic due to the 223 

existence of fractures and our model approach neglects advective heat transport by water flow 224 

and convective heat transport by wind along fractures. For details on the model-processing see 225 

Text S2 in the supporting information and for used parameters see Table 2.  226 

3.3 Frost Cracking Modeling 227 

To evaluate frost weathering in the different rockwalls, we used our rock temperature 228 

data to drive four different frost weathering model approaches. The purely thermal models by 229 
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Hales and Roering [2007; HR-Model] and Anderson et al. [2013; A-Model] assume that the frost 230 

cracking rate by ice segregation is proportional to the temperature gradient, therefore, they use 231 

the temperature gradient as a proxy for cracking intensity. Both model approaches assume that 232 

frost cracking will occur in a temperature range between -8 and -3 °C established as the frost 233 

cracking window (FCW) by Anderson [1998]. The second assumption is the water availability. 234 

In the model by Hales and Roering [2007], water is available, when rock surface temperatures 235 

are above 0 °C (upper boundary) and the temperature gradient is negative or rock temperatures in 236 

10 m depths are above 0 °C (lower boundary) and the temperature gradient is positive. The 237 

model by Anderson et al. [2013] assumes water available at a rock temperature above 0 °C 238 

anywhere along the one-dimensional path inside the rock mass, however, the water transport is 239 

restricted by a penalty function that modifies the taken temperature gradients dependent on their 240 

distance to the next water reservoir. If the temperature and water assumptions are fulfilled, both 241 

models sum up the temperature gradients and use this cracking intensity as a proxy for frost 242 

cracking. 243 

We use two thermo-mechanical models to simulate frost weathering at rockwalls. Both 244 

models assume that a rockwall consists of pores of different shapes and sizes including non-245 

equant voids called cracks. In their model, Walder and Hallet [1985] assume cracks have a  246 

penny-shaped form with an initial crack radius xi of 0.05 m, which corresponds to a crack length 247 

of 0.1 m, and a crack plane parallel to the rockwall (φp=0°). These cracks are spaced widely 248 

enough to enhance independent growth. All cracks grow in a mode I form along the plane of the 249 

crack purely by ice pressure. In our model approach, we assume the existence of an independent 250 

crack at every model increment step of 0.1 m rock depth (Fig. 2). The model further assumes that 251 

the pore space of unfrozen rock is fully saturated at all times. Segregation ice growth starts for 252 

temperatures below the freezing point in pores Tf =-1°C, but only if an unfrozen rock mass area 253 

with water is available (T>Tf). One dimensional water migration in the model is restrained by the 254 

thermal gradient and the grain/pore surface resistivity (Text S3 in the supporting 255 

information).When ice pressure rises in the ice lens, an elastic opening of the crack occurs and 256 

deforms the crack into an oblate ellipsoid. Crack length grows inelastic if one third of the critical 257 

fracture toughness (Kc) is reached. We used hydraulic and mechanical parameters suggested by 258 

Walder and Hallet [1985] except for Poisson ratio, shear modulus and critical fracture toughness, 259 

which we measured in the laboratory (Table 2). To enable an annual comparison of crack 260 

growth, we started the simulation with an initial crack length of 0.1 m for every year (1 261 

September to 31 August) to ensure comparability between years (Fig. 5). We summed up the 262 

final crack length at each year and divided this length by the rock depth of our model to get a 263 

quantitative measure to compare frost cracking at different rockwalls. 264 

The model by Rempel et al. [2016] assumes a porosity change to occur alongside frost 265 

weathering. The authors determine an upper temperature limit ∆Tc for ice segregation depending 266 

on fracture toughness and crack radius (see Text S4 in the supporting information) and a lower 267 

limit of ice segregation controlled by permeability dependent water availability. We use the 268 

values suggested by Rempel et al. [2016; Table 2], unfrozen permeability measured by 269 

Krautblatter [2009] and laboratory defined critical fracture toughness. Rempel et al. [2016] 270 

integrate porosity change over depth to get the total expansion Λ resulting from ice segregation. 271 

 272 



manuscript submitted to Journal of Geophysical Research Earth Surface 

 

3.4 Sensitivity of frost cracking models  273 

All frost cracking models are sensitive to the temperature gradient. The temperature 274 

gradient results from the rock temperature modelling using the Fourier equation that propagated 275 

heat using rock thermal diffusivity κ (= k/cρr), which depends on rock thermal conductivity k, 276 

rock specific heat capacity c and rock density ρr. All parameters show a variation on rock sample 277 

scale, which will increase on rockwall scale. Therefore, rock thermal diffusivity comprises a 278 

range of values and we used a mean value for frost cracking modelling. To test the sensitivity to 279 

heat conduction, we additionally modelled the frost cracking using minimum and maximum 280 

values of rock diffusivity (Table 2).  281 

The thermo-mechanical models by Walder and Hallet [1985] and Rempel et al. [2016] 282 

are in addition sensitive to hydraulic parameters such as conductivity or permeability, initial 283 

crack length and fracture toughness. Hydraulic permeability values range over magnitudes such 284 

as 10
-18

 to 10
-12

 m² [Rempel et al., 2016]. We use the nominal value 10
-14

 m² by Rempel et al. 285 

[2016] and the measured value 10
-18

 m² by Krautblatter [2009] for the sensitivity test of the R-286 

Model. To test the sensitivity of the WH-model to hydraulic properties, we increased the applied 287 

hydraulic conductivity (5 x 10
-14

 m s
-1

) by four orders of magnitude to include a similar variation 288 

as in the R-model. Crack length varies in rocks [Maji & Murton, 2020] and needs to be assumed, 289 

therefore, we conducted tests using a crack length of 0.01 and 0.1 m. Fracture toughness varies 290 

between rock types and comprises a wide range within each rock type [Atkinson, 1984]. For our 291 

model approach, we used a mean value of fracture toughness derived from an estimation based 292 

on uniaxial strength measurements [Chang et al., 2002]. For the sensitivity tests, we used in 293 

addition a minimum and maximum value (Table 2). The minimum value was derived from the 294 

Schmidt hammer tests according to ISRM [1978]. We estimated the maximum value based on 295 

tensile strength measurement on rock samples [Zhang, 2002].  296 

 297 

4 Results 298 

4.1 Rockwall mechanical properties 299 

We used the Schmidt hammer rebound value R as a proxy for rock strength. Observed 300 

mean rock strength was highest at RW3-N (64, Table 1), which consists of amphibolite. 301 

Rockwalls consisting of schisty quartz slate showed a variation of mean rock strength and ranged 302 

from 31 at RW3-S, 39 at RW4, 46 at RW1-N to 53 at RW1-S. RW2 that comprise aplite had a 303 

mean rock strength of 49. Mean fracture spacing showed large spatial variation within schisty 304 

quartz slate rock masses ranging from 0.32 m at RW3-S, 0.67 m at RW4, 0.85 m at RW1-N to 305 

2.82 m at RW1-S (Table 1). Aplite and amphibolite rock masses possessed a mean fracture 306 

spacing of 0.37 m and 0.43 m, respectively. The rock mass strength (RMS) was lowest for RW3-307 

S (62) and ranged between 70 and 77 for the other rockwalls (Table 1).    308 

4.2 Meteorological, rock surface and rock temperature data  309 

The meteorological station located at 2910 m recorded a MAAT between -1.1 and -0.6 °C 310 

(Table 3). In winter, mean winter air temperature (MWAT) ranged from -6.5 to -9.1°C, while 311 

mean summer air temperature (MSAT) was 5.9 to 6.8 °C in summer. Snow cover ranged 312 

between 216 and 246 days (Fig. 3a), onset was around mid-November and snow cover lasted 313 
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until mid-June. Recorded snow depth on flat terrain reached between 157 and 371 cm (Table 3). 314 

Rock surface temperatures (RST) followed the annual and daily oscillation of air temperatures 315 

(Fig. 3b-g). The MARST showed no clear altitudinal trend with decreasing temperatures at 316 

higher locations as expected from air temperature trends (Table 3). South-facing rockwalls 317 

revealed warmer MARST than north-facing rockwalls and ranged between 2.2 and 2.5 °C at 318 

RW1 at 3157 m and between 4.6 and 6 °C at RW3 at approximately 2700 m. The altitudinal 319 

difference between north and south-facing loggers at RW3 is 50 m, which corresponds to 0.3°C 320 

colder conditions at the higher located south-facing rockwall. At north-facing rockwalls, mean 321 

winter rock surface temperature (MWRST) showed an increase with decreasing altitude. South-322 

facing rockwalls showed 0.5 to 1.6 °C warmer winter conditions than north-facing rockwalls, 323 

however the logger located at RW3-S recorded -1.8° C colder temperatures in 2017/18 than 324 

RW3-N. Mean summer rock surface temperature (MSRST) showed no elevation pattern and 325 

highest values were recorded at RW1-N. South-facing rockwalls revealed 1.9 to 2.1 °C warmer 326 

conditions at RW1 that increased to 8.5 to 8.6 °C difference at RW3.  327 

The annual temperatures of north-exposed rockwalls revealed an amplitude increase with 328 

increasing altitude (Fig. 3 b, d, f-g), which was between -7.0 °C to 13.9 °C at RW4 at 2580 m 329 

and -15.6 °C and 17.6 °C at RW1-N at 3157 m. The annual temperature amplitude was increased 330 

at south-facing rockwalls and was between -17.8 °C and 29.4 °C at RW1-S and -12 °C and 32 °C 331 

at RW3-S. At daily scale, loggers at north-facing rockwalls measured small daily temperature 332 

variations up to 4 °C, whereas loggers at south-exposed rockwalls recorded variations up to 333 

16.5 °C. Snow cover attenuated daily temperature oscillations with expected high deviation 334 

between north- and south-exposed rockwalls. At north-facing rockwalls, snow cover started 335 

between October and December and lasted between 220 days and 251 days (RW2) per year with 336 

only minor differences between RW2 to RW4 and individual years (Fig. 3d, f, g). An exception 337 

was the highest rockwall RW1-N with only 120 to 160 days (Fig. 2b). At south-facing rockwalls, 338 

snow onset was delayed to mid-November and February and snow cover duration was reduced to 339 

138 to 164 days at RW1-S and between 5 and 85 days at RW3-S (Fig. 3 c, e).  340 

The thermal offset is characterized as the temperature difference between measured 10-341 

day average rock surface temperature and modelled 10-day average air temperature adjusted to 342 

rockwall altitude. RST at south-facing rockwalls are usually warmer than air temperature during 343 

snow-free periods resulting in a positive thermal offset (Fig. 3c, e). At north-facing rockwalls, 344 

the thermal offset fluctuated around zero during snow-free periods (Fig. 3 b, d, f-g). Following 345 

snow onset, the thermal offset was positive indicating warmer RST than air temperature. The 346 

thermal offset reversed to negative temperatures at half or two third of the snow cover period and 347 

RST were colder than air temperatures. 348 

Temperature regimes inside our rockwalls showed a typical attenuated and shifted 349 

development of RST with warmest and coldest temperatures at the surface (Fig. S1). The results 350 

revealed that positive temperatures reached seasonally down to 2.5 m depths at RW2 and to 351 

3.5 m at RW1-N, while the rock mass below showed continuous negative rock temperatures for 352 

the entire study period (Fig. S1a, c). In contrast, south-facing and lower elevated north-facing 353 

rockwalls experenced seasonal freezing, while rock temperatures below 1.2 and 5.5 m depths, 354 

respectively, remained positive throughout the measurement period (Fig. S1 b, d-f). Maximum 355 

summed temperature gradients at north-facing rockwalls reached from 95 to 175 °C dm
-1

 at the 356 
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surface. In contrast, south-facing rockwalls revealed higher maximum temperature gradients 357 

between 377 °C dm
-1

 (RW1-S) and 816 °C dm
-1

 (RW3-S). 358 

 359 

4.3 Frost cracking model results 360 

The HR-Model showed largest frost cracking between 1.17 and 1.32 °C-day dm
-1

 at 361 

RW1-S and between 1.53 and 1.71 °C-day dm
-1 

at RW3-S at south facing rockwalls (Fig. 4 a, m, 362 

Fig. 6a). The frost cracking maximum was located at (0.1 m) or near the surface (0.1 – 0.3 m). 363 

Frost cracking affected the rock mass down to 0.9 and 1.8 m rock depth (Table 4). North-facing 364 

rockwalls revealed a decrease of frost cracking and frost penetration depth with increasing 365 

altitude (Fig, 4 e, i, q, u, Fig. 6a, Table 4). Frost cracking peaks were reached at the surface. The 366 

A-Model showed an identical pattern of frost cracking, however, the magnitude of modelled 367 

frost cracking was reduced by 65 to 80 % on south facing rockwalls (Fig. 4 b, n) and slightly on 368 

north facing rockwalls (Fig. 4f, j, r, v, Fig. 6b, Table 4).  369 

The WH-model revealed highest modelled crack lengths at RW1-S with 0.27 to 0.38 m 370 

and RW1-N with 0.16 to 0.17 m located at approximately 3157 m (Fig. 6c). The peak of frost 371 

cracking was reached at a depth between 0.8 and 0.9 m on the south-facing rockwall and 372 

between 0.3 to 1.1 m on the north facing rockwall and affected the rockwall up to 1.8 m depth at 373 

RW1-S and 3.3 m at RW1-N (Fig. 4c, g, Table 4). RW2 consisting of aplite and located at 2907 374 

m showed a lower crack length growth than RW1-N with a peak at 0.2 to 0.5 m. Frost cracking 375 

affected the rockwall to 2 m depth (Fig. 4 k). The south-facing RW3-S showed crack length 376 

growth up to 0.11 and 0.19 m with high differences between 2017/18 and 2018/19 (Fig. 4o). The 377 

peak crack length growth was reached at the surface and frost weathering penetrated 1 m into the 378 

rock mass. In contrast, RW3-N consisting of amphibolite revealed no to very low crack length 379 

growth with a maximum at the surface and a rock mass affected up to 0.4 m depth (Fig. 4s). 380 

RW4 showed frost cracking only in 2016/17 and crack length reached 0.19 m with a maximum 381 

at the surface and a penetration depth up to 1.1 m (Fig. 4w). 382 

The R-Model revealed a frost cracking pattern similar to the WH-model (Fig. 6d). 383 

Highest frost cracking was modelled at south-facing rockwalls with in porosity change of 0.1 to 384 

0.15 % at RW3-S and 0.07 % at RW1-S (Fig. 4d, p, Table 4). The maximum frost cracking was 385 

modelled at the surface and affected the rockwalls to a depth of 1 m at RW3-S and 1.8 m at 386 

RW1-S. North-facing rockwalls RW1-N and RW2 revealed a porosity change of 0.02 to 0.03 % 387 

with a maximum at the surface but also a second peak between 0.3 or 0.9 m rock depth. Frost 388 

cracking affected the rockwalls to depth between 1.3 and 1.7 m (Fig. 4 h, l). RW3-N consisting 389 

of amphibolite showed no frost cracking at all, while frost cracking at RW4 was minimum (0.01 390 

%) with a low penetration depth of 0.2 m and the maximum at the surface (Fig. 4x). 391 

 392 

4.4 Sensitivity analysis  393 

We tested the sensitivity of the used frost cracking models for rock thermal diffusivity, 394 

hydraulic properties, initial crack length and fracture toughness. Rock thermal conductivity and 395 

specific heat capacity varies largely within rock types and we used end members of calculated 396 

rock thermal diffusivity. Decreasing the rock diffusivity shifted the modelled frost cracking 397 
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pattern in in all used models. The magnitude of frost cracking was amplified, however, the peak 398 

depth was shifted closer to the surface and the penetration depth was reduced (Fig. 5 a-d, Fig. S2 399 

in the supporting info). Increasing the rock thermal diffusivity resulted in a decrease of frost 400 

cracking magnitude, slightly reduced the penetration depth and shifted the frost cracking peak. 401 

Increasing the hydraulic conductivity from 5 x 10
-14

 m s
-1

 to 5 x 10
-10

 m s
-1

 and hydraulic 402 

permeability from 10
-18

 to 10
-14

 m² increased the frost cracking magnitude of the WH- and R-403 

Model, while penetration depth and peak location was maintained (Fig. 5e-f, Fig. S3 in the 404 

supporting information). In WH-model, the four-order of magnitude increase of hydraulic 405 

conductivity resulted in an increase of crack length growth by two to three orders of magnitude. 406 

In contrast, the hydraulic permeability increase by four orders of magnitude shifted the porosity 407 

change in the R-model by the same order of magnitude. 408 

Applying a decreased initial crack length of 0.01 m instead of 0.1 m, the frost cracking 409 

was decreased to zero in the WH- and R-model (Fig. 5g-h, Fig. S4 in the supporting 410 

information).). Only at RW1-N, the WH-model showed a minor frost cracking activity. For 411 

sensitivity analysis of fracture toughness, we used maximum and minimum end members for 412 

each rock type. Increasing the fracture toughness shifted the modelled frost cracking pattern in 413 

WH- and R-model with a reduced magnitude, a peak closer to surface and reduced penetration 414 

depth (Fig.5 i-j, Fig. S5 in the supporting information). In contrast, decreasing fracture toughness 415 

resulted in a frost cracking shift with frost cracking magnitude increase, a peak located at higher 416 

depth and deeper frost cracking penetration.  417 

 418 

5 Discussion 419 

5.1 Thermal regime of the rockwalls  420 

Air temperatures are influenced by elevation, however, rock surface temperatures 421 

additionally depend on topography, snow cover, fracturing and water availability. Our north-422 

facing rockwalls demonstrate that MARST, MWRST and MSRST show no clear altitudinal 423 

trend with decreasing temperatures at higher locations as expected from air temperature trends 424 

(Table 3). In addition, rock surface temperatures revealed an annual variation that increased with 425 

altitude at north-exposed rockwalls and was amplified at south-facing rockwalls (Fig. 3b-g). RST 426 

revealed higher temperatures at RW1 than RW2, which we interpret as a result of increased solar 427 

radiation on the ridge (Fig. 1d) compared to shaded location at RW2 within the Rothorn cirque 428 

(Fig. 1e), therefore, the altitudinal pattern is disturbed by shading effects due to topography as 429 

previously observed by several studies [e.g. Haberkorn et al., 2015a]. Daily temperature 430 

variation increased from north-facing rockwalls with 4°C variation up to 16.5 °C at south-431 

exposed rockwalls. We interpret this behavior as a result of topography that changes the 432 

insolated geometry and results in solar radiation differences [Gruber et al., 2004; Hasler et al., 433 

2011b].  434 

Our rock temperature data showed 2.2 to 2.5 °C warmer MARST at south-facing 435 

rockwalls to north-facing rockwalls at RW1, which even increased to 4.6 to 6.0 °C at RW3 436 

(Table 3). Rockwalls at RW1 are located on approximately identical elevation, while RW3-S is 437 

located 50 m above RW3-N, which corresponds to a 0.3°C temperature decrease based on the 438 
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calculated lapse rate of 6°C km
-1

. This would even increase the observed temperature difference. 439 

The measured MARST differences are within the range of previously observed aspect-induced 440 

differences that ranged between 3.3 to 3.8 °C at Gemsstock  [Haberkorn et al., 2015a], up to 441 

3.9 °C at the Steintaelli in 2012-2014 [Draebing et al., 2017a] and up to 5 °C in partly snow 442 

covered rockwalls at Aiguille du Midi [Magnin et al., 2015],  Matterhorn and Jungfraujoch 443 

[Hasler et al., 2011b]. Several authors observed also an increase of MARST differences up to 444 

7 °C in snow-free rockwalls [Gruber et al., 2004; Hasler et al., 2011b]. These large MARST 445 

differences results in permafrost occurrence on the north-facing RW1, while RW1-S is 446 

permafrost-free as demonstrated by geophysical measurements between 2006 to 2019 [Draebing 447 

et al., 2017a; Krautblatter & Draebing, 2014; Scandroglio et al., 2021]. Our recorded aspect-448 

induced temperature differences correspond to an altitude between 350 and 1000 m assuming a 449 

temperature lapse rate of 0.6 °C km
-1

 and demonstrate that MAAT adjusted to altitudes will fail 450 

completely to simulate the influence of aspect.  451 

Snow cover in rockwalls is highly variable due to topographic effects such as slope angle, 452 

distance to rock ledges and wind drift [Haberkorn et al., 2015a; Wirz et al., 2011]. Our logger 453 

data revealed a decreased snow duration at RW1-N at 3157 m, (120 to 161 days) compared to 454 

lower-elevated RW2, RW3-N and RW4 (>207 days; Table 3 and Fig. 3). RW1 also experienced 455 

a delayed onset of snow cover, which can be result of less topographic shading and enhanced 456 

solar radiation at ridge locations [Haberkorn et al., 2015a], steeper rockwalls and a longer 457 

required snow accumulation time from the below laying ledge slope upwards as observed 458 

previously in the Steintaelli [Draebing et al., 2017a]. Less snow cover at RW1-N enabled more 459 

cooling in winter (Fig. 2b). Our data demonstrated an earlier snowmelt at RW1-N compared to 460 

RW2-RW4 especially in 2018/19 (Fig. 2), which we interpret as a result of increased insolation 461 

at the ridge location. At north-facing rockwalls, the thermal offset fluctuated around zero during 462 

snow-free periods (Fig. 3 b, d, f-g), however, the thermal offset was positive indicating warmer 463 

RST than air temperature following snow onset. This indicates that snow cover had a warming 464 

effect on rockwall temperatures [Draebing et al., 2017a; Luetschg et al., 2008]. A delayed snow 465 

onset as observed at RW1-N results in increased cooling of the rockwall. The thermal offset 466 

reversed to negative temperatures at half or two third of the snow cover period, therefore, RST 467 

were colder than air temperatures and snow had a cooling effect [Draebing et al., 2017a; 468 

Luetschg et al., 2008]. In summary, insolation and insulation controls the effect of air on rock 469 

surface temperature. The insulation effect can be decreased in very steep cliffs due to decreased 470 

or lack of snow cover. Frost weathering approaches using an elevation-adjusted MAAT with 471 

uniform half amplitudes for annual or daily oscillation fail to model the thermal regime 472 

adequately [e.g. Delunel et al., 2010; Hales & Roering, 2009; Scherler, 2014]. Anderson et al. 473 

[2013] already stated that frost cracking models should take the radiation field and non-uniform 474 

snow cover more realistically into account, thus, these effects results in complex RST histories. 475 

By using measured RST, we are able to integrate these complexities into our frost cracking 476 

model approach.  477 

 478 

5.2 Sensitivity of frost cracking models to thermal, hydraulic and mechanical properties   479 

 480 

5.2.1 Influence of thermal parameters and thermal processes on frost cracking 481 
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The thermal regime was modelled based on assumptions on heat transport, porosity and 482 

water infill, which vary spatially and temporally and cannot be better resolved by existing model 483 

approaches. The investigated rockwalls comprising schisty quartz slate are highly anisotropic 484 

resulting from rock fabric (0.55) compared to isotropic amphibolite (0.05) and aplite (0.06) 485 

[Draebing & Krautblatter, 2019]. However, the heat transport model assumes an isotropic rock. 486 

The rock mass of rockwalls comprise fractures, which are incorporated into the heat transport 487 

model by increasing porosity from below 1% to 3% (Table 2), which is the common way to 488 

incorporate fractures in conductive heat models [Noetzli & Gruber, 2009; Noetzli et al., 2007; 489 

Wegmann, 1998]. An increased water-filled porosity will significantly increase the lag of heat 490 

transport due to latent heat processes [Wegmann, 1998]. In addition, fractures increase vertical 491 

groundwater flow [Dietrich et al., 2005; Forster & Smith, 1989] and associated advective heat 492 

transport [Draebing et al., 2014; Gruber & Haeberli, 2007] as well as convective heat transport 493 

by wind [Gischig et al., 2011a, 2011b; Moore et al., 2011], which are neglected in the 494 

conductive heat transport model. Therefore, the application of heat models to anisotropic rocks 495 

and rock masses can result in over- or underestimation of rock temperatures. In high-alpine 496 

rockwalls, heat transport is effected by topography and heat transport from warmer south to 497 

colder north rockwalls [Noetzli et al., 2007]. These 3D-effects can be incorporated on individual 498 

mountain peaks, however, these processes cannot be resolved by 1D-model approaches or 499 

incorporated to frost weathering models working on larger geomorphic scales as landscapes [e.g. 500 

Hales & Roering, 2007; Rempel et al., 2016]. 501 

Rock thermal diffusivity varies within rock types and between rockwalls. All frost 502 

cracking models showed a sensitivity to thermal diffusivity. Decreasing the thermal diffusivity 503 

decreased the frost cracking magnitude but increased the penetration depth (Fig. 5a-d and Fig. S2 504 

in the supporting information). In contrast, an increased diffusivity increased the frost cracking 505 

magnitude but decreased the affected depth within the rock mass. All models used a temperature 506 

gradient in their frost cracking simulation. Our data revealed that maximum summed temperature 507 

gradients at the surface of south-facing rockwalls were between 372 °C dm
-1

 (RW1-S) and 816 508 

°C dm
-1

 (RW3-S) and more than two times larger than temperature gradients at north-facing 509 

rockwalls, which ranged from 95 to 175 °C dm
-1

. Higher temperature gradients result in higher 510 

frost cracking intensity for the HR- and A-model [Anderson et al., 2013; Hales & Roering, 511 

2007]. In the WH-model, increased temperature gradients amplify water migration towards the 512 

freezing front by decreasing flow resistance [see Eq. A-2 in Walder & Hallet, 1985]. Therefore, 513 

ice lenses growth is amplified and can develop higher ice pressure. In the R-model, the square of 514 

the temperature gradient is used to calculate the porosity change [see Eq. 7 in Rempel et al., 515 

2016], therefore, the influence of conductivity is increased in this model. In summary, the 516 

dependence on temperature gradient explains the higher frost cracking intensity in all models at 517 

south-facing rockwalls (Fig. 4 and 6). The range of thermal regime, where frost cracking occurs, 518 

plays a major control on the frost weathering model. The HR- and A-model apply a strict 519 

temperature range called frost cracking window between -8 to -3°C. This range corresponds with 520 

laboratory measurements of frost cracking on  high porosity Berea sandstone [Hallet et al., 521 

1991], however, laboratory and field measurements of acoustic emissions demonstrated that frost 522 

cracking occurred as soon alpine rocks froze [Amitrano et al., 2012; Duca et al., 2014; Girard et 523 

al., 2013]. Field measurements also observed frost cracking occurring at temperatures down to -524 

15° [Amitrano et al., 2012; Girard et al., 2013] and no temperature cut off. In contrast, the WH- 525 

and R-model incorporate hydraulic and mechanical factors into their models that control the 526 

temperature limits of frost cracking. 527 
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 528 

5.2.2 Influence of water availability on frost cracking 529 

The occurrence of water is a prerequisite for frost weathering and all used models assume 530 

saturated conditions. Rock moisture measurements in intact rock showed that rocks are not fully 531 

saturated and moisture fluctuates in the upper 0.2 m during the year [Girard et al., 2013; Sass, 532 

2005a]. The moisture fluctuation is influenced by moisture percolation through the fracture 533 

network [Dietrich et al., 2005; Forster & Smith, 1989; Girard et al., 2013] and by distance to 534 

snow fields that contribute moisture during snow melt [Girard et al., 2013; Sass, 2005a]. 535 

Moisture simulations suggest that slope angle and lithology can cause differences in pore water 536 

saturation [Rode et al., 2016]. Therefore, results from all frost cracking model represent the 537 

maximum scenario of frost cracking. Fractures increase not only permeability of rocks and 538 

access of water but enhance chemical and biological activity in the subsurface, which can 539 

weaken rock and therefore amplify further cracking [Anderson et al., 2013]. 540 

The HR-model assumes the availability of water from the surface or from groundwater in 541 

20 m depth (in our model 10 m depth), when rock temperatures are positive. Therefore, our 542 

model results showed lowest frost cracking activity in permafrost affected rockwalls (RW1-N 543 

and RW2, Fig. 4 e, i), where rock temperatures at 10 m are negative throughout the year (Fig. 544 

S1a, c in the supporting information). Our model results using the A-model revealed 65 to 80 % 545 

lower frost cracking activity in south-facing rockwalls and slightly lower frost cracking at north-546 

facing rockwalls. The model assumes water available along rock depths with positive 547 

temperatures, however, penalizes water transport, which reduced the frost cracking activity. 548 

Anderson et al. [2013] stated that penalization is a simplification and no true assessment of water 549 

availability. Water in rock can be present even in frozen rocks [Mellor, 1970], however, the 550 

water preconditions of the A-model resulted in low or no frost cracking at permafrost affected 551 

rockwalls RW1-N and RW-2 (Fig. 4f, j). 552 

The WH- and R-Model assume saturated conditions but use hydraulic conductivity or 553 

permeability at the pore freezing point to reduce water availability. Unfrozen permeability varies 554 

by six orders of magnitude [Rempel et al., 2016] and applying a sensitivity test of hydraulic 555 

permeability and conductivity with endmembers differing by four orders of magnitude 556 

demonstrate a high sensitivity of both models. The frost cracking magnitude increased between 557 

two and three orders in the WH- and four orders in the R-model (Fig. 5e-f and Fig. S3 in the 558 

supporting information), however depth and location of magnitude pattern is persistent. 559 

Therefore, the magnitude of frost cracking can only be interpreted in a qualitative way, however, 560 

the depth pattern can be quantitatively compared to fracture spacing and rock strength. Hydraulic 561 

properties are affected by curvature effects and influenced by pore size, grain size and ice-liquid 562 

surface energy, which are poorly constrained and vary at geomorphic scales such as rockwalls. 563 

Our model results of WH- and R-models revealed intense frost cracking in the permafrost-564 

affected rockwalls RW1-N and RW2 (Fig. 4 g-h, k-l). Murton et al. [2006] used the model by 565 

Walder and Hallet [1985] to model frost cracking in high porosity and isotropic permafrost-566 

affected Tuffeau limestone samples and the modelled cracking lengths reflected well observed 567 

crack clustering. Walder and Hallet [1985] use a generalized Darcy’s law with a constant 568 

hydraulic conductivity khc of 5×10
-14

 m s
-1

 based on sediments and soils. In contrast, Rempel et 569 

al. [2016] determine their lower boundary of frost cracking by integrating permeability in form 570 

of a simple power-law approximation. Both approaches results in frost cracking activity in 571 
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temperature ranges from -1 up to -15 °C, which are in better accordance to field measurements 572 

[Amitrano et al., 2012; Girard et al., 2013]. 573 

 574 

5.2.3 Influence of initial crack length and fracture toughness 575 

The problem of cracking is associated with initial conditions associated with rock 576 

structure [Anderson et al., 2013]. Cracks can be generated by tectonic stress [Molnar et al., 577 

2007], paraglacial stress release  [Grämiger et al., 2017; Grämiger et al., 2020] and internal 578 

stress distribution [Leith et al., 2014a, 2014b] following glacier retreat or surface processes 579 

[Clarke & Burbank, 2010, 2011]. Cracks also develop progressively [Walder & Hallet, 1985], 580 

therefore, initial conditions will be far away from assumed constant cracks. The WH- and R-581 

models are sensitive to initial crack length and decreasing crack length by one order of 582 

magnitude reduced frost cracking to zero or almost zero at RW1-N (Fig. 5g-h, Fig. S4 in the 583 

supporting information). 584 

The WH- and R-models are sensitive to fracture toughness as our model results 585 

demonstrated a decrease of frost cracking magnitude with a peak closer to the surface and 586 

reduced penetration depth as fracture toughness increases (Fig.5 i-j, Fig. S5 in the supporting 587 

information). In contrast, decreasing fracture toughness increased the frost cracking magnitude, 588 

shifted the peak to higher depth and increased penetration depth. Walder and Hallet [1985] 589 

incorporate fracture toughness by increasing the length of penny-shaped cracks when ice 590 

pressure reached a third of fracture toughness. Since frost cracking starts as ice pressure 591 

approaches the rock strength and ice pressure development depends on temperature, each rock 592 

type has an individual strength-dependent frost cracking temperature range [Walder & Hallet, 593 

1985], which is supported by laboratory and field studies [Draebing & Krautblatter, 2019; 594 

Draebing et al., 2017b; Murton et al., 2006]. Therefore, frost cracking is enhanced at RW1-N, 595 

RW1-S, RW3-S and RW-4 (Fig. 4 g-i), where low-strength schisty quartz slate (1.66 MPa m
1/2

) 596 

is abundant, in contrast to higher strength aplite (1.87 MPa m
1/2

) at RW2 and amphibolite (2.19 597 

MPa m
1/2

) at RW3-N. 598 

The upper boundary of the R-model is calculated based on fracture toughness and crack 599 

length. This upper temperature limit of frost cracking increases from amphibolite to aplite and 600 

schisty quartz slate due to decreasing KC and increases with increasing crack length (Fig. S6 in 601 

the supporting information). Therefore, large cracks are more easily propagated than small 602 

cracks, which is in accordance to studies on fracture mechanics [Atkinson & Rawlings, 1981; 603 

Erismann & Abele, 2001]. Crack length is assumed uniform during modelling and frost 604 

weathering is expressed as porosity increase, therefore, a progressive fracture propagation with 605 

time that increases effective porosity and enhances fluid flow is ignored. Due to higher strength 606 

of amphibolite, no frost cracking occurs at all at RW3-N, while lower strength schisty quartz 607 

slate rocks are easier to crack.  608 

 609 

5.3 Topographic pattern of frost cracking in the Hungerli 610 

All models showed highest frost cracking activity at south-facing rockwalls, however, the 611 

fracture spacing and rock strength measurements cannot support the resulting frost cracking 612 

patterns. Highest overall frost cracking was measured at RW1-S and affected the upper 1 m in 613 
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the R-model and upper 1.8 m in the HR-, A- and WH-models (Fig. 4a-d). However, fracture 614 

spacing showed variation between 1.65 m and 2.98 m with an average spacing of 2.82 m (Fig. 615 

6e), therefore, fracture spacing is larger than the effect of frost cracking depth and is not 616 

corresponding to the model results. Except the WH-model, all models revealed a peak frost 617 

cracking at the surface. Repetitive frost cracking activity reduces both compressive and tensile 618 

strength of rocks [Jia et al., 2021; Jia et al., 2015], therefore, a frost cracking peak at the surface 619 

should result in lowering the rock strength due to rock breakdown. However, Schmidt hammer 620 

measurements at RW1-S showed highest measured rebound values (53) of schisty quartz slate 621 

rocks (Fig. 6f), which is contrary to the modelled frost cracking patterns. The rebound value 622 

could be increased if fresh rock is exposed following a rockfall, however, a fresh rockfall scar 623 

was not visible at RW1-S or any other logger location. 624 

Model results from RW3-S showed high frost cracking rates (Fig. 6a-d) with an affected 625 

rock mass of 0.5 m in the R-model, 0.9 m in HR- and A-models and 1m in the WH-model (Fig. 626 

4e-h). Fracture spacing varied between 0.1 and 0.41 m with a mean of 0.32 m (Fig. 6f) which 627 

corresponds best with the R-model. Frost cracking showed highest magnitudes at surface at all 628 

models and mean rebound values were the lowest measured values in the Hungerli (31). While 629 

fracture spacing are smaller than frost cracking activity, which can result von tectonics or other 630 

processes, the Schmidt hammer value corresponds to a high weathering activity at the surface. 631 

However, RW3-S experienced highest daily thermal variation, which can increase thermal 632 

stresses [Eppes et al., 2016] that can support near surface rock breakdown and, therefore, the low 633 

rock strength can be a result of other weathering processes than frost weathering. Field 634 

observations using rockfall collectors and talus deposits recorded significant more frost 635 

weathering associated rockfall at north-facing than south-facing rockwalls [Sass, 2005b, 2007], 636 

however, frost cracking models revealed highest magnitudes at south-facing rockwalls. The 637 

contrary model patterns of RW1-S and RW3-S can be a result of unrealistic rock moisture 638 

assumptions at south-facing rockwalls. Due to higher insolation, south-facing rockwalls have 639 

lower moisture contents near to the surface [0.2 m; Rode et al., 2016; Sass, 2005a] where highest 640 

frost cracking magnitudes were modelled. Therefore, moisture conditions are contrary to 641 

assumed saturated conditions in the frost cracking model set up. However, there is no study yet 642 

that provides information on aspect-induced rock moisture variation below 0.2 m, which would 643 

enable an improvement of used model assumptions. 644 

The permafrost affected rockwalls RW1-N and RW2 showed contrary results between 645 

purely thermal models (HR and A-model) and thermo-mechanical models (WH- and R-model). 646 

At RW1-N, frost cracking effects were limited to the upper 0.1 to 0.2 m of the rockwall in the 647 

HR- and A- model with peaks at the surface (Fig. 4e-f, i-j). We interpret this frost cracking 648 

pattern as a result from the water availability assumptions (see Chapter 5.2.2). In contrast, WH- 649 

and R-models revealed high frost cracking intensities. The WH-model showed an effected rock 650 

mass of 3.1 m with peak intensity at 0.3 to 1.1 m (Fig. 4g), while the R-model revealed a 651 

penetration depth of 1.7 m with peaks between 0.1 and 0.9 m (Fig. 4h).  These model results 652 

correspond to measured fracture spacing that ranged between 0.24 to 1.16 m with an average of 653 

0.85 m (Fig. 6f). Schmidt hammer values at RW1-N were 46 and suggest a hard rock strength 654 

due to low frost cracking intensity at the surface (Fig. 6e). RW2 showed a similar pattern with 655 

decreased penetration depth to 1.3 m in the R-model and 2 m in the WH-model and peaks at 0.1 656 

to 0.3 m and 0.2 to 0.5 m, respectively. Model results correspond to measured fracture spacing 657 

that varied between 0.12 and 0.5 m with an average of 0.37 m (Fig. 6f). Rebound values of the 658 
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aplite rockwall were 40, which suggests less frost cracking at the surface and corresponds better 659 

with WH-model results. 660 

RW3-N consists of high-strength amphibolite characterized by high rebound values of 661 

64. The R-model showed no frost cracking and WH- model only minor frost cracking limited to 662 

the upper 0.4 m in 2016/17 (Fig. 6s-t), which we interpret as a result of insufficient ice pressure 663 

development that were unable to exceed the rock strength thresholds of the models. In contrast, 664 

the A-model showed highest frost cracking on north-facing rockwalls and the HR-model slightly 665 

lower magnitudes (Fig. 4q-r, Fig. 6a-b). Frost cracking intensity peaked at the surface and 666 

reached to 0.7 m. Fracture spacing ranged from 0.13 to 0.52 m with a mean spacing of 0.43 m 667 

that corresponds with HR-, A- and WH-model results. However, the observed peaks at the 668 

surface especially of the A- and HR-model are contrasting to the highest measured rebound 669 

values of 64. RW4 consisting of schisty quartz slate showed highest frost cracking intensities at 670 

HR- and WH-models and lower intensities at A- and R-models (Fug. 4 u-x). Fracture spacing 671 

ranged from 0.21 to 1 m with 0.67 m on average (Fig. 6f), which corresponds better to A-, HR- 672 

and WH-models (Table 4) than the R-model that showed only minor penetration depth of 0.2 m. 673 

The low measured rebound value of 39 supports the occurrence of high intensities at surface 674 

simulated by all models. 675 

Excluding the anomalous high frost cracking intensities on south-facing rockwalls in the 676 

analysis (Fig. 6), the north-facing rockwalls in the Hungerli Valley experience a topographic 677 

pattern of frost cracking with increasing frost cracking with decreasing altitude in the HR- and 678 

A-model and a contrary increasing frost cracking activity with increasing altitude in the WH- and 679 

R-models (Fig. 6). Fracture spacing and Schmidt hammer values suggest a higher 680 

correspondence of WH- and R-models. In the calcareous Alps, field observations recorded an 681 

increased rockfall activity at higher location using rockfall collectors [Sass, 2005b] and using 682 

lichenometry on talus slopes [Sass, 2010]. Sass [2005b, 2010] suggested that the observed 683 

rockfall increase along altitude was associated with permafrost increased frost weathering. 684 

Therefore, field studies support the observed frost cracking patterns of the WH- and R-models 685 

and contradicts model results by HR- and A-model. 686 

 687 

6 Conclusions 688 

In high alpine rockwalls, topography controls the thermal regime by changing insolation 689 

and insulation. Consequently, a thermal offset between air temperature and rock surface 690 

temperature exists that complicate an air temperature based frost cracking model approach. Frost 691 

weathering depends on the thermal regime, water availability and mechanical rock properties. 692 

Our sensitivity analysis demonstrate that thermo-mechanical models are very sensitive to 693 

hydraulic parameters and frost cracking changes orders of magnitude, while the models are less 694 

sensitive to mechanical and thermal parameters. As a result of the sensitivity the frost cracking 695 

magnitude changes, however, the spatial frost cracking patterns within the rock mass including 696 

the peak locations are consistent. All frost cracking models experienced highest frost weathering 697 

at south-facing rockwalls, which is contrary to measured fracture and rock strength properties of 698 

these rockwalls and to results of previous field studies. We suggest that this is a result of 699 

overestimated rock moisture availability, which would reduce frost weathering and should be 700 
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investigated in future research. Purely thermal models underestimate the frost cracking intensity 701 

in permafrost-affected rockwalls due to their water-availability constraints. In contrast, thermo-702 

mechanical models incorporate hydraulic permeability or conductivity and show highest frost 703 

cracking in permafrost-affected rockwalls, which is consistent to observed fracture and rock 704 

strength patterns. Thermo-mechanical models revealed a topographic altitudinal frost cracking 705 

pattern with increasing frost weathering intensity with increasing altitude, while purely thermal 706 

models developed an inverse related topographic frost cracking pattern with highest intensities at 707 

lower elevations. In summary, thermo-mechanical models produced more realistic frost 708 

weathering patterns on rockwalls and along topographic gradients in the Hungerli Valley than 709 

purely thermal models. 710 
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Tables 1070 

Table 1. Altitude, exposition, slope angle, 1
st
 to 3

rd
 quartile and mean of rock strength measured 1071 

with the Schmidt hammer, 1
st
 to 3

rd
 quartile and mean of fracture spacing and rock mass strength 1072 

(RMS) of instrumented rockwalls 1073 

Rockwall Altitude (m) Exposition (°) Slope (°) Rock Strength (Q) Fracture spacing (m) RMS 

    1st – 3rd Qu. (Mean) 1st – 3rd Qu. (Mean)  

RW1-S* 3158 154 79 45 - 58 (53) 1.65 – 2.98 (2.82) 77 

RW1-N* 3157 33 90 45 – 48 (46) 0.24 – 1.16 (0.85) 72 

RW2 2907 70 78 46 – 52 (49) 0.12 – 0.50 (0.37) 73 

RW3-S+ 2723 148 71 30 – 34 (31) 0.10 – 0.41 (0.32) 62 

RW3-N 2674 311 85 59 – 68 (64) 0.13 – 0.52 (0.43) 74 

RW4 2580 17 87 37 - 42 (39) 0.31 – 1.00 (0.67) 70 

  1074 
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Table 2. Model parameters 1075 

 Parameter   Aplite Amphibolite Quartz slate 

  value (range) value (range) value (range) 

All models     

Rock density (kg m-3) ρs 2760 2970 2800 

Assumed (measured) rock porosity (%) nr 
3 (0.89 ±0.02) 3 (0.52 ±0.11)  3 (0.80 ±0.17)  

Rock thermal conductivitya (W m-1 K-1) λs 2.8 (1 – 3.8) 1.54 (1.3 – 1.7) 2.5 (1 – 4.1) 

Rock specific heat capacitya (kJ kg-1 K-1) cs 0.80 (0.67 – 1.05) 0.75 (0.67 – 0.88) 0.80 (0.67 – 1.05) 

Rock thermal diffusivity (m² s-1) κ 1.23 (0.33 – 1.99) 0.67 (0.49 – 0.83) 1.08 (0.33 – 2.12) 

Latent heat (kJ kg-1) L 334 

Rock water content (%) W 3 

Water content below pore freezing pointb (%) Wu 5 

Ice density (kg m-3) ρi 920 

Ice thermal conductivity (W m-1 K-1) λi 2.24 

Ice specific heat capacity (kJ kg-1 K-1) ci 2.09 

Water density (kg m-3) ρw 1000  

Water thermal conductivity (W m-1 K-1) λw 0.56 

Water specific heat capacity (kJ kg-1 K-1) cw 4.18 

Thermo-mechanical models   

Critical fracture toughnessd (MPa m1/2) KC  1.9 (1.6 – 2.1) 2.2 (1.9 -3.1) 1.7 (1.3 – 2.0) 

Walder and Hallet (1985)   

Pore freezing pointc (°C) Tf -1 

Hydraulic conductivityc (m s-1) khc 5 ×10-14 

Grain sizec (mm) R 0.75 

Liquid layer thicknessc (nm °C1/2) hl 6 

Initial crack radiusc (m) xi 0.05 

Angle between crack plane and rockwallc (°) ϕ 0 

Poisson’ ratio () ν 0.339 0.3205 0.263 

Shear modulus (GPa) G 16.73 35.34 23.05 

Critical fracture toughnessd (MPa m1/2) KC  1.87 2.19 1.66 

Growth-law parameterc (m s-1) Vc 340 340 340 

Growth-law parameterc  () γ 37.1 37.1 37.1 

Rempel et al. (2016)   

Bulk melting temperaturee (K)  Tm 273 

Unfrozen permeabilityf (m²) kp0 10-18 (10-18 – 10-14) 

Power law exponente () α 4 

Undercooling for ice formatione (°C): ∆Tf 0.1 
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a
Cermák and Rybach [1982], 

b
Anderson et al. [2013], 

c
Walder and Hallet [1985] with values 1076 

from Atkinson and Rawlings [1981], Gilpin [1979, 1980] and [Segall, 1984] 
d
Draebing and 1077 

Krautblatter [2019], 
e
Rempel et al. [2016] with values from Andersland and Ladanyi [2004], 1078 

f
Krautblatter [2009] 1079 

 1080 
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Table 3. Mean annual air temperature (MAAT), mean annual rock surface temperature 1082 

(MARST), snow duration, mean winter air temperature (MWAT), mean winter rock surface 1083 

temperature (MWRST), mean summer air temperature (MSAT) and mean summer rock surface 1084 

temperature (MSRST) values for meteorological station and temperature loggers. 1085 

 1086 

  MAAT/MARST (°C) snow duration (d) MWAT/MWRST (°C) MSAT/MSRST (°C) 

Logger 2016/17 2017/18 2018/19 2016/17 2017/18 2018/19 2016/17 2017/18 2018/19 2016/17 2017/18 2018/19 

Meteo Station -0.6 -1.0 -1.1 216 225 246 -6.5 -9.1 -7.1 6.6 5.9 6.8 

RW1-S* NA 0.3 1.4 NA 150 138 NA -7.3 -6.9 NA 9.3 10.1 

RW1-N* NA -1.9 -1.1 NA 161 120 NA -8.8 -8.5 NA 7.4 8.0 

RW2 -1.7 -1.7 -1.4 207 224 245 -7.5 -6.3 -5.3 5.9 4.2 4.3 

RW3-S+ NA 5.6 7.8 NA 81 5 NA -4.1 -0.7 NA 15.9 16.2 

RW3-N 0.9 1.0 1.8 228 227 233 -3.6 -2.3 -1.2 8.6 7.3 7.7 

RW4 0.7 1.5 1.8 220 220 223 -4.4 -1.8 -1.6 7.6 7.3 7.4 

* 29 Aug 2017 - 28 Aug 2019, + 2017/18 – 2018/19 1087 

 1088 

  1089 
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Table 4. Maximum modelled frost cracking intensity (FCI), depth of maximum FCI, depth range of frost cracking 1090 

for HR-, A-, WH- and R-model. 1091 

Rockwall Maximum frost cracking intensity Depth of maximum FCI (m) Depth range of frost cracking (m) 

 

HR (°C-day/dm) A (°C-day/dm) WH (m) R (%) HR A WH R HR A WH R 

RW1-S 1.17 - 1.32 0.21 - 0.32 0.27 - 0.38 0.07 0.1 - 0.3 0.1 – 0.3 0.8 - 0.9 0.1 0.1 - 1.8 0.1 - 1.8 0.1 - 1.8 0.1 - 1.0 

RW1-N 0.06 - 0.14 0.03 - 0.04 0.16 - 0.17 0.02 - 0.03 0.1 0.1 0.3 - 1.1 0.1 - 0.9 0.1 - 0.2 0.1 - 0.2 0.1 - 3.1 0.1 - 1.7 

RW2 0 - 0.08 0 - 0.01 0.11 - 0.13 0.01 - 0.02 0.1 0.1 0.2 - 0.5 0.1 - 0.3 0 - 0.4 0 - 0.4 0.1 - 2.0 0.1 - 1.3 

RW3-S 1.53 - 1.71 0.39 - 0.64 0.11 - 0.19 0.10 - 0.15 0.1 0.1 0.1 - 0.3 0.1 0.1 - 0.9 0.1 - 0.9 0.1 - 1.0 0.1 - 0.5 

RW3-N 0 - 0.68 0 - 0.08 0.10 - 0.11 0 0.1 0.1 0.1 NF 0.1 - 0.7 0 - 0.7 0.1 - 0.4 0 

RW4 0.07 - 0.67 0.01 - 0.04 0.10 - 0.19 0 - 0.01 0.1 0.1 0.1 0.1 0 - 1.1 0.1 - 1.1 0.1 - 1.0 0 - 0.2 

 1092 

 1093 

 1094 
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Figure Captions 1097 

 1098 

Figure 1. a The research area is located in the Swiss Alps (inset map). Hillshade map showing 1099 

locations of instrumented rockwalls (Swiss Alti3D 2 m DEM provided by the Federal Office of 1100 

Topography, swisstopo). Overview photos of the b Hungerli valley and c the Steintaelli ridge. 1101 

Figure 2.  Schematic illustration of a the research set up, b the model approach and c the results 1102 

and validation approach. 1103 

Figure 3.  a Meteorological station data from Oberer Stelligletscher at 2910 m and b-g 1104 

temperature logger data plotted from 1 September 2016 to 31 August 2019. a Light grey 1105 

rectangles highlight the interpolated air temperature, while b-g light grey rectangles highlight the 1106 

snow cover period and dark grey rectangles the zero-curtain period.  1107 

Figure 4. Modelled frost cracking in terms of frost cracking intensity, crack length or porosity 1108 

change for a-d RW1-S, e-h RW1-N, i-l RW2, m-p RW3-S, q-t RW3-N and u-x RW4 using the 1109 

models by Hales & Roering [2007], Anderson et al. [2013],  Walder & Hallet [1985] and Rempel 1110 

et al. [2016] plotted versus rock depth. 1111 

Figure 5. Sensitivity analysis of rock thermal diffusivity for the models by a Hales & Roering 1112 

[2007], b Anderson et al. [2013], c Walder & Hallet [1985] and d Rempel et al. [2016]. 1113 

Sensitivity analysis of e hydraulic conductivity and f hydraulic permeability, g-h initial crack 1114 

length and i-j fracture toughness of the models by Walder & Hallet [1985] and Rempel et al. 1115 

[2016]. Modelled results of logger RW1-N from 2018/19 and RW4 from 2016/17 are exemplary 1116 

shown, for a complete sensitivity analysis see Figures S2 to S5 in the supporting information. 1117 

Figure 6. Modelled mean cracking intensity of a Hales & Roering [2007] and b Anderson et al. 1118 

[2013], c modelled crack length using the model by Walder & Hallet [1985], d modelled depth-1119 

integrated porosity change using the model by Rempel et al. [2016] plotted versus altitude. The 1120 

error bars present the minimum and maximum modelled frost cracking of each model. e 1121 

Boxplots of measured rock strength and f fracture spacing plotted for each rockwall. Diamonds 1122 

present mean values of rock strength and fracture spacing. 1123 

 1124 
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