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Abstract 

Fluctuations of glaciers throughout the Holocene have not been uniform in the Swiss Alps. 

Numerous static reconstructions based on landforms have highlighted the complexity of clearly 

constraining past glacier fluctuations. Minimal extents are often unidentified, and reactions of 

glaciers to climate signals sometimes contradict. This thesis presents an approach going beyond 

static maximum extent reconstructions. By forcing a time-dependent 2-D ice-flow model with 

proxy temperature reconstructions, continuous dynamic fluctuations were created. Contrary to 

traditional approaches, the lag in response of glaciers to climate changes was thus included. 

Landforms documented with geomorphological mapping constrained the modeled fluctuations. 

Archeological finds above Brunnifirn (UR), which are the oldest known radiocarbon-dated 

artifacts of their type in the Alps (7.97–7.75 ka cal BP), inspired this thesis. Geomorphological 

mapping of landforms relevant to the constrain glacier fluctuations was conducted in the field 

and remotely. The numerical model was forced with ELA histories derived from temperatures 

of two long-term Holocene proxy curves to model the last 9000 years. For the last 500 years, 

high-resolution yearly data for the Alps were applied. 

Modeling results suggest that the artifacts were deposited after a glacial retreat following a 

strong advance forced by the 8.2 ka event, of which no moraines were found. Fluctuations show 

consistency with a peat bog radiocarbon dated to ca 3.75 ka cal BP, but they vary strongly 

between the two temperature forcings applied. Modeling implies that from 9 ka onwards, 

Brunnifirn was rarely larger than the Little Ice Age (LIA) maximum extent, with minimal 

extents similar to the extent of 2019. Hardly any evidence of extents before the LIA were found 

with geomorphological mapping, making the modeled fluctuations more compelling. The 

modeling of the LIA after 1500 CE shows an advance with three culminations, two of which 

reach the mapped moraine. The field mapping confirms the idea of two or more similar extents, 

as a double ridge was documented in the LIA moraine complex.  

Model projections for the future based on a range of climate scenarios demonstrate that before 

the end of the century, Brunnifirn will retreat to the highest peak, beyond any Holocene 

minimum extent. This trend agrees with other future modeling scenarios for the Alps. The 

rates of retreat vary strongly between the different RCPs.  
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1  Introduction 

1.1 Motivation 
Fluctuations of glaciers in the Alps throughout the Holocene have not been uniform, with 

glaciers forming different stadial stages (e.g., Boxleitner et al. 2019). Studies focusing on 

overviews of alpine glacier fluctuations throughout the Holocene are numerous (e.g., Holzhauser 

2010; Solomina et al. 2015) but mainly rely on static reconstructions of maximal extents. 

Reconstructions of minimal extents are less common. Traditional ELA reconstructions which 

depend on the assumption of steady climate are often the basis of reconstructions of past glacial 

extents. However, today’s glaciers lag behind in adjustments to climate, and should hence not 

be directly compared to past extents. Time-transient reconstructions which consider the 

dynamics and delay of the response of glaciers to climatic fluctuations provide detailed insight 

into past glacier behavior. Knowledge about past retreats can also increase the quality of 

predictions for future glacier response and resulting effects. The currently observed retreat 

primarily caused by anthropogenic activity (CH2018, 2018; IPCC, 2013), will likely continue 

(e.g., Zekollari et al., 2019; Zumbühl et al., 2021). Besides implications for the landscape, the 

retreat of glaciers will also impact water regimes and alpine hazards (Eis et al., 2021).  

Since the Little Ice Age (LIA), glaciers in the Alps have retreated. This retreat has increased 

during the last decades (e.g., Nussbaumer et al., 2011; Vincent, 2002), and is also observable 

at Brunnifirn (UR). Above this valley glacier in the central Swiss Alps, an archeological rock 

crystal extraction site was discovered in the autumn of 2013. The receding glacier ice released 

organic objects which could be radiocarbon dated to 7.95–7.75 ka cal BP (Reitmaier et al., 

2016). Such preserved archeological finds serve as reference points for minimal ice extents in 

glacial reconstructions, as for example achieved at Schnidejoch, where archeological artifacts 

from different periods could be linked to the local glacier extents (Grosjean et al. 2007). Finds 

melting out from glacial ice may lead to the assumption of past climate being similar to today. 

However, such comparisons neglect the concept of response time, which highlights that the 

response of glaciers lags behind the climate of today.  

The lack of glacial reconstructions that consider minimal extents, encompass glacier dynamics, 

and go beyond assumptions of steady state conditions (i.e., static reconstructions) inspired the 

continuous dynamic reconstruction of Brunnifirn in this thesis. The delay of glacial response to 

climate signals is hence incorporated. The archeological finds increase interest in a 

reconstruction of a possible minimal extent of Brunnifirn during the period when the artifacts 

were deposited. To achieve this, two approaches are combined: geomorphological mapping of 

landforms to infer past glacier extents, and numerical ice-flow modeling to analyze fluctuations 

which cannot be constrained by geomorphological features. 
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1.2 Aims and research questions 
The aim of this thesis is to reconstruct fluctuation of Brunnifirn by combining geomorphological 

mapping with numerical modeling. Mapped geomorphological evidence serves as indicator of 

possible past glacier extents and constrains modeled fluctuations. The applied numerical model 

incorporates the physical behavior and delayed response of the glacier. This produces a 

continuous and fully dynamic reconstruction of glacier response to variable climate. Thus, the 

following research questions are addressed. The combined approach suggests two categories: 

geomorphological mapping and numerical modeling. Questions 2a) and 2c) link the results of 

mapping and numerical modeling.  

1.2.1 Geomorphological mapping 

1a) What landforms can be found in the forefield of Brunnifirn? 

Alike in other forefields of glaciers in the Swiss Alps, there is an abundance of geomorphological 

forms in the steep valley named Brunnital, above which Brunnifirn lies. These landforms are 

mapped with a focus on those relevant to understand the glacial record, rather than producing 

a complete geomorphological map of the valley. Moraines therefore have the most relevance.  

1b) What glacier extents can be identified based on the mapped landforms? 

Geomorphological landforms, and especially moraines, allow for reconstructions of past glacier 

extents (Mackintosh et al., 2017). The mapped moraines and other landforms are therefore 

used to constrain different ice extents. To temporally confine glacier stages, samples were taken 

from a moraine and a peat bog for radiocarbon dating. The mapped moraines are also compared 

with the historical Siegfried map. 

1c) What ELAs can be inferred from the reconstructed extents? 

As an approximation of understanding the climate required for the glacier to reach the stages 

identified with mapping, theoretical ELA values are calculated using two methods: the 

Accumulation Area Ration (AAR, as described by Mackintosh, Anderson, and Pierrehumbert 

2017) and the mean elevation (as described by Leonard and Fountain 2003).  

1.2.2 Numerical modeling 
A time-dependent 2-D ice-flow model as applied by Brown et al. (2013) and Evans et al. (2012) 

forced by temperature-derived ELA histories is employed to reconstruct the evolution of 

Brunnifirn. As this model incorporates the dynamics and delay of the glacier, it allows for a 

transient history of fluctuations.  
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2a) What steady states match the mapped extents?  

The model is first applied to produce steady state (i.e., adjusted to steady climate) outputs 

which match the mapped extents. In doing so, an understanding of the climate required for the 

glacier to reach certain extents is gained.  

2b) How does the glacier vary with changing climate? 

ELA step-change and sinus experiments are conducted to observe the glacier’s reaction to 

transient climate.  

2c) How did glacier extents fluctuate given the Holocene climate variations and 

how do fluctuations compare to the geomorphological constraints?  

By forcing the model with different temperature-derived ELA histories, fluctuations throughout 

the Holocene can be assessed. The reviewed period spans from 9 ka in the Early Holocene 

onwards until today, with a focus on 7.95–7.75 ka (ages of dated archeological finds), and on 

1500–2020 CE. Additionally, the future evolution is explored by modeling a steady state to 

today’s climate and by forcing the model with climate projections until 2099 CE. 

2d) What did the glacier look like when the archeological site was accessed? 

The ice extents produced with different ELA forcings for 7.95–7.75 ka are compared and 

evaluated.  
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1.3 Study area 
Brunnifirn is a small glacier located above Brunnital, a remote valley in Kanton Uri in Central 

Switzerland. The glacier ranges from ca 2560–3250 m a.s.l. in elevation and covered an area of 

2.19 km2 in 2016 (GLAMOS, 2022). Its geometry is rather complex, as it flows from the steep 

east face of Oberalpstock into a large plain (Figure 1). After the plain, a second steep section 

follows, from which the glacier however has retreated since about 15 years. The bed in the large 

plain contains significant overdeepenings, as ice thickness measurements showed maximum 

values of up to 140 m. The steep upper section above the plain however is only about 20–40 m 

thick (Grab et al., 2021).  

At the beginning of the valley, there are numerous boulders which were selected for 10Be 

exposure dating (Figure 1). From the large moraine complex also mapped on the official 

topographic map (swisstopo, 2023a), soil samples were taken for radiocarbon age dating. A 

peat bog further down valley than the large moraine complex was also sampled for radiocarbon 

dating. Up valley from the large moraine complex there is an abundance of freshly deposited 

moraines, i.e., without or with little vegetation cover and not weathered. The archeological site 

is located at the southwestern mountain pass, Fuorcla da Strem Sut. The finds were discovered 

in a cave just above the ice surface level (see Figure 1). 
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Figure 1: Map of Brunnital with sample locations and archeological site. The 10Be ages of the 

sampled boulders will be processed after submission of this thesis. Background map: swisstopo 

(2023).  
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1.4 Background 

1.4.1 Overview of Holocene glacier fluctuations 
In global summary, glaciers in the northern hemisphere followed a trend of growth from the 

mid to late Holocene, whereas glaciers in the southern hemisphere were decreasing from the 

early Holocene until today, both probably caused by orbital forcing. However, fluctuations 

cannot be matched to just one influencing mechanism, global changes are more complex 

(Solomina et al., 2015). On a more local scale like the Alps, trends of fluctuations are clearer 

and lead to studies and compilations with distinct overviews like the one by Holzhauser (2010, 

see Figure 2). Other studies highlight the influence of higher summer temperatures from ca 

10 ka onwards (e.g., Wanner et al. 2008). These conditions caused glaciers in the Alps to not 

advance strongly between about 10.5–3.3 ka, except for small glaciers which might have reacted 

strongly to short-term cold climatic signals. After 3.3 ka, glaciers in the Alps might have 

followed a trend of growth, reaching maxima in the Little Ice Age (LIA; Ivy-Ochs et al., 2009). 

 

Figure 2: Overview of glacier fluctuations throughout the Holocene in the Swiss and Western 

Alps, modified excerpt from Holzhauser (2010). Blue fluctuations stand for advances over the 

extent of glaciers in the year 2000 CE, retreats behind that level are marked in red. Question 

marks and the arrow stand for unknown duration or extent of fluctuations. 

Nevertheless, the extent and timing of fluctuations can be contradictory. An example are 

reactions to the abrupt cooling event around 8.2 ka (Alley and Ágústsdóttir, 2005). Some 

studies have found clear advances of glaciers (e.g., Nicolussi and Schlüchter 2012), whereas 

others only find small to no changes (e.g., Holzhauser 2010). A reason for such contradictions 

is that later advances have probably destroyed most traces of fluctuations (Kronig et al., 2018; 

Schimmelpfennig et al., 2014), making it difficult to assess earlier maximal extents. Another 

example for a disagreement are the archeological finds from Schnidejoch, which indicate 

permanent ice cover from 5 ka until their recent discovery (Grosjean et al., 2007). This is 

disputed by retreats of glaciers smaller than their 2000 CE size found for other regions of the 

Alps (Holzhauser, 2010). Such conflicting results highlight the importance of local reactions of 

glaciers to climate signals.  

When comparing past glacier fluctuations to current extents and the ongoing rapid retreat 

witnessed almost everywhere in the world, it is crucial to highlight that the ongoing change is 

unprecedented throughout the Holocene (Solomina et al., 2015). In spite of orbital forcing 
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conditions suggesting glacial growth (Solomina et al., 2015), the general global trend is one of 

rapid retreat, which is likely mainly caused by anthropogenic greenhouse gas emissions 

(CH2018, 2018; IPCC, 2013). When relating small glaciers in the past to today’s sizes, the 

concept of response time must not be neglected. Glaciers are not in balance with current climate 

and their response lags behind by decades, depending on glacier geometry (Mackintosh et al., 

2017). 

1.4.2 Archeological context 

The discovery of the glacially conserved archeological site, a vein near the mountain pass 

Fuorcla da Strem Sut above Brunnifirn, exposed the oldest site of this kind in the Alps 

(Reitmaier et al., 2016). Remains of antlers and fragments of woods could be radiocarbon dated 

to 7.95–7.75 ka cal BP, and were probably covered by the ice throughout most of the time until 

the discovery in 2013 (Cornelissen et al., 2022). The site was likely used for rock crystal 

extraction, which is why organic materials were transported to such high altitude (Reitmaier 

et al., 2016).  

Archeological finds provide insight into past glacier fluctuations (e.g., Grosjean et al. 2007; 

Bonani et al. 1994). Just like fossil woods and peat bogs (e.g., Holzhauser 2010; Nicolussi et al. 

2014; Wipf 2001), they require quasi-permanent ice-cover to be preserved. When organic 

material in finds can be radiocarbon dated, the derived ages suggest that the glacier could not 

retreat beneath the extent it had during time of deposition, as the organic material would 

otherwise decay. Nevertheless, fluctuations of glaciers are not always uniform to climate and 

random reactions to small-scale mass balance variations occur (Mackintosh et al., 2017). 

Artifacts have much higher chances of preservation if they remain within depressions where 

they do not melt out during warm summers (Pilø et al., 2023). Therefore, they should not be 

viewed as a direct proxy of local glacier extent, as the glacier may have retreated more than 

the ice at the location of the preserved artifacts. They roughly indicate permanent ice cover, 

but the fluctuations of glaciers may differ.  

Finally, the concept of response time plays a crucial role when comparing today’s glacier extent 

to a supposed extent during the deposition of the archeological finds. Even if the glacier once 

had an extent similar as what we observe today, the two extents cannot be compared, due to 

glaciers currently being far from a steady state and retreat rates likely being unprecedented 

throughout the Holocene (Bohleber et al., 2020).  

1.4.3 Geomorphological mapping 

Moraines can help to infer past glacier extents: if not overridden during a readvance of a glacier, 

they can remain in the landscape and mark the last maximum extent of a glacier (Benn and 

Evans, 2010). Knowing past maximal ice extents allows for reconstructions of the corresponding 

climate thanks to knowledge about how glacier fluctuations and climatic change are linked. 

Such reconstructions can be done with simple methods like the AAR or mean elevation, which 
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allow for accurate estimations of paleoclimate. If these methods are applied thoroughly, they 

provide climate reconstructions similar to numerical modeling results (Mackintosh et al., 2017).  

Hence, moraines must be mapped with high precision. This can be achieved by mapping with 

high-resolution aerial imagery mapping based on remote sensing data (or remote mapping) 

(Chandler et al., 2018). For studies in Switzerland the freely downloadable high-quality data 

from swisstopo greatly improves the potential of remote mapping. Field mapping is required 

when image resolution, surface topography color, or shadows complicate mapping. Thus, a 

holistic procedure is combining both approaches and thereby enhancing accuracy of 

geomorphological mapping (Chandler et al., 2018). 

Moraines were the focus of the mapping process but other landforms which influence moraines 

or improve understanding of the glacial history were mapped as well.  

1.4.4 Numerical modeling 

Reconstructions of past glacier extents can also be achieved with numerical modeling. Using 

advanced flow models, fluctuations can be reproduced with respect of the physics of glaciers, 

bed topography, or exposition. Also, sensitivity assessments further improve the understanding 

of how glaciers react to shifts in climate (Mackintosh et al., 2017). For this study, past glacier 

extents were reconstructed with a time-dependent 2D ice-flow model (Brown et al., 2013; Evans 

et al., 2012). The model is forced simply by an ELA history derived from different paleoclimate 

reconstructions (Affolter et al., 2019b; Alley, 2004; Casty et al., 2005a; MeteoSwiss, 2023).  

The implication of a numerical model allows for a perspective on paleo-ice extents which cannot 

be achieved by moraine-based reconstructions: fluctuations which did not allow for the 

deposition of moraines can be reproduced as well. Past glacier extents can be reconstructed for 

dynamic instead of static climate. The ELA forcing produces a continuous evolution of 

fluctuations for the period with available climate data. Naturally, the temperature-derived 

forcing controls fluctuations, making them dependent on the quality of the climate 

reconstructions. But by comparing modeling outputs with the results from geomorphological 

mapping, the accuracy of the temperature reconstructions can be assessed (Mackintosh et al., 

2017).   
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2 Methods 

2.1 Mapping 
Geomorphological mapping serves to understand the formation of landforms and may also give 

information about the age of those landforms (Hubbard and Glasser, 2005). Mapping the 

Brunnital therefore came as an accessible and valuable tool to understand paleoglacial extents 

of Brunnifirn for the LIA and possible older extents. This approach allows for better 

interpretation of modeling results and providing constraints for the model configuration. The 

mapped landforms also allowed for paleo-ELA reconstructions (Accumulation Area Ratio; 

AAR), as described by Mackintosh et al. (2017) and mean elevation, as described by Leonard 

and Fountain (2003) and Porter (1975). Both were compared to ELA values based on numerical 

modeling.  

The mapping was focused on specific aspects of the valley: moraines, moraine ridges, rock 

glaciers, trimlines (vegetation changes and surface characteristics), striations in bedrock, 

rockfall cones, debris flow fans and channels, and streams. Involving geomorphologically active 

landforms (debris flow channels and streams) helps understanding the chronology of the valley. 

Moraines and striations in bedrock were also mapped at the Düssi slope (Figure 3). The product 

therefore is a themed geomorphological map as described by Hubbard and Glasser (2005), 

focused on forms relevant for the glacial reconstruction, and not on the general geomorphology.  

The focus of the mapping are the moraines. These can be compared with ice-flow modeling 

outputs and are helpful to estimate the size of paleoglaciers, as they show past maximum 

extents (Chandler et al., 2018). Terminal moraines are the most helpful here, as their position 

can be directly related to the glacier length in model outputs. Moreover, lateral moraines allow 

for comparison with model outputs, as they are marginal constraints of past ice extents. A 

second type of moraines the field mapping sheds light on are hummocky moraines. Due to 

unknown formation of the moraines, the term is used descriptively for terrain of moraine 

material with small irregular hills. Hypothetically, the moraine material may have been 

deposited at the terminus of a receding or stagnant glacier tongue that slowly melted, leaving 

behind hummocky moraines (as described by Benn and Evans, 2010; Hubbard and Glasser, 

2005).  

Combining mapping approaches leads to more coherent results, avoidance of image resolution 

issues of aerial imagery, and easier interpretation of landforms (Chandler et al., 2018). Mapping 

was therefore conducted both in the field and remotely, to then link and reevaluate the results 

of the two methods. A combination of field and remote mapping with the aid of aerial imagery 

and DEMs (imagery from swisstopo, 2023) and existing maps from the swisstopo geocover 

resource (swisstopo, 2023a) were used. The identification of landforms and geomorphological 

features was following the classification of other mapping studies (e.g., Brown et al., 2013; 

further examples in Chandler et al., 2018) and the general literature (Benn and Evans, 2010; 
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Hubbard and Glasser, 2005). The landforms relevant for tracking former glacier extents were 

chosen during a first field campaign. Moraines were categorized based on their freshness and 

appearance and hence divided into the following sub-categories: well-preserved, remnant, and 

supposed. The categories are similar to the description of Heyman et al. (2008). 

 Well-preserved moraine: clearly visible accumulation of unsorted, partly rounded, 

unlayered glacially deposited material. Elongated or round hill-like features, ca 10–100 

m in length. Freshly deposited, i.e., no or sparse vegetation cover. 

 Moraine remnant: form like well-preserved moraine, but strong change of original 

appearance by weathering and erosion. Covered by vegetation or rock fall debris.  

 Supposed moraine: accumulation of sediment, but form cannot be clearly identified 

in the landscape. Surroundings (e.g., trimlines) indicate possible presence of moraine.  

Iterative mapping process 

First mapping was conducted remotely with aerial images, shaded reliefs, and the geocover 

layer (swisstopo, 2023b). Field mapping with topographic maps and aerial images was 

conducted on two field campaigns. The knowledge gained from the field mapping was used to 

improve the remote mapping. During the field campaigns, ground truthing of the remote 

mapping was conducted.  

Table 1: Overview of imagery used for mapping. All images and data are provided by swisstopo 

(2023a). 

Imagery resource Resolution Application 

Topographic map 1:10,000 scale Base layer for field mapping, 

geomorphological landforms 

Aerial image 2018/2019 0.25 m Geomorphological landforms 

swissALTI3D mono- and 

multidirectional shaded relief 

0.25 m  Geomorphological landforms, 

mostly moraines 

Geocover (geological vector 

data set) 

none (vector) Geomorphological landforms 

Old aerial images: 1946, 1958, 

1979, 1990 

Varying for each image. 

Irrelevant, as large-scale 

information was used.  

Glacier extents 
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2.1.1 Field Mapping 

Mapping was carried out by hand on printed topographic base maps (scale: 1:10,000), on 

printed aerial images, and on shaded reliefs (overview in Table 1). The geological vector dataset 

layer available on map.geo.admin.ch was also consulted. The hand drawn maps were afterwards 

digitalized in QGIS. 

After consulting the mapping from the existing geocover (swisstopo, 2023b) and the aerial 

image and shaded relief (swisstopo, 2023b), a first field scouting day was performed to get an 

overview of the study area and the related geomorphological features. Moraines and boulders 

at the Düssi slope, at the beginning of Brunnital, were marked for further analysis. The area 

around the moraine complex, which was supposedly assigned to the LIA maximum according 

to historical maps (Dufourkarte; Siegfriedkarte, accessed through swisstopo, 2023a), was 

traversed and moraines were mapped roughly. This preparation allowed for a second long 

campaign, during which the lower and especially upper part of the valley were mapped, and 

marked areas were further analyzed. A longer campaign allowed for closely inspecting moraines 

away from the hiking trail, and especially presented the landforms during different daylight 

situations, which allows more precise mapping due to longer shadows of landforms (Chandler 

et al., 2018). The goal therefore was to map moraines and other landforms in reasonable 

distance of the main hiking trail, and not moraines or rock glaciers on steep and remote slopes. 

A last field campaign allowed on focusing on an upper section of the valley, where ground 

truthing was essential due to a complex accumulation of hummocky moraines.  

2.1.2 Digital Remote Mapping 

The area of interest was inspected remotely prior to the first field campaign as preparation. 

After the first field campaign, the mapped areas were refined remotely, to then have the 

possibility of validation and reassessment on the subsequent field campaigns. The last field 

campaign focused on the hummocky moraines, the respective areas were again further refined, 

using remote imagery. After conclusion of the field campaign, the areas that were not part of 

the field mapping were mapped remotely. This includes the rock glaciers and moraines in Val 

Strem, Val Cavardiras, on the northwestern slopes of Oberalpstock, and around Tschingelfirn. 

Past glacier extents were also mapped with aerial images from swisstopo for the years 1946, 

1958, 1979, 1990. 

The imagery used for the process was already georeferenced and not processed further (overview 

in Table 1). Firstly, aerial images, or orthophotographs were used. These proved to be especially 

helpful for the mapping of hummocky moraine complexes, as mapping these chaotic structures 

in the field would have taken too much time. Due to simplicity of switching between images, 

overlaying, and especially simple vectorization of the landforms, QGIS was used for digital 

mapping. Further, Digital Elevation Models (DEMs) were used. As described in the literature, 

DEMs are useful to map depositional landforms like moraines, and erosional forms like debris 
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flow channels (Chandler et al., 2018, and references therein). The geological vector dataset layer 

available on map.geo.admin.ch served as an initial impression of the field site, and as validation 

and comparison of the mapping results. Finally, a historical map (Siegfriedkarte, available 

online by swisstopo, 2023) were used to find the LIA glacier extents which point towards 

possible terminal moraine deposition areas.  
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2.2 Landform Age Dating 
Sedimentological investigations with radiocarbon dating provide crucial information to validate 

the interpretations of field mapping (Chandler et al., 2018). Radiocarbon ages to landforms 

also allows for a better understanding of the evolution of the landscape and puts modeling 

outputs into scale. Samples for age dating were collected from the LIA moraine and from a 

peat bog located ca 900 m down valley. Also, boulders from the Düssi slope and Hinterbalm 

hill were sampled. 

 

Figure 3: Map of Brunnital with sample locations. The 10Be ages of the sampled boulders will 

be processed after submission of this thesis. Background map: swisstopo (2023).  

2.2.1 Moraine soil and peat bog samples for radiocarbon dating 

Two samples of soil were collected from the main ring of the LIA moraine for radiocarbon 

dating. The goal of these samples was to constrain the age, respectively the deposition time, of 

the moraine. However, due to a lack of organic material, only one of the samples could be 

dated. The dated sample was taken from the outer ridge of the prominent LIA moraine (Figure 

4).  

A peat bog further down valley from the LIA was sampled as well (Figure 5). The goal here 

was to find the age of the peat bog, as this would serve as proxy for past glacier length: within 

the period of existence of the peat bog, the glacier could not have reached that location, as an 

advance further down valley would have destroyed the peat bog. Luckily, a small stream had 

cut a channel into the peat bog, exposing a profile of the peat bog, which made sampling quite 

easy. As the exposed profile is visible from the main hiking path, we chose not to dig much 
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further into the profile to not disrupt the landscape. There are layers below the sampled layer, 

which needs to be considered in the age analysis.  

Thanks to the deposition of cosmogenic 14C in organic matter, the age of the organism’s death 

and the onset of radioactive decay can be calculated. The measured age of samples is influenced 

by changes in atmospheric 14C content, so radiocarbon ages need to be calibrated, which 

provides calendar ages in BP. As the calibration process is a probabilistic procedure, ages are 

associated with a probability distribution represented by a 68% (1 sigma error) and a 95% (2 

sigma error) confidence interval (Hajdas, 2008). The calendar ages were obtained using the 

OxCal 4.4 calibration program (Bronk Ramsey, 2009, 2001; Reimer et al., 2020) by applying 

the IntCal 20 calibration curve. Calibrated ages are given in the 1 sigma and 2 sigma range 

(minimum and maximum value for each). 

The peat sample was cleaned by an acid-alkali-acid (AAA) treatment. To know the start of soil 

formation and thus the deposition of the moraine site, the oldest organic matter that was 

attached to mineral surfaces needs to be dated. This carbon fraction was obtained by using a 

chemical treatment with H2O2 (for details see: Calitri et al., 2021, 2019; Favilli et al., 2009a, 

2009b; Zollinger et al., 2013). The treated material was combusted at 900 °C to produce CO2 

which was then reduced to graphite. After reduction, the mixture is pressed into a target and 

carbon ratios are measured by Accelerator Mass Spectrometry (AMS) using 0.2 MV 

radiocarbon dating facility (MICADAS) of the Ion Beam Physics at the Swiss Federal Institute 

of Technology Zurich (ETHZ).  
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Figure 4: A) Image of the LIA moraine with two distinguishable ridges. The arrow indicates 

direction of (paleo-) ice flow. The sample for radiocarbon dating was taken in the outer ridge, 

so further downstream. B) Stable Surface that allowed for development of a soil in which the 

profile was dug. C) Close-up of soil profile. Photos: Jonathan Davidson in 2022. 
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Figure 5: A) Peat bog as viewed from below, the image is taken valley upwards. B) Profile of 

the peat bog. The sample for radiocarbon dating was taken from the lowest part of the hole. 

Photos: Jonathan Davidson in 2022. 

Boulder samples for beryllium-10 age dating  

Five samples from boulder deposited on the ridge of Hinterbalm hill will be age dated using 

the 10Be method. These results will constrain the period when the glacier had an extent 

immense enough to deposit these boulders on the ridge.   
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2.3 Flow modeling approach  
A time-dependent 2-D ice-flow model as applied by Brown et al. (2013) and Evans et al. (2012) 

is used to investigate the evolution of glacier geometry in relation to climate variations. 

2.3.1 Model Setup 

The MATLAB-based model was provided by Andreas Vieli. Minor adjustments were made to 

make it suitable for the case of the Brunnifirn area. The ice flow is calculated based on a 

Shallow Ice Approximation (SIA; Hutter, 1983), with local ice flow calculated in respect of the 

local ice thickness, ice surface slope, and a given ice softness parameter A. Basal sliding is 

ignored but indirectly included by enhancing the ice softness A (see below). The climate forcing 

is approximated by an ELA-history which is related to summer temperatures (sections 2.3.5; 

2.3.6), and an elevation dependent surface mass balance function is applied (see below). 

Precipitation, evaporation, sublimation, and wind redistribution are not explicitly included in 

the model.  

The goal of this model is not to recreate every aspect of real ice flow, but rather to quantify 

glacier extent and volume for a certain climate. Nevertheless, the model output produces useful 

representations of (paleo-) glacier extents (e.g., Figure 6). Including ice geometry (thickness 

and surface slope), ice softness, bed geometry, flow velocity, and the mass balance ratio allows 

for reliable glacier extent modeling. The most relevant model parameters are listed in Table 2 

and described when necessary.  

Table 2: Model parameter variables and values. 

Parameter Description Value Units 

ELA0 Reference ELA for climatic changes varying m a.s.l. 

dt Modeling time interval 0.05, 0.1, 0.5 a 

dx Grid resolution 50 m 

γabl Mass balance gradient in ablation area 0.007 a–1 

γacc Mass balance gradient in accumulation area 0.004375  

γabl/γacc Mass balance gradient ratio, i.e., ablation-

accumulation gradient ratio 

1.6 – 

A Ice softness  1.42 x 10–16 Pa−3 a−1 

 

 The elevation-dependent mass balance is approximated in the model by two separate 

gradients above and below the ELA (i.e., accumulation and ablation area), resulting in 

a ratio of 1.6 which corresponds to an AAR of 2:1. Using just one gradient would result 

in too high accumulation rates and hence overestimate the transfer of mass. This is 

based on the non-linearity of mass balance gradients, as for valley glaciers they are 

usually flatter in the accumulation area than in the ablation area. Reasons for flatter 
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accumulation area mass balance gradients are altitudinal changes in solar radiation, 

heat transfer, evaporation and sublimation, shielding by rock walls, and snow 

redistribution by wind (Benn and Evans, 2010).  

 The calculation of the surface mass balance includes a solar radiation correction, which 

adjusts the ELA depending on the annual potential radiation for the slope and aspect 

given the surface topography (based on the DEM) and at the given latitude (48.2° for 

Brunnifirn). This leads to a lowering of the ELA of a 150 m for north-facing slopes 

compared to south-facing slopes.  

 Ice properties (expressed by ice softness A) were not changed for the experiments and 

are based on values from Paterson and Budd (1982), corresponding to temperate ice 

(Cuffey and Paterson, 2010), which fits for this case due the elevation of the glacier and 

the presence of melt in the accumulation area. As this still often leads to model outputs 

in which the ice is too stiff, the softness is then multiplied by an enhancement factor of 

3.0, indirectly also taking basal sliding into account.  

 Ice flux is calculated from Glen’s flow law given by 

 𝑄௜ =  𝑢ത௜ 𝐻 =
2𝐴

𝑛 +  2
 𝜏௜  𝐻ଶ 𝑖 = 𝑥, 𝑦 (2.1) 

 with 

 𝜏௜  =  𝜌𝑔𝐻 
𝜕𝑧௦

𝜕௜
  (2.2)  

 which gives 

 𝑄 =  
2𝐴

𝑛 +  2
൬𝜌𝑔

𝜕𝑧௦

𝜕𝑥
൰

௡

𝐻௡ାଶ 
 (2.3) 

 

where the ice flux Q is given by the vertically averaged ice flow ū multiplied by the ice 

thickness H, with Glen’s A and exponent = 3. τ represents the gravitational driving and 

basal shear stress, which is defined by the density 𝜌 multiplied by gravitational force 𝑔 

along the surface slope డ௭ೞ

డ೔
 at height H.  

 Bed geometry is given by the digital elevation model swissALTI3D by swisstopo (2023) 

and the ice thickness analysis with ground-penetrating radar by Grab et al. (2021). 

 Slopes steeper than 45° do not receive accumulation.  

 The grid size of 50 m was kept constant throughout the experiments, as the SIA-

assumption does not justify a further refinement. The glacier extent can only be resolved 

to the 50 m spatial scale. The related uncertainties in extent are however considered to 

be minor in comparison to other uncertainty aspects like temperature-ELA conversion 
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factor or temperature data offset due to proxies from other regions which will be 

discussed in chapter 4.3.  

 The model saves several parameters as outputs, including glacier length (along a defined 

flow line), volume, area, ELA, and effective mass balance at the tongue, which can be 

used for glacier evolution plots or theoretical calculations like response time estimates. 

To run the model, the starting and ending time, as well as the modeling and output time 

intervals must be selected. The ELA0 needs to be set, which serves as constant ELA for a 

steady state run, or during a time dependent steady state run as a baseline, from which the 

change in ELA is added or subtracted. An experiment can be initiated without ice, or with a 

prescribed existing glacier surface geometry. Finally, three types of ELA-forcing experiments 

were undertaken: (i) for a static mass balance forcing (steady state), the ELA remains constant 

throughout the run; (ii) for a sinus forcing experiment, the ELA changes as a sinus wave with 

given period (time) and amplitude (extent of change of ELA); and (iii) for a time-transient 

experiment, the input of ELA difference is calculated into the ELA0 at each point in modeling 

time.  
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Figure 6: Exemplary model output for a steady state ELA of 2700 m a.s.l. The map shows the 

ice surface elevation on the surface topography. The number in the upper left corner shows the 

run time (400 years). The colored lines are the flow lines of Brunnifirn (red), Staldenfirn 

(orange), and Glatscher da Strem (purple). The axis labels are rounded coordinates of the 

CH1903+/LV95 grid, one unit equals to 1 km.  

2.3.2 Steady state and step change modeling 
The first runs with the model consisted of steady state modeling, with no ice as initial state. 

After finding the parameters to produce outputs which correspond to defined extents (2019 CE 

extent, possible LIA extent), the ELA was lowered by constant increments of 50 m (25 m or 

smaller for extents of high to minor ELA changes). This produced series of steady state extents, 

from a tiny glacier with an ELA just below the peak of Oberalpstock, to a large glacier, reaching 

Maderanertal. These steady states could be compared to theoretical ELA calculation methods 

like the AAR or the mean elevation. The ice buildup was continued until steady state was 

reached, meaning no more change in glacier geometry for at least 50 years (or even for more in 

cases of large glacier extents, as minor size changes can occur over large time intervals). With 

the step change experiments, the procedure was the same as with the steady state experiments, 

but the end geometry of the last experiment (steady state with higher ELA) was used as 

starting glacier surface geometry. After producing steady state conditions, the change in volume 
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was used to calculate estimations of response times (e folding times, as done by Leysinger Vieli 

and Gudmundsson, 2004), corresponding to the ELA of the steady state experiment.  

These response times were compared to results of theoretical response time calculations. Firstly, 

response times are calculated as τv = H/(−bt), where H is the thickness of the glacier, and bt 

is the ablation (Jóhannesson et al., 1989). Secondly, response times are calculated as 

τv = He/(−be) − γeHe, where He stands for the effective and mean thickness of the glacier, be 

is the effective ablation at the tongue, and γe is the effective mass balance gradient (Harrison 

et al., 2003). 

2.3.3 Sinus experiments 
To estimate response times of different glacier extents and to find ELA thresholds at which 

glacier length changes are most sensitive, a series of sinus experiments were conducted. Time 

periods of 20, 50, 100, and 200 years were tested, i.e., the ELA sinus period was varied from 

short to long. The amplitude which defines the change in ELA during a period was kept at 200 

m, so the ELA was raised and lowered by 100 m during a full period. Each of these periods 

was applied to four different ELA0 values which are results of steady state modeling glacier 

extents: to a small glacier (ELA0 = 2800 m a.s.l.), to the 2019 CE extent in steady state 

(ELA0 = 2730 m a.s.l.), to an extent where minor changes in ELA lead to strong length 

variations (ELA0 = 2720 m a.s.l.), and to the possible LIA steady state extent 

(ELA0 = 2585 m a.s.l.).  

2.3.4 Transient experiments 

For modeling reconstructions of the Holocene and the Little Ice Age, temperature data was 

converted into ELA change and used as forcing for the model. The climatic change in the 

forcing was calculated as change in ELA, given by 

 ΔELA = ELAfc (Tann – Tavg) (2.4) 

 

with the average of temperatures Tavg from the MeteoSwiss data from 1901–2000 (8.5019 °C; 

MeteoSwiss, 2023) subtracted from the yearly temperature Tann (with varying data source, 

depending on the respective time period that is modeled) and then multiplied with a sensitivity 

factor ELAfc = 130. The temperatures for Tavg were taken over the entire 20th century to best 

ignore small variations in temperatures. The ΔELA is then added to the set value of ELA0 for 

the respective transient experiment, which leads to a variation in ELA, therefore expressing 

climatic change over time. The model has two ways of interpolating temperature if there is no 

data for one or several years: using the nearest next or last value or interpolating linearly 

between values.  

Oerlemans and Hoogendoorn (1989) found that 1 °C in temperature change would lead to a 

130 m change in ELA for a glacier in the Alps, however more recent studies have applied values 
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of 60–70 m °C-1 (Vincent, 2002), 113 m °C-1 (Oerlemans, 2010), 97 m °C-1 (Thibert et al., 2013), 

80–100 m °C-1 (Lüthi, 2014), or 50–85 m °C-1 (Six and Vincent, 2014). Due to these variations 

in ELA temperature sensitivity, three different factors (100, 120, and 130) were tested with the 

numerical model to find the best fitting factor for this model when applying it to Brunnifirn. 

Table 3: Overview of transient proxy-temperature-based modeling experiments. The respective 

periods and temperature sources are explained in the following chapters (2.3.5; 2.3.6). For better 

reading flow in the following chapters, experiments are not referenced by the names listed here, 

but rather by the covered period and the forcing used.  

Name Time 

period 

Temperature 

reconstruction/projection 

used as forcing 

Reference 

ELA  

(m a.s.l.) 

ELAfc 

(m °C-1) 

Sensitivity testing 1500–

2020 CE 

Combined yearly summer 

temperatures (Casty et al., 

2005b; MeteoSwiss, 2023) 

2700, 

2720, 

2730 

100, 

120, 130 

 

Transient1500_2020 1500–

2020 CE 

Combined yearly summer 

temperatures (Casty et al., 

2005b; MeteoSwiss, 2023) 

 

2720 130 

Transient9ka_2020_mil 9 ka 

until 

2020 CE 

9–0.451 ka: Milandre (Affolter 

et al., 2019b) 

1500–2020 CE: Combined 

yearly summer temperatures  

 

2720 130 

Transient9ka_2020_gisp 9 ka 

until 

2020 CE 

9–0.451 ka: GISP2 (Alley, 

2004) 

1500–2020 CE: Combined 

yearly summer temperatures  

2720 130 

Future1500_2099 1500–

2099 CE 

1500–2020 CE: Combined 

yearly summer temperatures  

2021–2099 CE: steady state 

ELA 

2720 130 

Future1981_2099 1981–

2099 CE 

CH2018 future temperature 

projections (CH2018, 2018) 

2720 130 
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2.3.5 1500–2020 CE 

This period is confined by the chosen temperature reconstructions listed in this chapter. It only 

covers a part of the LIA, from 1500 until its end at ca 1850 (Braumann et al., 2021; definition 

varies in literature). 2020 CE is the last modeled year. 

The most recent large glacier advances occurred during the LIA, a period characterized by 

glacial advance in many regions of the world. Depending on the regional differences in advances, 

the beginning of the LIA can be set to around 1350 or 1450 CE, and the end to around 1850 CE, 

when fast retreats of glaciers followed (Benn and Evans, 2010; Brönnimann et al., 2019). In 

this thesis, temperature data from the last 500 years serve as forcing to model the fluctuations 

of Brunnifirn.  

The first data set consists of the area-mean temperatures of northern Switzerland for elevation 

above 1000 m a.s.l. from 1864–2021 CE (MeteoSwiss, 2023: version 1.1.), which were produced 

by integrating air temperature data from a small number of measuring stations with long-term 

measurements (Begert and Frei, 2018). Thanks to the specific temperatures for high elevations, 

these can be applied to the case of Brunnifirn.  

This temperature series was combined with a temperature reconstruction for the European 

Alps from 1500 onwards, with a grid resolution of 0.5° x 0.5° (Casty et al., 2005a). This 

reconstruction was produced based on early measurement stations, but also applying 

documentary records like narratives and annals, resulting in seasonal resolution from 1500–

1658 CE, and monthly resolution from 1659–2000 CE (Casty et al., 2005b).  

Table 4: Overview of temperature files used for the period from 1500–2020.  

Name Source Type Temporal application 

Area-mean 

temperatures 

Northern Switzerland 

>1000 m a.s.l. 

MeteoSwiss 

(2023) 

Measured area mean 

summer temperatures 

(JJA) 

1864–2020 

Temperature 

variability in the 

European Alps since 

1500 

Casty et al. 

(2005a) 

Measured and proxy 

evidence summer 

temperatures (JJA) 

1500–1863 

(1500–1658: seasonal 

resolution; 1659–1863: 

monthly resolution) 

 

The temperature file to model from 1500–2020 (Figure 7; Table 4) firstly consists of the summer 

temperatures of the reconstruction from 1500–1863 (Casty et al., 2005a). From 1500–1658, the 

resolution is seasonal (summer season was used), and from 1659 to 1863 the resolution is 

monthly, where the summer months (June, July, August) average was used. A cooling offset of 

0.9 was applied to the reconstructed temperatures, as the curve shows the same variation as 
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the measured temperatures (MeteoSwiss, 2023), just with an offset. From 1864 to 2021, the 

averages of the measured summer months (June, July, August) were used.  

 

Figure 7: The reconstructed temperatures from Casty et al. (2005a), the measured and 

interpolated from above 1000 m a.s.l. temperatures from MeteoSwiss (2023), and the 

combination of both which was used as forcing for modeling of 1500–2020 CE. Note how the 

reconstructed temperatures from Casty et al. (2005a) are too warm compared with the 

MeteoSwiss data from 1864 (beginning of MeteoSwiss data set) to almost 1950, which is why a 

cooling offset of 0.9 was applied. 

  

1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000
5

10

15

5

10

15
Reconstructed Temperatures European Alps (Casty et al., 2005a)

1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000
5

10

15

5

10

15
Measured Temperatures Switzerland >1000 m a.s.l. (MeteoSwiss, 2023)

1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000
Year CE

5

10

15

5

10

15
1500-1863: Casty et al. (2005a), -0.9 offset. 1864-2021: MeteoSwiss, 2023



Methods   25 

Continuous reconstruction of Holocene fluctuations of Brunnifirn: 
Combining geomorphological mapping and ice-flow modeling 

MSc Thesis 
Jonathan Davidson 

 

2.3.6 Holocene 

Holocene modeling stands for long modeling of long periods from 9 ka BP onwards. For the 

sake of simplicity, model runs from 9 ka until today are hereafter called Holocene modeling.  

Table 5: Overview of temperature files used for the period from 9 ka onwards. 

Name Source Type Temporal application 

GISP2  Alley (2004) Yearly ice core 

temperatures 

9–0.45 ka 

Milandre Cave  Affolter et al, 

(2019b) 

Mean yearly fluid 

inclusion temperatures 

9–0.45 ka 

 

 

To analyze the evolution of Brunnifirn around the deposition time of the archeological finds, 

the Middle Holocene (ca 8.2 to 4.2 ka, as defined by Walker et al., 2018, 2012) was modeled, 

using two different temperature reconstruction datasets. Furthermore, longer parts of the 

Holocene were modeled, but the onset of the Holocene could not be included, as the much 

colder climate of the Early Holocene (until ca 10 ka, as shown by Alley, 2000; Affolter et al., 

2019a) would produce a glacier reaching the main valley (Maderanertal), resulting in poorly 

modeled geometry due to the resolution. Therefore, 9 ka BP was selected as starting point. At 

that time, the cooling of the Younger Dryas is not visible in the climate scenario anymore, and 

the modeling starts in a relatively warm period. The glacier therefore reaches a representative 

extent quite fast (see Figure 20). The 8.2 ka event is also included in the modeling.  

Two proxy temperature records were used in this thesis to reconstruct glacier extents of the 

Holocene (Figure 8): the fluid inclusion temperature record from the Milandre cave in 

northwestern Switzerland (Affolter et al., 2019b) and the ice core temperature reconstruction 

from the Greenland Ice Sheet Project 2 (Alley, 2004). These proxy temperatures were both 

converted into change in ELA (see equation 2.4). The reconstruction from the Milandre cave is 

based on water isotope analysis. This is meaningful for surface air temperature reconstruction, 

as the rain water is exposed to the surface temperature, making it a robust proxy for central 

Europe (Affolter et al., 2019a). The GRIP2 temperatures were inferred from the water isotope 

analysis of the ice cores, providing a history of local temperature evolution (Alley, 2000b). The 

ice core data stems from a continental region which normally does not experience melt, meaning 

that there are almost no dampening effects from water, resulting in stronger variations in 

climate (Alley, 2000a).  
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Figure 8: The temperature reconstructions used for Holocene modeling. The gray dotted line 

is the average of the MeteoSwiss data from 1901–2000 (8.5019 °C). The offset for the GISP2 

data was calculated in comparison with the average differences from the data for 1500–2020 CE 

(see Table 6). Note the strong variation of the GISP2 data. Nevertheless, the patterns are 

similar and clear signals like the 8.2 ka cooling are well visible in both reconstructions. 

An offset of 39.5 was applied to the Greenland Ice Sheet Project 2 (GISP2) data after 

comparison of averages with the temperature data for 1500–2020 CE (see Table 6). On the 

other hand, no offset was applied to the Milandre data, as a Milandre forcing with offset 

produces an unrealistically large glacier. As the Milandre and GISP2 data do not provide 

annual temperatures, calculating weighted means to allow better comparison with the data for 

1500–2020 CE (annual resolution) was considered, however, weighted means would give outliers 

in the data set too much importance. Therefore, standard average calculations were chosen. 

The GISP2 data set sometimes contains two temperature values per year. In those cases, the 

average was calculated between the temperatures, as the model can only work with one value 

per year. 
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Table 6: Averages of comparison period for temperature reconstructions used as forcing. 

Application 

period 

Data source Average 

temperature 

1500–1649 CE 

Average 

temperature 

1650–1799 CE 

Average 

temperature 

difference  

from 1500–2020 CE 

1500–2020 

CE 

Casty et al. 

(2005a);  

MeteoSwiss (2023) 

7.4206 7.587534  

9–0.45 ka Affolter et al. 

(2019b) 

8.0167 8.025 0.51576667 

9–0.45 ka Alley (2004) -31.995132 -32.002738 -39.503001 

 

2.3.7 Future glacier evolution 
In this thesis, model runs from 2020 to the end of the 21st century are called future modeling 

to make experiments more distinguishable.  

To assess the future evolution of Brunnifirn, two approaches were conducted to provide different 

perspectives on possible future change for the 21st century: firstly, results of the modeling of 

1500–2020 CE were used as starting glacier surface geometries, and temperature was kept 

constant at the average of the MeteoSwiss data from 1991–2020 and 2001–2020 (MeteoSwiss, 

2023) to produce change in ELA, as described in equation 2.4. Secondly, the Swiss climate 

scenarios CH2018 (CH2018 Project Team, 2018) were used to force the model. The modeled 

period starts in 1981, so a starting surface geometry of the modeling of 1980 was used to then 

model the period from 1981 to 2099. The daily temperatures were transferred into averages of 

summer months (June, July, August) to get one value per year, which was then translated into 

change in ELA (according to equation 2.4). Strongest warming occurs during summer (CH2018, 

2018), the modeled glacier therefore represents the most extreme aspects of the future 

projections. 

The CH2018 scenarios are based on the EURO-CORDEX regional climate simulations, which 

provide three different future projections for future climate change according to three different 

Representative Concentration Pathways (RCPs) (CH2018, 2018). The data was produced by 

applying statistical bias-correction and downscaling (Quantile Mapping) to the EURO-

CORDEX data (CH2018 Project Team, 2018). The three future projections are: strong 

reduction of emissions through mitigation measures (RCP2.6; global mean temperature 

warming < 2 °C until 2100), less emissions after 2050 (RCP4.5; global mean temperature 

warming of ca 2 °C), and no reduction of emissions and unceasing warming (RCP8.5; global 

mean temperature warming of 4–5 °C until 2100) (IPCC, 2013). It is important to note that 

these projections were modeled including political, economic and social decisions, and therefore 
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are not predictions (CH2018, 2018). By modeling three different RCP projections, the future 

change of Brunnifirn can be constrained as precisely as possible with the CH2018 temperature 

data. 

  

Figure 9: Exemplary CH2018 simulation (DMI-HIRHAM_ECEARTH) temperature 

projections for three RCPs for Disentis (closest station to Brunnifirn). The dotted lines are the 

respective trends. The displayed data is adjusted for Brunnifirn by fitting it to the >1000 m a.s.l. 

temperatures from MeteoSwiss (2023), as shown in Table 7. 

The data utilized here comes at station-based resolution, meaning the closest station had to be 

selected. From all EURO-CORDEX model simulations, the projections were selected by 

availability of daily temperatures and according to high spatial resolution (EUR11: ca 12km), 

leaving four data sets, listed in Table 7. The simulations are quite similar and usually values 

do not differ more than ca 1 °C, except for the SMHI-RCA simulation, in which warming is 

stronger. To increase robustness of the possible future glacier evolution, all four simulations 

were used. An exemplary simulation is plotted in Figure 9, the other three simulations are 

displayed in the appendix (Figure 51; Figure 52; Figure 53). The closest station represented in 

all four data sets is Disentis (CH2018, 2018). With an elevation of 1197 m a.s.l., the data had 

to be approximated to fit the alpine climate of Brunnifirn. This was achieved by correcting the 

temperatures with an offset (cooling) found by comparing the 1981 to 2021 period of each data 

set with the MeteoSwiss data for elevations above 1000 m a.s.l. in northern Switzerland 

(MeteoSwiss, 2023). The overlap for the 1981 to 2021 period is therefore more precise, providing 

1980 2000 2020 2040 2060 2080 2100

Year CE
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8

9
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RCP4.5
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a better transition from present to future temperatures. The offset in temperature was rounded 

to the second decimal point (all offsets are listed in Table 7). This translates to an accuracy of 

1.3 m ELA change, as the sensitivity factor ELAfc is set to 130.  

The result of modeling of 1980 served as starting surface geometry, and all four possible future 

projections were modeled for each RCP scenario from 1981 to 2099. Modeling as many 

simulations as possible minimizes the climate model and greenhouse gas scenario uncertainties 

(Feigenwinter et al., 2018), which increases understanding of the future evolution of Brunnifirn.  

Table 7: The CH2018 simulations with respective scenario and the calculated difference from 

the MeteoSwiss data, which was then subtracted as offset to account for the lower elevation of 

Disentis compared to the glacier. REMO1 and REMO2 are based on the same model but have 

different initial conditions (CH2018, 2018).  

Simulation name Greenhouse gas 

scenario 

Average difference 

from MeteoSwiss 

data (1981–2021) 

DMI-HIRHAM_ECEARTH  RCP2.6 4.97 

MPICSC-REMO1_MPIESM RCP2.6 5.14 

MPICSC-REMO2_MPIESM RCP2.6 5.06 

SMHI-RCA_ECEARTH RCP2.6 4.89 

DMI-HIRHAM_ECEARTH  RCP4.5 4.96 

MPICSC-REMO1_MPIESM RCP4.5 5.1 

MPICSC-REMO2_MPIESM RCP4.5 5.08 

SMHI-RCA_ECEARTH RCP4.5 4.91 

DMI-HIRHAM_ECEARTH  RCP8.5 4.87 

MPICSC-REMO1_MPIESM RCP8.5 5.08 

MPICSC-REMO2_MPIESM RCP8.5 5.15 

SMHI-RCA_ECEARTH RCP8.5 5.03 
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3  Results 
This chapter follows the structure of the methods, starting with mapping outcomes, then 

continuing with landform age dating results, and ending with numerical modeling outputs. 

Even though ELA estimations incorporate results of modeling, they are listed before the 

modeling results, as they are relevant for steady state modeling. Modeling outputs are displayed 

in geomorphological maps for the LIA extents of Brunnifirn, Staldenfirn and Glatscher da 

Strem, and for the moraine cluster above 2200 m a.s.l. This makes modeling results more 

graspable and conversely provides visualizations of glacier extents for the mapped moraines.  

3.1 Mapping 
The field mapping as well as the digital remote mapping provided an abundance of landforms. 

The digital remote mapping was crucial to prepare for the field and focus on the sections of 

the valley with relevant moraines. Vice versa, the field mapping allowed in-situ analyses of 

remotely mapped moraines and addition of missed forms. In the field, especially mapping on 

printed aerial images proved to be useful, as identifying landforms in the field is mostly easier 

than doing so remotely. Nevertheless, the digital remote mapping allowed for mapping in areas 

inaccessible due to time constraints, such as the Val Strem (where Glatscher da Strem used to 

flow through), Staldental (where Staldenfirn used to flow through), Tscharren (a valley where 

a glacier named Bächenfirn, flowing westward from below the peak of Oberalpstock, used to 

flow through), and Val Cavardiras and its side valleys (see Figure 23).  

The mapping results are displayed as field maps, digital remote maps, and a combination of 

both.  
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3.1.1 Field mapping 

 

 

Figure 10: Geomorphological map of the upper Brunnital, based on field mapping. A) The 

upper part of the valley and overview of everything that was mapped. The moraines and inferred 

ice flow directions (yellow arrows) give insight of past glacier extents and ice movement. B) 

Detail inset of the LIA moraine complex, with double ridge indicating multiple advances to the 

same position. C) Detail inset of the upper moraine cluster, where an abundance of moraine 

material was found.  

The mapping in the field allowed for a detailed analysis of small forms and ridges. Especially 

the large well-preserved moraine in the front of the moraine complex (on the orographic right 

of the river, see map B in Figure 10) revealed a second ridge, which could not be deciphered 

on the aerial images. Generally, ridges were mapped onto moraine features, to mark the highest 

point and shape of moraines. Further, all moraines categorized as remnant moraines could only 
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be identified in the field. Though they could be suspected on the aerial images, validating these 

assumptions in the field was essential. Mapping was easiest when conducted from a high vantage 

point, and when the sun hit the surface at an angle casting short shadows, as this made the 

smaller moraine remnants more distinguishable. In the next paragraphs, the significance of the 

mapped landforms other than the latero-frontal moraines is briefly explained. 

Supposed moraines: Four small hills in the landscape were classified as supposed moraines. 

The northernmost moraine (map A in Figure 10) lies just before a steep section of the valley, 

after which a plain with the mapped and age dated peat bog follows. During a retreat, the 

glacier would rapidly recede over the steep section and stand still above it, allowing for the 

deposition of a moraine. The three supposed moraines on the orographic left of the LIA moraine 

complex (map B in Figure 10) seem like extensions of the latero-frontal moraine remnants. 

They would complete the large latero-frontal moraine complex, which is indicated by the well-

preserved moraines on the orographic right.  

Peat bog: Mapping and age dating this landform proved to be a useful constraint for maximum 

extents and a form of temperature forcing validation: if a temperature forcing caused the glacier 

to override the peat bog within the age it was dated for, this would make the forcing less 

credible. During an advance the glacier would erode at least the upper layers of the peat bog, 

resulting in a younger age dating result.  

Transitions from rounded to sharp: The deposited rock material at the surface changed 

its appearance from rounded to sharp at these boundaries (red lines in Figure 10, photos in 

Figure 11). On the orographic left of the red lines, sharp material was probably deposited by 

rockfall, whereas the glacier could have deposited the rounded material on the orographic right. 

The change in material interestingly occurred again at the outer second line (further to the 

west), which might indicate two different limits of glacier extent. 
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Figure 11: Transition from rounded to sharp deposited rocks, as mapped in Figure 10 (eastern 

line of the two mapped). The red line in image A shows the transition, where rounded material 

is found to the left of the line, and sharp material is deposited on the right side of the line. 

Image B is a close-up shot of the rounded material (assumably deposited by the glacier), image 

C shows the sharp material (assumably deposited by rockfall). Photos: Jonathan Davidson in 

2022.  

Fluvial and gravitational process area: To help understand the chronology of moraine 

deposition, fluvial and gravitational processes were included, as they affect moraines. The 

rockfall cones are signs of high geomorphological activity, as many of the rocks were not 

overgrown by vegetation, indicating that they were deposited quite recently. High rockfall 
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activity also points towards burial of moraines, which explains why the eastern latero-frontal 

moraines of the LIA moraine complex are just moraine remnants.  

The debris flow channel divides a well-preserved moraine and a moraine remnant (see map B 

in Figure 10), and debris flows might have destroyed other moraines there. Concerning the 

chronology, the debris flow channel must have recently been active, as the fan was deposited 

after the glacier has retreated from its LIA maximum.  

Finally, the inactive streams mapped within the rockfall cones are again a sign of 

geomorphological activity. The inactive streams in the large southern rockfall cone (see map A 

in Figure 10) seem to be signs from when there was more ice in that steep slope of the valley. 
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3.1.2 Remote mapping 

 

 

Figure 12: A) Geomorphological map of the upper Brunnital, based on remote mapping with 

aerial images. Vegetation changes imply recent ice cover below the line. B) Detail inset of the 

LIA moraine complex, showing a second outer row of latero-frontal moraines to the orographic 

right, and supposed ridges as continuation of the frontal moraines on the orographic left. C) 

Detail inset of the upper moraine complex and numerous lateral moraines in the steep western 

valley slope. Most large moraines show clear ridges (bold purple lines) which indicate past ice 

extents. Background map: swisstopo (2023). 

The field map (Figure 10) is more detailed, however the aerial image map covers larger areas 

(see Figure 41 in the appendix for entire remote mapping overview). This allows for inclusion 

of rock glaciers and moraines in other valleys which are especially insightful for model 

validation, as they can be compared to glacier extents of modeling outputs.  

Moraines: Only well-preserved moraines were mapped in the remote mapping process. 

Moraines which are not well-preserved are not distinctive enough to be recognized in remote 

mapping. However, supposed ridges were included, which are linear extensions of moraines or 
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connections between moraines. They cannot be classified as clear ridges due to only consisting 

of little deposited moraine material, or sometimes even just resembling trimlines. They are, 

however, visible linear forms in the surface, recognizable in aerial images. 

Vegetation changes: The remote mapping 

revealed strong changes of the surface 

vegetation, which could only be suspected in 

the field. Below these lines, vegetation is 

sparse and does not appear as developed as 

above. This is an indicator of recent ice cover 

below the lines, where vegetation did not have 

a lot of time to develop yet.  

Rock glaciers: These periglacial forms were 

mapped because they complement the 

position of moraines. As rock glaciers can 

originate in debris-covered glaciers (Benn and 

Evans, 2010), finding a current rock glacier 

surrounded by moraine ridges points towards 

past ice coverage of that area.  

Latero-frontal and hummocky 

moraines: The form of the moraine outlines 

offered an easy distinction of moraine types 

into two classes: latero-frontal and hummocky 

(descriptive terms as proposed by Benn and 

Evans (2010)). They were found in remote 

and field mapping, which is why a combined 

map was produced (Figure 13).  

Old aerial images: To help constraining the retreat of the glacier in the last century, the 

glacier extent was mapped from aerial images (swisstopo, 2023a) which show significant length 

changes. This resulted in an overview of the retreat since 1946 (Figure 14), and even if only 

four images were used, the outlines provide an understanding of how the glacier acts during 

rapid warming as experienced in the last ca 60 years. Mapping errors along the mountain ridges 

occur due to inaccuracies in the orthorectification process.  

Figure 13: Classification of moraine types, 
based on aerial image and field mapping. 
Background map: swisstopo (2023). 
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Figure 14: Glacier outlines mapped from old aerial images. Note how the tongue position 

between 1979 and 1990 does not change. This is a result of excluding a piece of dead ice present 

in the 1979 image, because it is completely disconnected from the glacier tongue. Background 

map and old aerial images: swisstopo (2023).  

In the images from 1979 and 1990, the tongue is located at same position, but in the 1979 

image, there is a big piece of disconnected dead ice which is not an active part of the glacier 

anymore. For the sake of length change reconstruction, it was however counted as part of the 

glacier to allow comparison with the results of the modeling of 1500–2020 CE. The model takes 

the furthermost piece of ice along the flow line to measure length, so it makes sense to include 

the dead ice located on the flow line as part of the glacier when comparing with modeling 

outputs. 
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Figure 15: Integrated map of geomorphological landforms which indicate past glacier extents. 

Elements of field and remote mapping are combined. Background map: swisstopo (2023). 

The combination of field and remote mapping shows how the results of the different mapping 

methods fit together (Figure 15). Vegetation changes and transition from rounded to sharp 

rock debris at the surface are in line with moraines and seem like connections between them.  
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3.2 Radiocarbon dating 
The ages of the dated organic material allows to constrain fluctuations of Brunnifirn temporally. 

The soil sample extracted from below boulders in the LIA moraines is far older than the period 

of the LIA with a calibrated age of ca 12.5 ka BP (see Table 8 for exact ages). This indicates 

that the glacier deposited the material that was dated before ca 12.5 ka BP, or that an old soil 

was eroded at a different location and deposited at the moraine.  

The sample from the peat bog was not extracted from the deepest horizon (see Figure 5) 

meaning that the deeper layers are probably older than the one dated to ca 3.8–3.5 ka BP. 

Here, the age of the sample implies that the glacier did not extend over the position of the peat 

bog, as it would have been destroyed by an advance of those dimensions.  

Table 8: The 14C ages of the two sampling sites (see Figure 3 for locations). A second sample 

taken from the LIA moraine could not be age dated due to insufficient organic content. 

Sample 

location 

Elevation  

(m a.s.l.) 

Uncalibrated age BP 

 

Calibrated age BP 

(68.3% probability) 

Calibrated age BP 

(95.4% probability) 

Moraine 

soil (LIA) 

2070 10556 ± 52 a BP 

(δ13C: -18.8 ± 1.0‰) 

12673–12491 12703–12476 

Peat bog 2035 3388 ± 33 a BP  

(δ13C: -21.9 ± 1.0‰) 

 

3685–3574 3814–3494 
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3.3 ELA estimations 
Based on the mapping and numerical modeling, ELAs for three extents were compared: today’s 

extent, an extent reaching the upper moraine cluster (see map C in Figure 10), and an extent 

reaching the LIA moraine complex. It is important to keep in mind that the ELAs derived from 

numerical modeling are based on steady state geometries, as this is the clearest way to match 

a specific extent, but this also results in an overestimation of ELA values. The steady states 

were reached with buildup of ice, which means that in transient phases, the same ELA would 

probably produce a shorter extent (or a longer one during a phase of retreat from a larger 

extent, respectively). The ratio between accumulation and ablation area was found to be around 

0.66 but this assumption varies depending on glacier geometry and mass balance gradient 

(Mackintosh et al., 2017). Nevertheless, the glacier area was measured and divided into two 

parts where the accumulation area is double the size of the accumulation area. This results in 

large inaccuracies, as the division, i.e., the ELA, between the two areas is hard to find at 

constant elevation while still respecting the ratio of 0.66. The values in Table 9 are therefore 

given with a range or strongly rounded. The mean elevation method is calculated by adding 

the elevation of the lowest point at the glacier tongue to the elevation of the highest point of 

the bergschrund (Leonard and Fountain, 2003). This was achieved by determining the elevation 

of the frontal LIA moraine, an average elevation of the upper moraine cluster, and an average 

elevation of today’s tongue. The elevation of the bergschrund was determined with the 2019 

aerial image and had to be averaged as well, as it does not lie at the same elevation over its 

whole width.  

Table 9: ELA values based on two theoretical methods and numerical modeling, for three 

different glacier extents. Note that the numerical modeling ELAs are based on steady state 

extents. 

ELA calculation 

method 

Current extent  

ELA (m a.s.l.) 

Upper moraine cluster 

ELA (m a.s.l.) 

LIA extent  

ELA (m a.s.l.) 

Mean elevation 2'904.25 2'740.92 2'657.58 

AAR 2740–2750 2600–2650 2600 

Steady state modeling 2730 2650 2585 

 

The current extent steady state ELA of 2730 m a.s.l probably is set too high, as compared to 

the aerial image, the model output is too small. Lowering the ELA by just one meter however 

resulted in the tongue flowing over the edge of the plain into the steep slope. As steady states 

are a theoretical concept, comparisons must remain critical, and thus the approximation to the 

actual glacier extent can be used.  
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3.4 Numerical modeling 
The 2-D ice-flow model (as applied by Brown et al., 2013; and Evans et al., 2012) was first 

employed for steady state experiments. Glacier response to fluctuating climate was explored in 

sinus experiments. The next step was to use the temperature reconstructions as climatic forcing 

and adjust the reference ELA and temperature-ELA conversion factor. For this, the 

temperature forcing of 1500–2020 CE was used (Figure 7). Finally, the period of 1500–2020 CE, 

the Holocene, and the future scenarios were modeled, each based on the temperature forcings 

listed in Table 3.  

3.4.1 Steady state and step change 
After initial reproduction of current and past glacier extents (extents reaching: the edge of the 

plateau, the upper moraine cluster, the LIA moraine complex), the ELA was lowered by 50 m 

increments. The end geometry of the next respective higher ELA steady state was used as 

starting glacier surface geometry (with no ice for the first experiment). The upper boundary 

was given by the maximum elevation of Oberalpstock (3328 m a.s.l., so a maximum ELA of 

3300 m a.s.l.), and the lower boundary was set at 2400 m a.s.l., and ELA value which caused 

the glacier to extend over the steep section at the end of Brunnital, into the main valley, 

Maderanertal. This lower boundary was chosen because an extent of Brunnifirn flowing into 

Maderanertal would require colder climatic conditions than the ones found during the part of 

the Holocene considered in this thesis (from 9 ka onwards).  

The 50 m increments of ELA change were repeated for a retreating glacier, meaning the 

2400 m a.s.l. ELA steady state geometry was the starting point, and the ELA was increased 

for each steady state. The respective next lower ELA steady state served as starting glacier 

surface geometry.  
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Figure 16: Steady state lengths for a range of ELAs, for an advance and a retreat case 

(lowering or increasing ELA, respectively). Upper boundary: elevation of Oberalpstock; lower 

boundary: ELA causing Brunnifirn to flow into Maderanertal. Steady state was declared when 

the glacier did not change its length for at least 100 years. 

Length results of lowering and increasing the ELA are mainly similar (Figure 16), except for 

especially the zone between ca 2 and 4 km length, where a hysteresis is discernible: the steady 

states modeled by increasing ELA are longer than those modeled by lowering the ELA (plot A 

in Figure 17). This hysteresis probably occurs because during an advance the ground in front 

of the glacier is ice free, and the glacier needs to advance into warmer climate. During a retreat 

on the other hand, the glacier tongue moves into colder regions where there already is ice. This 

influence on local climate probably is enough to alter mass balance, causing steady states 

reached by increasing the ELA from larger starting extents to reach equilibrium with bigger 

lengths. The bed geometry (plot B in Figure 17) probably supports the hysteretic behavior, as 

the large overdeepening first needs to be filled during glacial advance, leading to smaller changes 

in length, even when the tongue starts to flow over the edge of the plateau. When the 

overdeepening is filled sufficiently, however, lengths increase strongly. 
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Figure 17: A) Detail of steady state lengths shown in Figure 16 better illustrate the hysteresis. 
Note that experiments where not conducted for all ELAs equally: for both decreasing and 
increasing ELA, 50 m increments were followed. However, additional experiments for smaller 
ELA variations were conducted irregularly. B) Glacier surface elevation along flow line. Light 
blue: steady state approximation of today’s glacier surface (ELA: 2730 m a.s.l.). Dark blue: 
steady state surface reaching LIA moraine complex (ELA: 2585 m a.s.l.). 

The steady state for 2730 m a.s.l. ELA is the best approximation of today’s extent but does 

not fill whole plain towards the east (see Figure 42 in the appendix). Lowering the ELA by just 

a few meters causes glacier to flow over the edge, which is not the case anymore today. 

Compared to the 2019 aerial image extent, the model overestimates the ice extent at the eastern 

flank of Oberalpstock, where there is no more ice left today. The extents of Glatscher da Strem 

and Staldenfirn are overestimated as well. However, this is a comparison of a theoretical steady 

state to a rapidly retreating glacier, and therefore can be used as reference of today’s glacier 

size, if the disparities are kept in mind. 
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3.4.2 Response time 

To better understand the climate sensitivity of Brunnifirn, response times were calculated. 

Transient modeling results can be better interpreted when the reactions of the glacier are better 

understood.  

Volume e folding time 

Thanks to working with a numerical ice-flow model, theoretical response times could be 

calculated. Changes in climate cause changes in glacier length, which come with a time lag but 

are easily documentable in the field. Glacier volume however immediately adjusts to climatic 

changes. The resulting response time, the time until a glacier has fully adjusted to climatic 

change and has reached a new equilibrium state, cannot be measured (Solomina et al., 2015). 

Thus, when working with field observations only the reaction time resulting from measuring 

length changes can be looked at. The numerical ice flow-model on the other hand also 

documents changes in volume, allowing for calculations of the immediate response times.  

The step change experiments of lowering the ELA show clearly how long it takes the overall 

volume to reach equilibrium state after initiation of an ELA step change. From these results, 

volume e folding times were calculated (Table 10). As ELA step change experiments were 

conducted for an advancing glacier, the e folding time thus is the time until glacier volume 

reaches 1 – e-1 of the steady state volume (as applied by Leysinger Vieli and Gudmundsson, 

2004), roughly corresponding to two thirds of the total volume change.  

  



Results   45 

Continuous reconstruction of Holocene fluctuations of Brunnifirn: 
Combining geomorphological mapping and ice-flow modeling 

MSc Thesis 
Jonathan Davidson 

 

Table 10: Response times, i.e., e folding times, calculated from lowering ELA step change 

experiments. Due to modeling resolution, response times are given as 10-year maximum and 

minimum values. Step change increments are 50 m, as volume changes of smaller increments 

are not discernible enough.  

ELA 

(m a.s.l.) 

Steady state 

volume before 

step change 

(m3) 

Steady state 

volume after 

step change 

(m3) 

ଶ

ଷ
 ΔV (1 – e-1) ΔV Min./max. 

response time (a) 

3050 5133387.3 8200155.3 7157454.18 7071954.4 60–70 

3000 8200155.3 11890145 10635548.5 10532673.7 30–40 

2950 11890145 19037615 16607475.2 16408207.7 60–70 

2900 19037615 26227857 23783174.7 23582714.8 40–50 

2850 26227857 35436035 32305254.5 32048535.6 40–50 

2800 35436035 50573532 45426783 45004758.1 50–70 

2750 50573532 83036723 71999238.1 71094182.4 80–100 

2700 83036723 189417330 153247924 150282092 160–180 

2650 189417330 247039370 227447876 225841406 60–70 

2600 247039370 306436610 286241548 284585587 40–50 

2550 306436610 387522930 359953581 357692940 40–60 
 

Theoretical response time 

Thanks to modeling outputs including the mass balance at the terminus, simple calculations 

for theoretical response times could be conducted. Results of these calculations are expected to 

be comparable to the adjustment time of the glacier volume, i.e., the e folding time 

(Jóhannesson et al., 1989).  

Table 11: Response times calculated from steady state geometries with the approach developed 

by Jóhannesson et al. (1989). Note how the formula is not applicable for decimal ablation values 

(2730 m a.s.l. ELA), as this leads to irrationally high values. Ice thickness values are maximum 

values along the flow line. 

ELA 

(m a.s.l.) 
Hmax (m) bt (m a-1) τv (a) 

2800 67.1417 -1.3475044 49.8267019 

2730 145.4416 -0.6134903 237.072363 

2720 166.5243 -2.1079712 78.9974265 

2585 188.1549 -3.0227569 62.2461237 
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Values calculated according to Jóhannesson et al. (1989) for steady states of a glacier smaller 

than today (2800 m a.s.l. ELA), approximately as large as today’s extent (2730 m a.s.l. ELA), 

slightly flowing over the edge of the plateau into the steep section (2720 m a.s.l. ELA), and as 

large as the LIA maximum, are compiled in Table 11. For the thickness, the maximum, Hmax, 

determined along the flow line was used. The ablation bt was extracted from the last grid point 

along the flow line. 

Response times were calculated for the same steady state extents as above with the method 

described by Harrison et al. (2003) and are compiled in Table 12. For the thickness, the effective 

maximum, Hemax, and the average effective maximum, Heavg, along the flow line were used. The 

ablation be was again extracted from the last grid point along the flow line. 

Table 12: Response times calculated from steady state geometries with the extended formula 

by Harrison et al. (2003), given for maximal and average ice thickness values along the flow 

line. Note how the formula is not applicable for decimal ablation values (2730 m a.s.l. ELA), 

as this leads to irrationally high values.  

ELA 

(m a.s.l.) 
Hemax (m) Heavg (m) be (m a-1) γe (a-1) τvmax (a) τvavg (a) 

2800 67.1417 43.3914708 -1.3475044 0.007 76.5136679 41.5721049 

2730 145.4416 79.7293684 -0.6134903 0.007 -359.46931 1439.55476 

2720 166.5243 80.7705329 -2.1079712 0.007 176.720902 52.3607627 

2585 188.1549 91.8138523 -3.0227569 0.007 110.311264 38.5762774 
 

In both cases, the response time values are comparable to the e folding times derived from ELA 

step change experiments (Table 10). The only case where results are completely different is the 

2720 m a.s.l. ELA steady state. In this case, the glacier flows over the plain and terminates in 

the steep section, which leaves the calculated ablation at the tongue too small, causing the 

response times to be exaggerated. 

3.4.3 Sinus experiments 
To examine the climate sensitivity of the glacier, ELA sinus experiments were conducted. The 

ELA was forced into sinus wave behavior with an amplitude of 200 meters, meaning that the 

minimum and maximum ELA values of a sinus wave are 100 meters lower or higher, 

respectively, than the initial ELA (ELA0). This was maintained while altering the period of 

the sinus wave for values of 20, 50, and 100 years. The starting glacier surface geometry was a 

steady state extent of the respective initial ELA. These variations were performed for four 

glacier types: a small glacier (ELA0 = 2800 m a.s.l., Figure 18), today’s extent 

(ELA0 = 2730 m a.s.l., Figure 44), an extent slightly larger than the edge of the plain 

(ELA0 = 2720 m a.s.l., Figure 43), and a LIA extent (ELA0 = 2585 m a.s.l., Figure 19). 
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Today’s extent and the one slightly larger than the plain were purposely chosen to be this 

similar to better understand the length feedback when the initial state lies within the plain 

versus when the initial state already exceeds the plain into the steeper section.  

The sinus experiments show that a small glacier reacts a lot faster than a glacier reaching LIA 

extent, as expected. Also, the larger the glacier, the less length change occurs for the 20-year 

sinus period. The volume however always shows clear changes, even in the case of the LIA 

extent with a 20-year sinus period (Figure 19). This underlines the assumptions of time lag of 

reaction time versus response time: the volume response time which is a theoretical value 

(Solomina et al., 2015) occurs immediately after a shift in ELA, and is just slightly delayed. 

The length response on the other hand occurs with a large delay to the climate signal. 

Interestingly, the case of the large LIA extent shows less delay in volume response time than 

the theoretical calculations suggest (see Table 10, Table 11, and Table 12). This may result 

from the ablation value used for theoretical calculations being too low. 
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Figure 18: Sinus ELA forcing around an ELA0 of 2800 m a.s.l., with sinus periods of 20, 50, 

and 100 years. Even the rapid change in climate signal resulting from the 20-year period is 

visible in volume and length change. Length does not lag far behind volume change.  
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Figure 19: Sinus ELA forcing around an ELA0 of 2585 m a.s.l., with sinus periods of 20, 50, 

and 100 years. The rapid change in climate signal resulting from the 20-year period is not 

visible in length, however it can be observed in volume change. The lag of length changes is well 

illustrated.  

The strong almost to vertical change in length for the 100-year period (green line in Figure 19) 

is caused by a tributary glacier, Tschingelfirn, which reaches the flow line of Brunnifirn and 

thus is counted as the front of Brunnifirn by the model (ice furthest along the flow line is 

counted as maximum length). Note how this influence by Tschingelfirn is only visible in the 

second length maximum at 200 years, indicating that ice buildup during a first ELA minimum 

is required for the tributary glacier to reach the valley ground (and thus the flow line of 

Brunnifirn) during a second advance. 

The experiments with today’s glacier extent and the extent just flowing over the plain yielded 

interesting information about how the change in bed and ice geometry due to the glacier flowing 

into the steep section influence volume and length change. The larger glacier 
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(ELA0 = 2720 m a.s.l., Figure 43) which initially flows over the plain cannot reach its initial 

length again with a 20-year period ELA forcing It reaches a repeating length change cycle after 

ca 250 years, and, with a 500 m difference between maximal and minimal length in the case of 

a 100-year period forcing, fluctuates strongly. The smaller glacier (ELA0 = 2730 m a.s.l., 

Figure 44) generally increases its volume over the 500 years for all three sinus forcing periods. 

In the case rapid changes in ELA (20-year sinus period) the glacier does not retreat as strongly 

between advances and builds up enough ice to flow over the edge of the plain after ca 250 years. 

In the case of the slow 100-year ELA sinus period, the tongue retreats too much during the 

first ELA maximum to advance over the edge of the plain in the 500 years that were modeled. 

3.4.4 Sensitivity testing 

The period from 1500–2020 CE was used to test the sensitivity of the reference ELA (ELA0) 

and the temperature-ELA conversion factor (ELAfc). The resulting ideal ELA0 and ELAfc are 

then applied to all temperature-proxy-based transient modeling experiments. The period from 

1500–2020 CE proved to be ideal for sensitivity testing, as it is just long enough to see the 

influence of the starting glacier surface geometry. Also, the length measurements by the Swiss 

Glacier Monitoring Network (GLAMOS, 2022) and lengths derived from mapping on aerial 

images (images from swisstopo, 2023) are useful constraints to evaluate if the modeled extents 

lie within a reasonable range. However, these constraints come with uncertainties: for the 

GLAMOS measurements, it is unclear where exactly the absolute length of the glacier was at 

a given time, as only annual length changes were observed instead of points. The details of the 

reference position are unknown. For example, measurements could have been taken away from 

the center of the glacier, i.e., the flow line, and the reference point for measurements could have 

changed over time. Also, as the aerial image from 1979 CE shows, a big piece of dead ice 

separated from the tongue before (before 1979 CE, however unknown year of separation, as the 

last image analyzed is from 1958 CE, where the tongue is connected). If such dead ice should 

be counted as part of the glacier may be a question of definition. In the case of the remote 

mapping in this thesis, it was counted as part of the glacier for better comparability with model 

outputs, as the model counts the furthest grid cell along the flow line that contains ice as the 

glacier length.  

To test sensitivity and evaluate a fixed reference ELA (ELA0) and the temperature-ELA 

conversion factor ELAfc, three different starting glacier surface geometries were used to model 

the period from 1500–2020 CE. ELA0 and ELAfc were the same for each run, and the results 

were compared to extent of the LIA moraine and the documented retreat by GLAMOS and 

the remote mapping (Figure 20). Three reference ELAs were tested based on steady state 

modeling results: 2730 (extent filling the plain), 2720 (extent flowing over the plain), and 

2700 m a.s.l. (extent almost reaching the upper moraine cluster). Three ELA conversion factors 

were tested, accordingly: 130 m °C-1, 120 m °C-1, and 100 m °C-1. Not all factors were tested 

for each ELA0, as results of the combination ELA0 = 2720 m a.s.l. and 130 m °C-1 are 
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convincing and fit the above-mentioned criteria. The following table is a short summary of the 

reasons for exclusion of the factor combinations displayed in the appendix (Figure 45; Figure 

46; Figure 47; Figure 48; Figure 49). 

Table 13: Short summary of parameter combinations and the reasons why they were not used 

for further modeling. For details see Figures 45–49 in the appendix. 

ELA0 (m a.s.l.) ELAfc (m °C-1) Over-/underestimations 

2700 120 Glacier is too large for LIA max and during 1950–2020 

retreat. 

2720 120 Glacier does not reach LIA moraine. 

2730 120 Glacier does not reach LIA moraine. 

2730 130 Glacier is too large for LIA max and during 1950–2020 

retreat. 

2720 100 Glacier does not reach LIA moraine. 

 

The retreat recorded by GLAMOS and in the aerial images could not be exactly matched with 

any parameter combination and the applied summer temperature forcing (Casty et al., 2005a; 

MeteoSwiss, 2023). However, the LIA maximum extent confined by the LIA moraine complex 

could be matched, and a clear first peak with a subsequent retreat and final readvance as well 

as a short stagnation of retreat during the 1980s could be modeled (Figure 20). 
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Figure 20: A) ELA forcing for the modeling of 1500–2020 CE with 10-year means (red line), 

derived from the summer temperature curve (Casty et al., 2005a; MeteoSwiss, 2023). 

B) Sensitivity experiment for 1500–2020 CE length evolution of Brunnifirn, using three different 

starting glacier surface steady state geometries (yellow, blue, and green lines). Length 

measurements (GLAMOS and aerial images) are displayed for comparison, and the gray dotted 

lines show today’s extent and the possible LIA maximum extent. The red dot marks the glacier 

length on the Siegfried map (data content from 1859 CE, according to swisstopo, 2023). 

After ca 1700 CE, the length curves overlap (bold lines in Figure 20), meaning that the starting 

glacier surface geometry signal is not visible anymore, except for some peaks. The two most 

deviating length evolutions resulting from other parameter combinations are displayed as blue 

dotted lines. The two deviating length evolutions stemming from different parameter 

configurations than the ones used for the main length reconstruction (blue solid line in Figure 

20) either overshoot the LIA moraine or are too short which would not allow for deposition of 

the clear moraine found in the field. The ice extent recorded from the Siegfried map corresponds 
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to 1859 CE (swisstopo, 2023a) and fits the modeled extent, but has to be viewed with caution, 

as the exact circumstances of mapping remain unclear. The retreat encountered in ca the last 

80 years seems to be hard to match with the numerical model, probably because it occurs 

rapidly over the complex bed geometry. The result of the modeling for the year 2020 is a slight 

underestimation of Brunnifirn, Glatscher da Strem and especially Staldenfirn however are larger 

than their actual 2019 extents (Figure 24). As mentioned in chapter 3.4.1, today’s glacier extent 

cannot be recreated in steady state either. Discrepancies may be caused by debris cover on the 

southern part of the plain, i.e., on the north slope of the southern ridge, or by precipitation 

feedback. 

3.4.5 1500–2020 CE modeling 

A maximum extent is reached in 1630 CE and lasts for 20 years (Figure 21, overview map: 

Figure 25). The model produces a slightly larger extent than the moraine ridge. The last 

maximum extent does not match the ca 1630 maximum but matches the extent displayed on 

the Siegfried map in dimension and fits for the time when measurements for that map were 

taken.  
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Figure 21: A) ELA forcing for the modeling of 1500–2020 CE with 10-year means (red line), 

derived from the summer temperature curve (Casty et al., 2005a; MeteoSwiss, 2023). 

B) LIA fluctuations of Brunnifirn, Staldenfirn and Glatscher da Strem with the same ELA 

forcing (parameter configuration: ELA0 = 2720, ELAfc = 130). The starting glacier surface 

geometry is a 2720 m a.s.l. ELA steady state. The blue box shows a range within Brunnifirn 

fluctuated over ca 250 years during the LIA period. The dashed gray lines show the 2019 extent 

of Brunnifirn and the position of the LIA moraine. The red dot marks the glacier length on the 

Siegfried map (data content from 1859 CE, according to swisstopo, 2023). Length measurements 

(GLAMOS and aerial images) are displayed for comparison. 

In comparison with the moraines, the modeling outputs seem plausible: they complete the 

hypothetical extent proposed by the moraines and ridges, also matching lateral moraines and 

supposed moraine ridges, as well as moraine remnants (Figure 22). 
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Figure 22: A) Brunnifirn LIA maximum modeling extent maintained from 1630–1650 CE. B) 

Modeling output of last LIA maximum reached ca 1870. Not only the LIA maximum moraine 

complex is matched, but also lateral moraines fit well with the modeled glacier extent. Also, the 

ice margins complement the supposed moraine ridges and moraine remnants.  

Staldenfirn and Glatscher da Strem are much smaller and flow on steeper bed geometries than 

Brunnifirn, resulting in faster responses to climate signals. After an initial clear advance until 

ca 1600 CE, they maintain their sizes until a short retreat around 1800 CE, to then quickly 

readvance and finally retreat to the uppermost parts of Oberalpstock (Figure 21). Staldenfirn 

retreats well before Glatscher da Strem around 1800 CE, which points to a faster response time 

of the former. Both small glaciers readvance for a few years after 1980 CE, whereas Brunnifirn 

stagnates without readvancing before continuing to retreat. 
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Figure 23: A) Maximum extents of Staldenfirn and Glatscher da Strem during the modeling 

of 1500–2020 CE, output for 1610 CE. Bächenfirn, a glacier not quantified during modeling, 

flows towards the west. Note how ice extent match the mapped moraines. B) Detail inset for 

Staldenfirn flowing towards north and Bächenfirn flowing towards west, both ice extents 

matching large lateral moraines. Background map: swisstopo (2023). 

Staldenfirn and Glatscher da Strem reach their LIA maximum extents around 1610, about 20 

years before Brunnifirn. Both modeled maximum extents fit well with moraines documented 

during the remote mapping. For another small glacier, Bächenfirn, originating below the peak 

of Oberalpstock at ca 2900 m a.s.l., and flowing westwards, the modeled ice surface fits between 

two lateral moraines and reaches a large frontal moraine. These three smaller glaciers matching 

large moraines which are well-conserved (i.e., not strongly weathered, indicating recent 

deposition) shows how the model seems to be applicable to glaciers with different bed 

geometries and orientations, which suggest robustness of model application (see Figure 23). 
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Figure 24: Final output of the modeling for the year 2020, compared with the glacier outline 

2019. Note how the south-eastern part of the plain is underrepresented by the model, where the 

glacier is debris-covered. Background map: swisstopo (2023). 

The final year of the 1500–2020 CE modeling period is a slight underestimation of the actual 

glacier extent in that year (see Figure 24). On the other hand, on the south-western flank of 

Oberalpstock, no ice is seen in the aerial image from 2019, however the model output shows 

ice.  
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3.4.6 Holocene modeling  

In a second part of modeling past fluctuations, the focus was set on the Holocene from 9 ka 

until today. Based on the sensitivity experiments for the modeling of 1500–2020 CE, the same 

parameters were set for Holocene modeling (ELA0 = 2720 m a.s.l., ELAfc = 130 m °C-1). The 

temperature reconstructions from Milandre cave (Affolter et al., 2019b) and from Greenland 

ice cores (Alley, 2004) were used as temperature forcing to examine how the two temperature 

reconstructions produce different glacier length evolutions.  

The 1500–2020 CE temperature reconstruction (Casty et al., 2005a; MeteoSwiss, 2023) was 

applied from 1500 CE onwards (Figure 28). To investigate the glacier size during the time for 

which the archeological artifacts are dated, the period from 9 to 7.5 ka is displayed in detail 

(Figure 26). The results of the Holocene modeling show that trends of both forcings are the 

same and cold and warm peaks are represented in both evolutions. However, the glacier extent 

produced by the GISP2 data is significantly smaller than the one based on the Milandre data 

for most of the modeled period, except for short events around 1.2 and 4.8 ka (see Figure 28).  

Interpolation between temperature data points in the forcing file was set as nearest neighbor 

for the whole period from 9 ka onwards. To assess the influence of the interpolation method, 

the period from 9 to 7.5 ka was also modeled using linear interpolation between temperature 

data points (Figure 50). Results are similar, but length variations are smoother. However, 

response times to climate signals are better visible thanks to the clear peaks of linear 

interpolation, in contrast to the plateau-like shape of the nearest neighbor interpolation. The 

temperature minimum of the GISP2 reconstruction is reached shortly before 8.2 ka, producing 

a length maximum of the glacier shortly after 8.2 ka. The temperature minimum of the 

Figure 25: LIA maximum extent 
of Brunnifirn based on modeling 
(output for 1640). Note how 
moraines in Val Cavardiras to the 
east are matched by the modeled ice 
extent. Background map: swisstopo 
(2023). 
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Milandre reconstruction on the other hand is reached at ca 8.15 ka, producing a glacier length 

maximum after 8.1 ka. The lag of glacier length maximum behind temperature minimum in 

case of the Milandre temperatures is about 50 years, whereas it is less than 50 years for the 

case of the GISP2 temperatures. This difference in response time can be explained by the 

glacier size: as the GISP2 temperature minimum is warmer than the one based on the Milandre 

reconstruction, the glacier modeled with the former forcing is smaller and can thus react faster 

to climatic change.  
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Figure 26: Holocene modeling around the period the archeological artifacts are dated for (red 

box in plot B). Modeling was started before the cold interval around 8.2 ka to eliminate bias of 

the starting glacier surface geometry (steady state for 2700 m a.s.l. ELA). A) ELAs calculated 

for GISP2 and Milandre temperature reconstructions (ELA0 = 2720, ELAfc = 130), with 

nearest neighbor interpolation between data points. B) Brunnifirn length modeled from the two 

different ELA calculations. The gray dotted lines show known glacier extents as reference, the 

green dotted line shows the position of the peat bog which was radiocarbon age dated to ca 3.8–

3.5 ka BP. 

The ages assigned to the archeological artifacts come after a retreat from a large glacier extent 

for both temperature forcing options. In the case of the Milandre forcing however, the glacier 

exceeds the LIA moraine complex by ca 2 kilometers and flows together with a tributary glacier, 

Tschingelfirn, which reaches the main valley from an eastern slope during cold climate. In 

Figure 26 the issue of measured glacier length by the model versus actual glacier length (as 

described for Figure 19) was corrected manually, the displayed lengths therefore represent the 

actual glacier extent. From the moment when Brunnifirn connects with Tschingelfirn, both 

tongues are counted as one and the point located furthest down valley is measured as maximal 
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length. During the retreat, from the moment when the two glaciers disconnect, the tongue of 

Tschingelfirn remaining in the valley is not counted to Brunnifirn anymore. 

During the period which the archeological artifacts are dated for, the two glacier extents are 

quite different: for the case of Milandre forcing, the glacier is still on a retreat from an extent 

similar to the LIA maximum, and only becomes as small as it is in 2019 CE around 7.75 ka. 

The glacier modeled with GISP2 forcing on the other hand is smaller than today for the entire 

period the artifacts are dated for.  

The temperature minimum recorded in both reconstructions around 8.2 ka BP is the clear 

minimum of the modeled period from 9 ka until today. During this glacier maximum, the peat 

bog with a radiocarbon age of ca 3.8 to 3.5 ka BP is overridden by the glacier produced with 

Milandre forcing from 8.15 ka on for ca 100 years. The GISP2 forced glacier extent does not 

reach the peat bog during this peak. This advance of the glacier produced with Milandre forcing 

is the only advance throughout the modeled period from 9 ka until today that is large enough 

to override the peat bog. Drilling a deeper core from the peat bog to also constrain the age of 

the deepest layers would allow to confirm the modeling: if the oldest layers would date back to 

ca 8 ka, this would confirm that the GISP2 temperatures are too warm, and that the Milandre 

forcing is representative for this case. This hypothesis would however require thorough testing.  

The Holocene modeling includes a future evolution: the ELA of the last modeled year (2021 

CE, ELA = 2949.85 m a.s.l.) was kept constant until the end of the century. This is however 

not a realistic approach to constrain future evolution, as at least a temperature average over 

30 years is required to model the steady state for current climate. This approach and future 

modeling including RCP simulations is documented in more detail in chapter 3.4.7. 

  



Results   62 

Continuous reconstruction of Holocene fluctuations of Brunnifirn: 
Combining geomorphological mapping and ice-flow modeling 

MSc Thesis 
Jonathan Davidson 

 

 

 

Figure 27: Model output reaching the upper moraine cluster (steady state 

ELA = 2650 m a.s.l.), displayed with moraines mapped during field and remote mapping (no 

differentiation between mapping method for better readability). This extent is reached multiple 

times throughout the Holocene, especially for the Milandre-forced glacier (Figure 28).  

Throughout the Milandre-forced reconstruction, Brunnifirn often reached an extent of the 

upper moraine cluster (see grey dotted line in Figure 28). This may have allowed for deposition 

of a high volume of sediment, and thus the formation of numerous hummocky moraines. An 

exemplary extent is displayed in Figure 27. 

The GISP2 forcing only causes the glacier to reach similar extents around 4.5 ka. Overall, the 

glacier modeled with the GISP2 forcing is smaller than the 2019 extent for the whole modeled 

period except for four advances: after 8.5 ka, shortly before 4.5 ka, just before 1 ka, and during 

the LIA after 0.5 ka. The glacier respectively reaches extents similar to those during the LIA, 

except for the advance before 4.5, where it only reaches the upper moraine cluster (Figure 28). 
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The Milandre forcing produces a different outcome: the glacier fluctuates around the upper 

moraine cluster for most of the modeled period. It strongly exceeds the LIA maximum before 

8 ka, and then retreats to an extent smaller than 2019 from ca 7.5–6.5 ka. After this retreat, it 

advances further than the upper moraine cluster around 6 ka, to then fluctuate around that 

extent, clearly exceeding it three times before the LIA: around 4.5 ka, after 2.5 ka, and after 

2 ka (Figure 28). The retreat of the last century is excluded from these statements. 
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Figure 28: Holocene modeling for the whole analyzed period from 9 ka until today, including 

steady ELA from the year 2021 CE onwards until 2100 CE. Starting geometry: no ice.  

A) ELAs calculated for GISP2 and Milandre temperature reconstructions (ELA0 = 2720, 

ELAfc = 130), with nearest neighbor interpolation between data points. LIA temperature 

reconstruction (Casty et al., 2005a; MeteoSwiss, 2023) from 1500 CE onwards, with 10-year 

means (red line). B) Brunnifirn length modeled from the two different ELA calculations. The 

gray dotted lines show known glacier extents as reference, the green dotted line shows the 

position of the peat bog which was radiocarbon age dated to ca 3.8–3.5 ka. 

3.4.7 Future modeling 

As a simple future simulation, climate was kept steady in a first step. The average temperatures 

from 1990–2019 (MeteoSwiss, 2023) are kept constant from 2020 onwards. The thirty years 

represent the current average climate, and the corresponding glacier output therefore is a steady 

state to this average climate (Figure 29). Compared to the Milandre Holocene modeling (Figure 

28), the glacier reaches an unprecedented minimum extent. On the contrary, the GISP2 

Holocene modeling extents are similarly small three times throughout the modeled period: after 

8 ka, after 7 ka, and around 3.2 ka.  
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The almost vertical length change visible in Figure 29 after 2050 results from the disappearance 

of a large piece of dead ice in the plain: the current main body of Brunnifirn disconnects from 

the rest of the glacier between 2030 and 2040 CE, practically remaining as dead ice, as it has 

no more accumulation area. In ca 2060 CE, this large piece of dead ice completely disappears.  

 

Figure 29: Future evolution of Brunnifirn for constant climate from 2020 onwards 
(2942 m a.s.l. = average ELA from 1990–2019). A) ELA with 10-year means (red line). 
Evolution from 1500–2019 CE modeling with parameter configuration of: ELA0 = 2720, 
ELAfc = 130. B) Length evolution compared with length measurements (GLAMOS and aerial 
images). The length reached after 1950 when no more change occurs represents a steady state 
to the average climate from 1990–2019. 
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Similar results stem from the four simulations (CH2018, 2018) used for transient future 

evolution. For all three RCPs, impressive retreat occurs, and the part of the glacier in the plain 

disconnects from the steep upper section (Figure 30). This possible future evolution is 

supported by what can be observed today: as visible in the 2019 aerial images (Figure 14), the 

transition from the upper steep section to the wide flat part in the plain is already very narrow.  

The four simulations used for the future modeling all produced similar results. They fit well for 

the transition from the modeling of 1500–2020 CE to onset of future simulation in 1981 CE 

and suit the GLAMOS and aerial image length measurements (see Figure 30). The fit to the 

modeling of 1500–2020 CE for the overlapping period shows that the chosen offset for the future 

temperatures works well. To exemplify extents, the results of based on the DMI-

HIRHAM_ECEARTH simulation are displayed here. The results of the other simulations are 

displayed in the appendix.  

For all three RCPs of each simulation, the glacier retreats to an extent smaller than 1 km until 

the end of the century, as visible in the example of the DMI-HIRHAM_ECEARTH simulation 

(Figure 30). For the RCP2.6, the final lengths by 2099 range from 0.5 to 0.8 km, depending on 

the simulation. For the RCP4.5, it disappears completely for the SMHI-RCA_ECEARTH 

simulation. In the other simulations it stabilizes around 0.4 km length. It disappears completely 

for the RCP8.5 for all four simulations.  

The outcome of this future analysis is that RCP2.6 and RCP4.5 simulations allow for at least 

a small glacier to remain until the end of the century, depending on the simulation. For the 

RCP8.5 simulations Brunnifirn will completely disappear by the end of the century. 
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Figure 30: Future evolution of Brunnifirn from 1981–2099 CE for three RCPs (CH2018 

simulation DMI-HIRHAM_ECEARTH), with result 1980 CE result of the 1500–2020 CE 

modeling. A) The bold lines are trends for the three RCPs. B) The almost vertical length change 

before 2060 CE marks the disappearance of a large dead ice body that remains in the plain. The 

steep upper part of the glacier however disconnects from the part in the plain already around 

2030–2040 CE.  

To illustrate what glacier extents the simulations produce, hypothetical ice extents in 2050 CE 

of three RCPs from the DMI-HIRHAM_ECEARTH simulation are displayed in Figure 31. The 

disconnected part of the glacier in the plain remains on the flow line, thus producing the vertical 

line in the length evolution (Figure 30). Staldenfirn and Glatscher da Strem still remain in 

2050 CE for the RCP2.6, thanks to their origins just below the peak of Oberalpstock. For the 

RCP8.5, only the north facing Staldenfirn remains in 2050 CE. The model still overestimates 

some parts of the steeper sections, as there is ice in 2050 CE at places where there already 

today is no ice left.  
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Figure 31: Hypothetical ice surface output for 2050 CE based on the DMI-

HIRHAM_ECEARTH simulation. A) RCP2.6. B) RCP4.5. C) RCP8.5. Note the ice 

disconnected from the steep section in the center of the plain, which is counted as maximal 

glacier length as it is located on the flow line, causing a false length measurement. Background 

map: swisstopo (2023).  
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4 Discussion  
The results of the geomorphological mapping and numerical modeling listed in the previous 

chapter need to be evaluated and contextualized. To improve readability and at the same time 

synthesize and integrate results, the discussion is structured according to the research questions. 

Chapter 4.1 treats research questions 1a) and 1b), focusing on the landforms found in the 

forefield of Brunnifirn and what glacier extents can be identified based on these landforms. The 

landforms indicating past glacier extents, and the corresponding fluctuation are discussed in 

the context of modeling, radiocarbon dating, and the historical map. Research questions 1c) 

and 2a) are considered in chapter 4.2, in which the inferred ELAs from mapping are related to 

the modeled steady state ELAs. In chapter 4.3 research question 2b) is answered, where the 

transient glacier response to a fluctuating climate is discussed. Modeling parameters, sinus and 

step change experiments, response time and ELA sensitivity are also integrated in this 

synthesis. Finally, chapter 4.4 revisits research questions 2c) and 2d), assessing glacier 

fluctuations modeled with the different climate reconstructions of the past and the future 

projections. The influence of the climate data on modeling is considered as well. The research 

questions are listed at the beginning of the corresponding chapter. 
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4.1 Mapped landforms and inferred extents of Brunnifirn 
Research questions: 

 1a) What landforms can be found in the forefield of Brunnifirn? 

 1b) What glacier extents can be identified based on the mapped landforms? 

Landforms and their relevance 

The iterative process of field and remote mapping allowed for a continuous reanalysis of 

landforms which were found in either of the approaches. Areas which were overlooked with one 

method were highlighted by the other, and vice versa. Integrating the mapping results from 

the different methods thus increased the level of detail and quantity of mapped landforms. 

Especially landforms mapped with both methods independently increase the robustness of the 

approach (Figure 15). 

Nevertheless, both approaches delivered specific insights, highlighting the relevance of a 

combination of methods. The map based on field mapping (Figure 10) contains all landforms, 

except for rock glaciers, supposed moraine ridges, and borders of vegetation changes, which 

were documented by remote mapping (i.e., with aerial images and shaded relief; Figure 12). 

Specific forms like double ridges in moraines (e.g., in the LIA moraine) or the transition zones 

from rounded to sharp rock debris on the surface would have not been discernible without a 

field campaign, as these subtle forms are not visible on aerial images. Distinguishing between 

moraine types (latero-frontal and hummocky, see Figure 13) was also only possible thanks to 

the field campaign, as this allowed for close inspection of surface characteristics and material. 

The aerial images conversely shed light on remnant and supposed moraines which would have 

not been possible to be mapped purely in the field due to their number and because, in the 

case of remnant moraines, they are only visible from a distance. Finally, the remote mapping 

strongly increased the quantity of mapped moraines, as it allowed for coverage of not only 

Brunnital, but the neighboring valleys as well. 

The resolution of topographic background maps and aerial images and shaded reliefs used 

during the field mapping can affect the landforms that can be documented due to their size 

(Chandler et al., 2018). With a resolution of 0.25 m  in the aerial images (aerial images from 

2018/2019; swissALTI3D; both from swisstopo, 2023a), the mapping of moraines was not 

restricted, as these landforms are far larger than the image resolution. However, the scale of 

the topographic maps used for field mapping is 1:10,000 (maps from swisstopo, 2023a), 

rendering mapping by hand difficult in the case of smaller moraines. Also, correctly representing 

the size and position of moraines proved to be a challenge. However, by comparing the field 

mapping results to aerial images, these complexities could be addressed and corrected where 

needed. 
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The fluvial and gravitational processes had little interaction with the glacial landforms. Most 

of these mapped features have probably only been active since after the deposition of the 

moraines. Thus, unlike in other studies (e.g., Chandler et al., 2018), they did not provide clear 

insight into the chronology of moraine deposition. Nevertheless, the outermost moraine 

remnants in the LIA complex on the orographic right (Figure 10) appear to be covered by 

debris, whereas the inner moraines are not covered and therefore classified as well-preserved 

moraines. This suggests that the outer moraines of the complex are significantly older than the 

inner ones, as a gravitational event (e.g., rock fall) covering the outer moraines would have 

likely also reached the inner moraines. Therefore, the inner moraines may not have been 

deposited yet when the outer moraines were covered by a supposed rock fall event.  

When relating the upper moraine cluster (Figure 27) to Holocene fluctuations of Brunnifirn 

(see Figure 28), the abundance of glacially derived material and landforms can be explained. 

The glacier extents forced with the ELA derived from the Milandre temperature reconstruction 

(Affolter et al., 2019b) repeatedly reached extents of this moraine cluster. This is a possible 

explanation for the high number of moraines, as the glacier could have provided enough 

sediment to allow for the formation of these moraines by reaching similar extents multiple 

times. In the case of the ELA forcing derived from the GISP2 temperatures (Alley, 2004), the 

glacier only reached the moraine cluster three times throughout the Holocene (see Figure 28). 

It remains unclear if these advances would have provided enough sediment for the formation of 

the high number of moraines, as this process is not only controlled by the presence of a glacier, 

but also by other factors such as material supply and hence erosion rates (Benn and Evans, 

2010). 

Overall, two clear extents could be identified based on the landforms mapped in the field and 

remotely: a first extent reaches the upper moraine cluster (Figure 27). The observed abundance 

of sediment and hummocky moraines could be explained by multiple advances to this extent. 

A second extent reaches the LIA moraine complex (see Figure 22), which consists of two 

separate ridges (see latero-frontal moraine on orographic right in Figure 10), which were likely 

deposited by two or more advances of similar size. In these supposed advances of similar length, 

the glacier may have pushed a second moraine onto an older ridge. On the one hand, both 

could have been ridges deposited during the LIA, which is supported by how the modeled high 

stands between ca 1600–1800 CE (see Figure 21) fit the mapped LIA moraine complex. A first 

advance clearly reaches the moraine around 1630 CE, and a second one around 1780 CE peaks 

at just ca 200 meters shorter. On the other hand, the first ridge could have been deposited 

around 8 ka, when the GISP2-forced reconstruction fits the LIA moraine, and the second ridge 

could have been deposited much later, during the LIA (Figure 28). Before 8.2 ka, the extent of 

the glacier modeled based on the Milandre temperature reconstruction is much larger than the 

LIA moraine, and thus cannot be responsible for the deposition of the older moraine. As no 

evidence of moraines further down valley than the LIA moraine complex was found, the glacier 
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may have only fluctuated up to the LIA moraines throughout the modeled period from 9 ka 

until the LIA. One supposed moraine beyond the LIA moraine complex (see Figure 10) may 

be a result of a larger extent. 

In conclusion of the assessment of the mapped landforms, numerous moraines indicate glacier 

fluctuations within the LIA moraine complex. However, little evidence was found for glacial 

extents beyond the LIA moraine complex. Only a supposed moraine above the peat bog (see 

Figure 10) and a lateral moraine likely deposited by Tschingelfirn (see Figure 12) were mapped 

further down valley. The boulders on the Hinterbalm slope (see Figure 3) can likely be 

attributed to Lateglacial advances. Therefore, from 9 ka onwards Brunnifirn likely fluctuated 

between the LIA and minimal extents similar to today (but more in balance with climate). 

Temporal constraints by mapped landforms 

With a radiocarbon age of ca 12.7–12.5 ka cal BP, the soil found within the outer ridge is 

significantly older than the modeled period. A possible explanation is that an old soil was 

eroded during an advance and deposited within the outer part of the frontal moraine, meaning 

that the age assigned to the soil cannot be transferred to the moraine itself. This would fit the 

idea of both ridges being deposited between 1600–1800 CE. A second possibility is based on 

the soil starting to form after moraine deposition and therefore showing the age of the moraine 

itself, which would contradict the fluctuations modeled based on the Milandre temperatures. 

As the model surface output shows, the Milandre temperatures cause the glacier to reach 

further down the valley before 8 ka (see Figure 21), reaching a width which would have probably 

eroded the older latero-frontal moraine. Therefore, the glacier could have never exceeded its 

LIA maximum throughout the Holocene by much. Similar findings have been made at other 

sites in the alps, e.g., in Lauterbrunnental. There, a ca 10.4 ka old peat bog has been 

documented outside of the LIA moraines, showing that the glacier did not exceed its LIA 

maximum around 8 ka (Egli et al., 2001; Wipf, 2001). Finally, contamination of the soil sample 

falsely resulting in an older age must be considered. By dating a second sample, the assigned 

age could be confirmed and credibility in correct age dating could be increased (Hajdas, 2008). 

The historical Siegfried map provides a temporal constraint as it shows the glacier tongue 

almost reaching the moraine in 1859 CE (swisstopo, 2023a). The map fits the modeled 

fluctuations (see Figure 21), thus confirming that the glacier reached the moraine during the 

second half of the 19th century CE and showing that the temperatures used for the modeling 

of the last 500 years force a glacier of reasonable extent. The exact circumstances and the 

precise date of mapping however are unclear, as only the map available online (swisstopo, 

2023b) could be used within the scope of this thesis, and the original template (Messtischblatt) 

was not considered. Moreover, field mapping was more precise than the historical map, as there 

is just one continuous moraine ridge without detailed separation of ridges marked on the 

historical map. 
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Further insight by boulder samples for beryllium-10 age dating 

The processing of the boulder samples should follow shortly after conclusion of this thesis and 

will provide further understanding of the Holocene evolution of Brunnifirn. As steady state 

modeling showed, ELAs lower than the values derived from the temperature reconstructions 

considered in this thesis are required for the glacier to reach extents close to the locations of 

the boulder. This implies that the boulders were deposited during Lateglacial or Younger Dryas 

advances as found at other sites, e.g., Meiental or Göschenertal (Boxleitner et al., 2019a, 2019b). 

Destruction and preservation of moraines 

The mapping results showed that not all moraines were in the same condition (see Figure 10), 

as some were well-preserved, whereas others were classified as supposed moraines. Due to the 

active nature of the periglacial process area, movements like rock fall or slope creep can be 

reasons for the degradation of moraines (Ivy-Ochs et al., 2007). The hydrological processes 

should also be considered, as meltwater streams can destroy moraines (Mackintosh et al., 2017). 

In the case of the LIA moraine complex, several moraines appear to be covered by debris 

possibly originating from rock fall, which is known to erase traces of moraines (Barr and Lovell, 

2014). The stream cuts through the main complex and probably eroded multiple moraines, and 

further moraines might be buried under the peat bog which may have formed from an outwash 

plain. Such fluvial processes often prevent moraines from being preserved (Barr and Lovell, 

2014). The upper moraine complex is probably also affected by rock fall, as the mapped rock 

fall cones reach the moraines (see Figure 10), and by the stream which again cuts through the 

moraines. It is likely that these processes destroyed numerous moraines. 

The bed of Brunnifirn changes from a steep upper section, to a flat overdeepening plain, to a 

second steep section, into a narrow but flat valley (plot B in Figure 17). Generally, if bed 

topography is steep, a change in ELA does not strongly affect the ratio of ablation versus 

accumulation area, resulting in less fluctuation in length. This relationship influences moraine 

deposition, as less fluctuation in length leads to fewer deposited moraines (Barr and Lovell, 

2014). Owing to the steady state experiments the length change sensitivity of Brunnifirn could 

be assessed: if the ELA was varied through elevations of the middle section where the glacier 

is quite flat, strong changes in length occurred (i.e., ELA = 2730 m a.s.l. and below, see Figure 

16). However, further down the valley than the LIA moraine no other moraines were found. 

Large extents exceeding the LIA moraines were modeled when forcing the glacier with the 

temperature reconstructions from the Milandre data (Affolter et al., 2019b), which raises the 

question of why there are no traces from such large extents. However, these suggested large 

extents were reached before 8.2 ka (Figure 28), and traces might have been eroded or buried 

by the above mentioned factors of degradation, which increasingly influence moraines with time 

(Barr and Lovell, 2014). 
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The double ridge found in the LIA moraine complex might be the result of a restricted second 

advance. When an ice advance reaches an already existing moraine, the older moraine hinders 

the glacier to reach its actual length (Barr and Lovell, 2014). However, as Brunnital is steep 

and geomorphological activity is high, moraines are expected to be small (Barr and Lovell, 

2014), and therefore probably did not prevent the tongue from overriding the existing ride. The 

second ridge therefore likely stems from a second advance of smaller extent. 

Finally, given the proximity of the mapped moraines in the LIA complex, and in the upper 

cluster, respectively, two potential error sources must be considered when correlating closely 

located moraines. They can either be wrongly related to one glacial advance instead of several, 

or falsely assumed to belong to separate advances instead of just one (Kirkbride and Winkler, 

2012). This issue of correlating proximity of moraines to equal deposition time is also 

highlighted by Barr and Lovell (2014). In this thesis, neither climate nor glacial fluctuations 

were directly inferred from moraines. Steady states were modeled to match moraines, and 

possible steady state glacier ELAs were calculated from moraine positions, but fluctuations 

were modeled based on climate reconstructions and subsequently compared to moraine 

positions. Thus, these uncertainties cannot distort the results of this work. 
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4.2 ELAs inferred from mapping and steady state modeling 
Research questions: 

 1c) What ELAs can be inferred from the reconstructed extents? 

 2a) What steady states match the mapped extents? 

Based on the mapped moraines, ELAs were calculated for three extents: the current extent, an 

extent reaching the upper moraine cluster (Figure 27), and an extent reaching the LIA moraine 

complex. The conventional methods of mean elevation and AAR were applied to be compared 

with steady state modeling outputs. For the AAR a standard value of 0.66 was selected, which 

should produce similar results as the ELA values found by steady state modeling (Hubbard 

and Glasser, 2005; Mackintosh et al., 2017). As steady states are a theoretical concept, values 

must be compared with caution. Nevertheless, conventional methods allow for first estimations 

of ELAs (Leonard and Fountain, 2003) 

The mapped moraines could be matched with steady state modeling, whereas today’s extent 

was harder to reproduce exactly with modeling. A reason for this could be that today’s extent 

is the result of a rapidly retreating glacier, whereas steady state modeling was conducted in a 

gradual approximation, usually lowering the ELA by 50 m increments and, if needed. Also, 

parts of the glacier were debris-covered, which strongly influences mass balance (Benn and 

Evans, 2010). The mean elevation method was also more complex to apply to today’s extent 

than to the other two stages, as there is no clear front of the glacier (Figure 14). The AAR 

method was difficult to apply to the LIA and upper moraine cluster extent, as the larger glaciers 

of these stages had no clear ice margin to the north and west (Figure 22). 

However, even if uncertainties of the theoretical ELA estimations based on the geometry of the 

glacier are high, the resulting values should be comparable to steady state modeling 

(Mackintosh et al., 2017). Indeed, the AAR and steady state modeling resulted in similar values 

(Table 9), with deviations of 15–50 m whereas the values calculated with the mean elevation 

method differed by 75–170 m. The surface and bed geometry of Brunnifirn are rather complex, 

which became evident in ground-penetrating radar ice thickness measurements (Grab et al., 

2021). This is assumably the main reason for the differences in ELA values. Finally, specific 

glacier extents can be reached under different mass balance configurations (Mackintosh et al., 

2017). Thus, inferences of climate from ELA reconstructions must be viewed critically. However, 

as mentioned in the chapter above, no conclusions of paleoclimate were made based on mapped 

moraines. 
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4.3 Transient modeling for fluctuating climate 
Research question: 

 2b) How does the glacier vary with changing climate? 

Transient modeling provides insights where conventional glacial reconstructions are limited: by 

forcing a glacier model with proxy reconstructions, the influence of fluctuating climate can be 

analyzed and compared to moraines (Mackintosh et al., 2017). To improve the modeled 

continuous glacier fluctuations, parameters and the resulting variations of the glacier output 

were assessed. 

Influence of modeling parameters 

Owing to the sensitivity experiments (Figure 20), the temperature-ELA conversion factor 

(ELAfc) and the reference ELA (ELA0) could be adjusted to produce fluctuations which match 

the LIA moraine complex. Based on the outcome of sensitivity testing of the last 500 years, the 

last 9 ka were modeled. As different temperature reconstructions were used for the sensitivity 

testing period of the last 500 years than for the whole Holocene, it remains uncertain if the 

configuration of ELAfc and ELA0 also fits the other two temperature reconstructions. The 

transition between the Holocene modeling and the onset of the modeling of 1500–2020 CE 

however is quite smooth (Figure 32), which indicates that the configuration is suitable for the 

Holocene temperature reconstructions. The only difference is a peak just before 1550 CE, 

followed by a retreat to then transition into the LIA maximum around 1630 CE. The sensitivity 

experiments showed that the starting glacier surface geometry influenced fluctuations for about 

200 years, which explains the peak at 1550 CE only 50 years after the switch in temperature 

reconstructions.  
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Figure 32: Transition from Milandre and GISP2 modeling to the last 500 years. A) ELA 

forcing derived from the GISP2 and Milandre temperature reconstructions until 0.45 ka, from 

then on, the forcing of the last 500 years is applied (with 10-year means as red line). B) 

Fluctuations based on the forcings. Note how temperatures of the GISP2 and Milandre record 

are already cooling before 1500 CE (i.e., 0.45 ka BP) but the result of the last 500 years similar: 

after an initial advance just before 1550 CE, the maximum is reached around 1630 CE. After 

a smaller third maximum, a period of retreat follows. Finally, there is a last readvance, 

transitioning into a strong retreat until today. 

As explained in chapter 172.3.1, parameters like the mass balance gradient or the ice softness 

had to be selected based on assumptions. Different parameters would strongly change the model 

outcome. However, as the aim of this thesis was to model fluctuations over long time periods, 

it is more effective to apply a 2-D SIA flow model that uses linear equations to calculate ice 

extent from temperatures instead of a climate model-driven Stokes model (Mackintosh et al., 

2017). The ELA-temperature conversion deviates from values applied in other studies (e.g., 

Lüthi, 2014; Oerlemans, 2010; Six and Vincent, 2014; Thibert et al., 2013; Vincent, 2002). 

Sensitivity testing showed that a value of 130 m °C-1 is necessary to fit the mapped moraines. 
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As pointed out by Mackintosh et al. (2017), comparisons to mapped landforms increase 

confidence in modeling outputs. 

The mass balance gradient of 1.6 was approximated with an ablation and an accumulation area 

gradient ratio which corresponds to an AAR of 2:1. This ratio is however based on steady state 

conditions which do not apply when modeling with fluctuating climate. A study with a similar 

aim applied a ratio of 1.7 (Rea et al., 2020), however this study focused on glaciers all over 

Europe, incorporating cirque glaciers, valley glaciers, and icefields, and therefore cannot be 

compared to the application of the model in this thesis. Nevertheless, testing the influence of 

different ratios should be conducted in future applications of the model used here. 

Finally, confirmation of an appropriate model calibration and parameter choice was found when 

looking at the fit of other smaller glaciers in the modeled area. Tschingelfirn, a small glacier 

consisting of several tributaries on the north-eastern end of Brunnital, reached two moraines 

during its possible LIA maximum and 8.2 ka maximum (Figure 33). The length of this glacier 

was not documented during the modeling, but it culminated at the same time as Staldenfirn 

and Glatscher da Strem, which seemingly have similar response times due to their small size. 

That the modeled ice surface not exclusively fits for the main glaciers analyzed in this thesis 

reinforces the accuracy of modeling outputs.  
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Figure 33: A) Possible LIA maximum of Tschingelfirn. B) Possible Holocene maximum as 

reaction to the 8.2 ka cooling recorded in the Milandre-derived ELA forcing. Both are just 

possible maxima, as the length of Tschingelfirn was not recorded. Maxima of Staldenfirn and 

Glatscher da Strem were used as indicators. Note how the central moraine ridge in A) and the 

lateral moraine in B) fit the modeled ice extent. Background map: swisstopo (2023). 

Sinus and step change experiments 

The conducted ELA sinus experiments gave insight into the behavior of the glacier when climate 

is transient. To not only see variations in behavior to different sinus periods, these experiments 

were also conducted for four different initial glacier stages (see Figure 18; Figure 19; and Figure 

43; Figure 44 in the appendix). The stage of the glacier for which the sinus forcing is run 

determined length variations. A small glacier showed length responses to every sinus period, 

whereas a large glacier showed no response to 20 ELA sinus periods. This occurs due to the lag 

in response of length changes given by the physics of glaciers, as the mass needs to be 

redistributed to an extent until first changes in length are visible (as described by e.g., Leysinger 

Vieli and Gudmundsson, 2004). The volume however showed an immediate response to a shift 

in ELA. Such behavior became evident when comparing the volume response of a small and a 

large glacier to different ELA sinus periods, as they look alike in shape. Short climate signals 
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which were lost in the length fluctuations of a large glacier were clearly visible when looking at 

the volume. 

The step change experiments highlighted the ELA limit below which changes lead to immense 

length changes. Moreover, a hysteresis level was found, likely cause by microclimate differences 

between advance and retreat, and supported by the bed geometry of an overdeepening (see 

Figure 17). With the measured volume change of step change experiments, response times were 

calculated. 

Response time 

The response times, i.e., e folding times, calculated from the volume change of step change 

experiments and the theoretical calculations based on ablation and mass balance gradient 

(method A: Jóhannesson et al., 1989; method B: Harrison et al., 2003) were similar, only 

diverging within a range of ca 10 years. Here, the focus was on the stages which were explored 

in all three approaches: (1) a small glacier not filling the plateau, (2) a glacier reaching the 

edge of the plateau, (3) a glacier flowing over the edge, and (4) an extent reaching the LIA 

moraines. All values are compiled in Table 10, Table 11, and Table 12. 

(1) The range calculated for the e folding time (50–70 years) agreed with the theoretical 

calculations. The results of method A agreed with the minimum of the range (ca 50 

years), whereas the results of method B varied strongly when average or maximum 

ice thickness are used (ca 42 and 77 years, respectively). Due to ca 14 m difference 

between maximal and average ice thickness, a range instead of a fixed value seems 

more sensible. 

(2) This case needs to be differentiated: for the theoretical calculations, steady states 

for ELA0 = 2730 and 2720 m a.s.l. were used, whereas step changes had to be 

conducted with 50-meter increments, resulting in values for the step changes from 

2800 to 2750 and 2750 to 2700 m a.s.l. ELAs. The respective smaller glacier did 

however not flow over the edge, whereas the respective large glacier reached the 

steep section. Therefore, the two situations of higher and lower ELA are compared 

with each other, respectively. 

A range of 80–100 years resulted from the e folding time calculation, whereas 

method A derived ca 137 years, and method B yielded ca -359 (maximum thickness) 

and 1440 (average thickness) years. The negative value stemmed from the low 

ablation value which leads to the denominator turning negative. As the value for 

ablation at the tongue is too small (ca -0.61 m a-1), these results seem erroneous. 

Ablation rates below 1 m a-1 are seen in glaciers of high-polar climate, leading to 

response times of 150–600 years (Cuffey and Paterson, 2010). The response time of 

over 1000 years seems unlikely, as this too would not be expected from a valley 
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glacier in the Alps. Response times over 1000 years can be observed in ice caps or 

ice sheets (Cuffey and Paterson, 2010). Therefore, the range from 80–100 years or 

the value of ca 137 years from method A seem more plausible. 

(3) For a glacier terminating in the steep section after the plateau, the longest response 

times were calculated. The e folding time ranged from 160–180 years, method A 

resulted in ca 166.5 years, and method B yielded ca 52 (average thickness) and ca 

177 (maximal thickness) years. The e folding range and result of method A agree, 

as well as the maximal thickness value of method B. The average thickness showed 

a much smaller response time, however, when considering the bed geometry, 

calculating an average of the ice thickness is questionable. The large overdeepening 

where maximal ice thickness is found and the main part of the total mass 

accumulates is evened out in an average thickness, which leads to an 

underestimation of response time. 

(4) For the glacier reaching the LIA moraine, the e folding time of a step change from 

2650 to 2600 m a.s.l. is compared to the theoretical response times of the steady 

state with ELA0 = 2585 m a.s.l. The e folding time values range from 40–50 years, 

whereas method A yielded 62 years, and method B resulted in ca 39 (average 

thickness) and ca 110 (maximal thickness) years. Here, the opposite to case (3) 

seems to apply: the maximal thickness probably is not representative of the general 

thickness. This may result from the ELA now being below the edge of the plain, 

which means that the accumulation area extends over the plain, removing influence 

from the area of overdeepening. 

The theoretical calculations were compared to the modeling results and are thus evaluated 

based on their accuracy in comparison to the e folding time. Given the simplicity of the 

approach, method 1 (Jóhannesson et al., 1989) yields reliable results, except for when ice 

thickness is not uniform or when the ablation at the tongue is underestimated. 

The difference in results when using maximal versus average ice thickness in method B 

(Harrison et al., 2003) highlights the importance of considering the bed geometry. Using average 

thickness results in smaller response times than using maximal thickness. If the thickness 

applied in the calculation is not representative of the overall ice thickness, response time values 

may be erroneous. When selecting a value of ablation at the tongue, this should agree to values 

generally expected from similar glaciers. In this thesis, the ablation value furthest at the front 

was used. As discussed, further analysis is recommended when ablation values do not agree 

with expected ablation.  
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Transient volume and length sensitivity 

The temperature curve-based modeling applies fluctuating climate, resulting in a more realistic 

depiction of volume and length reactions. Comparing these transient results to steady state 

modeling highlights the difference in reactions of the glacier to natural climate fluctuations. 

The results of the last 500 years modeling period are displayed with the steady state results 

(Figure 34; Figure 35; Figure 36). 

Throughout most of the modeling period, glacier length and ELA (i.e., climate) fluctuated 

within the lower right part of the plot (Figure 34). This reflects the length plot of the period, 

showing that the glacier was large during most of the modeled period (Figure 21). Outliers in 

ELA do not necessarily correspond to length: warm years at the beginning of the modeled 

period do not cause the glacier to retreat strongly, neither do cold years towards the end of the 

modeled period cause the glacier to advance strongly. This relationship agrees with the concept 

of delayed length response of glaciers. The volume plot on the other hand displays direct 

variations (Figure 35), resulting from the immediate response of glacier volume when the ELA 

changes. Both components show the same trend at the end of the modeled period, namely an 

unprecedented retreat. The rapid reaction of the volume provides a scale for imminent length 

declines. 
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Figure 34: ELA and corresponding glacier lengths extracted from the results of the last 500 

years modeling period (one value per year). The time scale corresponds to the modeled period 

from 1500–2020 CE. 
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Figure 35: ELA and corresponding glacier volumes extracted from the results of the last 500 

years modeling period (one value per year). The time scale corresponds to the modeled period 

from 1500–2020 CE. 

Finally, comparing the length results of steady state modeling to the transient length-ELA 

relation sheds light on the imbalance of the glacier with climate. As glaciers react with a delay 

to changes in climate, values of transient modeling deviate from the steady state results. 

Transient modeling data points which lie close to the steady state ELA-length line imply that 

the glacier length resembles steady state extents of similar climate. However, this points out 

that the currently observed length is not representative for the current climate. Even if the 

ongoing climate change stopped, the glacier would still strongly retreat to reach steady state. 
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Figure 36: ELA and corresponding glacier lengths extracted from the results of the last 500 

years modeling period (one value per year), with the steady state modeling length results in the 

background (magenta). The time scale corresponds to the modeled period from 1500–2020 CE. 
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4.4 Assessing reconstructed fluctuations  
Research question: 

 2c) How did glacier extents fluctuate given the Holocene climate variations and how do 

fluctuations compare to the geomorphological constraints?  

The last 500 years 

The modeled period of 1500–2020 CE showed a high stand beyond all other Holocene advances 

after 9 ka (except for the advance before 8.2 ka; see Figure 28). Due to the divergence of the 

Milandre and GISP2 temperature reconstructions before 1500 CE (0.45 ka), the focus lies on 

culminations after 1500 CE, for which only one temperature reconstruction was used 

(combination of Casty et al., 2005a; and MeteoSwiss, 2023). Four culminations were found 

within the advanced position between ca 1500–1900 CE (Figure 32). The double ridge in the 

main moraine complex mapped in the field agrees with the concept of two or more advances to 

similar extent. Other studies found comparable advances in the Alps during the LIA. Grosser 

Aletschgletscher and Gornergletscher, for example, each reached three similar maximal extents 

between 1300–1900 CE (Holzhauser et al., 2005).  

The long-term temperature forcings (Affolter et al., 2019b; Alley, 2004) produced a clearly 

visible first culmination (at ca 1540 CE). In the fluctuations based on the yearly high-resolution 

forcing (Casty et al., 2005a; MeteoSwiss, 2023), this maximum rather seemed like a plateau 

during an advance (at ca 1550 CE). However, as the sensitivity experiments have shown (Figure 

20), if there is more ice at the start of the modeling period (1500 CE), this maximum is better 

distinguished. Therefore, this first maximum at ca 1540–1550 CE was reproduced with all 

temperature forcings. 
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Figure 37: Culminations during the modeling of 1500–2020 CE. Note that until 1499 CE 

(0.451 ka), the long-term temperature data is used (Affolter et al., 2019b; Alley, 2004). From 

then onwards, the high-resolution temperature data is applied (Casty et al., 2005a; MeteoSwiss, 

2023). The first culmination is thus more distinct than in the modeling from only 1500 CE on 

(see Figure 21), as the long-term data force the advance already before 1500 CE. Nevertheless, 

the first maximum at ca 1540–1550 CE (0.41–0.4 ka) is reproduced with all temperature forcing 

curves. 

Out of the modeled culminations for the period from 1500 CE onwards, the first (ca 1540 CE) 

did not reach the moraines by ca 100, with the gap between the tongue and the moraines 

varying by 50 m depending on the temperature forcing. These differences are negligible, due to 

the model grid size being set to 50 m. The second and largest modeled LIA advance 

(culminating ca 1630 CE) exceeded the position of the moraines. Following a short retreat, the 

glacier reached a third maximum (ca 1770 CE), with a length comparable to that of the first 

maximum. After a retreat period of about 50 years, the glacier readvanced to its last LIA 

maximum (ca 1870 CE). This fourth smaller culmination does not match the lengths of the 

other three advances before. All LIA advances are visible in Figure 37. 

The culminations of Grosser Aletschgletscher and Gornergletscher occurred ca 1370–1390 CE, 

1670 CE, and 1860–1865 CE (rounded values from Holzhauser et al., 2005). The first maxima 

of Grosser Aletschgletscher and Gornergletscher at ca 1370–1390 CE was also reproduced for 

Brunnifirn with both long-term temperature reconstructions (Affolter et al., 2019b; Alley, 

2004), however the extents caused by the two different forcings diverge strongly.  

The first modeled maximum of Brunnifirn at ca 1540 CE was not documented for these larger 

glaciers, which may be a result of longer response times. Brunnifirn retreated for ca 50 years 

before the next readvance, whereas the larger glaciers might just not have noticeably reacted 

to this climate signal. However, considering the calculated response times of ca 40–60 years (see 
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Table 10, Table 11, and Table 12), the climate signal must have been quite strong if it caused 

Brunnifirn to retreat. Therefore, this might point to insecurities in the temperature data. 

The modeled second (ca 1630 CE) culmination of Brunnifirn fits the maxima of Grosser 

Aletschgletscher and Gornergletscher at ca 1670 CE, considering the supposed longer response 

times. The response times may also be responsible for Grosser Aletschgletscher and 

Gornergletscher not showing a maximum at the same time as the third modeled maximum of 

Brunnifirn (ca 1770 CE). Finally, the fourth maximum (ca 1870 CE) of Brunnifirn fits the 

maxima of the other glaciers (ca 1860–1865). Thus, the exact timing of maxima remains 

questionable, as the concept of longer response time for the larger glacier does is not applicable 

anymore for this last maximum.  

The fluctuations of Unterer Grindelwaldgletscher (Nussbaumer et al., 2011), a glacier with a 

shorter response time than Grosser Aletschgletscher and Gornergletscher, highlight the 

differences in timing (Figure 38). The second and fourth maxima of Brunnifirn occur before 

maxima of Unterer Grindelwaldgletscher, whereas the third advance of Brunnifirn culminates 

at the same time as the respective advance of Unterer Grindelwaldgletscher. Further examples 

for comparable glacier response were found in the Austrian Alps (Nicolussi and Patzelt, 2000) 

and in the Italian and Western Alps with LIA maxima around 1820 CE and shorter last LIA 

maxima around 1850 CE (Solomina et al., 2015).  

In conclusion, other glaciers in the Alps show similar patterns as the modeled fluctuations of 

Brunnifirn. The exact timing of extents however remains unclear. The geomorphological 

landforms confirm two or more extents to similar size but cannot constrain the exact timing of 

maximal extents. The intact outer ridge shows that the last advance was surely not the largest 

one, as the inner ridge is pushed onto the outer one.  
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Figure 38: The modeled fluctuations of Brunnifirn (forced with the high-resolution data by 

Casty et al., (2005) and MeteoSwiss (2023)) in comparison to cumulative length changes from 

the LIA maximum of Unterer Grindelwaldgletscher and Gornergletscher (data from Nussbaumer 

et al., 2011). The LIA moraine of Brunnifirn corresponds to the LIA maximum. The patterns 

of culminations are similar, the timing however is different.  

Following the last LIA maximum, the modeling produced a constant retreat with a short period 

of stagnation from ca 1980–1990 CE (see Figure 38). This reaction is consistent with other 

glaciers, e.g., Unterer Grindelwaldgletscher (Nussbaumer et al., 2011), or Steingletscher 

(Schimmelpfennig et al., 2022). As for the LIA culminations, the timing and extent of this 

reaction differed, and can be explained by response times. The length measurements 

(GLAMOS, 2022) and the mapped aerial images showed that the model overestimated the size 

of the glacier until ca 2010 CE (Figure 21). As the model was calibrated to the LIA moraines, 

the rapid retreat since 1990 CE could not be reproduced exactly. In 2019 CE, the model slightly 
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underestimated the glacier size found on the aerial image of that year (Figure 24). Both 

representations of lower accuracy indicate that the applied calibration of the model fits best 

for LIA extents.  

The Holocene after 9 ka 

Assessing all modeled advance and retreat periods from 9 ka onward would exceed the scope 

of this thesis. Therefore, only general trends, prominent maxima, or contradictions are discussed 

in the following section. 

Throughout the modeled period based on the long-term temperature reconstructions (Affolter 

et al., 2019b; Alley, 2004) from 9 ka onwards, the extents of Brunnifirn varied strongly. The 

temperatures reconstructed from the GISP2 ice core are much warmer than those based on the 

Milandre speleothem record. Trends however are similar, with the GISP2-forced fluctuations 

always culminating slightly before the Milandre-forced fluctuations (Figure 40). This similarity 

increases the probability that modeled advances occurred in reality, but when the ratio between 

a maximum and a subsequent minimum is different in one modeling curve compared to the 

other, this highlights the necessity of further analysis.  

The advance just before 8.2 ka was documented at other sites, e.g., at Mont Miné (Nicolussi 

and Schlüchter, 2012). As a reaction to a climatic cooling event (Alley and Ágústsdóttir, 2005), 

it seems likely that Brunnifirn advanced strongly. As both temperature reconstructions forced 

an advance, likelihood increases, but the extent the glacier reached remains unsure. Compared 

to fluctuations of Rhonegletscher, the advance beyond the modeled maximum forced by the 

Milandre temperatures seems unlikely, as Rhonegletscher was probably smaller than during the 

LIA and 2011 CE at that time (Goehring et al., 2011). A second and more thorough sampling 

campaign from the peat bog in Brunnital could provide a constraint, if lower layers could be 

age dated.  

After the high stand of ca 8.2 ka, both climate reconstructions caused a significant retreat 

(Figure 39). At the onset of the period for which the archeological finds are dated (7.95–

7.75 ka), modeling showed a retreat to either the upper moraine cluster (Milandre forcing), or 

far beneath the 2019 CE extent (GISP2 forcing). In the scenario forced by the Milandre 

temperature reconstruction, the glacier retreated further until it reached its 2019 CE extent 

above the edge of the plain by 7.75 ka. The modeling based on the GISP2 forcing produced a 

readvance beginning before 7.75 ka. Throughout the period from 7.95–7.75 ka, the trend 

therefore is the same.  
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Figure 39: Possible minimal extents of Brunnifirn during the period to which the artifacts 

were dated, based on the two different climate forcings (extract of 7.75 ka). A) Milandre 

temperature forcing. B) GISP2 forcing. Background map: swisstopo (2023). 

During the 200-year period for which the artifacts for dated, the modeling suggests that 

Brunnifirn fluctuated strongly (Figure 26). The minimal extents (at 7.75 ka) produced by both 

temperature forcings are displayed in Figure 39, indicating that the possible extents at that 

time varied strongly. As there are no landforms to constrain the extent, it remains unclear, 

which of the temperature forcings produced the more reliable reconstruction. However, as the 
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minimal extents at the end of the 200-year period were either similar to or smaller than today, 

the cave may have been ice-free at that time. 

Throughout the rest of the modeled period until 1500 CE, Brunnifirn either mostly fluctuated 

between its 2019 extent and the upper moraine cluster (Milandre temperature forcing) or was 

mostly smaller than in 2019 CE (GISP2 temperature forcing). Findings from other sites 

indicate that glaciers during this period were smaller than during the LIA, some even smaller 

than their early 21st century extents. Rhonegletscher was mostly smaller than in 2011 CE 

during the same period (Goehring et al., 2011). Similarly, Steingletscher was smaller than in 

2000 CE for a total of ca 7 ka from 10 ka onwards (Schimmelpfennig et al., 2022). Results of 

smaller glaciers throughout the Mid-Holocene than in the LIA were also found in the Austrian 

Alps (Braumann et al., 2020) and the Italian Alps (Badino et al., 2018).  

The modeled reconstruction showed an advance before ca 4.2 ka which is consistent with an 

advance in the Ecrins-Pelvoux massif, Western Alps (Le Roy et al., 2017). The extent of the 

advance however seems unclear, as neither of the temperature forcings applied caused an 

advance similar to the LIA maximum, whereas glaciers in the Ecrins-Pelvoux massif slightly 

exceeded their LIA maximal extents (Le Roy et al., 2017). 
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Figure 40: A) Modeled fluctuations of Brunnifirn based on the different temperature 

reconstructions (Affolter et al., 2019b; Alley, 2004; Casty et al., 2005a; MeteoSwiss, 2023). B) 

glacier fluctuations throughout the Holocene in the Swiss and Western Alps, modified excerpt 

from Holzhauser (2010). Blue fluctuations stand for advances over the extent of glaciers in the 

year 2000 CE, retreats beneath that level are marked in red. Question marks and the arrow 

stand for unknown duration or extent of fluctuations. C) Fluctuation scenario of 

Rhonegletscher, modified except from Goehring et al. (2011), where red areas stand for an extent 

smaller than in 2011 CE, and blue areas stand for an extent larger than in 2011 CE. Shaded 

parts show transitional periods.  

The modeling of the period from 9 ka onwards provided compelling indications of the 

fluctuations of Brunnifirn. Rarely any evidence for this period was found with geomorphological 

mapping. Except for the peat bog, a supposed moraine, and the lateral moraine supposedly 

deposited by Tschingelfirn (as described in section 4.1), no mapped landforms marked possible 

fluctuations beyond the LIA moraine complex. Considering the archeological artifacts, it seems 

likely that after 8.2 ka, Brunnifirn was fluctuating within its LIA maximum extent, sometimes 

smaller than today. Retreats were likely more in balance with climate than today.  
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Future 

The four temperature scenarios applied to model a possible future evolution of Brunnifirn 

showed a retreat unprecedented in the whole modeling period from 9 ka until today (Figure 

30). Brunnifirn will likely retreat to the highest flanks of Oberalpstock, independent of the RCP 

scenario, which is consistent with other future simulations of glaciers in the Alps (e.g., Zekollari 

et al., 2019). By 2099 CE, the DMI-HIRHAM_ECEARTH simulation forced the glacier to 

retreat above 2900 m a.s.l. in the RCP2.6 scenario, above 3100 m a.s.l. for the RCP4.5 scenario, 

and let it completely disappear in the RCP8.5 scenario. The other simulations produced similar 

results (Figure 54; Figure 55; Figure 56). The plain may likely soon disconnect from the upper 

steep section of the glacier, as the connection is already narrow today (e.g., background map 

in Figure 14) and the ice is thin (Grab et al., 2021). Similar evolutions were modeled for other 

glaciers, displaying immense retreats (e.g., Huss et al., 2007; Linsbauer et al., 2012). Both 

climate forcings (GISP2 and Milandre) suggest that Brunnifirn has filled the plain for ca the 

last 1.5 ka (Figure 40). The landscape of the large plain will thus be altered significantly by 

the end of the century, as it is the case for other sites in the Alps (e.g., Zumbühl et al., 2021). 

Climate data 

As the version of the model applied in this thesis is forced by an ELA history and ELAs were 

calculated based on temperatures, the modeled fluctuations are governed by the temperature 

reconstructions. As pointed out by Mackintosh et al. (2017), a glacier extent can be forced by 

multiple factors due to the principle of equifinality. Adding precipitation to the model might 

improve modeling quality and constrain extents. However, temperature is the primary 

controlling mechanism of temperate glaciers (Mackintosh et al., 2017), thus the approach chosen 

for this thesis seems reasonable.  

Due to low spatial resolution of climate models, it is common to apply lapse rates to 

temperatures to adjust them to the local climate of glaciers (Mackintosh et al., 2017). In this 

case, temperatures were fitted by comparing averages to the high-alpine temperature record 

(MeteoSwiss, 2023), as explained in sections 2.3.5 and 2.3.6. Lapse rate calculations were 

exemplarily conducted (with a dry adiabatic lapse rate of -9.8° km-1) but the resulting 

temperatures were too cold and would have not forced the model to reach the desired LIA 

moraine position. Relating modeled reconstructions of fluctuations to geomorphological 

landforms can explain disagreements caused by different temperature records (Mackintosh et 

al., 2017), thus the chosen approach is a practical combination to assess both reconstruction 

methods. 

Regarding the location of the proxy sources for the applied temperature reconstructions, the 

Milandre reconstruction (Affolter et al., 2019b) is likely to be more reliable. However, it also 

had to be shifted to fit the high-alpine temperature record (MeteoSwiss, 2023), and does 

therefore also not represent the local climate of Brunnifirn. Both temperature reconstructions 
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applied for modeling from 9–0.451 ka in this thesis show the same trends and provide insight 

into varying climate. The different fluctuations modeled with the reconstructions highlight 

uncertainties. Thus, seems crucial to apply multiple temperature reconstructions.  
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4.5 Outlook 
Based on the findings in this thesis, the following approaches could further constrain the 

possible Holocene fluctuations of Brunnifirn:  

 Landform age dating. Sampling from the bottom of the peat bog could constrain the 

extent of the advance before 8.2 ka. The large, polished bedrocks in proximity of the 

peat bog could possibly be exposure dated, which would also constrain fluctuations 

exceeding the LIA maximum.  

 Modeling with other temperature proxy reconstructions. The more temperature forcings 

and resulting fluctuations are compared, the better could diverging results be explained. 

 Glaciological survey. Conducting ablation measurements on Brunnifirn and including 

these values into the numerical model could improve the quality of modeled fluctuations. 
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5 Conclusion 
The aim of this thesis was to reconstruct Holocene fluctuations of Brunnifirn, Central Swiss 

Alps. Geomorphological mapping was combined with numerical ice-flow modeling to produce a 

fully dynamic time transient reconstruction of glacier fluctuations. Reconstructions were 

constrained by landforms mapped in the field and remotely. A time-dependent 2-D ice-flow 

model (as applied by Brown et al., 2013; Evans et al., 2012) was forced with an ELA history 

derived from different proxy temperature reconstructions: the GISP2 ice core record (Alley, 

2004) and the Milandre speleothem cave record (Affolter et al., 2019b) for the period from 9 ka 

until 1500 CE; and reconstructed yearly summer temperatures (Casty et al., 2005b) and 

measured temperatures (MeteoSwiss, 2023) for the period from 1500 CE until 2020 CE.  

Around the LIA moraine already mapped in the geological layer by swisstopo (2023), numerous 

further latero-frontal moraines were found, presenting a double ridge and possibly older 

moraines. The glacier may therefore have reached similar extents at least twice. Moreover, an 

abundance of hummocky moraines was found further up the valley, proposing an extent reached 

multiple times. A radiocarbon dated peat bog showed that the glacier did not override its 

position for the last 3.8–3.5 ka cal BP.  

Besides the peat bog, no compelling evidence of extents older than the LIA was found with 

geomorphological mapping. However, modeling suggests that Brunnifirn likely advanced shortly 

before 8.2 ka to an extent of the LIA moraine complex or further. Between 7.95–7.75 ka, 

Brunnifirn may have been similar to its 2019 extent, possibly enabling the deposition of 

archeological artifacts found above the ice surface (Reitmaier et al., 2016). Thereafter, the 

glacier likely fluctuated within its LIA maximum and 2019 extent. After 0.45 ka, modeling 

resulted in three similar advances to about the LIA moraine complex, with the first advance 

at ca 1630 CE being the largest, and the last maximum occurring at ca 1870 CE. These 

modeled fluctuations agree with findings from other studies; however, periods of contradicting 

results were found. 

The results of dynamic and time-transient modeling stressed the relevance of response time 

when assessing past glacier fluctuations. Temperatures below the average of the last 30 years 

forced the glacier to retreat to extents smaller than today. Modeling indicated that the glacier 

is currently far from its steady state, and future temperature projections demonstrated a 

minimum extent unprecedented throughout the last 9 ka, independent of the RCP scenario. 
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Figure 41: Geomorphological map of the whole area mapped based on aerial images. 

Background map: swisstopo (2023). 

 

 

 

Figure 42: Steady state output with an ELA of 2730. This is the closest approximation of a 

steady state to today’s extent, as lowering the ELA by just a few meters leads to the steady 

state extent overflowing the edge of the plain. But compared to the mapped 2019 aerial image 

glacier outline, the model underestimates the ice extent in the eastern part of the plain but 

overestimates the eastern flank of Oberalpstock and Staldenfirn and Glatscher da Strem. 

Background map: swisstopo (2023). 
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Figure 43: Sinus ELA forcing around an ELA0 of 2720 m a.s.l., with sinus periods of 20, 50, 

and 100 years.  
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Figure 44: Sinus ELA forcing around an ELA0 of 2730 m a.s.l., with sinus periods of 20, 50, 

and 100 years. 
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Figure 45: (A) ELA history used for LIA modeling, with ELA0 = 2700 and ELAfc = 120. 

(B) Plot of the length evolution of Brunnifirn with different steady state starting ice geometries 

(yellow, orange, and green line). The blue line represents an overlap of at least two of the 

curves, therefore also showing the point when the glacier has adjusted to the climate signal, 

independent of the input. The red dot is the glacier length on the Siegfried map (data content 

from 1859 CE, according to swisstopo, 2023). The red crosses display the measurements recorded 

by GLAMOS. 
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Figure 46: (A) ELA history used for LIA modeling, with ELA0 = 2720 and ELAfc = 120. 

(B) Plot of the length evolution of Brunnifirn with different steady state starting ice geometries 

(yellow, orange, and green line). The blue line represents an overlap of at least two of the 

curves, therefore also showing the point when the glacier has adjusted to the climate signal, 

independent of the input. The red dot is the glacier length on the Siegfried map (data content 

from 1859 CE, according to swisstopo, 2023). The red crosses display the measurements recorded 

by GLAMOS. 
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Figure 47: (A) ELA history used for LIA modeling, with ELA = 2730 and ELAfc = 120. 

(B) Plot of the length evolution of Brunnifirn with different steady state starting ice geometries 

(yellow, orange, and green line). The blue line represents an overlap of at least two of the 

curves, therefore also showing the point when the glacier has adjusted to the climate signal, 

independent of the input. The red dot is the glacier length on the Siegfried map (data content 

from 1859 CE, according to swisstopo, 2023). The red crosses display the measurements recorded 

by GLAMOS. 
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Figure 48: (A) ELA history used for LIA modeling, with ELA0 = 2700 and ELAfc = 130. 

(B) Plot of the length evolution of Brunnifirn with different steady state starting ice geometries 

(yellow, orange, and green line). The blue line represents an overlap of at least two of the 

curves, therefore also showing the point when the glacier has adjusted to the climate signal, 

independent of the input. The red dot is the glacier length on the Siegfried map (data content 

from 1859 CE, according to swisstopo, 2023). The red crosses display the measurements recorded 

by GLAMOS. 
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Figure 49: (A) ELA history used for LIA modeling, with ELA0 = 2720 and ELAfc = 100. 

(B) Plot of the length evolution of Brunnifirn with different steady state starting ice geometries 

(yellow, orange, and green line). The blue line represents an overlap of at least two of the 

curves, therefore also showing the point when the glacier has adjusted to the climate signal, 

independent of the input. The red dot is the glacier length on the Siegfried map (data content 

from 1859 CE, according to swisstopo, 2023). The red crosses display the measurements recorded 

by GLAMOS. 
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Figure 50: Holocene modeling of the period the archeological artifacts are dated for (red box 

in plot B). Modeling was started well before the cold interval around 8.2 ka to eliminate any 

bias of the input geometry (steady state for 2720 m a.s.l. ELA). A) ELAs calculated for GISP2 

and Milandre temperature reconstructions (ELAfc = 130), with linear interpolation between data 

points. B) Brunnifirn length modeled from the two different ELA calculations. The gray dotted 

lines show known glacier extent as reference, the green dotted line shows the position of the peat 

bog which was radiocarbon age dated to ca 3.8–3.5 ka BP.  
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Figure 51: CH2018 simulation (MPICSC-REMO1_MPIESM) temperature projections for 

three RCPs for Disentis (closest station to Brunnifirn). 

 

Figure 52: CH2018 simulation (MPICSC-REMO2_MPIESM) temperature projections for 

three RCPs for Disentis (closest station to Brunnifirn). 
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Figure 53: CH2018 simulation (SMHI-RCA_ECEARTH) temperature projections for three 

RCPs for Disentis (closest station to Brunnifirn). 
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Figure 54: Future evolution of Brunnifirn from 1981–2099 CE for three RCPs (CH2018 

simulation MPICSC-REMO1_MPIESM), with result 1980 CE result of the 1500–2020 CE 

modeling. A) The bold lines are trends for the three RCPs. B) The almost vertical length change 

before 2060 CE marks the disappearance of a large dead ice body that remains in the plain. The 

steep upper part of the glacier however disconnects from the part in the plain already around 

2030–2040 CE. 
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Figure 55: Future evolution of Brunnifirn from 1981–2099 CE for three RCPs (CH2018 

simulation MPICSC-REMO2_MPIESM), with result 1980 CE result of the 1500–2020 CE 

modeling. A) The bold lines are trends for the three RCPs. B) The almost vertical length change 

before 2060 CE marks the disappearance of a large dead ice body that remains in the plain. The 

steep upper part of the glacier however disconnects from the part in the plain already around 

2030–2040 CE. 
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Figure 56: Future evolution of Brunnifirn from 1981–2099 CE for three RCPs (CH2018 

simulation SMHI-RCA_ECEARTH), with result 1980 CE result of the 1500–2020 CE 

modeling. A) The bold lines are trends for the three RCPs. B) The almost vertical length change 

before 2060 CE marks the disappearance of a large dead ice body that remains in the plain. The 

steep upper part of the glacier however disconnects from the part in the plain already around 

2030–2040 CE.  

 

1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100
Year CE

2400

2600

2800

3000

3200

3400

3600

3800

4000

4200

1990-2019 average ELA

1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100
Year CE

0

1

2

3

4

5

Extent 2019



Personal declaration   120 

Continuous reconstruction of Holocene fluctuations of Brunnifirn: 
Combining geomorphological mapping and ice-flow modeling 

MSc Thesis 
Jonathan Davidson 

 

Personal declaration  
I hereby declare that the submitted thesis is the result of my own, independent work. All 

external sources are explicitly acknowledged in the thesis. 

Zürich, 30.06.2023         Jonathan Davidson 


