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Abstract

Despite constituting 80% of the total number of glaciers in mid- to low-mountain range catchments,

the attention paid to very small glaciers (< 0.5 km2) in glacier research remains relatively low.

However, glaciers of this size category are expected to undergo dramatic changes. Within

Switzerland, more than half are predicted to disappear within the next two decades. As these

glaciers shrink, they lose their firn cover, a crucial latent heat source through refreezing meltwater.

Simultaneously, reduced glacier dynamics result in less ice deformation and decreased frictional

heating at the base. Various studies suggest that such conditions can promote cooling, possibly

enabling a transition from temperate to polythermal or cold states (Gilbert et al. 2012; Signer 2014;

Huss and Fischer 2016). Polythermal glaciers, especially those with partly frozen glacier beds,

have been found to accumulate excessive meltwater, resulting in glacier instabilities (Pralong and

Funk 2006; Irvine-Fynn et al. 2011) or glacier lake outburst floods (GLOFS) (Huggel et al. 2004;

Vincent et al. 2012). This calls for a reevaluation of the thermal state of very small glaciers within

Switzerland. In this study a new enthalpy-based englacial temperature model (IceT) is presented

and used to investigate the potential transition of very small Swiss glaciers from temperate to

polythermal or cold conditions. The study focuses on identifying key parameters influencing glacier

thermal transitions through a sensitivity analysis. Furthermore, a reassessment of the thermal

state of Swiss glaciers takes place using IceT and previously generated model results of the Glacier

Evolution Runoff Model (GERM). The mass balance and the englacial water content emerged as the

most crucial factors for predicting glacier thermal states. The influence of mass balance works in

two ways: (1) Highly negative mass balances hinder the development of a polythermal structure by

allowing surface melt to surpass the propagation of the cold-temperate transition surface (CTS). (2)

Less negative mass balances combined with limited snowfall induce a transition to polythermal

conditions by enabling the CTS propagation to outpace surface melt. Ultimately, the englacial

water content (¡) appears as the most critical parameter in predicting ice temperatures. A mere

increase of ¡ by 1% could reduce the maximum CTS depth by 165.07 m and lower the annual CTS

propagation rate by 13.85 m a°1. Significant differences emerge between GERM and IceT findings.

GERM suggests that over 75% of all very small Swiss glaciers exhibit polythermal conditions, while

in the subset of 20 glaciers modeled with IceT, only 15% show indications of polythermal conditions

in their ice temperature distribution. However, the considerable impact of englacial water on

predicting ice temperatures, coupled with the incomplete knowledge regarding its distribution

within glaciers, leads to substantial uncertainties in the presented model outcomes.

Keywords— Very small glaciers, ice temperatures, glacier thermal regime, glacial hazards, glacier

instabilities, climate change
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1 Introduction

Glaciological research within the Alps focuses predominantly on medium to large valley glaciers.

However, very small glaciers (here defined as < 0.5 km2 after Huss and Fischer 2016) account for

more than 80% of the total number of glaciers of mid- to low mountain range catchments (Paul

et al. 2004; Maussion et al. 2022). Moreover, the accelerated global glacier mass loss observed in the

21st century (Hugonnet et al. 2021) has led to the fragmentation of numerous large valley glaciers,

resulting in a net increase in the number of small glaciers. Using a lower area cut-off of 0.01 km2 a

total number of 1573 glaciers of this size category can be counted using the current Swiss glacier

inventory (Linsbauer et al. 2021). In contrast to large valley glaciers, small glaciers undergo a much

more rapid response to climatic warming. As a consequence, it is estimated that within Switzerland

more than half of these dwarf glaciers may completely disappear within the next two decades (Huss

and Fischer 2016).

Many of these very small glaciers feature equilibrium line altitudes significantly higher than the

glacier’s elevation, resulting in the absence of an intact accumulation area. Consequently, they

lose their firn cover along with the associated latent heat source generated by refreezing meltwater.

Furthermore, the reduction in size is accompanied by a loss of glacier dynamics, which represents

an additional source of heat. Several studies have demonstrated that such a setting can result in a

cooling of the glacier, eventually inducing a transition from temperate to polythermal conditions

(Gilbert et al. 2012; Signer 2014; Huss and Fischer 2016). Polythermal glaciers, particularly those

characterised by an ablation area that is frozen to its bed, have been found to accumulate meltwater

volumes in excess of the drainage capacity of the hydrological system (Kavanaugh and Clarke 2001;

Irvine-Fynn et al. 2011). Such settings have been found to substantially increase the hazard potential

of these glaciers, leading to glacier instabilities (Pralong and Funk 2006; Irvine-Fynn et al. 2011)

or triggering glacier lake outburst floods (GLOFS) (Röthlisberger 1981; Huggel et al. 2004; Vincent

et al. 2012). The tragic occurrence of an ice avalanche at the Marmolada glacier in the Dolomites

with 11 casualties, has recently renewed attention to this subject (Bondesan and Francese 2023).

Switzerland has a long history of natural disasters caused by glaciers (Huggel et al. 2004; Pralong and

Funk 2006; Faillettaz et al. 2015). The mechanisms behind these glacier instabilities are numerous.

For avalanching glaciers such as Marmolada, Faillettaz et al. 2015 have proposed a categorisation

into three distinct types, all originating from differences in the basal properties: (1) Glaciers with

an entirely frozen bed, with instabilities resulting from progressive increase of internal damage

due to changes in the glacier geometry. (2) Glaciers exhibiting partial thawing at their base and

featuring a temperate zone. In such scenarios, the eventual rupture occurs directly on the bedrock

within the temperate region. (3) Steep glacier tongues in temperate conditions prone to sliding

along their bedrock. In this scenario, the ultimate rupture takes place directly at the bedrock. All

three mechanisms are related to the glacier thermal regime with type 1 and 2 depending on the

emergence of a distinct polythermal structure. Moreover, even in the context of large valley glaciers,

ice temperatures have been found to be an important factor in explaining glacier collapses (Gilbert
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et al. 2015; Kääb et al. 2021). The most notable incident was the twin glacier collapse within the Aru

Range in Tibet. This event was characterized by a cold-based plug situated in front of a temperate

zone, which caused an elevation in pore water pressure within the subglacial drainage system,

triggering an ice avalanche estimated at 83 £106 m3 (Gilbert et al. 2015). In case of Tête Rousse

glacier, a similar polythermal structure has caused an increase of the hydrostatic pressure in excess

of the ice pressure at the glacier base (Vincent et al. 2012). Although Tête Rousse could undergo

artificial drainage, this subglacial overpressure is believed to have triggered the collapse of the

Marmolada glacier in July 2022 (Bondesan and Francese 2023). However, it is important to note that

unlike Tête Rousse and Marmolada, which are directly situated on bedrock, the two Aru glaciers are

located on softer sedimentary beds. Failure occurred within these sedimentary layers (Gilbert et al.

2018), whereas for Marmolada the precise mechanisms are not yet known. Even though glacial

hazards resulting from polythermal settings are still rare, the rapid climatic changes induced on very

small Swiss glaciers may elevate the count of previously presumed temperate glaciers transitioning

to polythermal conditions. With a total of 1131 very small Swiss glaciers and their numbers steadily

rising, statistically, Switzerland stands as the most susceptible alpine country to such glacial hazards.

This underscores the significance of reevaluating the thermal status of very small glaciers within

the Swiss Alps.

This study examines the englacial temperature evolution of very small glaciers within Switzerland

and thereby aims on answering the following 2 research questions:

1. Under which conditions do very small alpine glaciers transition from temperate to poly-

thermal or cold conditions?

(a) Which parameters determine these thermal transitions?

(b) At what speed and at what spatial scales do these thermal transitions occur?

2. Which very small glaciers (< 0.5 km2) within the Swiss Alps exhibit transitions from temperate

to polythermal or cold states, and how can these transitions be identified?

To achieve this, a novel enthalpy-based model (IceT) is created, allowing for the concurrent tracking

of ice, air, and water within the glacier. This capability is crucial in capturing the intricate thermo-

dynamic processes governing the ice temperature evolution. Two distinct approaches are outlined

to assess the transition of small glaciers from temperate to polythermal or cold conditions. The first

approach aims to identify the parameters influencing thermal regime transitions and evaluates the

spatio-temporal scales of these transitions. The second approach focuses on realistically assessing

the thermal state of small glaciers in the Swiss Alps, utilizing previously generated model results

from GERM (Huss and Fischer 2016) and implementing the new enthalpy-based model. This study

deliberately concentrates on small glaciers due to their heightened susceptibility to exhibit thermal

regime changes, driven by the loss in glacier dynamics and the reduced firn cover thickness.

2



2 Methods & Data

2.1 IceT, a new 1-dimensional ice temperature model

This study presents a new 1-dimensional enthalpy-based ice temperature model (IceT), which

allows for the simultaneous tracking of ice, water and air within each grid cell. On the basis of

fundamental thermodynamic principles, ice temperatures and liquid water content are inverted

from internal energy. The model is composed of several components, including (1) a fully coupled

surface energy balance model that resolves surface energy exchange, (2) a mass balance component

to track both accumulation and ablation at the glacier surface, and (3) continuous monitoring of the

cold-temperate transition surface (CTS) to assess the thermal state of the ice column. A schematic

representation of the model has been crafted (refer to figure 1), showcasing the various factors

influencing the surface energy flux. The graphic features the delineation of the CTS and elaborates

on the coexistence of ice, water and air within each model grid cell. Furthermore, the figure provides

an overview of the thermodynamic look-up table employed to invert englacial temperatures and

water volume fraction from internal energy.

Figure 1: Schematic overview of IceT (A) as well as the thermodynamic look-up table used to invert ice
temperatures (B) as well as the water volume fraction (C) from internal energy (D).

The various components of the model will be further elaborated on within the following sections.

2.1.1 An enthalpy formulation to model englacial temperatures

Polythermal glaciers are characterised by a mixed thermal regime, containing both cold ice

(temperature below the pressure-melting point PMP) and temperate ice (temperature at the PMP)

(Benn and Evans 2014). As geophysical phase-transitions are inevitable, this leads to a thermal
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problem. While the cold domain is expected to be solid, the temperate domain is characterised

by a solid/liquid mixture. Englacial temperatures, as well as the relative fraction of liquid water,

define physical properties such as e.g. the viscosity of the ice. This results in a thermomechanically

coupled and polythermal flow problem (Aschwanden et al. 2012). Conventional so-called "cold-ice"

models use differential equations for temperature to ensure energy balance (Payne et al. 2000;

Bueler et al. 2007). However, Aschwanden et al. (2012) stressed the disadvantages of such models as

they do not account for the full energy content of temperate ice where phase transitions between

solid and liquid fractions occur. The englacial temperature model developed in the framework of

this thesis is based on an enthalpy formulation proposed by Aschwanden et al. (2012), derived from

the fundamental principles of conservation of energy and conservation of mass. In the following,

the different steps to derive the enthalpy for solid/liquid water mixtures will be described.

Assuming a mixture of ice and water with partial densities Ωi and Ωw (mass per unit volume of the

mixture). The mixture density is the sum

Ω = Ωi +Ωw (1)

The liquid water fraction or water content, is the ratio

¡= Ωw

Ω
(2)

The barycentric (mixture) velocity, v , is defined by

Ωv = Ωi vi +Ωw vw (3)

There are significant differences in the bulk densitites of ice (Ω̂i = 920 kg m°3) and water (Ω̂w = 1000

kg m°3). However, liquid water fractions within temperate ice are expected to be in the order of

∑ 5 % and thus changes in mixture density which correspond to changes in liquid water fraction

are in the order of ∑ 0.5 %. For this reason, the mixture of solid and liquid water is treated as

incompressible (Ω º Ω̂i ). Furthermore, thermodynamic equilibrium is assumed within the given

modelling framework, thus the absolute temperature and internal energy of the solid/liquid

mixture are well defined (Aschwanden et al. 2012).

Specific enthalpy is generally defined as H =U +p/Ω (Moran et al. 2010) where U is the specific

internal energy and p is the pressure, however in this model "enthalpy" equates to "internal energy"

H =U . Thereby volume work (p/Ω) is not accounted for. In the case of cold ice where T is below

the PMP, Tm(p), the specific enthalpy, Hi is defined as

Hi =
TZ

T0

Ci (T̃ )dT̃ (4)
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where Ci (T ) is the heat capacity of ice. The specific enthalpy of liquid water Hw is defined as

Hw =
Tm (P )Z

T0

Ci (T̃ )dT̃ +L+
T0Z

Tm (P )

Cw (T̃ )dT̃ (5)

where Cw (T ) is the heat capacity of water and L is the latent heat of fusion. The heat capacity of

ice, Ci (T ), is considered to be a linear function of temperature (Petrenko and Whitworth 1999;

Aschwanden et al. 2012). However, as Aschwanden et al. (2012) pointed out, for most modelling

purposes it is sufficient to approximate Ci (T ) using a constant value independent of temperature.

The heat capacity of water, Cw , is also assumed to be constant. For the mixture, the enthalpy density,

ΩH (volumetric enthalpy) is given by

ΩH = Ωi Hi +Ωw Hw (6)

From equations (1), (2), (3), (4), (5), (6) one derives,

H = H(T,¡, p) = (1°¡)Hi (T )+¡Hw (T, p) (7)

giving the specific enthalpy of mixtures, containing both cold and temperate ice as well as liquid

water. As opposed to cold ice where T < Tm(p) and ¡ = 0, temperate ice is a mixture where

T = Tm(p) and 0 ∑¡< 1. The enthalpy of ¡> 0, ice at the PMP is defined by

H =

8
><
>:

Hi (T ), if T < Tm(p).

Hs(p)+¡L, T = Tm(p) and 0 ∑¡< 1.
(8)

To finally derive ice temperatures, an inverse function to Hi (T ) exists based on the assumption

that Ci (T ) is positive. The inverse is denoted by Ti (H) an defined for H ∑ Hs(p). Aschwanden et al.

(2012) used this definition to differentiate between cold ice and temperate ice. Given the inverse,

cold ice is found where a small change in enthalpy triggers a change in temperature alone, while

enthalpy fluctuations in temperate ice lead to a change in liquid water fraction (Aschwanden and

Blatter 2005; Aschwanden and Blatter 2009). The inverse of equation (??) for the different enthalpy

values is denoted as

T (H , p) =

8
><
>:

Ti (H), Ti (H), H < Hs(p),

Tm(p), Tm(p), Hs(p) ∑ H ,
(9)

¡(H , p) =

8
><
>:

0, H ∑ Hs(p),

L°1(H °Hs(p)), Hs(p) ∑ H .
(10)

This inverse relation allows for the simultaneous computation of the englacial temperature as well

as the liquid water content (¡) for every grid cell along the entire ice column at each time step. Table
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(1) lists the physical constants that have been used within IceT to compute englacial tempeartures.

Table 1: Physical constants for ice and water used as basis for the englacial temperature model.

Symbol Value Description

∏i 2.1 Wm°1K°1 Ice thermal conductivity

∏w 0.6 Wm°1K°1 Water thermal conductivity

Ωi 920 kg m°3 Ice density

Ωs 350 kg m°3 Snow density

Ω f 550 kg m°3 Firnd density

Ωw 1000 kg m°3 Water density

Ci 2100 Jkg°1K°1 Specific heat capacity of ice

Cw 4200 Jkg°1K°1 Specific heat capacity of water

L 334 x 103 Jkg°1 Latent heat of fusion

Tm 273.15 K Melting temperature of ice

2.1.2 Surface energy balance model

To account for surface ablation, a simple surface energy model has been constituted, based on

formulas by Cuffey and Paterson (2010). The net energy flux at the upper boundary of the 1-

dimensional ice column EN is a sum of the following components:

EN = E#
S +E"

S +E#
L +E"

L| {z }
ER

+ EH +EE| {z }
Tur bul ent

(11)

where E#
S denotes the downward shortwave radiation, E"

S the reflected shortwave radiation, and E#
L

and E"
L the downward and emitted long-wave radiation. Summing up the 4 terms gives the net

radiation term ER . EH and EE represent the sensible and latent heat fluxes due to turbulent mixing

represented by the parameter h which is set to a constant value of 1.0. For the sake of simplicity, the

subsurface energy flux EG , which is driven by the geothermal heat flux, is not considered. This

decision is justified by the study’s focus on the sensitivity of englacial temperatures to boundary

conditions at the glacier surface. Furthermore, the model does not account for latent energy inputs

EP from precipitation (refreezing rain). Nevertheless, latent heat release due to snow and ice melt

is accounted for through the enthalpy formulation, as stated in section (2.1.1). Energy fluxes are

measured in energy per unit area, or Wm°2. The following paragraph will further describe the

computation of the individual components in chronological order.

The downward radiation term ES # is driven by the total flux of solar radiation at the top of the

Earth’s atmosphere, which is defined by the solar constant S = 1367W m°2 (Tab. 2) (Cuffey and
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Paterson 2010). Annual variations due to eccentricity of the Earth’s elliptical orbit are expected to

be in the order of a few percent and not accounted for (Cuffey and Paterson 2010). Nevertheless,

seasonal and daily variations in incoming radiation have been included to approximate the direct

solar beam E#
Sd , which is defined as a fraction of S such that

E#
Sd = S ·cos Z ·√ with √=√P/(P0cosZ )

0 (12)

where Z is the zenith angle, the angular distance of the sun below a vertical line, varying with latitude

¡, time of the year, and time of the day (Oke 2014). Atmospheric transmissivity is represented by

the parameter √ with √∑ 1. At sea level and under clear sky conditions √0 is about 0.84, whereas

under thick cloud cover it reduces to zero (Cuffey and Paterson 2010). As the direct solar radiation

increases with altitude the term √0 is introduced which depends on the ratio of P/P0, where P

denotes the pressure at the glacier surface and P0 the pressure at sea level (ca 101.3 kPa) (Barry

and Chorley 2009). A value of 70 kPa is chosen for P0, which under idealized standard atmospheric

conditions (15°C, 0% humidity) corresponds to a pressure at 3000 meters above sea level (Barry and

Chorley 2009). The latitude ¡ for all model runs is set to 46.54 ° (Jungfraujoch), which can be seen

as representative for Swiss glaciers, as latitudinal variations in Switzerland are small (45.8°-47.8°),

even smaller when considering only glaciated regions (ca. 45.9°-47.0°) (Swisstopo 2023) and their

relative effect on irradiance is thus negligible. The cosine of the zenith angle is denoted as

cos Z = sin¡sin±+cos¡cos±cosh (13)

where ±marks the solar declination, meaning the angular distance between the sun and the equator,

which itself is defined as

±= 23.45°sin
µ

360
365

(284+n)
∂

(14)

where n denotes the days since the beginning of the year. ± is limited to the Earth’s tilt of ± 23.45°.

The hour angle h is coupled to the hour of the day such that h = 0 at local noon. It is denoted as

h = 360°
24h

(tsol °12h) = 15°
h

(tsol °12h) (15)

Equations (14) and (15), describing the Earth-Sun angles are based on formulas by Brownson (2014).

To account for the reflectance of shortwave radiation due to different surface types, such as snow or

ice, the incoming shortwave radiation is multiplied by the surface albedo E"
S =ÆsE#

S . In order to

simplify the computation, reflected shortwave radiation is accounted for by denoting

ESN = E#
S[1°Æ] (16)

where ESN is the net shortwave radiation with respect to a given surface albedo Æ. Constant albedo

values for snow, ice and firn were applied, taken from literature (Cuffey and Paterson 2010). The
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snow albedo Æs is set to 0.65, the firn albedo Æ f is set to 0.55 and the ice Æi is set to 0.45. The annual

cycle for the 3 shortwave radiation model components cosZ , √, ± as well as the resulting incoming

shortwave radiation ES # is displayed in figure 2.

Figure 2: Annual cycle of the 3 shortwave radiation model components (A) cos(Z), (B) √, (C) ± and the
resulting incoming shortwave radiation (D) ES # given the parametric setting in table (2).

Emitted longwave radiation EL " is modeled based on the assumption that snow, ice and liquid

water are near-perfect radiators with emissivities of ≤ = 0.95 (Hori et al. 2006)(Tab. 2). It is denoted

as

E"
L =°≤sæT 4

s (17)

depending on the surface temperature Ts multiplied by the Stephan-Boltzmann constant æ for

a black body. At Tm = 273.15 K, E"
L is equal to -315.6 Wm°2. The downward long wave radiation

term EL # depends on atmospheric greenhouse gas concentrations (greenhouse effect), such as

water vapor, carbon dioxide, ozone or methane. It has been pointed out that E#
L varies significantly

depending on the atmospheric composition (Cuffey and Paterson 2010). However, regional data

on temporal variations in atmospheric composition is sparse and for the sake of simplicity E#
L is

computed using a transmissivity factor ≤a such that

E#
L = ≤aæT 4

a (18)
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as a function of the near surface air temperature Ta . ≤a is estimated to be around 0.95 for completely

cloudy skies, whereas it reduces to 0.5 under dry and cloudless conditions (Cuffey and Paterson

2010). A consistent value of 0.8 is chosen for all model runs, which has been found to be a good

estimate for a late summer average (Hock and Holmgren 2005).

The long-wave components of the surface energy model, EL # and EL ", are primarily influenced

by atmospheric temperature. In this study, we actively manipulate atmospheric temperature to

represent the impact of varying elevation levels on englacial temperatures. The process of how these

parameters are obtained will thus be discussed later. For the shortwave model components ES #
and ES ", which together constitute a significant portion of the energy input at the glacier surface,

a constant value is applied for each parametric setting based on approximations. As a multiplier

within equation (12), the atmospheric transmissivity parameter √0 dominates the outcome of ES #.

Since only few estimates of √0 for glaciated regions exist (Cuffey and Paterson 2010; Konzelmann

and Ohmura 1995; Hoyt and Fröhlich 1990), it has been adjusted to fit the radiation cycle of IceT to

reference climatological (1993-2013) averages in shortwave global irradiance of several Swiss sites

(Figure 4). A value of √ = 0.8 was found to fit best. The resulting annual shortwave radiation cycle

can be seen in figure 3.

Figure 3: Modeled annual shortwave radiation cycle. The gray line depicts the per-timestep computed
radiation, containing daily fluctuations. The dashed black line depicts the averaged daily radiation.

At peak summer the modeled irradiance reaches daily averages of ca. 390 W /m2, whereas in

winter it reaches its low-point averaging at ca. 58.1 W /m2. Diurnal variations lead to maximum

values in summer 0f 1063 W /m2, while in winter they reduce to a maximum of ca. 310 W /m2

during noon. This radiation cycle compares well to those of the stations depicted in figure (4),

depicting the annual irradiance cycles for Payerne, Locarno-Monti, Davos and Jungfraujoch based
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on measurements taken between 1993 and 2013 (MeteoSwiss 2023). For an overview of the physical

constants used within the radiation model see table 2.

Figure 4: Mean annual climatological irradiance for several sites in Switzerland (reference period 1993-2013),
used for approximation of the transmissivity parameter √0 within IceT’s shortwave radiation model. The
blue dots depict daily average values for the year 2014, the red line the monthly averages for 2014, whereas
the black line depicts the monthly climatological average (MeteoSwiss 2023).
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Table 2: Physical constants used within the radiation model.

Value Description

Shortwave model

æ 5.67 x 10°8 Wm°2K°1 Stefan-Boltzmann constant

S 1367 Wm°2 Solar constant

√ 0.8 Atmospheric transmissivity

P 101.3 kPa Pressure at sea level

P0 70 kPa Pressure at the glacier surface

¡ 46.54° Latitude (Jungfraujoch)

Æs 0.65 Default snow albedo

Æ f 0.55 Default firn albedo

Æi 0.45 Default ice albedo

Longwave model

≤s 1.0 Emissivity of the ice

≤a 0.9 Emissivity of the air

2.1.3 Mass balance

Snow accumulation occurs at the first grid cell which is not declared as ice. The model’s mesh with

a grid spacing of d z = 0.1 meters would only allow for accumulation rates ∑ 10 cm. Increasing the

resolution is computational inefficient, therefore a coordinate view within the first air grid cell has

been implemented. A variable zsur f traces the current position of the snow-air interface and can

receive small accumulation rates. It is coupled to the coordinate of the uppermost grid cell which is

defined by the air index iai r . As soon as the difference between the vertex coordinate of iai r - 1 (can

be either glacier or snow) and that of zsur f exceeds the grid spacing d z, the cell will be counted as

snow within the next iteration.

All precipitation during air temperatures smaller than 0 ° is counted as snowfall. A volume conver-

sion from water to snow is conducted with

vols = volw · Ωw

Ωs
(19)

where the liquid precipitation volume volw is multiplied by the ration of the water density Ωw =

1000 kgm°3 over the density of snow Ωs = 350 kgm°3, given the densities in table 1. It is a simplified

accumulation model that does neither account for effects like wind-driven snow redistribution nor

snow contributions by avalanches, however in a 1-dimensional context such effects are anyways
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hard to estimate and can only be guessed through parameterization.

The same coordinate tracing as for the accumulation is applied for snow and ice melt, which is

directly coupled to the water volume fraction. As stated in section 2.1.1 through the enthalpy

formulation, the liquid water content ¡ is continuously computed within each grid cell along the

entire ice column. As denoted in equation 10 ¡ itself is a function of enthalpy and pressure. Liquid

water occurs as soon as the enthalpy H is greater or equal to the critical enthalpy Hs at T = Tm(p).

The englacial temperature T is a function of air temperature, which is actively manipulated within

the parametric study (see 2.4), while for the calibration runs temperatures are fetched from the

MeteoSwiss dataset utilized within the study of Huss and Fischer (2016). For elevation discrepancies

between the weather station and the glacier location an annually constant lapse rate of dT /d z =

-6°km°1 is applied. When the liquid water content (represented by ¡) in the topmost snow, firn, or

ice grid cell reaches 100%, indicating full saturation, it will be considered as runoff. Subsequently,

in the next time step, the grid cell will be designated as air. Depending on the state of the grid cell a

volume conversion from ice, snow or firn to water is applied using the same principle as in equation

(19) where Ωi = 920 kg m°3 and Ω f = 550 kg m°3, and the resulting water volume will be added to

the ablation.

2.1.4 CTS tracking

The definition of the cold-temperate transition (CTS) is challenging and can result in over or

underestimation of the same. In a fundamental sense, the CTS separates water-free cold ice from

moist temperate ice (Pettersson et al. 2004; Gusmeroli et al. 2010). Within IceT, index tracking is

used to identify the CTS, which is defined as the first location within the ice column of size z where

the englacial temperature Ti at index j is smaller than -0.01°C. The CTS depth is then computed by

calculating the vertical distance between the uppermost vertex that is still defined as ice and the

vertex denoting the location of the CTS within the ice column.

2.1.5 Numerical methods & model mesh

Equations (6) requires numerical approximation. Forward differences for the enthalpy are com-

puted along the computational grid (z) and are denoted as

f 0(z) º d f (z)
d z

º f (z +¢z)° f (z)
¢z

(20)

Averaged differences for the heat flux from the uppermost grid cell along the z axis are computed as

f̄ (z) º f (z)+ f (z +¢z)
2

(21)

Finally, englacial temperatures and the water volume fractions are derived from the resulting values

for the internal energy U using equation (9) and (10).
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The time step¢t is adjusted to approximately guarantee von Neumann stability (Crank and Nicolson

1947) and is denoted as

¢t = ¢z2
≥

∏i
Ωi ·Ci

¥
·8.1

(22)

On the basis of the pysical constants (Tab. 1) for the ice thermal conductivity ∏i , the ice density Ωi

as well as the specific heat capacity of ice Ci a timestep of ¢t º 70 minutes is computed.

IceT is initialized with an ice thickness of 70 meters, as glaciers within the studied size category (<

0.5 km2) typically do not exhibit thicker ice (Signer 2014; Grab et al. 2021). Furthermore, increasing

the ice thickness could compromise the model’s resolution or lead to an unnecessary increase in

computational workload. Given that this study primarily focuses on resolving surface processes,

maintaining a consistent model mesh was crucial across all runs, including calibration trials.

Various model runs were conducted at different spatial resolutions (200, 500, 1000), with nz = 1000

vertices proving to be the most accurate configuration. Given a model domain lz of 100 meters,

where 30 meters are predefined as air space and 70 meters are set to be glacier ice, a grid spacing

d z = lz /nz of 0.1 meters (10 cm) results. Table (3) gives an overview of the default model dimensions.

Table 3: Default model dimensions

Symbol Value Description

az 30 m Initial air column

lz 70 m Initial ice thickness

fz 0 m Initial firn thickness

nz 1000 Model resolution

d z 0.1 m Grid spacing

2.2 GERM

In addition to developing the in section (2.1) introduced model, a detailed reanalysis of ice temper-

ature modelling data, generated in the framework of a study by Huss and Fischer (2016), has been

conducted. The study uses the Glacier Evolution Runoff Model (GERM) to investigate the sensitivity

of very small glaciers (∑ 0.5 km2) within the Swiss Alps to future climate change. To facilitate the

comparison between IceT and GERM modeling results, a brief outline of GERM’s model structure

will be presented. However, an emphasis is laid on the ice temperature component as it’s output is

of most relevance for this thesis.

GERM was initially developed to compute mass balance and calculate runoff (Huss et al. 2008;

Farinotti et al. 2012), however it has been further extended by an englacial temperature model. The
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model includes components for (1) glacier surface mass balance (accumulation and ablation), (2)

evaporation, (3) runoff routing, (4) the change in glacier surface topography and glacier retreat as

well as (5) ice temperatures.

2.2.1 Mass balance

Accumulation of snow is given for each position (x, y) on the glacier and day t and denoted as

C (x, y, t ) = P (t ) ·Cpr ec ·D)x, y) (23)

where P (t) is the precipitation for local air temperatures T (x, y, t) < Tthr , which are extrapolated

to all grid cells using an annually constant lapse rate dT /d z = -6°C km°1. The threshold, Tthr =

1.5°C, controls whether solid or liquid precipitation occurs. Cpr ec serves as a factor to fine tune

precipitation based on the conditions on the individual glacier as well as errors in the gridded

precipitation data. Furthermore, redistribution of snow due to e.g. wind drift is accounted for by

using a dimensionless snow distribution multiplier D(x, y) (Farinotti et al. 2010). Snow and ice melt

is generated using a distributed-index model (Hock 1999). A classic degree-day factor method is

coupled to potential direct radiation to account for the effects of slope, aspect and shading (Huss

and Fischer 2016).

E = d(1°Æ)Qe +C0 +C1 ·Ta (24)

Snow and ice melt is computed using a degree-day factor as a function of potential direct radiation,

accounting for effects of slope, aspect and shading. Daily surface melt rates M(x,y,t) are computed

as

M =

8
><
>:

( fM + rsnow/i ce Ipot ) : T ∑ 0°C

0 : T ∑ 0°C
(25)

where fM is a melt factor, rsnow/i ce are radiation factors for snow and ice surfaces and Ipot (x,y,t) is

the potential solar radiation. Furthermore the model accounts for the effects of debris cover by

multiplying the melt by a reduction factor fdebr i s , which depends on the thickness of the debris

layer (Huss and Fischer 2016):

Mdebr i s(x, y, t ) = fdebr i s ·M(x, y, t ) (26)

As debris cover is assumed to both increase in space as well as thicken, this effect is parameterised by

prescribing a linear decrease in fdebr i s with time. Debris-covered areas are presumed to propagate

upglacier with time (Huss and Fischer 2016). In addition the model accounts for mass losses due to

frontal break-off based on comparable ice fluxes within this domain (Alean 1985; Pralong and Funk

2006).
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2.2.2 Glacier geometry

Furthermore, ice thickness and glacier extent are derived, using mass conserving ¢h-

parameterization (Huss et al. 2008; Huss et al. 2010). This empirical function relates glacier surface

elevation change by mass losses to the glacier’s altitudinal range. On the basis of this, one expects

strong thickness changes at the snout, while the accumulation area varies only slightly (Huss and

Fischer 2016). Glacier extent results from the fact that a glacier area disappears as soon as the ice

thickness becomes zero.

2.2.3 Englacial temperatures

Englacial temperatures are computed using a one-dimensional heat transfer model, that includes

melt and refreezing processes which are again coupled to the glacio-hydrological model (Huss and

Fischer 2016). Temperatures are calculated for each 0.5 m layer starting from the base/bedrock

interface till the surface based on heat conduction as

@Tg

@t
= 1

ch ·Ω
@

@z

µ
∑
@Tg

@z

∂
(27)

where ch is the heat capacity of ice, ∑ the thermal conductivity and Ω the firn/ice density. It is

important to notice, that advection of ice is not accounted for, based on the assumption that glacier

dynamics are reduced to a minimum for very small glaciers (∑ 0.5 km2). Equation (27) is solved

explicitly at daily resolution. The firn/ice temperature Tg ,0 f the uppermost layer is assumed to

equal the daily mean air temperature if the snow depth d is smaller than a threshold dcr i t ,low , while

if it is greater than an upper threshold dcr i t ,hi g h , Tg ,0 is set to 0°C. Between the two thresholds

the temperature of the uppermost snow layer is linearly interpolated between the daily mean air

temperature and 0°C on the basis of d (Fig. 5). Full permeability of the firn is assumed and the

free pore space in the firn layer can be filled with water or air from surface melt or rain, given a

fixed porosity. Runoff is generated at the base of the snowpack and is intentionally augmented with

the increase in steepness of the terrain. The refreezing of water within the snowpack is permitted,

and the resulting effects on the ice temperature due to latent heat release are factored in. In

contrast, no vertical water transfer through the ice is possible. The ice is predominantly considered

impermeable, except for the uppermost 0.4 meters. In this section, a constant porosity is presumed

along with a finite value for the maximum water content (Signer 2014; Huss and Fischer 2016).
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Figure 5: Framework used to model the insulation of the snow cover within GERM. th0 represents the lower
threshold and th1 the upper threshold, while asc abbreviates the actual snow cover. (a) Scenario where asc >
th0, (b) scenario where th0 < asc < th1 and linear interpolation between the air temperature and 0 Illustration
drawn from Signer (2014).

2.3 Model calibration

Calibrating englacial temperature models presents challenges due to the complex interactions

between various factors such as the atmospheric forcing, mass balance, glacier dynamics, as well as

the spatio-temporal variations of englacial water content. These factors collectively determine the

evolution of englacial temperatures. In the context of these small-sized glaciers, glacier dynamic is

considered negligible. Furthermore, the current model assumes a constant water content as no

permeability is yet implemented, certainly leading to biases within the modelling results that will be

further discussed later. However, it is crucial to calibrate the mass balance component to accurately

capture the 1-dimensional ice temperature evolution. Within this study, the model is applied on

a subset of 20 very small glaciers (< 0.5 km2) on the basis of MeteoSwiss gridded temperature

and precipitation data (MeteoSwiss 2014a; MeteoSwiss 2014b). The same data set has been used

within a study by Huss and Fischer (2016) to model the evolution of the 1133 very small glaciers

within the Swiss Alps using GERM. A fully automated calibration scheme for IceT was conducted

based on the GERM mass balance results. For each of the very small glaciers (< 0.5 km2) that have

been modeled with GERM in 2016 there exists a unique meteorological data set together with a

modeled mass balance record (Huss and Fischer 2016). The data set comprises daily resolution

air temperature, precipitation and sunshine hours representing 1 kilometer grid cells. While the

precipitation and sunshine data is directly derived from the respective MeteoSwiss data point,

Huss and Fischer (2016) apply seasonally varying lapse rates on the air temperature record based

on the glacier reference elevation. Within GERM, local correction factors for precipitation ( fprec),

melt ( fM ) and radiation (rsnow/ice) are applied to fine-tune the model’s mass balance on geodetic

mass balances by Fischer et al. (2015) on a 10 meter grid. For simplicity, IceT is run on the initial

data representing 1-kilometer grid cells. A single model run is conducted for each glacier-specific

data set, averaging out small scale meteorological differences across the glacier. In this way, IceT

produces point based averaged mass balances, which are compared against spatially interpolated

glacier wide mass balances from GERM during the calibration process. Perfect matches are thus

not expected. Most of the physical constants depicted in (2) have been drawn from literature and
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are kept constant during the calibration process, however the surface albedo Æ remains unknown

and thus requires calibration. This calibration process is separated into several steps.

In a first step, values for the snow albedo Æs and ice albedo Æi are drawn from literature. Æs is set to

0.65 which is a reasonable mean given a known snow albedo range of 0.4 and 0.85, while Æi is set to

0.45 (Cuffey and Paterson 2010). Within a second step, a radiation factor Cr ad is used to tune the

shortwave radiation model. The net shortwave radiation term ES N of equation (16) is thus denoted

as

ESN = E#
S[1°Æ ·Cr ad ] (28)

where E#
S is the incoming shortwave radiation and Æ is the surface albedo. In a fully automated

iterative process, annual mass balances generated by GERM are systematically compared to those

produced by IceT. The objective is to minimize the discrepancies between the two models. This

calibration procedure is executed individually for each of the 20 glaciers within a loop involving 30

different calibration factors, resulting in a total of 20·30 = 600 model runs. During each iteration, the

average of all annual mass balance residuals is computed. The calibration factors are incrementally

adjusted, using a step size of 0.01. The iteration halts upon detecting the minimum average residual,

at which point the corresponding calibration factor is selected as the final parameter. A range of

calibration factors for Cr ad between 0.9 and 1.2 (25%) effectively replicated the long-term mass

balance trends obtained from the GERM dataset/model. Calibration runs were conducted given

the model dimensions mentioned in section 2.1.5 and the physical constants for ice and water (Tab.

1). As with all model runs the glacier is assumed temperate (0 degrees) and with the water volume

fraction ¡ fixed at 0% along the entire ice column. Furthermore, the glacier is initialized without

any firn cover.

Mass balance calibrations are exemplarily showcased below for both Glacier du Sex Rouge, a small

glacier located in the canton of Vaud, as well as Vadret dal Corvatsch a similarly sized glacier located

beneath the peak of Piz Corvatsch in the Bernina Range (Canton Grisons). Both of them are glaciers

where direct englacial temperature observations through several boreholes are available (Laternser

1992; Signer 2014). Figure 6 shows the 1962-2014 mass balance modelling results of IceT (solid)

against the same period modeled with GERM (dashed) (Huss and Fischer 2016). The mass balance

components are depicted (A) as well as the annual mass balances. Furthermore, the residuals,

between the two mass balances are depicted (C) as well as the cummulative mass balances (D).

IceT is able to reproduce the long-term annual mass balance trend of GERM, while in most cases

also tracing the inter-annual variations. The annual residuals offset each other as can be seen in the

mean value (µ=0.05 m water equivalent). This is also reflected in the cummulative mass balance

trend, which matches quite well with the GERM results. Nevertheless, some years depict very strong

residuals as e.g. 1976 (Res. = -2.2 m w.e.) or 2003 (Res. = 1.4 m w.e.) resulting in a high standard

deviation (æ=0.74 m w.e.). Furthermore, IceT seems to systematically underestimate the winter
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mass balance and overestimate the summer mass balance by a factor of 2.

Figure 6: Mass balance comparison of GERM (dashed) against IceT (solid) for Glacier du Sex Rouge. (A)
Winter and summer mass balance. (B) Net annual mass balance.

The same comparison has been conducted for Vadret dal Corvatsch (Figure 7). Similar to Sex

Rouge, the annual mass balance trend matches very well and inter-annual variations can be mostly

reproduced. Residuals are almost completely offsetting each other (µ = 0.01 m w.e.), which results

in a very good match of the cummulative mass balance (D). However, a similar picture as for Sex

Rouge can be seen when it comes to the mass balance components. The winter mass balance is

underestimated by a about 1.0 m water equivalent, however this is compensated by less melt during

ablation.
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Figure 7: Mass balance comparison of GERM (dashed) against IceT (solid) for Vadret dal Corvatsch. (A)
Winter and summer mass balance. (B) Net annual mass balance.

The calibration runs have proven IceT’s capability to accurately replicate long-term mass balance

trends. Nonetheless, notable inaccuracies persist regarding the mass balance components (winter-

& summer mass balance), with an overall tendency to underestimate their divergence. Moreover,

significant inter-annual deviations are apparent, as indicated by the mean standard deviation of the

residuals (æ = 0.68). Despite this, annual residuals are largely offsetting each other, which results in

a relatively low average residual between IceT-modeled mass balances and GERM for all 20 glaciers

at µ = -0.06 m (w.e.). This underscores IceT’s potential to reproduce the long-term annual and

cumulative mass balance trends observed in GERM.
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2.4 Parametric study

To gain a deeper understanding of the conditions that initiate a shift from temperate to polythermal

states in very small Alpine glaciers, a sensitivity study on englacial temperatures is undertaken. A

synthetic air temperature and precipitation model are constructed to generate simulated temper-

ature and snowfall values at the model’s temporal resolution. The aim of this parameter study is

not to precisely replicate climate conditions, but rather to test the overall sensitivity of the model.

The study assesses the sensitivity of englacial temperatures to various parametric settings within a

7-dimensional parameter space, encompassing the following parameters:

1. Surface energy budget

• M A AT , the mean annual air temperature

• Æs , the snow albedo

2. Snow

• Ps , the total annual snowfall

• æ, the total number of snowfall days per year

• t0,s , the deviation of the snowfall peak from January

• fz , the initial firn thickness

3. Water volume fraction

• ¡, the water volume fraction

A focus is set on those parameters defining the availability and timing of the firn and snow cover

(Ps ,æ,t0,s , fz). Also, parameters affecting the surface energy balance are utilized, such as the mean

annual air temperature (M A AT ) as well as the the snow albedo Æs . Moreover, the enthalpy formula-

tion (Aschwanden et al. 2012) allows to prescribe the water volume fraction ¡ (in %) within each

grid point, to study its effect on the englacial temperature.

A Cartesian combination comprising all parameters is created, and the model is executed using

all possible 7-dimensional parametric combinations. The majority of effects have been observed

to demonstrate linearity. Hence a uniform parameter range of 3 is employed, leading to a total of

37=2181 simulations. Although the specified ranges may not encompass all possible values found

in the Swiss Alps, increasing the resolution of the parameter space incurs significant computational

expenses. An initial configuration is established to facilitate a two-dimensional exploration of the

parameter space. In this setup, all parameters are maintained at default values, while only two

parameters are subjected to variation. It is important to note that simulation runs that exhibit

significant positive mass balances are deliberately omitted from the data output. A threshold is

used as soon as the snow depth reached more than 3 m (w.e.). This exclusion is made due to the

absence of a compaction model in IceT, which currently only allows the glacier to accumulate snow
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and no transformation to firn or ice takes place. Without a compaction model, very thick snow

layers might introduce considerable biases in the computation of ice temperatures. This omission

holds significant implications for data interpretation, which will be further elaborated on later.

The subsequent explanation will delve into how the prescribed parameter ranges are selected and

incorporated into the model. This will be done separately for the three parameter classes.

2.4.1 Surface energy budget

Two parameters are designed to regulate the amount of energy input at the surface: snow albedo

(Æs) and mean annual air temperature (M A AT ), both of which essentially control the melt rate.

Values for the range of Æs are obtained from literature sources (Cuffey and Paterson 2010). Snow

albedo can vary significantly, with wet debris-rich snow having an albedo below 0.4, while fresh

dry snow can reach albedo values beyond 0.9. Based on this, a parameter range for Æs of 0.4, 0.65,

and 0.9 is implemented. However, variations in the parameter Æs can be perceived more broadly

as changes in the incoming shortwave radiation. These differences can stem from various factors,

such as shading, saturation of snow with water, snow coverage by dust or other particles, among

several other influences.

In order to represent seasonal variations within the air temperature, a sinusoidal model is construc-

ted where the air temperature Tatm at time step t is denoted as

Tatm(t ) = M A AT + A+ sin(!§ (tt ° t0,t )) (29)

where MAAT is the mean annual air temperature, A represents the air temperature amplitude, !

is the frequency of the sinusoidal cycle which is set to 2º
seconds per year , t is the current time step in

seconds, and t0 stands for the time offset in seconds. Lowest air temperatures are assumed at

the beginning of the year (1st of January), thus the time offset is adjusted in such a way that the

minimum of the sinusoidal temperature curve coincides with the start of the temperature cycle. In

order to represent annual air temperature cycles within the Swiss Alps, a reasonable value for the

MAAT as well as the amplitude A need to be found. To approximate the air temperature amplitudes,

least-squares sine fitting was applied to meteorological records from several weather stations in

Switzerland. This analysis is depicted in figure 8.
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Figure 8: Least-squares sine fitting results based on 9 year air temperature records (2014-2022) for (A)
Les Diablerets, (B) Piz Martegnas (2670 MASL), (C) Gornergrat (2950 MASL), (D) Titlis (3040 MASL), (E)
Jungfraujoch (3571 MASL) and (F) Piz Corvatsch (3294 MASL).

Air temperature records from 2014 to 2022 for six Alpine weather stations at various elevations (ca.

2500-3500 MASL) are shown. Least-square fitting results in an air temperature amplitude of A = 17.5

°C for Weissfluhjoch at 2540 MASL and A = 17.1°C at Piz Martegnas (2670 MASL). For Gornergrat,

situated at 2950 MASL the amplitude reaches 15.2 °C, while for Titlis situated at 3040 MASL A =

15.5°C. At the two highest location Jungfraujoch situated at 3571 MASL A = 14.79 °C, while for Piz

Corvatsch at 3294 MASL A = 15.85 °C. Additional fittings have demonstrated that the station-to-

station variance in the temperature amplitude is relatively low (æ = 1.08°C), averaging around 16°C.

Consequently, it has been decided to maintain this value in order to reduce the complexity of the

parameter space.

The MAAT is selected to roughly represent the range of air temperatures found at different elevation

levels within the Swiss Alps. MAATs were computed for 15 weather stations situated across the Swiss

Alps (Reference period 2014-2022). A linear regression model was fitted to these measurements to

obtain an estimate for the lapse rate as well as the absolute values at specific elevation levels. Figure

9 shows the results of the linear model together with the reference wet-adiabatic lapse rate of dT /d z

= -6°C km°1, as well as the MAATs of the individual weather stations. The linear model suggests a
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significantly lower lapse rate of dT /d z = -5.1°C km°1. On the basis of this model, air temperature

categories for various elevation levels (2500-4000 MASL) were computed. These categories are

presented in figure 9B.

Figure 9: (A) Lapse-rate approximation for the Swiss Alps based on linear fitting of mean annual air temper-
atures (Reference period 2014-2022) for several Swiss weather stations. Jungfraujoch (JUN), Piz Corvatsch
(COV), Titlis (TIT), Gornergrat (SLFGOR), Eggishorn (EGH), Les Attelas (ATT), Weissfluhjoch (WFJ), Piz
Martegnas (PMA), Gütsch (GUE), Buffalora (BUF), Matro (MTR), Samedan (SAM), Le Moléson (MLS), Zermatt
(ZER), Blatten, Lötschental (BLA). (B) MAAT at discrete elevation levels resulting from the linear model.

Based on these results a range for M A AT of -3.3,-5.5 and -9.0 °C is utilized. In the default setting, a

mean annual air temperature (MAAT) of -5.5°C is employed. Figure (10) depicts the sinusoidal air

temperature curve using the default settings and assuming an amplitude A of 16°C.
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Figure 10: Default annual air temperature curve based on sinusoidal model, applying a MAAT of -5.5°C and
an amplitude of A = 16°C.

2.4.2 Snowfall

Synthetic snowfall Ps at time step t is generated applying periodically repeating Gaussian pulses

such that

Ps(t ) = A ·exp
µ
°

mod (ts ° t0,s +0.5d ,d °0.5d)2

æ2

∂
(30)

where A is the amplitude of the function, the coefficient d defines the gap between two Gaussian

peaks (with d = seconds per year), t0,s is the offset in seconds between the beginning of the year and

the position of the Gaussian peak, and æ describes the characteristic width of the pulse, meaning

the snowfall duration. æ is denoted as

æ= T i me

2 ·erf°1(0.99)
(31)

applying the inverse of the error function at the 99th percentile. In that way the time limit defined

for æ corresponds to the 99th percentile of the function’s integral. A given characteristic width

(T i me in days converted to seconds) thus results in an adaptation of the amplitude A such that

the integral below the curve matches the prescribed total annual snowfall Ps . æ is used to study

the effects of the distribution of the snow curve on the ice temperatures. A volume conversion of

Ps into snow is conducted by applying equation (19). Additionally, to study the effect of an early

or delayed snowfall season, the parameter t0,s is constructed, representing a shift in the snowfall

peak in days from the beginning of January. To approximate realistic snowfall patterns, a map of

mean annual snow water equivalent (SWE) in Switzerland was derived from the MeteoSwiss spatial
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climate analysis dataset (Reference period: 1961-2017) (MeteoSwiss 2014a; MeteoSwiss 2014b).

This dataset comprises gridded daily precipitation and temperature data. Snowfall was determined

by integrating these datasets, considering precipitation as snow only when the air temperature

at a specific grid point fell below 0°C. The cumulative snowfall for each year was calculated, and

subsequently, an average was computed based on these values. The results of this analysis are

depicted in Figure 11.

Figure 11: Switzerland’s mean annual snow water equivalent (1961-2017) based on MeteoSwiss gridded
precipitation and air temperature data (MeteoSwiss 2014a; MeteoSwiss 2014b). Precipitation was counted as
snow only when air temperatures dropped below 0°C.

This approximation aims to ensure that the precipitation model broadly aligns with the observed

snowfall ranges within the Swiss Alps. However, in order to reduce the amount of model runs with

very high snow accumulation which would eventually be sorted out given the prescribed threshold,

Ps was capped at a maximum of 2 m a°1. On the basis of these results, a parameter range for Ps of

0.5, 1.2 and 2.0 m w.e. a°1 is applied. For the snowfall duration æ a range of 150, 250 and 350 days is

applied. t0,s is varied between -60, 0 and 60 days ± 1st of January. Firn cannot be generated by the

model, as compaction is not yet implemented. However, the effect of the loss of an initial firn cover

is examined by applying a range of parameters for fz at 0, 5 and 10 m.

Within the default parametric setting a value of Ps = 0.5 m w.e. a°1. Furthermore, the glacier was

initialized without any firn. The default snowfall duration is set to 250 days, roughly representing

the snow season at an elevation of 2500-3000 meters above sea level (MASL). t0,s was adjusted such

that the snowfall peaks at the beginning of February, aligning with studies suggesting a shift of the

snowfall peak towards the beginning of the year (Klein et al. 2016). Using the prescribed parametric

setting results in the default annual snowfall curve as seen in figure 12.
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Figure 12: Annual snowfall resulting from the default parametric settings with a total snow accumulation
volume of 0.5 m SWE and assuming a total number of 250 snowfall days.

2.4.3 Water volume fraction (¡)

Observations regarding water content (¡) within temperate and polythermal ice remain limited.

Existing measurements have predominantly focused on medium to large valley glaciers or ice

sheets rather than the very small glaciers examined in this study (Lüthi et al. 2002). Furthermore,

many of the existing observations stem from the polar regions (Moore et al. 1999; Macheret and

Glazovsky 2000; Lüthi et al. 2002; Benjumea et al. 2003), with only a few observations within the

Alps (Zryd 1991). Additionally, variations in methodologies used to deduce water content have led

to a wide range of observed values (ranging from 0.0% to 9.1%) (Pettersson et al. 2004). Establishing

definitive patterns representative of specific glacier types in terms of the spatial distribution of

water along the glacier profile remains challenging. Hence, a fixed value for ¡ along the entire

glacier profile has been chosen. Although this approach might not comprehensively capture the

complex effects of water on the ice temperature evolution, it provides an estimation of the overall

significance of water within the ice column in predicting the glacier thermal state. Based on the

existing observations, a parameter range for ¡ has been selected, encompassing values of 1%, 3%,

and 5%.

Table 4 presents a comprehensive summary of all parameters, categorized into the three parameter

groups: (1) Surface energy budged, (2) Snow, (3) Water volume fraction. This table includes the

ranges applied and the default settings utilized throughout the two-dimensional exploration of the

parameter space.
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Table 4: Parametric settings used within the parameter study. Depicted are the default values as well as the
ranges applied. The different parameters are subdivided into three groups, those affecting the surface energy
budget, the snowfall and the water volume fraction.

Default Setting Ranges Description

I II III

Surface energy budget

MAAT / °C -5.5 -3 -5.5 -8 Mean annual air temperature

Æs 0.65 0.4 0.65 0.9 Snow albedo

Snow

Ps / m w.e. 0.5 0.5 1.25 2.0 Total annual snowfall

æ / days 250 150 250 350 Total annual days of snowfall

t0,s / days ± 1 Jan 0 -60 0 60 Deviation of the snowfall peak

fz / m 0 0 5 10 Initial firn thickness

Water volume fraction

¡0 / % 1 1 3 5 Water volume fraction

2.4.4 Tested output variables

Three output variables are tested using the parametric ranges prescribed in table (4): the maximum

recorded depth of the CTS (C T Smax), the annual CTS propagation rate (C T Spr op ) as well as the

minimum temperature at 10 meters depth (T 10mi n). The three variables serve as indicators of how

much cold ice can be generated within the modelling time range and thus as a proxy for the state of

a the transition from temperate to polythermal or cold conditions. However, the absolute values of

C T Smax and C T Spr op need to be interpreted with caution, as they are both heavily dependend on

the initial definition of the CTS as indicated in section (2.1.4). The 10 meter ice temperature is used

as an additional proxy, as long-term temperature trends are considered to dominate over seasonal

temperature fluctuations within this depth (Cuffey and Paterson 2010; Huss and Fischer 2016).

2.5 Applications on very small Swiss glaciers

In addition to the sensitivity study presented in section 2.4, a dual-track approach is used to identify

very small Swiss glaciers (< 0.5 km2) that tend to transition from temperate to polythermal or

cold conditions. First, a detailed reanalysis of ice temperature modelling data, generated in the

framework of a study by Huss and Fischer (2016), has been conducted. In their study, they modeled

the evolution of all Swiss glaciers smaller 0.5 km 2 from 1961 to 2014 with GERM on the basis of a

MeteoSwiss gridded data set (MeteoSwiss 2014a). The second approach focuses on replicating the

GERM results for a subset of 20 selected very small glaciers using IceT. This replica uses the same
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meteorological input data set as GERM while calibrating the mass balance model of IceT against the

GERM mass balance output. Alongside enhancing our comprehension of the spatial distribution of

very small polythermal glaciers in Switzerland, this replicative study serves as a means to assess

IceT’s practical application on real glaciers.

2.5.1 GERM geostatistical reanalysis

Huss and Fischer (2016) conducted point wise modeling of englacial temperatures at three distinct

locations on each of the glaciers within their data set. These locations were chosen to broadly rep-

resent the accumulation area, the ablation area, and the equilibrium line altitude. Ice temperatures

at 3,6,10 and 20 meters depth are modeled. A reanalysis of this data set is performed by clustering

all glaciers based on their orientation, slope, and elevation using a geostatistical analysis conducted

with QGIS software. Glacier outlines, slope, elevation and orientation are drawn from the 2016 Swiss

Glacier Inventory (SGI) (Linsbauer et al. 2021). The assignment of the respective model outputs in

GERM to the SGI is accomplished using the SGI-ID. For the orientation, 4 clusters are generated:

North facing (aspect = 315-45°), East facing (aspect = 45-135°), South facing (aspect = 135-225°)

and West facing (225-315°) glaciers. For the slope, clusters have been generated using the median

slope of the glacier. Glaciers are subdivided into groups with a median slope <= 15 °, 15-25°, 25-35°

and >35°. For the elevation, three clusters are generated for glaciers <= 2000 meters above sea level

(MASL), between 2000 and 3000 MASL and between 3000 and 4000 MASL, again using the median

elevation. It has been deliberately decided to use the median within the cluster analysis, to avoid

biases due to extreme values. 10 meter ice temperature averages have been computed selectively

for each glacier and then averaged over the subsets. The 10 meter data point has been chosen, as

long-term temperature trends are expected to dominate over seasonal temperature fluctuations

within this depth. It is thus used as a proxy for the glacier transition from temperate to polythermal

conditions.

2.5.2 IceT

IceT has been re-run using the same MeteoSwiss dataset utilized by Huss and Fischer (2016),

specifically targeting a subset of 20 glaciers from this data set. The selection process for the modeled

glaciers prioritized those with a documented hazardous record, utilizing the inventory of dangerous

glaciers (Raymond et al. 2003). Furthermore, glaciers where ice temperature observations are

available, like Glacier du Sex Rouge, St. Annafirn or Vadret dal Corvatsch were preferred. Modeled

glaciers are listed in table 5, together with their hazardous record as well as whether ice temperature

observations are apparent.
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Table 5: Overview of modeled glaciers with IceT. The hazardous record for the individual glaciers is based on
the inventory of dangerous glaciers (Raymond et al. 2003).

Glacier Hazardous Record Ice Temperature Observations

Altelsgletscher Yes (Ice avalanche) No

Birchgletscher Yes (Ice avalanche) No

Chesselfirn No No

Chessjengletscher SE No No

Chlinegletscher No No

Chüebodengletscher No No

Eiger Hängegletscher Westgrad Yes (Cerrac fall) Yes

Glacier du Sex Rouge No Yes

Gutzgletscher Yes (Ice avalanches) Yes

Hangendegletscher No No

Hangfirn Yes (Ice avalanche) Yes

Lavaz West No No

Ofentalgletscher No No

Plattalva No No

Pointes de Mourti No Yes

St. Annafirn No Yes

Vadret d’Arlas No No

Vadret da l’alp Ota No No

Vadret dal Corvatsch No Yes

Weisshorn West Yes (Cerrac fall) No

Following successful mass balance calibration against GERM, the maximum CTS depth C T Smax

occuring throughout the 1961-2014 time series is computed for each of the glaciers. IceT is run

using the physical constants for ice and water 1 and on the basis of the surface energy balance

model prescribed in section 2.1.2 and the associated physical constants for the radiation model

(Tab. (2)). The default model dimensions (refer to Tab. 3) are employed. In contrast to the parameter

study, where various values for the englacial water content were explored, ¡ is uniformly set to 0

across the entire glacier profile. This choice is substantiated by the lack of knowledge about the

englacial water content of the 20 modeled glaciers. C T Smax is used as it is most suitable to assess

the probability of a polythermal structure evolving within the glacier. Furthermore, a normalized

CTS value n(C T S) is generated within the data set to enhance comparability among individual

values. n(C T S) is denoted as

n(C T S) = Glacier specific value
Maximum value of all glaciers

(32)

IceT produces point-values on the basis of 1 km grid cells for precipitation and temperature
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(adjusted to the elevation by a local lapse rate) utilizing the meteorological input dataset of Huss

and Fischer (2016). Calibration against GERM mass balances downscales these values to the

glacier-specific scale. However, since calibration is performed using GERM’s glacier-wide mass

balance output, IceT’s resulting output represents averaged values for the entire glacier, disregarding

small-scale topographical variations. Consequently, it is unable to distinguish the ice temperature

evolution among specific zones like the accumulation area, equilibrium line altitude, or ablation

area. Nonetheless, these averaged values can be used as a benchmark for identifying polythermal

glaciers when compared to others in the data set.

3 Results

3.1 Parametric study

3.1.1 Full parametric analysis

Given the 7-dimensional parameter space (3 values per parameter), a total number of 37=2187

simulations have been produced, from which 567 (ca. 26%) were excluded due to too positive

mass balances. The output of the remaining 1620 simulations was used for further analysis. Cross

correlations between the 7 parameters, as well as the output variables: C T Smax , C T Spr op and

T10,mi n have been computed. Additionally the net annual mass balance has been computed for

each run, in order to analyse it’s influence on ice temperatures. The results are displayed in figure

13. The Pearson R2 correlation coefficients are presented, with colors indicating whether they are

positive (blue) or negative (red). Annotations are applied only to correlation coefficients with R2

values greater than or equal to 0.1, while lower correlations are considered insignificant and are

thus not highlighted. Correlation coefficients between ±0.1-0.3 are considered weak, correlation

coefficients ±0.3-0.49 are considered moderate and correlation coefficients >= 0.5 are considered

high. The matrix will be described chronologically, from top to bottom starting with parameters

affecting the surface energy budget.
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Figure 13: Correlation matrix depicting all cross correlations between the 7 parameters, the net annual mass
balance, as well as the 3 output variables C T Smax ,C T Spr op and T10m,mi n . The parameters are structured
according their type: M A AT and Æs (Surface Energy Budget), Ps ,æ,t0,s , fz (Snow),¡0 (Water volume fraction).

The mean annual air temperature M A AT shows a weak positive correlation with T10m,mi n

(R2=0.25), a weak negative negative correlation with C T Smax (R2=-0.24) and a moderate positive

correlation with C T Spr op (R2=0.37). The snow albedo Æs shows a moderate negative correlation

with T10m,mi n (R2=-0.34), a strong negative correlation with C T Spr op (R2=-0.5) and a moderate

positive correlation with C T Smax (R2=0.4). Only two of the 4 snow specific parameters show

relations to the output variables. The total number of snowfall days æ as well as the snowfall peak

deviation from January, show no correlation with the three output variables apart from a weak

positive correlation between t0,s and C T Smax (R2=0.16). The total annual snowfall Ps , depicts a

weak negative correlation to the annual CTS propagation rate C T Spr op (R2=-0.25). The initial firn

thickness fz shows a weak positive correlation to T10,mi n (R2=0.2), and a weak negative correlation

to the C T Smax (R2=-0.2). The water volume fraction ¡ correlates with all three output variables.

A weak positive correlation with T10,mi n can be observed (R2=0.27), as well as a weak negative

correlation to C T Spr op (R2=-0.16). Furthermore, a moderate negative correlation to the maximum

CTS depth C T Smax can be observed (R2=-0.46). By far the highest correlation coefficients can be

observed for the net annual mass balance mb, with a strong negative correlation to t0,mi n as well as
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a strong negative correlation to the CTS propagation rate C T Spr op (R2=-0.9). Furthermore, a strong

positive correlation between the mass balance and the maximum depth of the CTS C T Smax can be

observed.

As already mentioned in section 2.4, model runs with significant positive mass balances (>3 m w.e.)

were systematically excluded from the analysis, since snow compaction is not yet implemented

within IceT. Some of the coefficients need thus to be interpreted with caution. This applies

particularly to the snow specific parameters Ps as well as the snow albedo Æs . Runs where both

Æs and Ps are high generate markedly positive mass balances and are thus omitted from the data

record. This bias is supported by the moderate negative correlation between Æs and Ps (R2=-0.35).

To better grasp the relative importance of the parameters in predicting the evolution of the CTS

and thus the ice temperature distribution, a linear regression model was utilized. For the sake of

clarity, parameters that exhibited negligible impacts (Coef. < 0.1) on C T Smax or were statistically

insignificant (p > 0.05) are not displayed. This applies to the parameters: æ and t0,s . Table 7 depicts

the regression coefficients and the statistical output for the prediction of the maximum CTS depth

C T Smax . The regression coefficient represents the estimated change in the dependent variable

C T Smax for a one-unit change in the predictor variable (the respective parameters), assuming all

other variables in the model are held constant. Highlighted are the most dominating coefficients

(bold). The mean annual air temperature depicts a small positive regression coefficient (=0.14),

indicating that an increase in temperature leads to a small increase in the maximum CTS depth.

The albedo depicts a more dominant negative coefficient (=-2.16). The same applies to the total

annual snowfall Ps , depicting a negative coefficient (=-1.53). However, the results for Æs and Ps

are most likely an artefact of sorting the output data and are thus greyed out. A small negative

coefficient (=-0.26) can be seen for the initial firn thickness fz . The most substantial impact on the

maximum CTS depth C T Smax , is attributed to the water volume fraction ¡. According to the linear

model, a mere 1% increase in ¡ results in a substantial decrease of -165.07 m in the maximum CTS

depth.This effect is in accordance with the correlation matrix where ¡ and max depict a relatively

high negative correlation (R2=-0.46). On the contrary, an increase of the net annual mass balance

mb by 1 m (w.e.) results in an increase of C T Smax by 2.37 m. A counter intuitive effect, as negative

mass balances are usually related to stronger cooling of glaciers (Huss and Fischer 2016). However,

this outcome might be biased, as strong negative mass balances are accompanied by significant

losses of cold ice at the surface, consequently leading to a reduction in the maximum CTS depth.
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Table 6: Regression Coefficients and Statistics for the prediction of the maximum CTS depth C T Smax for
M A AT , Æ, Ps , fz ,¡ and mb.

Name Coef. Std.

Error

t p Lower

95%

Upper

95%

(Intercept) 29.61 1.62 18.26 0.0§§§ 26.43 32.79

M A AT / °C 0.14 0.07 2.09 0.04§ 0.01 0.27

Æs / 0-1 -2.16 1.02 -2.13 0.03§ -4.15 -0.17

Ps -1.53 0.12 -13.09 0.0§§§ -1.76 -1.3

f z -0.26 0.02 -11.39 0.0 -0.3 -0.21

¡ / % -165.07 5.53 -29.88 0.0§§§ -175.91 -154.23

mb / m w.e. 2.37 0.11 21.14 0.0§§§ 2.15 2.59

In order to get a better understanding of the development of the CTS, independent from ice losses

at the surface, the CTS propagation rate C T Spr op can be utilized. C T Spr op can be interpreted as

the downwards directed rate of cooling in meters per year, and is less dependent on glacier losses

due to melt. The output of the linear regression model for the prediction of C T Spr op from the seven

parameters (+ mass balance) can be seen in table 7. The snow specific parameters æ, t0,s , fz , as

well as M A AT are not listed, as their influence was either statistically insignificant (p > 0.05) or

negligible (Coef. < 0.1). Rows containing the results of systematically biased parameters like Æs

and Ps are again greyed out. The mean annual air temperature shows a small positive effect on

C T Spr op (=0.04). The most significant coefficient can be again observed for ¡. According the the

linear model an increase of ¡ of 1% decreases the CTS propagation rate C T Spr op by -13.85 m a°1.

Remarkably, the impact of mass balance on CTS propagation appears to differ from its effect on the

maximum CTS depth. Elevating the annual net mass balance by 1 meter of water equivalent (w.e.)

leads to a decline in the CTS propagation rate by -0.66 m a°1. This aligns with the correlation matrix

findings (Fig. 13), highlighting a strong negative correlation between mb and C T Spr op (R2=-0.9).

To put it differently, reducing the mass balance by 1 m (w.e.) results in a rise in the CTS propagation

rate by 0.66 m a°1. Considering these opposing effects of mass balance on the output variables

C T Smax and C T Spr op , an equilibrium state seems to exist, favoring the formation of cold ice. This

equilibrium state necessitates a balance between excessively negative mass balances leading to

considerable cold ice loss due to glacier melt and overly positive mass balances causing a cooling

effect buffered by meltwater within the snowpack.
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Table 7: Regression Coefficients and Statistics for the prediction of the annual CTS propagation rate C T Spr op

for M A AT , Æ, Ps , ¡ and mb

Name Coef. Std.

Error

t p Lower

95%

Upper

95%

(Intercept) 3.57 0.17 20.79 0.0§§§ 3.23 3.9

Æs / 0-1 -0.41 0.11 -3.84 0.0§§§ -0.62 -0.2

Ps 0.16 0.01 12.92 0.0 0.14 0.18§§§

¡ / % -13.85 0.58 -23.7 0.0§§§ -15.0 -12.71

mb / m w.e. -0.66 0.01 -55.51 0.0§§§ -0.68 -0.64

3.1.2 Parameter space slicing

On the basis of the in section 3.1.1 presented findings, 2-dimensional slices of the parameter space

have been generated for parametric combinations of particular interest. The model outputs for

C T Smax and C T Spr op were drawn individually from each model run. Apart from the 2 selected

parameters, all other parameters are kept constant at the default settings (Tab. 4). This default

setting serves as a reference and will thus first be presented.

Figure 14 illustrates the temporal evolution of the ice temperature, the water volume fraction, and

the glacier state for the default scenario. Furthermore, figure (15) depicts the snow depth, the ice

temperatures at 3, 6, 10, and 20 meters, and the cumulative mass balance. Notably, the default

glacier settings exhibit strong negative mass balances, evident in the cumulative mass balance plot

(Fig. 15).The glacier looses around 5 m (w.e.) each year given a maximum snow depth of 0.6 m

(w.e.). Ice thickness reduces from 70 meters initially to around 10 meters within 10 years (Fig. 14)

C). Figures 14A and 14B provide a more direct visualization of the CTS evolution (indicated by the

dashed turquoise line), which can be estimated from the interface between the 0% to >0% regions

on the water content profile. For the area at ¡ = 0% all water is effectively frozen and the ice can

be assumed cold, while for the area at ¡ > 0%, pore water is still available. The ice can thus be

considered temperate. The ice temperature record depicts a shallow cold ice layer at the surface,

which seems in steady state with the occurring melt rate after around 2 years of simulation time.

However, seasonal variations in the ice temperature record as well as the CTS depth can still be

observed. The maximum temperature within the frozen surface layer reaches around -0.5 °C in

summer whereas it cools down to -5°C in winter. This is more directly detectable in the temperature

sensor record (Fig. (15) B) with the 3 meter sensor depicting a minimum englacial temperature of

ca. -4 °C. The ice at this rather shallow depth is still seasonally temperate. The maximum CTS depth

during the model run is around 8 meters.
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Figure 14: Modeled glacier profile evolution plotted against time using the default parametric setting
as prescribed in table 4. (A) Ice temperature evolution, (B) Water volume fraction ¡ together with the
approximate location of the CTS, (C) Glacier state.
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Figure 15: Modeled glacier profile evolution plotted against time using the default parametric setting
as prescribed in table 4. (A) Ice temperature evolution, (B) Water volume fraction ¡ together with the
approximate location of the CTS, (C) Glacier state. The profile further represents scenario 3 depcited in figure
16.

Using the default scenario as a starting point, parametric slices for Ps ,Æs ,M A AT against ¡ have

been generated. The water content ¡ is used as a baseline, as it exhibited the most prominent

effects on both C T Smax and C T Spr op (Sec. 3.1.1). Ps andÆsnow are the most influential parameters

in determining mass balance, which has been proven to be an important predictor for the CTS

evolution, and are therefore also subject to further analysis. Furthermore, M A AT is investigated

as it depicted relatively high correlations to all three output variables. The results are illustrated

using 2-dimensional heat-maps, where each grid cell represents the results of one individual model

run, colored either according to the maximum CTS depth found throughout the run (turquoise)

or the annual CTS propagation rate (blue). Figure 16 shows the outcomes for Ps against the water

content ¡. Depicted are both the results for C T Smax (A) and C T Spr op (B). A negative effect of ¡ on

both output variables can be observed, however the effect is much more present for C T Smax as

opposed to C T Spr op . An increase in the C T Smax with increasing annual snowfall can be observed

(A) with the strongest cold ice penetration of 20.8 meters, given a mean annual snowfall of 2 m

(w.e.) and a water content of ¡=1%. The lowest CTS depth of 4.2 m is reached at Ps=0.5 m (w.e.) and

¡=5%. On the contrary, the effect seems to inverse when it comes to the annual CTS propagation
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rate C T Spr op , where less snowfall results in an increase in C T Spr op , with a maximum of 6.87 m

a°1 reached for the Ps=0.5 m (w.e.) and ¡=1% and a minimum of 4.24 m (w.e.) reached for Ps=2.0

m (w.e.) and ¡=5%. Considering the strong positive relations between snowfall and mass balance

(R2=0.51) these findings are in accordance with the results from the linear regression model (see

3.1.1). Melt dominated glaciers with very strong negative mass balances destroy more cold ice as

can be generated, resulting in smaller depths of the CTS. However, when controlling for the surface

melt and explicitly considering the CTS propagation itself, thus reducing the dependencies on a

single interface, the picture reverses and less snowfall leads to an increase in the CTS propagation

rate.

Figure 16: Heatmaps colored according to the maximum depth of the CTS as well as the annual CTS
propagation rate for the parameter range of the total annual snowfall (Ps) against the water volume fraction¡0.
Each square represents the results for one individual model run applying the given parametric combination,
while all other parameters are drawn from the default parametric setting (Tab. 4). S1-S3 mark exemplary
selected scenarios to further illustrate their ice temperature evolution and can be seen in figure 17,18. S1
represents the parametric combination of the default scenario plotted in 14.

To further confirm these findings, three parametric combinations (S1-S3) have been selected,

plotting their glacier evolution against time. The parametric combinations for those scenarios

are marked in red on figure 16. Figure 17 depicts the temporal evolution of the ice column given

the scenario S1 with high snowfall (Ps=2.0 m w.e.) and low water content (¡=1%). As apparent

from the ice temperature evolution, despite experiencing consecutive negative mass balances, the

CTS propagation rate exceeds the surface melt. Moreover, as opposed to the default scenario (Fig.

14), the CTS depth seems to not yet have reached steady state and the cold surface layer is able to

steadily grow throughout the model run. Seasonal warming is apparent as well but is not sufficient

to counteract the increase in the CTS depth.
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Figure 17: Modeled ice temperature evolution for the parametric settings S1 depicted in figure 16, with high
snowfall (2.0 m w.e. a°1) and low water content (1%).

Figure 18 depicts the temporal evolution of the ice column for the scenario S2, given the same

amount of total annual snowfall (Ps=2.0 m w.e.), however with substantially more water along

the glacier profile (¡=5%). The water exerts a significant buffering effect on the cold temperature

penetration. After the initial spin-up phase where the CTS propagation rate is relatively high, as

apparent from the quick evolution of a small cold ice layer at the surface, further development of

this layer is significantly slowed down. At the end of the 10 years simulation the cold ice depth

seems to approximate steady state with the climatic forcing. Due to the slow CTS propagation rate,

the glacier can be assumed to disappear before developing a pronounced polythermal structure.
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Figure 18: Modeled ice temperature evolution for the parametric settings S2 depicted in figure 16, with high
snowfall (2.0 m w.e. a °1) and high water content (5%). Note the evident mitigation of cooling within the
glacier owing to the increased englacial water content.

Finally, scenario S3 represents the exact parametric combination as in the default setting (Fig. 14).

In this case the total annual snowfall is at it’s lowest (Ps=0.5 m w.e.) while the water content is equal

to that in scenario S1 (¡=1%). In this case melt dominates over the CTS propagation and a steady

state is already reached after 2 years.

Figure 19 depicts the results for the two surface energy budget determining parameters M A AT and

Æs . Results for C T Smax and C T Spr op are again showcased. As expected, lower mean annual air

temperatures increase the maximum depth of the CTS, however the effect appears to be relatively

small with the maximum CTS depth of 12.4 m (w.e.) reached for M A AT =-8.0°C and ¡=1% while the

minimum CTS depth of 3.9 m (w.e.) is generated at M A AT =-3.0°C and ¡=5% (19A). A substantial

difference in the annual mean air temperature of 5°C results in a variation of only 8.5 meters.

Interestingly the effect reverses for the CTS propagation rate where the maximum of 7.04 m a°1 is

observable for M A AT =-3°C and ¡=1%, whereas the minimum of 5.33 m a°1 can be observed for

M A AT =-8.0°C and ¡=5% (19B). For the snow albedo the thickest CTS depth can be observed for

Æs=0.9 and ¡=1% while the minimum CTS depth is generated for Æs=0.4 and ¡=5% (19C). Opposite

effects can be again observed for C T Spr op with a maximum of 7.0 m a°1 for Æs=0.4 and ¡=1% while
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the minimum of 4.08 m a°1 is generated for Æs=0.9 and ¡=5%. Similarly to Ps , these diverging

effects are likely due to the positive relationship between the snow albedo and the mass balance, as

evident from the correlation matrix (Fig. 13) (R2=0.39).

Figure 19: Heatmaps colored according to the maximum depth of the CTS as well as the annual CTS propaga-
tion rate for the two parameters controlling the surface energy budget, the mean annual air temperature
(A,B) and snow albedo (C,D). Each square represents the results for one individual model run applying the
given parametric combination, while all other parameters are drawn from the default parametric setting
(Tab. 4). Displayed are the results for

Upon closer examination of the six heatmaps, it becomes evident that the influence of water content

on both variables determining CTS is more exponential than linear in nature. For example, keeping

the snowfall at a constant Ps=2.0, the jump in C T Smax between ¡= 5% and ¡= 3% is 11.7-8.2 =

3.5 m, while the same reduction in water content between 3% and 1% almost doubles C T Smax by

20.8-11.7=9.1 m. A similar picture emerges for C T Spr op . However, the data suggests a maximum

upper limit for C T Spr op of approximately 7 meters per year.

3.2 Applications on very small Swiss glaciers

Predicting the spatial occurence of polythermal ice within Switzerland is challenging, as englacial

temperatures are the result of long-term climatic conditions. Both model uncertainties as well as

uncertainties within the forcing data occur, leading to biases within the model output. Nevertheless,
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an attempt is made within this study, studying the output of two methodically different ice temper-

ature models. The results of the GERM geostatistical reanalysis will be first elaborated followed by

the model results of IceT.

3.2.1 GERM geostatistical reanalysis

Figure 20: (A) Swiss map displaying the locations of all very small glaciers (< 0.5 km2) as small blue dots. (B)
Pie charts displaying the results of the geostatistical analysis of all glaciers clustered for aspect, slope and
elevation. Displayed are the relative percentage as well as the number of glaciers contained within each
cluster. The analysis is based on the 2016 Swiss glacier inventory (Linsbauer et al. 2021).

On the basis of the 2016 Swiss glacier inventory (Linsbauer et al., 2021), a geostatistical analysis

was conducted on all very small Swiss glaciers (< 0.5 km2). The dataset underwent clustering based

on glacier orientation, slope, and elevation. Figure 20A presents the spatial distribution of these

very small glaciers in Switzerland, depicted as small blue dots. In Figure 20B, the clustered data
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is displayed. Annotations indicate the relative percentage and total number of glaciers within

each cluster. Predominantly, very small glaciers are situated on north-facing slopes (49.27%) and

east-facing slopes (19.53%). The majority of these glaciers exhibit a median slope ranging between

25° and 35° (58.9%) and are characterised by median elevations between 2000 and 3000 MASL

(63.12%). Few glaciers are situated below 2000 MASL (0.52%) or above 4000 MASL (0.7%).

Restructuring of the GERM data output generated by Huss and Fischer (2016) on the basis of these

geostatistical clusters was conducted. The results of this analysis can be seen in figure 21. 10 m

averages in the ice temperature are depicted for different data clusters. Figure 21A serves as a

reference, depicting the output of all very small glaciers separately for the accumulation area (blue),

ELA (dashed gray) and ablation area point (red). The initial ice temperature for the three data points

in 1961 is -0.2°C. However, due to the averaging process, the presence of extreme values distorts

this value downwards. Most glaciers can thus still be presumed to start at an ice temperature

around 0°C. All three points exhibit a long-term cooling trend within the ice temperature. The

accumulation area cools least, down to about -0.7°C. The ELA point depicts stronger cooling down

to about -1.25°C, while the ablation area point depicts the strongest cooling down to >-1.5°C.

Pronounced warming is notable during the 1980s, a period characterized by relatively cold and

wet conditions when glaciers received substantial snowfall. Consequently, many glaciers were

covered by a thick and water-saturated firn layer, which acted as an insulator, impeding cooling.

Overall, the temperature trends for the three data points suggest that the majority of the modelled

glaciers with GERM transitioned to polythermal or cold states. However, variations in cooling

might be identifiable within the individual geostatistical clusters. To simplify the output, it has

been decided to concentrate on the ablation area point within the cluster analysis. Figure 21B-D,

therefore, solely reflect the output for the ablation area. All three plots contain the average off all

glaciers at that point as a reference. Furthermore, the sample size of each cluster is indicated. The

ice temperature evolution for the different orientation clusters can be seen in figure 21B. The ice

temperature evolution of north (n=503) and east-facing glaciers (n=80) come quite close to the

average value, however ice temperatures for north-facing glaciers are a bit higher towards the end

of the time series. South-facing glaciers (n=190) show above average cooling down to -1.75°C by

2014, while west-facing glaciers (n=58) depict the most dominant cooling given a final 10 m average

ice temperature of >-2°C. A tendency towards more pronounced cooling can be observed as the

slope of the glacier increases (Fig. 21C). The strongest cooling can be observed for glaciers with a

median slope >35° (n=188), given a minimum 10 m ice temperature of -2.2°C in 2014. The most

prominent deviations from the mean ice temperature evolution, can be observed for the elevation

clusters. Glaciers with a median elevation <= 2000 meters above sea level (MASl) show no particular

cooling trend throughout the time series. However, the sample size (n=6) is substantially lower than

those of the other two clusters. Glaciers between 2000 and 3000 MASL (n=541) make out the biggest

fraction, and show below average cooling throughout the time series with a minimum temperature

of -1.05°C in 2014. In contrast, glaciers between 3000 and 4000 MASL (n=282) depict above average

cooling (the strongest cooling of all clusters) with a minimum 10 m ice temperature of -2.3°C in
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2014. The data suggests the presence of an amplitude effect, where higher elevated glaciers tend to

show higher amplitudes within the data set as opposed to lower elevated glaciers. This effect is most

likely attributable to increasing orographic precipitation during cold and wet periods such as in the

1980s (Huss and Fischer 2016), where high elevated glaciers received above average snow. Due to

illustrative reasons, four Glaciers with a median elevation above 4000 MASL are not showcased, as

their cooling trend is two orders of magnitude stronger than the average cooling.

Figure 21: Modeled 10 meter ice temperatures with GERM from 1961-2014. Time series represents averages
of (A) all very small glaciers (< 0.5 km2) within the Swiss Alps for the ablation, ELA and accumulation point,
(B) averages plotted for different glacier orientations, (C) averages for different glacier slopes and (D) averages
for different glacier elevations.

Figure 21 indicates that by 2014, according to GERM, the majority of the small glaciers in Switzerland

exhibit polythermal or cold conditions. To confirm this, temporal snapshots of the dataset for 1980,

1990 and 2000 have been extracted, displayed in figure 22. Evident from the box-plots, both in the

ablation area and at the ELA, there is a noticeable decrease in the median 10 m ice temperature. By

the early 2000s, 75% of all glaciers exhibited a 10 m ice temperature below -0.5°C. Even within the

uppermost 25% of glaciers, temperature ranges between -0.5°C and 0.0°C, suggesting that only a

small fraction of all glaciers modeled with GERM exhibit temperate conditions.
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Figure 22: Modeled 10 m ice temperature with GERM. Box-plots display snapshots in time for 1980, 1990 and
2000 in the ablation area and at the ELA.

3.2.2 IceT

Based on the same meteorological dataset utilized in the study by Huss and Fischer (2016), IceT has

been run for a subset of 20 very small glaciers (< 0.5 km2). Fully automated mass balance calibration

for each of the 20 glaciers was conducted utilizing the GERM mass balances as a reference (See

2.5.2). The process involved adjusting the incoming shortwave radiation by a correction factor

(Cr ad ). A range of calibration factors for Cr ad between 0.9 and 1.2 (a 25% deviation) effectively

replicated the long-term annual mass balance trends obtained from the GERM data set. On the basis

of this mass balance evolution, maximum CTS depths that occurred throughout the simulation

C T Smax were computed for each of the 20 glaciers listed in table 5. The model is initialized without

any snow cover, resulting in a significant cooling effect at the beginning of the simulation period,

likely overestimating the actual conditions by neglecting snow accumulation from previous years.

Consequently, the ice temperature record during the model’s initialization (spin-up phase) was not

factored in, encompassing the first four years. In addition to C T Smax , a normalized CTS value was

generated within the data set to enhance comparability among the values. The absolute values

of the CTS need to be interpreted with caution, as they are heavily dependent on the definition

of the CTS within the model. In IceT, the CTS is defined as the interface where ice temperatures

are at or below -0.01°C, and all liquid water within the ice is frozen. Any ice temperatures above

this threshold are classified as temperate ice. This definition aligns with existing literature, which

predominantly characterizes the CTS based on the absence of liquid water (Pettersson et al. 2004;

Gusmeroli et al. 2010). Altering this threshold value can significantly impact the determination of

the CTS. However, when compared to each other, the C T Smax values serve as an indicator of the

probability of encountering a polythermal structure within the 20 glaciers. In order to gain a better

perspective on the results, C T Smax values were clustered into three groups employing K-means

clustering. Figure 23 depicts the maximum depth of the CTS observed in each glacier throughout

the simulation period. The glaciers are sorted in ascending order and colored based on their cluster
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categories (low, medium, high).

Figure 23: The maximum CTS depth, C T Smax , derived from ice temperature modeling for a subset of 20 very
small glaciers (< 0.5 km2). The glaciers have been categorized into three groups (high,medium,low) using
k-means clustering and are sorted based on their C T Smax values to demonstrate their ranking.

The low cluster contains all glaciers with a C T Smax <= 3.6 m, containing Chesselfirn, Chüebodeng-

letscher, Birchgletscher, Chlinegletscher, Glacier du Sex Rouge, Plattalva, Altelsgletscher, St. An-

nafirn as well as Hangendegletscher. Normalised CTS values range between n(C T S) = 0.08 for

Chesselfirn and n(C T S) = 0.16 for St. Annafirn. The model results indicate that these glaciers are

predominantly temperate, with the exception of a seasonally frozen surface layer. The second

cluster comprises glaciers with C T Smax values ranging from 3.6 m to 8.8 m. This group contains

Hangendegletscher, Weisshorn West, Eiger West, Hangfirn, Gutzgletscher, Ofentalgletscher, Pointes

de Mourti, Lavaz West and Vadret d’Arlas. Normalised CTS values range between n(C T S) = 0.18

for Hangendegletscher and n(C T S) = 0.44 for Vadret d’Arlas. Both Lavaz West and Vadret d’Arlas

show notably greater maximum CTS depths, exceeding 8 m. The third cluster exhibits significantly

higher maximum CTS depths ranging from 15.2 m to a maximum of 20.0 m. It contains Vadret dal

Corvatsch, Vadret da l’alp Ota as well as Chessjengletscher south-east (SE). Normalised CTS values

range between n(C T S) = 0.76 for Vadret dal Corvatsch and n(C T S) = 1.0 for Chessjengletscher

south-east (SE), which represents the highest value in the data set. Among this limited sample of 20

very small Swiss glaciers, Vadret dal Corvatsch, Vadret da l’alp Ota and Chessjengletscher SE show

the highest likelihood for a polythermal structure according to the model. Maximum CTS depths

greater then 15 m are reached, a depth that is considered to represent long-term climatological

trends as opposed to seasonal temperature variations (Huss and Fischer 2016; Cuffey and Paterson

2010). This observation is especially relevant as the model results present glacier-wide averages.

CTS depths in the ablation area, typically experiencing less latent heat transfer due to meltwater in

the thin snow cover, are potentially even higher. Figure 24, depicts the spatial distribution of all very
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small glaciers across Switzerland (small blue dots) as well as the position of the modeled glaciers

(big dots). modeled glaciers are colored turquoise according to the maximum CTS depth generated

during the model run. In addition, glacier names are attached depicting the actual value for the

CTS depth (turqoise) and the normalised CTS value (grey). Interestingly, a distinct spatial cluster in

the south-eastern Engadin emerges among glaciers exhibiting strong indications of polythermal ice.

This region is known to experience relatively low precipitation as apparent from the Swiss spatial

climate analysis (Fig. 11), which might be one explanation for the model output.

Figure 24: Swiss map displaying IceT model outcomes for a subset of 20 very small glaciers (< 0.5 km2)
utilizing the meteorological dataset of Huss and Fischer (2016). The map displays the locations of all very
small glaciers (small blue dots) and the modeled glaciers (larger dots), shaded in turquoise to represent the
maximum CTS depth achieved during the modeling process. Additionally, the names of the modeled glaciers,
their respective maximum CTS depth values (turquoise), and the normalized CTS value n(C T S) (grey) are
provided.

The individual model output for the three glaciers belonging to the highest cluster will be analyzed

in greater detail to gain a more comprehensive understanding of their ice temperature evolution.

In order to compare the outputs of GERM against IceT, the GERM data acquired at the ELA has

been plotted as well. The ELA point was chosen intentionally as it better represents the average

thermal condition of each glacier in comparison to the accumulation and ablation area. Figure 25

depicts the modeled ice temperature evolution for Vadret dal Corvatsch at 3,6,10 and 20 m depth.

Both results for IceT (Fig. 25A) and GERM (Fig. 25B) are showcased. In addition, the snow depth

(computed with IceT) (C) as well as the cumulative mass balance record (D) are plotted, as they’ve
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proven to substantially influence the ice temperature evolution (See 2.4). The spin-up phase, which

was not included in the computation of C T Smax (1961-1965) is shaded in gray. The ice temperature

records of the two models depict substantial differences. Following the spin-up phase, where both

models depict relatively negative temperatures, ice temperatures for IceT emerge to temperate

conditions staying there until the late 1980s. In contrast, GERM’s englacial temperature record

depicts much more variance between the 1960s and the 1980s, and a second cooling phase around

the mid 1970s, which is not apparent in IceT’s temperature record. The 1980s are characterised by

relatively high snowfall and positive mass balances resulting, favourable for temperate conditions.

However, from the 1990s on-wards, mass balances are much more negative (Fig. 25D). The GERM

ice temperature record indicates a very quick transition towards polythermal conditions with the

20 m ice temperature < 1°C constantly decreasing. IceT captures this trend only, sporadically and

indicates repetitive phases of warming, apart from the 21st century where the lowest temperatures

in IceT’s temperature record can be observed with the 10 m ice temperature reaching down to >0.1

°C.

Figure 25: Modeled ice temperatures at different depths for Vadret dal Corvatsch. Modelling results of IceT
(A), Model results of GERM for the ELA point (B), modeled snow depth using IceT (C), cummulative mass
balances of the two models plotted against each other (D). Please note the distinct y-axis limits between IceT
and GERM.

Figure 26 shows the modeled ice temperature evolution for Vadret da l’alp Ota, a glacier located

just next to Vadret dal Corvatsch only about 300 meters below on the north-eastern flank of Piz
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Murtel. Similarly to Corvatsch the IceT indicates temperate conditions from 1965 till approximately

1990, where a cooling occurs down to -0.2 °C at 3 m depth. The cooling trend in the 2000s, however,

appears to be less prominent, with the lowest ice temperature not dropping below -0.1°C. GERM

exhibits a closely analogous ice temperature pattern to that of Vadret dal Corvatsch, displaying

temperate conditions from 1975 to 1985. Subsequently, it demonstrates sustained cold conditions

at depths of 10 and 20 meters from the 1990s onward. Please note that the last years are drawn from

the predictive model run, initialised at 0°C, as no temperature record could be found within the

data.

Figure 26: Modeled ice temperatures at different depths for Vadret da l’alp Ota. Modelling results of IceT
(A), Model results of GERM for the ELA point (B), modeled snow depth using IceT (C), cummulative mass
balances of the two models plotted against each other (D). Please note the distinct y-axis limits between IceT
and GERM.

Figure 27 depicts the modeled ice temperature evolution for Chessjengletscher, representing the

coldest conditions from all 20 modeled very small glaciers. Following the spin-up phase, both

GERM and IceT depict significant cooling, particularly in the 1970s. IceT indicates minimum ice

temperatures at 3 m depth of <-1°C and -0.25 °C in 10 m depth around that time. This is followed

by a temperate phase between 1975 and 1997. Two distinct cooling periods arise at the end of the

1990s and again around 2005 with minimum temperatures at 3 m depth of -0.7°C. Relating GERMs

output to those of Corvatsch and Vadret da l’alp Ota shows that very cold conditions are much more

frequent in the 3,6 and 10 m data record. With the exception of a brief warming phase in the late
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1970s, the ice temperature at a depth of 10 meters consistently remains below -1°C, whereas for

Corvatsch and Ota temperate conditions are reached more frequently at this depth.

Figure 27: Modeled ice temperatures at different depths for Chessjengletscher SE. Modelling results of IceT
(A), Model results of GERM for the ELA point (B), modeled snow depth using IceT (C), cummulative mass
balances of the two models plotted against each other (D). Please note the distinct y-axis limits between IceT
and GERM.

To create a realistic parallel with the parameter study presented in section 2.4, an additional

examination has been conducted on the climatic forcing data of the individual glaciers in relation to

the maximum CTS depth C T Smax . The scatter plots in Figure 28 illustrate various variables plotted

against the maximum CTS depth. These include the mean annual snowfall (Fig. 28A), the average

number of snowfall days (Fig. 28B), the mean annual air temperature (Fig. 28C), and the elevation

above sea level (Fig. 28D). Glacier specific values are marked with a small cross. Furthermore,

Pearson R2 correlation coefficients are displayed. A significant negative correlation between the

mean annual snowfall and C T Smax can be observed (R2 = -0.79, p = 0.0). Corvatsch, L’alp Ota and

Chessjengletscher depict the lowest snowfall over the modeled time series of 1961-2014, all of them

on average receiving less then 1.0 m (w.e. a°1). For the number of snowfall days no significant

correlation can be observed (R2 = 0.12, p = 0.6). The mean annual air temperature does also not

show a significant correlation with C T Smax (R2=-0.14,p = 0.56). For the elevation the correlation is

slightly higher, however still not significant (R2 = 0.27, p = 0.26).
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Figure 28: Correlation analysis of glacier characteristics and their influence on the maximum depth of the
CTS: Mean annual snowfall (A), Average number of snowfall days (B), Mean annual air temperature (C),
Elevation above sea level (D).

3.2.3 Comparison to measured borehole temperatures

In order to evaluate the representativeness of IceT, a comparison with borehole ice temperature

measurements is presented for Vadret dal Corvatsch, Glacier du Sex Rouge, and St. Annafirn. Ice

temperature measurements on Corvatsch were conducted between 1999 and 2001 by Hager (2002),

while measurements on Sex Rouge and St. Anna were carried out by Signer (2014) between 2013

and 2014. All measurements were performed using thermistor chains, reaching depths betwen 13

and 35 meters. The locations of the boreholes on the three glaciers are depicted in figure 29.
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Figure 29: Locations of borehole measurements for (A) Vadret dal Corvatsch by Hager (2002) as well as (B)
Glacier du Sex Rouge and (C) St.Annafirn conducted by Signer (2014).

Figure 30A displays the temperature measurements for borehole 5 on Vadret dal Corvatsch, captured

at various times throughout the year 2000. The measurements reveal temperatures dropping to

-4°C at depths exceeding 12 meters, indicating cold ice. Seasonal fluctuations between -9°C and

0°C are observable in the uppermost 10 meters. In Figure 30B, boreholes 1 (blue) and 2 (green)

on Glacier du Sex Rouge are illustrated. Seasonal cooling from the previous winter is visible in

the upper 20 meters, with temperatures down to -1.1. However, at greater depths, temperatures

remain around -0.05°C, suggesting temperate conditions. Figure 30C showcases boreholes 6 (red)

and 9 (blue) on St. Annafirn. There is a considerable disparity in ice temperatures between the two

locations. Borehole 6 registers an ice temperature of -1.25°C at 6 meters depth, while borehole 9

records -0.25°C at the same depth.

Figure 30: Results of borehole ice temperature measurements for different times for (A) Vadret dal Corvatsch
(borehole 5) , (B) Glacier du Sex Rouge (borehole 1 in blue, borehole 2 in green) and (C) St.Annafirn (borehole
6 in red and borehole 9 in blue).

Figure 31 illustrates the modeled ice temperatures for Corvatsch (A), Sex Rouge (B), and St. Annafirn

(C). All profiles exhibit ice temperatures above -0.01°C, indicative of temperate conditions. The

slight curvature in the profile toward negative values reflects remnants from the preceding cooling

period. When compared to the measurements, IceT appears to systematically overestimate the ice

temperatures. Moreover, even seasonal variations cannot be detected, as apparent in figure 31A.
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This systematic bias is most likely attributable to the strong buffering effect of meltwater contained

within the snowpack, inhibiting any significant cooling. The issue will be discussed further in

subsequent sections as it holds significant implications for interpreting the modeling results.

Figure 31: IceT model results for (A) Vadret dal Corvatsch , (B) Glacier du Sex Rouge and (C) St.Annafirn.
All three glaciers depict clear temperate conditions. The bending of the temperature curve towards slightly
negative temperatures can be interpreted as a remnant of the last cooling period.

4 Discussion

4.1 Model uncertainties

Multiple uncertainties arise when considering the various components of the model presented in

this study. To gain a better overview, they are structured into uncertainties related to: (1) The input

data, (2) the parameterization, (3) the calibration process, (4) the model structure and dimensional-

ity.

Regarding the input data, it’s important to differentiate between synthetic and realistic applications

of the model. Within the parametric framework, ice temperature sensitivities were tested using syn-

thetically generated parameter ranges for the air temperature, the albedo, different snow scenarios

as well as the water volume fraction. Parametric ranges for the climatic variables were derived from

data specifically obtained for the Swiss Alps, aiming to roughly represent the conditions prevalent

within Switzerland. This approach is however highly simplified, making it challenging to directly

relate certain model outputs to specific glacier settings within the Swiss Alps. Nevertheless, it offers

insight into the relative significance of different parameters in determining englacial temperatures

and provides information on the temporal and spatial scales of the transition from temperate to

polythermal or cold conditions.

Uncertainties in the input data are particularly relevant in the realistic application of the model,

as concrete reconstructions of the englacial temperature evolution of specific glaciers were con-

ducted. For simplicity, it has been decided to run the model on a single meteorological data set

representing the regional average as opposed to calibrating against geodetic mass balances on the

glacier scale, as has been done with GERM (Huss and Fischer 2016). Glacier specific differences in
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the surface energy input were accounted for, using the lapse rate corrected air temperatures from

the initial GERM data as well as correcting the incoming shortwave radiation using a correction

factor Cr ad . Consequently, the model output presented in this study represents point values for

each glacier, portraying the average glacier evolution while concealing local differences. This needs

to be considered during the interpretation of the data.

IceT utilizes the enthalpy formulation by Aschwanden et al. (2012), which derives ice temperatures

and water content from a thermodynamic look-up table. This approach relies on fundamental

physical laws governing the conservation of mass and energy. However, due to certain limitations, a

fully physically-based model was not feasible, thus necessitating parameterizations for some of

the physical processes. For instance, constant values for the ice and snow albedo are assumed,

neglecting non-linear effects that are known to exist within the snowpack (Lehning et al. 2002). A

more precise method could involve applying differential equations to model the decrease in the

albedo during snow settling, which significantly impacts the surface energy budget.

The comparison with measured borehole temperatures indicates that IceT systematically overes-

timates ice temperatures. The effect is most likely attributable to the speed of meltwater drainage

within the snowpack. Meltwater drainage within IceT only occurs at the uppermost grid cell, as soon

as the water content reaches 100%. The remnant melt signal from previous ablation is consequently

retained within the snowpack. This leads to significant inaccuracies during periods of extensive

snow cover and pronounced surface melt. As evident in figure 31A this might even eliminate

seasonal variations in the englacial temperature. It is noteworthy that this bias predominantly

manifests in realistic model applications, where substantial daily and seasonal variations frequently

cause snowmelt. Within the synthetic model applications (refer to section 3.1), this effect is less

pronounced as the sinusoidal air temperature curve, prohibits any snowmelt during the winter

months.

As evident in section 2.3, net mass balance trends can be captured quite well, however summer

mass balances are systematically overestimated while winter mass balances are underestimated.

This is likely an artifact stemming from the fact that GERM applies both corrections on the melt

( fM ,rsnow/i ce ) as well as the precipitation (Cpr ec ). According to the authors, Cpr ec is varied within

a range 0.5 to 2.5, therefore the meteorologically given snowfall can be more than doubled. Neg-

lecting this factor can lead to significant underestimations of GERM’s winter snowfall while at the

same time a reduction in melt occurs as calibration is conducted to match the net annual mass

balances. This is presumably also the reason for the overestimation of the summer mass balance.

Nevertheless, while snow depths may be underestimated, the timing of the snow cover remains

unchanged as the net mass balance trends are accurately captured. In other words, periods when

the buffering effect of meltwater within the snowpack diminishes remain the same. The effects

on the ice temperature evolution should thus be minimal. This point will be further elaborated in

section 4.2.3.

Finally, with IceT being a 1-dimensional model at it’s current state, introducing a single boundary at

the surface, horizontal heat fluxes are not accounted for. Furthermore, the model doesn’t account
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for the geothermal heat flux. Ice temperatures are thus likely being overestimated as the glacier

thins and approaches its bed.

4.2 Sensitivities of very small Alpine glaciers to thermal regime changes

Among the total of 7 parameters studied, 5 have shown to exert a significant influence on the glacier

thermal evolution: The mean annual air temperature M A AT , the snow albedo Æs , the total annual

snowfall Ps , the initial firn thickness fz , the annual mass balance mb as well as the water volume

fraction ¡. For reasons of clarity, they were grouped into parameters affecting the surface energy

budget, the snow availability & mass balance as well as the water content.

4.2.1 Surface energy budget

Variations in the surface energy input were introduced through changes in air temperature (M A AT )

as well as differing the snow albedo (Æs) and thus the shortwave radiation input. Considering

its significant correlation with glacier mass balance, the impact of the snow albedo on the ice

temperature evolution will be addressed in conjunction with the glacier mass balance in section

4.2.2.

The air temperature proved to be of minor importance for the prediction of the thermal state of

the glacier, as indicated by linear regression analysis (Tab. 6 &.7). The correlation between the air

temperature and the maximum CTS depth was relatively low (R2 = -0.24) (Fig. 13). A similar trend

was observed within the modeled subset of Swiss glaciers (Fig. 28) (R2 = -0.14). At first sight, these

findings appear to contradict the fundamental principles of heat conduction outlined in Fourier’s

Law, which asserts that the heat flux within a medium is directly proportional to the temperature

gradient (Cuffey and Paterson 2010). One possible explanation for this outcome could be that lower

air temperatures result in a longer preservation of the snowpack, thereby altering the insulation

through refreezing meltwater. However, this effect may diminish for very high-elevated glaciers

experiencing extremely cold temperatures and minimal snowmelt throughout the year (Haeberli

and Funk 1991). The impact of the mean annual air temperature on the glacier’s thermal regime

needs to thus be interpreted with regard to the snow availability and the presence of meltwater

within the snowpack. Following that logic, a combination of minimal snow accumulation and

low snow meltwater content would significantly alter the effects of the air temperature on the

glacier thermal regime. This applies only to a small number of parameter combinations within

this study, which is why the net effect of M A AT on englacial temperatures appears relatively low.

However, given a more realistic 3-dimensional setting, snow distribution across glaciers is far from

homogeneous, when factoring in avalanches, wind driven snow drift (Kuhn 1995; Farinotti et al.

2010) or largely snow free calving fronts of hanging glaciers. The 1-dimensional setting of IceT

might be limited in representing these processes, which are important when understanding the

effects of air temperature on the thermal state of glaciers.
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4.2.2 Snow & mass balance

Paradoxically, snow specific parameters depicted relatively little correlations with the CTS (Fig. 13).

For the total annual snowfall Ps and the snow albedo Æs this finding is most likely an artefact of the

systematic exclusion of model runs with substantially positive mass balances. In that way, runs with

high albedo only occurred when snowfall was low and vise versa, concealing their effects on the

CTS evolution. However, given the notable positive correlations of Ps and Æs with mass balance (as

seen in Fig. 13), their impacts can be traced by examining the mass balance trends. Mass balance

emerged as the second most crucial predictor among the 7 parameters. Interestingly, it shows

bidirectional effects. Regarding the maximum CTS depth, a positive relationship was observed (with

R2 = 0.52 and Coef. = 2.37). This is due to the fact that in some of the scenarios the emergence of a

distinct polythermal structure is hindered when surface melt surpasses the CTS propagation rate

(Fig. 14). In such a setting, the glacier’s thermal evolution is dominated by melt. However, a thresh

hold seems to exist where this process reverses and the CTS propagation dominates over the surface

melt. In that case the thermal evolution of the glacier is able to adjust to the climatic conditions

before the glacier disappears. This process is well recognisable in figure 17. When controlling

for surface melt, the situation changes. The annual CTS propagation rate depicted a significant

negative correlation with mass balances (R2 =°0.9). According to regression analysis, increasing

the mass balance by 1 m (w.e.) results in a reduction of C T Spr op by -0.66 m. In other words, a

more negative mass balance results in accelerated cooling of the glacier, aligning with various

global observations (Irvine-Fynn et al. 2011; Huss and Fischer 2016; Østby et al. 2017). Segmenting

the parameter space based on Ps and Æs reveals comparable trends in the CTS evolution to those

observed in the mass balance (Fig. (16) & (19)). An increase in the two parameters results in greater

maximum CTS depths, while the relation inverts for the CTS propagation.

As compaction is not yet implemented in the model, the evolution of a firn cover could not be

integrated. However, it could be proven that an initial firn layer can significantly delay the glacier’s

cooling. The model indicates that the snow cover timing (t0,s) and the number of snowfall days

have no significant influence on the three output variables. This may appear counter intuitive, as

the temporal overlap of minimal snow cover with cold temperatures would seemingly accelerate

cooling, by lowering the buffering effect of meltwater within the snowpack. Nonetheless, the

simplified temperature and precipitation models (refer to 2.4) integrated into the model may not

comprehensively capture these complex climatic interactions.

4.2.3 Water content (¡)

The water volume fraction emerged as the overwhelmingly dominant parameter affecting the

glacier’s thermal state. The linear model suggests that for each 1% increase in the englacial water

content, there was a reduction in the maximum CTS depth by -165.07 m (Fig. 6), and a decrease

in the CTS propagation rate by -13.85 m a°1 (Fig. 7). Upon closer examination of individual

model outputs, there are strong indications pointing towards an exponential relationship between
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the water content and the CTS determining output variables, where the effect intensifies as ¡

approaches zero. The linear model might thus not be fully suited to represent this relationship,

yet it illustrates it’s magnitude. This finding demonstrates the pivotal connection between the ice

temperature evolution and the englacial water content. According to fundamental thermodynamic

principles, water contained within ice masses acts as a thermal buffer, maintaining the temperature

at 0°C during phase transitions owing to the latent heat of fusion (Cuffey and Paterson 2010).

Augmenting the water content extends the duration of this buffer. It is thus crucial to identify the

spatio-temporal distribution of this 0°C interface in order to comprehend the temporal and spatial

variations in ice temperatures. In this study, ¡ was kept constant throughout the entire profile,

resulting in a cumulative effect when it was increased. This assumption is based on the limited

knowledge available regarding the distribution of englacial water. However, several observations

indicate a strong variability in the water content of temperate ice (Raymond and Harrison 1975;

Murray et al. 2000; Pettersson et al. 2004; Ogier et al. 2023). These findings, along with this study’s

results, emphasize the necessity of a better understanding of the spatio-temporal distribution of

the water content within glaciers to accurately model their thermal evolution. On the one hand

this could be achieved by adding more observational data, which may involve methods such as

geophysical surveys utilizing ground-penetrating radar (Murray et al. 2000; Ogier et al. 2023) or

surface nuclear magnetic resonance (SNMR) (Hertrich and Walbrecker 2008). On the other hand, a

model framework for the intergranular movement of water within temperate ice (Lliboutry 1971;

Nye and Frank 1973; Fowler 1984) could be included into englacial temperature models. Granular

flow might be modeled by incorporating a Darcy flow implementation, as previously explored

within subglacial sediments (Fountain and Walder 1998; Flowers 2015). However, such a model

framework requires a more profound knowledge on the variability of ice porosities within these

very small alpine glaciers.

The englacial water content remains poorly understood, yet it represents the most crucial parameter

in determining the englacial temperature evolution of temperate glaciers.

4.3 The thermal evolution of very small Swiss glaciers

4.3.1 Model comparison

There are certainly some limitations to the comparability of the two model outputs. GERM repres-

ents 10 by 10 m grid points, locally calibrated for snow accumulation and melt, whereas IceT was

applied on the basis of the average meteorological signal for the entire glacier, limiting calibration

to the melt component. Hence, IceT normalizes the ice temperature signal, which would probably

have been more negative in the ablation area and less negative in the accumulation area due to

variations in snow depth. However, it is unlikely that this normalization fully explains the substan-

tial differences observed in the model output between GERM and IceT. Overall, GERM indicates

much lower englacial temperatures, with some of them being four orders of magnitude lower as

indicated by IceT. This trend was consistently observed across all 20 modeled glaciers. Reanalysis of
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the GERM output from 2016 (Huss and Fischer 2016), revealed that the majority of the very small

Swiss glaciers (< 0.5 km2) are either polythermal or cold by 2014 with 10 m averaged ice temper-

atures in the ablation area reaching far below -1.5°C. In contrast, within the subset of 20 glaciers

modeled with IceT, only a small fraction (3 out of 20) displayed an ice temperature evolution that

suggests polythermal conditions by the end of the simulation period. The englacial water content

during these comparison runs was set to 0%, similar to the water impermeability assumptions

made for GERM. Thus, the differences between the two model outputs needs to be attributed to

processes occurring within the snowpack. Applying the enthalpy formulation (Aschwanden et al.

2012), IceT is constantly tracking the mixture of water, air and ice/snow within each of the grid cells.

Meltwater drainage only occurs at the uppermost grid cell, as soon as the water content reaches

100%. The remnant melt signal from the previous ablation period is consequently retained within

the snowpack. In contrast, GERM assumes complete permeability of the available pore space in

the firn, generating runoff at the base of the snowpack that is proportional to the glacier slope.

Consequently, the water contained within the snowpack is drained much more rapidly in GERM

compared to IceT. As soon as the temperature buffer through meltwater diminishes (see 4.2.3),

attenuated cooling within the winter months can occur. In IceT, this situation occurs notably less

frequently than in GERM. Studies on the percolation of meltwater through the snowpack have

shown that the time delay between the initiation of snowmelt at the surface and the start of run-off

at the base of the snowpack are typically in the order of days (Bengtsson 1982). This indicates that

IceT is likely overestimating water storage within the snowpack.

Both models make assumptions which do not correspond to reality and thus lead to errors in the

computation of englacial temperatures. While GERM most certainly overestimates cooling as it

assumes ice impermeability and thus no englacial water content, IceT is probably underestimating

cooling due to overestimated water storage within the snowpack.

4.3.2 Spatio-temporal scales of glacier thermal regime transitions

It remains challenging to precisely identify specific locations where transitions from temperate

to polythermal conditions are more likely. Reanalysis of the GERM model output, produced by

Huss and Fischer 2016, revealed that certain spatial clusters are though detectable. For example

west-facing glaciers appeared to be cooler than other orientations and also an increased slope

seems to have a negative impact on the englacial temperatures. The most significant differences

were found between the different elevation clusters, likely mediated through air temperatures and

the low availability of meltwater within the snowpack (see 4.2.1). The model outputs from IceT

reveal a concentration of potentially polythermal glaciers in the southern Engadin region (Fig. 24).

These glaciers are characterized by minimal winter snowfall while still being exposed to low air

temperatures due to their relatively high elevation. This cluster includes Vadret dal Corvatsch,

Vadret da l’alp Ota as well as Vadret d’Arlas. Nevertheless, some of the model results also raise

questions, as for example the hanging glacier at the Eiger west ridge, or Weisshorn west depicted
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relatively low CTS depths. These are very high elevated glaciers, both characterised by steep glacier

fronts (Pralong and Funk 2006), which are assumed to be partially cold (Funk and Lüthi 1997). As

discussed in section 4.1, IceT’s restriction to one dimension and its oversight of two-dimensional

variations in snow distribution are insufficient for capturing such features. Nevertheless, Funk and

Lüthi 1997, also argue that, despite a mean annual air temperature of -6°C, the greater part of the

Eiger hanging glacier is still temperate, owing to the high winter snow accumulation and refreezing

rain and meltwater within the snowpack.

Both ice temperature models indicate a relatively rapid transition from temperate to polythermal

conditions, occurring within a span of several years (refer to Fig. 25, 26, 27). These transitions are

heavily reliant on the snowpack’s evolution, especially its persistence throughout the year. Firn is

not directly represented as compaction is not yet implemented. However, perennial snow cover

usually results in temperate conditions, whereas the absence of snow cover lowers the englacial

temperatures. This cooling can be recognised almost instantaneously at shallower depths (3 to 6 m)

and typically reaches depths of 10 to 20 m after 2 to 3 years (see 3.2.2). In the practical applications

of the two ice temperature models, a water content of zero within the ice column was assumed as no

reliable information on the water profile of the modeled glaciers is available. Similar assumptions

were made by Gilbert et al. (2018) when modelling Tête Rousse glacier. However, as demonstrated

within the parametric study (see (3.1)), the speed of these thermal regime changes relies heavily

on the englacial water content (Fig. 14,17,18). A mere reduction of ¡ by 1% could slow down the

CTS propagation by 13.85 m a°1. These findings underscore the significance of englacial water in

modeling ice temperatures. In order to accurately estimate the spatio-temporal scales of thermal

transitions in very small glaciers within the Swiss Alps, a deeper understanding of their englacial

water content is indispensable.

5 Conclusion & Outlook

This thesis presented a new enthalpy-based englacial temperature model and further utilized it

to investigate the sensitivities of very small glaciers (< 0.5 km2) in transitioning from temperate

to polythermal or cold conditions. 7 parameters were tested, of which 5 have shown to exert a

significant influence on the glacier thermal evolution: The mean annual air temperature, the

annual snow accumulation, the snow albedo, the initial firn thickness and the englacial water

content. The influence of air temperature was partially offset by increased snow accumulation.

This impact is believed to be most significant when there is limited availability of meltwater due

to very cold temperatures at e.g. high elevations (Haeberli and Funk 1991). Effects of the snow

accumulation and snow albedo appeared to be concealed by the systematic exclusion of model

runs with positive mass balances. However, their effects could be inferred from glacier mass

balance as they both depicted strong positive correlations with it. The model results indicate two

distinct effects of mass balance on the evolution of the glacier thermal regime: (1) Under very

strong negative mass balances surface melt surpasses the CTS propagation rate and the emergence
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of a polythermal structure is hindered. The thermal evolution is thus melt dominated. (2) With less

negative mass balances and limited snowfall, the rate of CTS propagation exceeds surface melt,

leading the glacier to transition into polythermal conditions characterized by increased CTS depths.

The timing of the snow cover appeared to be of minor importance for the prediction of the glacier

thermal regime. However, the simplified precipitation and temperature model implemented in

IceT might not be able to fully capture complex climatic interactions. The initial firn thickness

has shown to delay the transition from temperate to polythermal conditions due to the relatively

high storage of meltwater. Ultimately, the englacial water content proved to be the most crucial

parameter in predicting ice temperatures. Moreover, this parameter mediates many of the effects

implied by the other parameters. A mere increase of the englacial meltwater fraction by 1% reduced

the maximum CTS depth by 165.07 m and the annual CTS propagation rate by 13.85 m a°1. This

effect appeared to exhibit an inverse exponential trend, being most pronounced as ¡ approaches

0%.

In addition to the sensitivity study, the model was applied to a subset of 20 very small Swiss

glaciers (< 0.5 km2) using the MeteoSwiss dataset utilized by Huss and Fischer (2016). Furthermore,

a comprehensive reanalysis of ice temperature model results for all very small Swiss glaciers

based on the Glacier Evolution Runoff Model was conducted. Both approaches aimed to identify

spatial clusters of very small Swiss glaciers that exhibit a tendency to transition from temperate

to polythermal or cold conditions. The GERM data suggests that the majority (>75%) of all very

small Swiss glaciers are either polythermal or cold. Spatial clusters of glaciers exhibiting more

pronounced cooling than others can be identified for west-facing glaciers as well as higher elevated

glaciers. Contrary to this, among the 20 glaciers modeled using IceT, only about 15% (3 out of

20) exhibited an ice temperature distribution implying polythermal conditions by the end of the

simulated time span in 2014. The significant differences in the output of the two models likely

stem from temporal variations in the water storage within the snowpack. GERM is draining snow

meltwater much quicker than IceT, thereby reducing its temperature buffering effect caused by

latent heat release during refreezing. The findings indicate that IceT systematically overestimates

ice temperatures as a result of this effect. The comparison with borehole measurements has shown

that this reduces the model’s representativeness. Addressing this issue in future model versions is

crucial. This could potentially be achieved by coupling the surface runoff intensity to variables

such as glacier slope, similar to the approach in GERM (Huss and Fischer 2016).

The significant influence of englacial water content in predicting ice temperatures, alongside

our limited understanding of how it’s distributed within very small glaciers, leads to notable

uncertainties in the outcomes presented by the model. There are two distinct approaches to address

this concern. (1) Firstly, additional observational data can be obtained, which may involve methods

such as geophysical surveys utilizing ground-penetrating radar (Murray et al. 2000; Ogier et al. 2023)

or surface nuclear magnetic resonance (SNMR) (Hertrich and Walbrecker 2008; Vincent et al. 2012).

Alternatively, englacial water content can be directly derived from borehole samples (Murray et al.

2000; Lüthi et al. 2002), or thermodynamic properties (Lüthi et al. 2002). (2) The second approach
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involves integrating intergranular water flow into englacial temperature models, treating ice as

a porous medium and calculating Darcy velocities based on specified porosities. The enthalpy

formulation provides a computational framework for such a model by considering temperate ice as

a combination of ice, air, and water. However, additional observational ice temperature data is

urgently needed to accurately refine and constrain this model. Such refinement could assist in

precisely identifying polythermal glaciers, a crucial factor in glacier hazard assessments due to

their increased susceptibility to englacial water storage, which heightens the risk of ice avalanches

(Bondesan and Francese 2023) or water pocket outbursts (Vincent et al. 2012).
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