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Abstract 8 

Debris-covered glaciers receive increasing attention during this period of sustained negative mass 9 

balance and expanding debris cover. The debris cover induces various feedback mechanisms that 10 

shape the evolution of the glacier geometry, and also of its surface. Although the surface morphology 11 

of many debris-covered glaciers is markedly different from that of debris-free glaciers, only a few 12 

studies have combined different processes to investigate these characteristic glacier surfaces in order 13 

to improve our knowledge of glacier evolution on a wider spatial and temporal scale. Debris-covered 14 

glacier tongues can consist of parts with a smooth surface as well as surfaces of high local relief with 15 

abundant ice cliffs in the lower end. In this study we analysed the evolution of the surface features of 16 

Zmuttgletscher, a debris-covered glacier in Switzerland, over a period of 140 years using time series 17 

of historic maps, high resolution digital elevation models and glacier velocities, as well as data on 18 

debris cover extent and thickness. Our results revealed insights into the up-glacier expansion of the 19 

debris cover over time and the formation of medial moraines in the prolongation of the uppermost 20 

areas where debris emerged on the glacier surface. Moraine ridge prominence increased during 21 

periods of negative mass balance, and troughs developed in debris-free areas between ridges, 22 

persisting even after a continuous debris cover had developed. The changing surface morphology 23 

inhibits across-glacier meltwater flow, both supra- and subglacially. Accordingly, we found that large 24 

cryo-valleys with ice cliffs have formed down-glacier of the troughs where meltwater runoff 25 

accumulates. The meanders of these valleys have enlarged over time, especially by ice cliff 26 

backwasting at steep slopes, and most of the glacier width today is affected by such high-relief 27 

erosion features. We find that about 75% of all ice cliffs are located in this high-relief zone. The 28 

volume lost at these erosion features has increased by a factor of five since the 1980s, but is still 29 

negligible in comparison to the high glacier-wide thinning rates.  30 

 31 

1. Introduction 32 

Tongues of temperate debris-free or little debris-covered valley glaciers are typically slightly convex 33 

with a smooth surface. In settings of high-relief topography, glaciers often develop a patchy or even 34 

continuous cover of supraglacial debris on their tongues, which increases in thickness towards the 35 



2 
 

terminus due to ice emergence, ablation, compressive flow, and the fact that low flow velocities 36 

impede the removal of the debris from the glacier system (e.g. Nakawo et al. 1986, Benn et al. 2012, 37 

Anderson and Anderson 2018). On these tongues a succession of more or less distinct zones with 38 

different surface morphology can develop (Iwata et al. 1980). Down-glacier of the bare ice zone, a 39 

partly debris-covered zone begins. Typically, the englacially transported debris emerges on the 40 

surface as elongated bands or transverse septa (e.g. Boulton 1978, Gomez and Small 1985, Vere and 41 

Benn 1989, Appleby et al. 2010, Kirkbride and Deline 2013, Jennings et al. 2014). Because thick 42 

supraglacial debris insulates the underlying ice, a patchy or heterogeneous debris cover leads to 43 

locally different ablation rates and even topographic inversion (Østrem 1959, Nicholson and Benn 44 

2006, Mihalcea et al. 2008, Thompson et al. 2016, Nicholson et al. 2018). As a consequence of this 45 

differential ablation, elevated along-flow structures appear, and medial moraines form beneath the 46 

longitudinal debris bands at the glacier surface. Previous studies observed an increase in height of 47 

these medial moraines down-glacier, followed by a decrease again towards the terminus due to 48 

debris redistribution and ice deformation (Loomis 1970, Small and Clark 1974, Eyles and Rogerson 49 

1978, Bozhinskiy et al. 1986). Down-glacier of this transition zone, sustained debris surfacing forms a 50 

continuous debris cover stretching over much of the tongue’s width. In this zone, the debris often 51 

appears as a thin, homogeneous layer on a relatively smooth glacier surface, which is often 52 

characterised by along-flow moraine ridges. Further down-glacier, especially during periods of 53 

negative mass balance, the extent and thickness of this debris cover have been observed to increase 54 

(e.g. Nakawo et al. 1986, Benn et al. 2001, Kirkbride and Deline 2013, Mölg et al. 2019). On heavily 55 

debris-covered glaciers, thicker debris towards the terminus can lead to a reversal of the mass 56 

balance gradient and typically, long, gently-sloping, slow-flowing tongues develop, which can 57 

significantly delay glacial responses to climatic forcing (e.g. Kirkbride 2002, Benn et al. 2012, Bolch et 58 

al. 2012).  59 

In these parts of the glacier tongue often a zone of high local relief is observed, in which typical surface 60 

features such as ice cliffs and ponds are embedded. This high-relief area exhibits local elevation 61 

differences of up to several tens of metres on short distances and is formed by valleys and depressions 62 

that seem to be mainly shaped by meltwater erosion and ice-cliff backwasting (Iwata et al. 1980). Ice 63 

cliffs and ponds seem to contribute disproportionately to the glacier-wide ablation (e.g. Sakai et al. 64 

2002, Juen et al. 2014, Brun et al. 2016, Ragettli et al. 2016). Consequently, these features have been 65 

attracting a lot of attention in the recent literature, and major advances have been achieved regarding 66 

both their automatic detection (e.g. Kraaijenbrink et al. 2016, Herreid and Pellicciotti 2018) and their 67 

ablation rates and energy balance (Sakai et al. 2002, Röhl 2008, Han et al. 2010, Buri et al. 2016, Buri 68 

and Pellicciotti 2018). However, only a few studies have estimated the influence of ice cliffs and 69 

meltwater erosion features (hereafter called erosion features) over decadal periods (e.g. Ragettli et al. 70 
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2016, Mölg et al. 2019). Despite the proposition of several mechanisms for the formation of ice cliffs, 71 

namely subsidence of the surface, calving, and sliding off of debris from steep surfaces (Kirkbride 1993, 72 

Benn et al. 2001, Reid and Brock 2014), the process understanding regarding their genesis has not yet 73 

been fully clarified, and current explanations of the formation of ice-cliff prone zones remain vague in 74 

terms of the wider glacio-geomorphogenetic context.  75 

The long-term influence of debris cover on mass balance gradient, glacier geometry and flow 76 

dynamics is now widely recognised, but the evolution of debris-related glacier surface morphology 77 

and the described zones have received little attention, although they are found on many debris-78 

covered glaciers worldwide. Observing their evolution over longer time scales has the potential to 79 

bring new insights into the formation and relevance of these zones and the mutual influences of their 80 

succession both spatially, along the glacier tongue, as well as temporally. Mainly due to data 81 

constraints, the different morphological elements have rarely been investigated for time scales long 82 

enough to allow for their formation to be ascribed to specific processes.  83 

For Zmuttgletscher, a debris-covered glacier in the Swiss Alps, a set of eleven digital elevation models 84 

(DEMs) from 1879 – soon after the end of the Little Ice Age (LIA) – until 2018 is available together 85 

with orthophotos of high resolution since 1946 (cf. Mölg and Bolch 2017, Mölg et al. 2019), along 86 

with in-situ measurements of debris and ice thickness. This long-term dataset allows for a thorough 87 

investigation of the different morphological zones, their main elements, and their evolution over 88 

several decades. The objectives of this study are to  89 

- understand the evolution and transition of the zones of low relief and high relief since 1879,  90 

- explain the formation of the observed ridges and troughs in the low-relief zone,  91 

- explain the formation of the erosion features including ice cliffs and debris cones in the high-92 

relief zone,  93 

- and analyse the changes of the erosion features in area and volume over time to quantify 94 

their contribution to glacier-wide thinning.  95 

2. Study site 96 

Zmuttgletscher (45°59’N, 7°37’E) is located in the Western Alps of Switzerland and has a surface area 97 

of ~16 km² and a length of ~7 km (year 2019). The glacier consists of a system of linked tributaries: 98 

Schönbielgletscher (SBG) and branch one of Stockjigletscher (STG1) from the North, and 99 

Tiefmattengletscher (TMG) and branch two of Stockjigletscher (STG2) from the South (Figure 1). The 100 

supraglacial debris cover extent increased from ~13% in 1859 to ~32% 2017 (Mölg et al. 2019), 101 

whereas changes in glacier area and length since the mid-20th century have been comparably small. 102 

Although the debris cover is extensive on Tiefmattengletscher and Schönbielgletscher, 103 
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Stockjigletscher is almost debris-free and accordingly the two branches of this glacier showed the 104 

strongest changes. The glacier terminus was stable between 1977 and 2001, with even a slight 105 

advance (see terminal moraine in Figure 1). Today, the tongue is nourished solely from 106 

Tiefmattengletscher and its headwalls. Old maps and the orthophoto from 1946 confirm the 107 

contribution of Schönbielgletscher and Stockjigletscher branch one until approximately the mid-20th 108 

century (supplementary Figure 1). Branch two of Stockjigletscher detached from the main glacier 109 

tongue around 2010.  110 

Large parts of Zmuttgletscher have become debris-covered only during recent decades (Mölg et al. 111 

2019). There were no previous studies on the topic of debris cover before the mentioned reference 112 

study. A substantial share of the debris-covered area is of rather low relief, where pronounced 113 

topography and large ice cliffs are missing. Instead, the low-relief zone is characterised by a relatively 114 

smooth debris-covered surface with along-flow ridges and troughs of varying height. The low-lying, 115 

high-relief zone of Zmuttgletscher is characterised by distinct erosion features, hollows, ice cliffs, 116 

debris cones, and a generally chaotic topography.  117 

Air temperatures have risen since the end of the LIA in the 1850s, which has led to an almost 118 

continuously negative mass balance since 1879 (Mölg et al. 2019). In the 1920s and similarly in the 119 

1970s climate conditions were more favourable for the glacier and hence mass balance was less 120 

negative or even slightly positive, thus leading to increased flow velocities at the glacier tongue. 121 

Velocities strongly declined again from the 1990s onwards combined with an even more negative 122 

mass balance and stronger air temperature increase. Since ~2005, the lowest ~1.5 km of the tongue 123 

is stagnant. The surface slope of the tongue increased from 9° to 11° from 1946-2018. The snow line 124 

evolution of monitored glaciers in the region documented a rise of the climatic Equilibrium Line 125 

Altitude (ELA) of ~300 m since the 1960s/1970s (Glacier du Giétro, Griesgletscher, Findelgletscher, 126 

Silvretta, Allalingletscher, Ghiacciao del Basòdino; GLAMOS 2018, World Glacier Monitoring Service 127 

2018), suggesting an average ELA of ~3200 m (similar to nearby Findelgletscher) for the period of 128 

2012-2018. This means that up until then, the ELA has risen above the foot of most of the headwalls 129 

that contribute mass (ice and snow avalanches including debris) to the main glacier tongue.  130 
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 131 

Figure 1: (a): Location of the study site. (b): Zmuttgletscher’s ablation area in 2018 with morphologically mapped features 132 

on the glacier surface (see legend). Surface elevation transects (ST1-4) are shown in red and the hydropotential and bed 133 

transects (HT1-3) in dashed blue. SBG = Schönbielgletscher, STG = Stockjigletscher, TMG = Tiefmattengletscher. 134 

Geomorphologic symbols from Otto and Dikau (2004). (c): Lower part of the high-relief area and (d) the low-relief area on 135 

Zmuttgletscher seen from the left lateral moraine.  136 

3. Data and methods 137 

3.1. Overview and general approach 138 

Our main data sources are historical maps, airplaine-based and UAV-based aerial photographs, from 139 

which we derived DEMs and orthophotos (Table 1). We also included field data consisting of debris 140 

thickness measurements, profiles of ice thickness (glacier bed), and surface observations on moulins, 141 

crevasses, and erosion features.  142 
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Table 1: Input data overview. Abbreviations: OP = orthophoto, obl. aer. = oblique aerial, man. excav. = manual excavation, 143 

thickn. = thickness, elev. = elevation. Products denoted with * are taken as a final product from Swisstopo (2010). Ice 144 

thickness data were acquired by ETH Zurich and processed according to Langhammer et al. (2019). All other data were 145 

produced by Mölg and Bolch (2017) and Mölg et al. (2019).  146 

Date Product Source 

Used for Vertical 

uncer-

tainty 

(m) 

Spatial 

resol. 

(m), DTM 

/ OP 

Elev. 

change 

Debris 

cover 

Cryo-

valleys 

Melt-

water 

streams 

Hydraul. 

potential 

Ice 

cliffs 

1859 map *Dufour map   x             

1879 DTM, map 
*Siegfried 

map 
x x         ~7 

Hand-

drawn 

(12m) 

1930 Photo* 
*Obl. aer. 

photo* 
Photo used for surface features interpretation.    - 

1946 DTM, OP Aerial Stereo x x         5 8 / 0.5 

1961 DTM, OP Aerial Stereo x x         1 2 / 0.5 

1977 DTM, OP Aerial Stereo x x x x   x 1 4 / 0.4 

1983 DTM, OP Aerial Stereo x   x     x 1.42 2 / 0.15 

1988 DTM, OP Aerial Stereo x x x     x 1.19 5 / 0.35 

1995 DTM, OP Aerial Stereo x   x     x 0.77 1 / 0.15 

1999 OP* Aerial Stereo*     x       - - / 0.25 

2001 DTM, OP Aerial Stereo x x x     x 1.39 1 / 0.35 

2005 DTM, OP Aerial Stereo x   x     x 0.88 2 / 0.5 

2007 OP* Aerial Stereo*           x   - / 0.25 

2010 DTM, OP* Aerial Stereo* x x x     x 2 2 / 0.25 

03/2012 Ice thickn. Aerial Radar         x   ±10m 
Point 

data 

03/2017 Ice thickn. Aerial Radar         x   ±10m 
Point 

data 

2018 DTM, OP UAV x x x x   x 1.5 
0.5 / 

0.15 

09/2017 
Debris 

thickn. 
Man. excav.   x         0.02 

Point 

data 

09/2018 
Debris 

thickn. 
Man. excav.   x         0.02 

Point 

data 

 147 

3.2. Input data 148 

Most relevant data, such as glacier surface topography, orthophotos, debris cover, and bed 149 

elevation, was obtained in previous work (Mölg and Bolch 2017, Mölg et al. 2019, Langhammer et al. 150 

2019) and shall therefore only briefly be described here.  151 

Glacier surface elevation for the year 1879 was extracted from the contour lines of the Siegfriedkarte 152 

(Swisstopo 2018). For all dates from 1946 to 2005, DEMs were generated from multiple stereo-153 

imagery using the structure-from-motion software packages by Agisoft (Agisoft LLC 2016) and 154 
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Pix4Dmapper (Pix4D 2016; Mölg and Bolch 2017), and georeferenced with ground control points 155 

from the Swissimage orthophoto 2010 (Swisstopo 2010). The resulting DEMs yield resolutions 156 

between one and eight metres with vertical uncertainties between 0.77 m and 5 m after co-157 

registration (Table 1; cf. Mölg and Bolch 2017). The DEM from 2018 is based on UAV imagery from a 158 

SenseFly ebee classic (SenseFly SA) and was produced with Pix4Dmapper. Orthophotos were 159 

generated by rectification of the aerial images using the respective DEMs. For the years 1999, 2007 160 

and 2010, orthophotos from Swisstopo were used as a final product (Swisstopo 2010). All 161 

orthophotos have resolutions of 0.15-0.5 m (Table 1).  162 

We analysed the evolution of the glacier surface morphology since 1879 along four transects 163 

perpendicular to the glacier flow (surface transects ST1-4, Figure 1). Debris cover extent is based on 164 

historical maps and orthophotos and is available for twelve dates since 1859 (Table 1). Debris 165 

thickness was gathered in-situ by manual excavation in September 2017 in the form of four cross 166 

profiles on the main tongue of Tiefmattengletscher, with altogether 77 data points (cf. Mölg et al. 167 

2019). Values below 20 cm consist in an average of three measurements ~1 m apart to account for 168 

small-scale heterogeneity. In most areas, the debris cover is sufficiently thick to reduce ablation 169 

compared to clean ice (Mölg et al. 2019).  170 

Helicopter-based ground-penetrating radar (GPR) measurements from March 2012 and March 2017 171 

yielded ice thickness and bed elevation data for several cross-profiles on the glacier tongue (HT1-3, 172 

Figure 1). The GPR consisted of four 25 MHz unshielded dipole antennas by Sensors & Software 173 

(2017), separated by 4 m and fixed at the helicopter with a 14 m long rope. The spacing of the data 174 

points is 1 m and an uncertainty of ±10 m is assumed (VAW ETHZ, personal communication). A 175 

detailed description of the system and the data processing can be found in Langhammer et al. (2019).  176 

3.3. Mapping of supraglacial streams, high-relief areas and ice cliffs 177 

We analysed the orthophotos and mapped all the visible surface streams to link the location of 178 

supraglacial streams with surface morphology as well as with the onset of the high-relief zone further 179 

down-glacier. Supraglacial surface streams are defined as seasonal meltwater streams that shallowly 180 

incise into the ice. The mapped streams either disappeared in moulins or could be directly linked to 181 

supraglacial valleys (which we termed ´cryo-valleys´) further downstream. Moulins were mapped for 182 

the year 2018, supported by field visits from the same year. Note that it is not possible to map the 183 

complete sample of streams, since they exist in all sizes, are intermittent also during summer, and 184 

partly run below the debris cover.  185 

Erosion features were mapped for the dates 1977, 1983, 1988, 1995, 2005, 2010, and 2018 in order 186 

to analyse the formation and evolution processes and the location of high-relief surface morphology. 187 
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Further, the volumes of these erosion features and the abundance of ice cliffs were quantified over 188 

the course of several decades. The mapping was done manually using sharp breaks in the surface 189 

slope of the respective DEMs, supported by the hillshade and the orthophotos in places where the 190 

surface slope did not show clear breaks (Figure 2). The mapping was done in a conservative way, i.e. 191 

closer to the feature centre in case of unclear feature boundaries, with the effect that the mapped 192 

area is rather smaller than the area actually affected by the erosion features, thus avoiding 193 

overestimation of their relevance. Repeated mapping of the same area showed an uncertainty range 194 

of ~5% of the total area, similar to glacier boundary mapping in debris-covered areas (Paul et al. 195 

2013, Mölg et al. 2018). The erosion volume for each date was assessed using the following 196 

procedure: in the first step, the mapped erosion area was removed from the DEM. Secondly, this 197 

void DEM was interpolated using inversed distance weighting (Shepard 1968), which resulted in an 198 

artificial surface covering the erosion features at the elevation of the adjacent, non-eroded glacier 199 

surface. Finally, the erosion volume was calculated from the difference between the original (eroded) 200 

and the void-filled (interpolated) DEM (Figure 2).  201 

 202 

Figure 2: Illustration of the mapping of local erosion features. The volume below the grey plane was considered the erosion 203 

volume.  204 

Ice cliffs were mapped (i) with an object-oriented image analysis approach using simple image 205 

segmentation from Trimble eCognition (eCognition Essentials 1.3 2016) and subsequent manual 206 

correction (c.f. Kraaijenbrink et al. 2016, Mölg et al. 2019), and (ii) by manual digitisation from the 207 

orthophoto for the year 2018.  208 

3.4. Hydraulic potential 209 

The flow of meltwater is important for the development of englacial voids and the corresponding 210 

surface expressions in the lowest part of glaciers (Benn et al. 2017). At the glacier surface, the flow 211 

path follows the steepest gradient. The englacial or subglacial flow is given by the gradient of the 212 

hydraulic potential (∇Φ) which is influenced by the local surface and bed slope and by the englacial 213 

water head. As a first approximation, the water pressure is assumed to be at or close to the 214 

overburden pressure, which represents the case of a distributed basal drainage system. At the bed of 215 

the glacier, the hydraulic gradient ∇Φ then becomes (Le Brocq et al. 2009):  216 
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∇Φ = 𝜌𝑖 ∗ 𝑔 ∗ ∇𝑆 + (𝜌𝑤 − 𝜌𝑖) ∗ 𝑔 ∗ ∇𝑏    Eq. 1 217 

where ρi and ρw are the densities of ice (917 kg m-3) and water (1000 kg m-3), respectively, g is the 218 

acceleration due to gravity, and ∇𝑆 and ∇𝑏 denote the gradients in elevation of the surface and the 219 

glacier bed, respectively. Note that when the appropriate constants are plugged into Eq. 1, the 220 

surface gradient becomes 10 times more important than the bed slope for the routing of the flow at 221 

the base of the glacier. The gradient of the hydraulic potential is only calculated in the direction of 222 

the three cross transects HT1-3 in the central part of the tongue, for which bed elevation data exist 223 

from GPR surveys (Figure 1).  224 

3.5. Numerical model of ridge evolution  225 

In order to further investigate some of the potential processes that drive the evolution of the 226 

observed medial moraine features in the low-relief zone, we use a simple and modified version of the 227 

medial moraine model by Anderson (2000) that captures the interplay between ice flow, debris melt-228 

out, differential ablation due to variable debris thickness, and debris redistribution at the surface. In 229 

this model, we assume a steady state with regard to geometry, surface mass balance forcing and 230 

hence ice flow, and calculate the shape of cross-glacier surface transects at different locations along 231 

the direction of flow. Starting from conservation of the ice mass in steady state and using a 232 

representation of the effect of debris thickness on ablation rate that is consistent with the Østrem 233 

curve (e.g. inverse with debris thickness D, as in Anderson and Anderson 2016), we get: 234 

𝑢
𝜕𝐻

𝜕𝑥
=

𝑑0�̇�

𝑑0 + 𝐷
 235 

Here 𝑥 is the along-flow direction, H is ice thickness, D is debris thickness, 𝑑0 is a threshold debris 236 

thickness (taken here to be 5 cm) and �̇� is surface mass balance that is linearly dependent on surface 237 

elevation (with a mass balance gradient of 0.007 yr-1). The ice surface speed u is for our simple case 238 

of a constant bed gradient along the flow (and hence ice thickness) also a constant.  239 

We couple this along-flow ice thickness evolution equation to an equation for debris thickness that 240 

includes down-glacier transport, redistribution across-glacier through a diffusion process, and melt-241 

out of debris from the ice (following Anderson 2000):  242 

𝑢
𝜕𝐷

𝜕𝑥
+ 𝛽

𝜕

𝜕𝑦
(𝐷

𝜕𝑆

𝜕𝑦
) = −

𝑐𝑑0�̇�

𝑑0 + 𝐷
 243 

Here 𝑦 is the across-flow direction, S = H+D is the debris-covered surface, c is the debris 244 

concentration within the ice and 𝛽 is a diffusion constant that controls the strength of the diffusive 245 

process of debris redistribution across the glacier. Without any redistribution and ice deformation, 246 
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the moraine would grow almost linearly and indefinitely along the glacier. However, when debris 247 

redistribution and ice deformation dominate, moraines would not form since all surface features 248 

would quickly be smoothed out. Therefore, we used a medium-sized redistribution factor of 10, 249 

which captures a physically reasonable level of debris redistribution. Under slightly different 250 

conditions, Anderson (2000) uses a redistribution factor of 𝛽 = 3 and our numerical experiments 251 

suggest that any value of a similar order of magnitude will yield similar qualitative results (see the 252 

supplementary material for more information). Further note that ice flow is parallel (no cross-glacier 253 

flow) and no ice deformation is considered in this model.  254 

These coupled equations use a constant along-flow bed and surface slope and the approximate 255 

values of Zmuttgletscher glacier geometry, ice flow velocity (constant value of 30 m yr-1), surface 256 

mass balance and debris thickness from Mölg et al. (2019). We used debris concentrations of 0.1% as 257 

a base level and 0.6% (left) and 0.7% (right) to produce the two medial moraines. A more detailed 258 

description of the model and the input data is provided in the supplementary material (text and 259 

Supplementary Table 1, Supplementary Figure 2, 3, 4, 5).  260 

4. Results 261 

The geomorphological map produced from orthophotos and field observations illustrates the general 262 

characteristics of the glacier surface (Figure 1, 10), the details for the transects ST1-4 are shown in 263 

Figure 3. Zmuttgletscher shows a clear along-flow succession of zones with different surface 264 

morphologies (Figure 1, 3, 10). The succession starts with the transition from bare ice to a 265 

discontinuous debris cover in the area below the icefall (see also Figure 1c) and is characterised by a 266 

relatively smooth surface. A number of supraglacial streams are found in this flat, central, debris-267 

covered glacier part. A zone of continuous debris cover, without a clear boundary, is found 268 

immediately down-glacier. This zone still has a rather smooth glacier surface, but three elongated 269 

along-flow ridges of different heights have developed. Although these ridges show a substantial relief 270 

(between 10 and 40 m) in the across-flow direction, along the flow the slope of the ridges is almost 271 

constant. During this study, we will refer to these two parts as the low-relief zones. Their extent and 272 

position along the flow are not fixed but adjust over time in response to the evolution of the glacier 273 

and hence also to the climate forcing. Further down-glacier, they transition into a zone of high-relief 274 

topography, characterised by densely spaced topographic highs and lows, ice cliffs, a few supraglacial 275 

lakes, and signs of surface subsidence (eventually developing into circular cliffs).  276 

In the following, we first present the evolution of the low-relief zones and the occurrence of surface 277 

streams. Thereafter, the transition of the surface morphology into the high-relief zone is described 278 

and interlinkages between surface morphology and meltwater are shown. We use the four surface 279 

transects ST1 to ST4 (Figure 1, 3) to present the evolution of surface morphology.  280 
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4.1. Evolution of the low-relief zone 281 

An undulating but overall still smooth surface already existed in 1879 all along the glacier tongue 282 

(Figure 3), likely due to dynamic interaction between different tributaries rather than due to the 283 

effect of debris cover on the mainly debris-free tongue. The formation and evolution of medial 284 

moraine ridges is easy to follow both in time (1946-2017) and space (along the glacier tongue).  285 

The area below the icefall is gently sloping and shows a smooth surface during most of the study 286 

period (ST1, Figure 3). Debris cover began to emerge in the mid-20th century (see lower part of the 287 

panels in Figure 3) and laterally expanded over time. In 2001, a smooth layer of debris covered most 288 

parts between ST1 and ST2. In the central glacier part in the uppermost transect (ST1) where debris 289 

first started to emerge, a small ridge (R2) started to form in the 1960s, disappeared again and then 290 

reappeared in 2010. This typical ablation-dominant medial moraine (cf. Eyles and Rogerson 1978) can 291 

be followed down-glacier at transects 2, 3 and 4 into the high-relief zone. At ST2, the central moraine 292 

ridge (R2) started to form after 1995 and constantly grew until 2010 (Figure 3, profile distance 500 m, 293 

panel ST2).  294 

Further down-glacier, in the zone of continuous debris cover (e.g. ST3 and ST4), three distinct along-295 

flow ridges developed during the study period (R1, R2, R3, from left to right, see Figure 3). At ST3, the 296 

ridges grew until 2010 with an interruption in the 1970s and 1980s. The glacier surface at ST2 and 297 

ST3 became steadily debris-covered during the 20th century, but the expansion was not consistent 298 

along the transect. A continuously narrowing band stayed debris-free until ~2005 and at this location 299 

a major trough developed between the two moraine ridges R2 and R3. Despite strong glacier 300 

thinning in the past two decades, the prominence of the central ridge R2 has persisted, while the 301 

ridges R1 and R3 have decreased in height.  302 

The formation of ridges further down-glacier occurred earlier in time. At transect ST4, the same three 303 

ridges were already visible in 1946 (Figure 3). The peak of ridge formation was already reached in 304 

1961 and afterwards their prominence decreased. At transect ST4 (profile distance 100-300 m in 305 

Figure 3) the glacier thinned considerably between 2010 and 2018 and the former ridge R1 306 

disappeared, due to the enlargement of erosion features producing the high-relief area (see ST4 in 307 

Figure 1).  308 

At all transects major troughs have developed in the debris-free sections (lower parts of panels in 309 

Figure 3, debris thickness indicated by red bars). The binary information on debris cover is supported 310 

by debris thickness information from 2017 and 2018. The thickest debris tends to occur on the 311 

ridges, but rather on the southern slopes than on the crests (Figure 3). At ST2-4, where most of the 312 

glacier surface is debris-covered today, the debris is thinner at the location of the troughs than on 313 
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the ridges to the left and right. The surface profiles also show that the location of the ridges and 314 

troughs has migrated slightly sideways over time, which is also visible in the debris cover panels, and 315 

we therefore attribute this to changes in glacier flow dynamics.  316 

 317 

Figure 3: Evolution of ridges and troughs for transects ST1 through ST4 (indicated in Figure 1). The three main ridges are 318 

indicated: left ridge (R1), central ridge (R2) and right ridge. No data exist outside the outermost debris thickness 319 

measurements.  320 

The prominence of the ridges was evaluated with their height, which is calculated as the vertical 321 

distance between the ridge’s highest point and its neighbouring trough’s lowest point, for each date 322 

since 1946 (Figure 4a). At ST2 the height of the central ridge (R2) was small (<10m) until 1995 (Figure 323 

4b) but grew to heights of 20-30 m until 2010. Similar to ST2, ridge heights at transect ST3 grew 324 

strongly after 1961 and reached relatively stable heights between 25 and 45 m after 2000. At ST4 the 325 

ridges started to grow even before the 1960s after which they were roughly stable at 10-15 m, which 326 

is substantially lower than at the upper transects (Figure 4c). Also at ST4, in 2005 a major ice cliff 327 
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backwasted into the ridge, which caused the exceptionally low ridge height values and was 328 

readjusted through advected ice. Overall, the prominence of ridges has increased between 1946 and 329 

2010, but has become stable and even decreased in the latest period between 2010 and 2018.  330 

The succession of the different spatial zones as well as the relevant processes and the temporal 331 

development are summarised in detail in chapter 5 and in Figure 10.  332 

 333 

Figure 4: a): Indication of ridge and trough locations at the example of transect 3 in the year 2010. b-d): Evolution of the 334 

prominence of ridges R2 and R3 for transects ST2 (b), ST3 (c), and ST4 (d). 335 

4.2. Modelled development of the low-relief area 336 

The simple model of a hypothetical transect of varying debris concentration approximating the 337 

situation of Zmuttgletscher produced two medial moraines along the glacier tongue (Figure 5) due to 338 

contrasting ablation beneath the different debris thicknesses that developed. The modelling shows 339 

an almost linear increase in moraine height down the glacier that would continue unlimited for the 340 

case of no debris redistribution (dotted lines in Figure 5c). When including debris redistribution (as a 341 

diffusion process) the moraine heights stop growing at a certain distance and stagnate at heights 342 

comparable to the ones observed and then start to decrease slightly (Figure 5). This process is related 343 
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to a widening of the moraines and thinning-out of the debris on top due to the debris redistribution 344 

to their sides, combined with the continuous melt-out of debris in the troughs between the 345 

moraines. In a colder climate, the moraine emerges later (further down-glacier) and also the location 346 

at which the moraine height starts to stagnate and decrease is further down-glacier than for the 347 

warmer climate case. Here, the difference in climate is due to an ELA change of 100 m, which for the 348 

model geometry corresponds to a horizontal distance of 600 m. Interestingly, the maximum moraine 349 

heights are almost independent of climate. What is also different between cold and warm climate is 350 

that the moraine height starts to decrease again further up-glacier during the cold climate case. In 351 

general, the stagnation or even decrease in moraine heights mimics the observed evolution of the 352 

moraine height reasonably well.  353 

 354 

Figure 5: Modelled evolution of the ice surface (thickness) cross-transects for different positions along the glacier tongue (at 355 

the labelled distances in metres from the ELA) in (a) a cold climate and (b) a warm climate (with ΔELA=100 m). (c) shows the 356 

moraine height evolution with and without redistribution in a cold and warm climate.  357 

4.3. Meltwater streams 358 

Supraglacial meltwater streams are visible especially in the low-relief zone of the debris-covered 359 

area. One major stream cluster is located in the relatively flat area below the icefall, around transect 360 

ST1 (Figure 6). Large moulins drain the water of these streams into the glacier just above a small 361 

topographic step, where a number of transverse crevasses occur (Figure 6, Figure 1). The exact 362 

positions of the streams migrate laterally between the different years, i.e. meltwater channels are 363 

not being reactivated over the course of several summers. Further down-glacier the meltwater 364 

catchments are laterally confined to the trough between the moraine ridges, and thus the stream 365 

locations remain similar between the different years (Figure 6). Field visits in 2016-2018 showed that 366 

these streams became reactivated every year. Some of them drained into new moulins a few metres 367 

further up-glacier of the previous year´s moulins, which later become relict and close through ice 368 

deformation over the following years. Others are directly connected to the large-scale erosion 369 

features of the high-relief zone (cryo-valleys).  370 
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 371 

Figure 6: Supraglacial streams as mapped for different dates. The background is composed of a hillshade of the 2018 DEM 372 

(spatial resolution 2 m) and 20 m contour lines.  373 

4.4. High-relief zone 374 

Glacier surface morphology in the high-relief zone yields an unstructured pattern of relatively small-375 

scale topographic highs and lows. The main visible patterns are meander-like channel features, which 376 

we term cryo-valleys. These features are no longer aligned with the ice flow but appear oriented in 377 

all directions. Their lateral slopes are steep and often exhibit ice cliffs. Debris cones – debris-covered 378 

ice mounds (cf. Boulton 1967, Goodsell et al. 2005) – have formed and a heterogeneous debris 379 

distribution has developed with large boulders in the depressions (supplementary Figure 7). Erosion 380 

features could not be mapped for 1946 and 1961 due to partial snow cover on the tongue. The total 381 

area of the high-relief zone decreased between 1977 and 1988, but has strongly grown after 1995 to 382 

reach about 0.6 km² in 2018 (Figure 7), i.e. covering approximately 4% of the total glacier surface and 383 

approximately 7% of the ablation area. Similarly, the total volume of the erosion features has at first 384 

slightly decreased but has subsequently quintupled from <1*106 m³ to almost 5*106 m³ (Figure 7).  385 

 386 

Figure 7: Evolution of high-relief erosion feature volume (black curve) and area (orange curve) as well as average velocity at 387 

the central and lower glacier tongue (blue dotted lines).  388 

The multi-temporal analysis reveals that the high-relief zone is mainly the result of two large cryo-389 

valleys that have persisted in the lowest part of the glacier tongue since 1977 and have grown in 390 

volume and area since 1995 (Figure 1). The orographic left cryo-valley is emerging from two main 391 

tributaries at approximately 800 m from the terminus. Its northern part appears at the prolongation 392 
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of the former tributary valley from Stockjigletscher and Schönbielgletscher. The southern part 393 

emerges downstream of the central glacier part, in the prolongation of the trough between ridges R1 394 

and R2. The second (most southern) cryo-valley is smaller and less clearly pronounced (Figure 1). 395 

Both cryo-valleys changed in shape over each period of observation. In this zone, the moraine ridges 396 

that emerged up-stream in the low-relief area decrease in elevation and vanish, likely due to erosion 397 

by the combined action of meltwater erosion, cliff backwasting, and gravitational debris 398 

redistribution.  399 

The contribution of the volume change at the erosion features to glacier-wide thinning over the 400 

period 2005-2010 equalled ~10 cm yr-1 (ablation area) and ~2 cm yr-1 (glacier-wide), respectively (see 401 

also supplementary Figure 6). This value does not exceed the DEM uncertainty and is quite small in 402 

comparison to the total observed elevation change rate, which is on the order of -1 m yr-1 glacier-403 

wide (Mölg et al. 2019).  404 

4.5. Hydraulic potential 405 

If a distributed basal drainage system is assumed (see chapter 3.4), the across-flow surface 406 

topography in the low-relief area is dominant for the hydraulic potential across-glacier, especially in 407 

hydraulic transects HT2 and HT3 (Figure 8), despite considerable bed undulations. The small medial 408 

moraine ridges of several metres to tens of metres height constitute lateral barriers that are too big 409 

to overcome by the water flowing at the glacier bed and likely also englacially. When considering the 410 

general along-flow slope of the glacier bed of approximately 5°, it seems unlikely that the englacial or 411 

subglacial flow paths will change subcatchments confined by the along-flow medial moraines at the 412 

surface.  413 
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 414 

Figure 8: Gradient of the hydraulic potential (yellow and blue lines) across three glacier transects, HT1 (a), HT2 (b), HT3 (c) 415 

together with the surface (orange lines) and the bed cross profiles (grey lines; see Figure 1 for the location of the transects). 416 

Blue arrows mark the potential flow direction of the water away from the along-flow direction at the glacier bed and 417 

towards the circles at positions of a zero gradient in hydraulic potential (depression in hydraulic potential) and dashed circles 418 

indicate the corresponding position at the glacier bed. Arrows in (a) are dashed due to the low absolute values of the 419 

hydraulic potential.  420 

4.6. Ice cliff formation 421 

The formation of ice cliffs is closely related to the location of cryo-valleys and the high-relief area. 422 

Both in 2005 and in 2018, approximately 75% of all ice cliffs were located inside the high-relief 423 

erosion features. From the remaining cliff area, 12% (2005) and 15% (2018) existed at the glacier 424 

margins, mostly at the terminus and on the lateral margin of Schönbielgletscher (SBG, Figure 1). The 425 

terminal ice cliffs develop from slumping of debris at the oversteepened slopes of the glacier mouth, 426 

likely due to continuous ice erosion and debris evacuation by the river. At Schönbielgletscher steep 427 

slopes have developed on its western lateral margin where the debris-free Stockjigletscher branch 428 

one has strongly thinned during recent decades, in contrast to its debris-covered neighbour. The 429 
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remaining 10-15% of ice cliffs were observed at calving fronts at small ponds, crevasses and fractures 430 

around collapsing roofs of englacial voids.  431 

4.7. Evolution of the high-relief area  432 

As an example of a meander of the left cryo-valley, we show how a high-relief area develops out of 433 

the originally smooth glacier surface over a period of two decades (Figure 9). At first, a meltwater 434 

stream incises into the ice and small ice cliffs develop at the slopes (1988). The stream incises further 435 

and its meanders become more pronounced while the ice cliff area keeps growing (1995). From 1999 436 

onwards, ice cliffs cover most of the lateral meander slopes, which leads to an enlarging of the 437 

meander feature by ice cliff backwasting in various directions (2001). Over time, this process 438 

significantly increases the area of the erosion feature (2005) and encompasses complex patterns of 439 

debris redistribution from outside the erosion feature (ice cliff backwasting) and from within (fluvial 440 

transport, ice cliff backwasting). In 2007, the backwasting of ice cliffs led to the unification of the two 441 

cryo-valleys on the left glacier side, and a large hummocky surface was left behind (Figure 9). This 442 

example shows that it is possible to turn the relatively smooth, original glacier surface into an area of 443 

high relief with an incised stream, local depressions, heterogeneous debris distribution, and steep, 444 

ice-cliffed slopes facing in all directions, within a period of only a couple of decades.  445 

 446 

Figure 9: Time series of orthophotos documenting the evolution of two meanders over the course of twelve years. The clearly 447 

defined channel area from 1995 evolves into a high-relief zone where most of the originally smooth glacier surface becomes 448 
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reworked. Undisturbed glacier surfaces are only available for 1995 and 2005. The course of the stream becomes englacial 449 

over time.  450 

5. Interpretation 451 

The evolution of the different zones along the glacier tongue and their corresponding main features 452 

are tightly interlinked (Figure 10a) and developments in the upper zone directly influence the lower 453 

zones. Therefore we focus on this succession of processes and surface developments (Table 2) 454 

documented by the multi-temporal analysis.  455 

 456 

Figure 10: (a): Main elements and succession of zones on a debris-covered glacier. (b): Concept of medial moraine height 457 

evolution down-glacier and over time.  458 

Table 2: Summary of the major landforms and processes in the discussed glacier zones.  459 

Glacier zone Major landforms Main processes 
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Debris-free ablation zone Homogeneous, smooth surface, 
crevasses at steeper sections 

Ablation, plastic ice flow, non-
plastic at crevasses 

Low-relief zone Medial moraines Differential ablation, stream 
incision, debris redistribution 

High-relief zone Medial moraines, cryo-valleys, 
large-scale erosion features 

Same as in low-relief zone, 
additionally ice cliff backwasting, 
cut-and-closure of incised streams 

 460 

5.1. Evolution of the low-relief zone and medial moraines 461 

Between the end of the LIA and the mid-20th century the glacier surface of the low-relief zone in the 462 

upper part of the tongue turned from a smooth, slightly undulating surface into one being dominated 463 

by along-flow ridges and troughs of a few metres to several tens of metres in height. Their formation 464 

started in the transition zone from a debris-free to a debris-covered glacier surface and was driven by 465 

local emergence of debris. Where such debris bands first emerged, the ablation rates decreased 466 

creating contrasting thinning that shaped the medial moraines and the adjacent along-flow troughs 467 

over time. The debris originates from rockfall at the headwalls surrounding the accumulation area 468 

and the moraines can be classified as ablation dominated according to the classification by Eyles and 469 

Rogerson (1978). The central moraine (R2) has turned from an ablation-dominated type to an 470 

avalanche-type moraine (Eyles and Rogerson 1978) due to the rise of the ELA above the avalanche 471 

cone locations. While the moraines grew down-glacier, the troughs in between remained debris-free 472 

for a distance of between several hundred metres and two kilometres. The debris-free bands 473 

narrowed due to further melt-out of englacial debris and debris redistribution from the slopes of the 474 

moraines as proposed by previous studies (e.g. Small and Clark 1974, Eyles and Rogerson 1978, Vere 475 

and Benn 1989).  476 

Moraine height generally increases down-glacier as the ablation contrast accumulates and is well 477 

reproduced by the simple numerical model that includes debris thickness dependent ablation. 478 

However, further down-glacier we observed a stagnation in moraine height and even a decrease as 479 

sketched out in the conceptual Figure 10b. This phenomenon was observed before and was 480 

explained by (i) the complete melt-out of the vertical debris-containing ice column and (ii) the lateral 481 

redistribution of debris together with ice deformation towards the steep moraine slopes (Eyles and 482 

Rogerson 1978, Small and Clark 1974, Gomez and Small 1985, Bozhinskiy et al. 1986, Brook et al. 483 

2017). In other words, the moraine height is self-limiting due to these processes, whereas it would 484 

grow infinitely otherwise (Figure 5c). Explanation (i) is applicable for so-called ice-stream interaction 485 

moraines (cf. Eyles and Rogerson 1978), i.e. medial moraines developing below the convergence of 486 

tributaries, and where folding has occurred at the convergence of tributaries (Hambrey et al. 1999, 487 

Appleby et al. 2010, Jennings et al. 2014). However, the complete melt-out of the debris column 488 

below the confluence of large glacier branches (which we consider unlikely) would lead to moraine 489 
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height decrease rather than stagnation. Explanation (ii) is supported by our observations from the 490 

field (e.g. supplementary Figure 7) and the orthophotos, which indicate a widening of the debris 491 

cover at the moraines and the redistribution of large boulders away from the moraine ridges. The 492 

modelling including debris redistribution also reproduced this stagnation by achieving some sort of 493 

equilibrium between debris melt-out and redistribution (although neglecting stream incision, which 494 

would again contribute to moraine height decrease). A further process that may also limit the 495 

moraine height growth (and that was not considered in the modelling) is the across-flow ice 496 

deformation when the moraine is sufficiently high. Such moraine deformation under its own weight 497 

has been documented by differential GPS-measurements on the medial moraine of 498 

Unteraargletscher (Helbing 2006) and there it occurred at a moraine height around 20 m.  499 

However, for interpreting observations of moraine height, we should also consider the potential 500 

influence of the glacier and hence the climate history. Our simple modelling suggests that during 501 

cooler climates the location of peak moraine height is further down-glacier than during warmer 502 

climates. The reasons are the lower position of the ELA and the smaller ablation contrasts due to 503 

smaller absolute ablation rates (Shroder et al. 2000). This may also be a relevant effect when 504 

interpreting the moraine heights of Zmuttgletscher, because the climate was cooler at the end of the 505 

LIA as well as during the 1920s and 1970s (Schmidli 2000, Hirschi et al. 2013). Assuming average flow 506 

velocities at the tongue of 30 m yr-1 (Mölg et al. 2019), the ice at the lowest transect (ST4) is 100-150 507 

years old. Thus the ice and surface debris there likely date back to the 19th century and have 508 

experienced more of the cooler periods, which may have reduced moraine growth over time. An 509 

additional factor (not accounted for in the model) for less strong moraine growth in ice originating 510 

from cooler periods is a lower debris concentration than today due to higher accumulation volumes 511 

and lower weathering rates (e.g. Glazyrin 1975, Kirkbride and Deline 2013, Bosson et al. 2015). Given 512 

the increasingly negative mass balance of many glaciers worldwide (Zemp et al. 2019), this effect 513 

likely plays a widespread role. The model results yield maximum moraine heights of approximately 514 

25 m, similar to the observed values and literature findings (e.g. Eyles and Rogerson 1978, Small and 515 

Clark 1974, Brook et al. 2017). Thus, we suggest that the model parameters and across-profile 516 

contrasts in debris concentration represent a good approximation of reality.  517 

Note that moraine height decreased at all transects in the period 1977-1988 (Figure 10b) which is 518 

coincident with periods of increased flow velocities induced by additional mass flux (Mölg et al. 519 

2019). In the area of the transects, the more prominent parts of the medial moraines were pushed 520 

further down-glacier and replaced by less developed parts from further up-glacier. At the same time, 521 

reduced ablation attenuated the process of differential ablation while diffusion processes continued 522 
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to act. The height increase at ST2 (1983-2017) and at ST3 (1995-2010) is almost linear (R²=0.89/0.95), 523 

which is in line with our modelling results and the modelling study by Anderson (2000).  524 

Debris emergence moved up-glacier over time, together with continued negative mass balance and a 525 

rise of the ELA. As the ELA approaches debris deposition locations, englacial travel distances shorten 526 

and the debris emerges further up-glacier (e.g. Boulton 1978). With a rise of the climatic ELA of about 527 

300 m during the second half of the 20th century, the central flow unit of Zmuttgletscher has turned 528 

into an avalanche-type glacier (cf. Eyles and Rogerson 1978, Vere and Benn 1989). Thus, the flow unit 529 

below Dent d’Hérens is now primarily nourished by avalanching and the debris cover starts close to 530 

the foot of the wall. Therefore, the central and most prominent moraine ridge (R2) now develops in 531 

the highest transect just below the icefall (ST1), only a few hundred metres from where the 532 

deposition takes place.  533 

The moraine evolution model has been tuned for Zmuttgletscher with parameters within the range 534 

of literature values (e.g. Bozhinskiy et al. 1986, Anderson 2000), therefore the model results are – at 535 

the moment – limited to Zmuttgletscher. Nevertheless the model is applicable to investigate medial 536 

moraines at other glaciers, but is based on assumptions of debris concentration in the ice.  537 

5.2. Surface morphology influences meltwater 538 

The formation of along-flow ridges affects the meltwater that is produced on the glacier surface. Flat 539 

debris-covered areas tend to have relatively small catchments and thus small streams (Benn et al. 540 

2017, Fyffe et al. 2019). The flat upper part of the low-relief zone of Zmuttgletscher, with no or 541 

relatively thin debris cover (mostly <15 cm), hosts comparatively small and laterally migrating 542 

supraglacial streams. A number of moulins and crevasses drain these streams at the down-glacier 543 

end of this flat area. As the moraine ridges develop further down-glacier, the supraglacial meltwater 544 

streams get strongly confined by these ridges and persistently follow the surface troughs in between. 545 

This means the ridges also constrain the streams to a few along-flow basins that drain relatively large 546 

catchments (Figure 6; Small and Clark 1974). This focussing of meltwater into a few along-flow 547 

streams with substantial meltwater discharge is essential for stream incision, which is mainly 548 

controlled by river discharge, the slope of the stream, and the ablation rate of the adjacent ice 549 

(Fountain and Walder 1998, Jarosch and Gudmundsson 2012).  550 

En- and subglacially, the hydraulic gradient is also governed by the surface topography and hence by 551 

ridges and troughs, in particular before an efficient channelised drainage system is established. As 552 

the moraines develop along the glacier due to the emergence of debris they become high enough to 553 

direct any en- and subglacial water flow towards the positions of the troughs that had formed 554 

between the moraines (Figure 8). Thus, the meltwater flow is strongly confined by the moraines – 555 
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both supra- and subglacially. Once a channelised system is established, it is likely to persist given the 556 

conditions of negative mass balance and decreased glacier flow dynamics (e.g. Clayton 1964, 557 

Thompson et al. 2016).  558 

5.3. Formation and relevance of the high-relief zone 559 

The earliest aerial photograph from 1930 already shows distinct erosion features in the lowest, 560 

debris-covered part of the tongue (supplementary Figure 8). The analysis of the time series of 561 

orthoimages from 1946 onwards reveals that the initiation of the high-relief zone is a combined 562 

result of spatially persistent meltwater stream incision, subsequent debris redistribution and 563 

differential ablation.  564 

5.3.1. Initiation of erosional features 565 

Continuous meltwater stream incision and strong melting of the channel walls over several years can 566 

lead to small valleys on the glacier surface (‘cryo-valleys’). On Zmuttgletscher, cryo-valley erosion 567 

features formed at the down-glacier prolongation of the meltwater streams that were confined by 568 

the moraine ridges (Figure 1, 10). Strongly reduced flow dynamics and increasingly negative mass 569 

balance since the 1980s support the flow path positions of the cryo-valleys over several decades. 570 

Debris is successively transported into the stream channels by gravitational redistribution from the 571 

adjacent glacier surface and fluvial transport from further up-glacier. Consequently, the debris is in 572 

parts of the channel bottoms often thicker than on the original, undisturbed glacier surface. The 573 

ablation contrast between the stream and the adjacent ice covered by thicker debris grows and 574 

supraglacial streams can further incise vertically by several metres. Due to their energy potential 575 

streams also continue to incise beneath the debris. If the stream channel is narrow enough, ice 576 

deformation is able to close the channel walls (Gulley et al. 2009), i.e. twice the horizontal velocity of 577 

a vertical ice cliff of 5-15 m height reaches values of up to 1 m per year (e.g. Jarosch and 578 

Gudmundsson 2012, Mercenier et al. 2018). In such cases the channel incision does not contribute to 579 

adjacent moraine height increase. During periods of strongly enhanced ablation, such cut-and-580 

closure channels can become exposed again, as shown by Miles et al. (2017) for Lirung Glacier in 581 

Langtang Himalaya.  582 

During periods of negative mass balance, englacially running water develops a strong erosive 583 

potential and plays an important role in the evolution of debris-covered glaciers during periods of 584 

negative mass balance (Clayton 1964, Krüger 1994, Janke et al. 2015, Thompson et al. 2016, Tanarro 585 

et al. 2019). If ice deformation during winter is not sufficient to close the conduit, large englacial 586 

voids can develop over time. Subsequent roof collapse can transform the void into a supraglacial 587 
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erosion feature. This effect could potentially play a role in the rapid down-glacier enlargement of the 588 

cryo-valleys on Zmuttgletscher but this was not fully conclusive from the data.  589 

5.3.2. Conceptual high-relief area evolution 590 

We showed that an incising stream can initiate a high-relief area on a debris-covered glacier tongue. 591 

Figure 11 conceptually summarises the main steps of this process, which we illustrated at one 592 

specific meander at Zmuttgletscher (Figure 9). Persistent supraglacial streams on a debris-covered 593 

glacier surface will likely incise into the ice and initiate a cryo-valley (e.g. Gulley et al. 2009). This is 594 

due to increased ice melt in the debris-free river bed as well as the erosion of ice and debris by the 595 

water flow, in contrast to the continuous debris cover adjacent to the flow channels, which 596 

attenuates melt rates. Streams on and within the ice can produce the observed sinuous channel 597 

shape (Gulley et al. 2009, Benn et al. 2017), similar to rivers in sedimentary flatlands (cf. Ikeda and 598 

Parker 1989). Steep slopes can form at the lateral margins of the cryo-valleys or by the collapse of an 599 

englacial void (Figure 11a). In certain places, these slopes steepen enough for the debris to slide off 600 

(Figure 11b). The sub-debris ice becomes exposed to the atmosphere and the cliff backwastes faster 601 

than the debris-covered surrounding slopes, with south-facing cliffs showing higher rates than north-602 

facing ones (Figure 11c; e.g. Sakai et al. 2002, Reid and Brock 2014, Buri and Pellicciotti 2018). Due to 603 

the sinusoidal nature of streams, a cryo-valley often consists of pronounced meanders, and thus ice 604 

cliffs can face any direction. As a result, the backwasting process can affect the surroundings in all 605 

directions and widens the valley (Figure 11c). Because the valley bottom is also debris-covered, the 606 

stream continues to incise locally and a new valley can form. This succession of processes can, as in 607 

the case of Zmuttgletscher, lead to a topographical reshaping of the formerly smooth surface to a 608 

high-relief area with relief differences in the order of a few tens of metres (Figure 11d).  609 

 610 

Figure 11: Conceptual model of the initiation and development of a high-relief zone from a supraglacial meltwater stream. 611 

Apart from the ice cliffs, all surfaces are debris covered, including the inside of the high-relief area.  612 

Ice cliffs can backwaste rapidly due to their typically low albedo (see cliff colour in Figure 9; e.g. Buri 613 

et al. 2016). In mid-latitudes, backwasting rates can reach up to 5-15 m per summer, even higher 614 

than the ablation rates on debris-free ice at similar elevations, and also higher than annual flow 615 

velocities in the lower part of Zmuttgletscher (e.g. Röhl 2008, Han et al. 2010, Brun et al. 2016, 616 

Watson et al. 2017, Mölg et al. 2019). Both decreasing flow dynamics and increasing temperatures 617 
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leading to higher discharge enforce the enlargement of the high-relief zone, and affected areas can 618 

expand further up-glacier. Vice versa, the decrease in high-relief area and volume before 1988 is 619 

likely due to an increase in flow velocities and a decrease in summer temperatures (Schmidli 2000, 620 

Bauder et al. 2007, Mölg et al. 2019).  621 

5.3.3. Topographic inversion  622 

Debris cover gets redistributed due to steep walls at backwasting ice cliffs. Large areas of original 623 

glacier surface relocate their debris onto a relatively small area at small valley meanders, which occur 624 

during the beginning of the backwasting process. As a consequence, the locally decreased ablation 625 

can induce the formation of debris cones (Figure 9 in 1999 and 2001). As in the example on 626 

Zmuttgletscher illustrated in Figure 12, this can lead to a topographic inversion where a former 627 

surface low becomes a topographic high (Figure 12). Over time, the elevation difference between the 628 

peak of the debris cone and its surroundings increases, represented by 2 m contour lines in the uphill 629 

and downhill direction in Figure 12a. With continuous glacier thinning, the glacier surface with the 630 

same elevation as the debris cone peak retreats further upstream, thus the local maximum becomes 631 

more pronounced (Figure 12b). The potential mechanism of topographic inversion on debris-covered 632 

glacier tongues has been mentioned before (Thompson et al. 2016, Nicholson et al. 2018), but has, to 633 

our knowledge, never been fully documented.  634 

 635 

Figure 12: (a): Example of a topographic inversion. The contour lines are 2 m equidistant, centred around the highest point 636 

of the former meander centre, and cover 14 m of elevation difference both upstream and downstream of the centre. (b) 637 

Elevation profiles for the same dates with the debris cone in the centre. (c) Conceptual formation of the debris cone from a 638 

meander centre.  639 
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Other reasons for heterogeneous debris distribution apart from redistribution at cliffs and fluvial 640 

transport are englacial septa with various dip angles (e.g. Vere and Benn 1989, Appleby et al. 2010, 641 

Kirkbride and Deline 2013) as well as the melt-out of englacially transported and accumulated debris 642 

in conduits (Hooke et al. 1985, Kirkbride and Spedding 1996).  643 

The action of these processes over decadal time scales, combined with thick debris cover and 644 

sluggish dynamics, seems to form a surface morphology that closely resembles that of well-studied 645 

heavily debris-covered glacier tongues in the Himalayas and that is difficult to backtrack (e.g. 646 

Watanabe et al. 1986, Iwata et al. 2000, Benn et al. 2017). Benn et al. (2017) reported an example of 647 

cryo-valley formation at the transition zone between smooth and high-relief area and its subsequent 648 

enlargement over time on Ngozumpa Glacier. Studying these transition zones at Himalayan glaciers 649 

over longer time periods could reveal similarities or differences to the concepts presented here and 650 

may improve the understanding of the genesis of the high-relief areas on such glaciers.  651 

5.3.4. Glacier-wide importance of the high-relief zone 652 

Volume loss of ~0.2-0.3*106 m³ yr-1 is substantial in terms of discharge but less relevant considering 653 

the glacier-wide volume loss of almost 16*106 m³ yr-1. However, annual elevation change in the high-654 

relief area can exceed -2 m yr-1 (2005-2017), which is two to three times higher than glacier-wide 655 

values. Thus, high-relief areas are important on a local scale also in the case of Zmuttgletscher. 656 

Average elevation changes at the lower tongue of nearby debris-free Findelgletscher are in the range 657 

of -5 m yr-1 (Joerg and Zemp 2014). Thus, we conclude that the influence of high-relief areas on the 658 

local volume change on the lower part of the tongue is considerable, but is compensated by debris 659 

insulation by a factor of 2-3. In light of thicker debris on many large debris-covered glaciers a similar 660 

or even higher compensation factor of debris cover can be expected.  661 

5.4. Formation of ice cliffs 662 

We showed that on Zmuttgletscher three quarters of all ice cliffs on the main tongue are located in 663 

the area of the erosion features. Also for most of the remaining – mostly marginal – ice cliffs the 664 

essential formation processes are linked to running water. This is in line with the formation processes 665 

for ice cliffs proposed by Benn et al. (2001) and Reid and Brock (2014), which also link them to 666 

meltwater action: supraglacial valley walls become oversteepened and debris slumping occurs. 667 

Subsidence at slowly collapsing englacial channels and calving at supraglacial ponds can also occur 668 

(e.g. Röhl 2008, Sakai et al. 2009) but is rare on Zmuttgletscher. Because the presence of moraine 669 

ridges influences both the stream location and the catchment, and hence the discharge (Benn et al. 670 

2017), we conclude that the formation of ice cliffs is also a result of the surface morphology further 671 

up-glacier, which is dominated by the emergence location of supraglacial debris cover.  672 
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5.5. Relevance and implications  673 

The presence of debris cover can significantly shape the surface morphology of a glacier. A 674 

succession of a smooth glacier surface, zones of low along-flow relief, and zones of high relief can 675 

form. Our observations of medial moraine formation and evolution are in line with observations from 676 

previous studies (Small and Clark 1974, Eyles and Rogerson 1978, Gomez and Small 1985). With our 677 

long-term analysis we showed that the uni-temporal shape of an along-flow moraine, as investigated 678 

in former studies, can also develop at one location over time. As glacier mass balance turns negative, 679 

debris cover emerges further up-glacier followed by the formation of a medial moraine, the 680 

prominence of which can increase and decrease again in the down-glacier direction and over time 681 

due to climatic changes, debris redistribution and ice deformation.  682 

Ridge formation changes runoff paths and the accumulated meltwater can incise into the ice beneath 683 

a debris-covered glacier surface, thereby initiating the formation of small supraglacial valleys. The 684 

incision is likely to occur downstream of depressions between moraine ridges, where water 685 

accumulates both supra- and en/subglacially (cf. Arnold et al. 1998). The formation and enlarging of 686 

such cryo-valleys can be observed at various glaciers in the Alps, e.g. Oberaletschgletscher and 687 

Unteraargletscher in Switzerland and Glacier Noir (Écrins) in France (Vivian 1967, Deline 2002, 688 

Lardeux et al. 2016) and the Himalaya (Benn et al. 2017).  689 

Zones of high relief are constantly changing, driven by strong contrasts of differential ablation and 690 

debris redistribution and erosion by meltwater, which has also been shown for Khumbu Glacier 691 

(Nepal; Iwata et al. 2000) and Hóladalsjökull (Iceland; Tanarro et al. 2019). Our study partly contrasts 692 

previous results stating that the high-relief zone and its features on debris-covered glaciers are 693 

relevant for the overall mass loss (e.g. Pellicciotti et al. 2015, Brun et al. 2016, Tanarro et al. 2019). In 694 

the case of Zmuttgletscher, the debris cover leads to reduced volume loss in the debris-covered area 695 

than can be expected on a similar debris-free glacier tongue, even when including the high-relief 696 

zone.  697 

6. Conclusions 698 

On Zmuttgletscher we find a down-glacier succession of morphological zones, from a smooth, low-699 

relief zone with along-flow ridge structures to a zone of high relief in the lower glacier part with 700 

abundant ice cliffs. We found that the morphological evolution, zone formation and composition are 701 

strongly influenced and directed by the emergence pattern of supraglacial debris cover and the 702 

presence of locally concentrated meltwater.  703 

Down-glacier of the debris bands that first emerged on the tongue of Zmuttgletscher, medial 704 

moraine ridges formed during the 20th century with a final prominence of up to 45 metres above the 705 
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surrounding terrain. Parallel to the glacier flow and in between the three main ridges, troughs 706 

formed in places that remained debris-free longer. Over time, ridge heights have increased and ridge 707 

onsets have moved up-glacier, due to continued negative mass balance and related debris cover 708 

expansion, supported by decreasing flow velocities. Increasing velocities in the 1970s/1980s led, in 709 

contrast, to a decrease in moraine height. We observed an attenuated height increase and even a 710 

decrease, down-glacier (in line with previous results) but also at one location over time. We show 711 

that moraine height is not only influenced by ice deformation and debris redistribution, but also by 712 

changes in climate, with slower moraine growth during cooler periods.  713 

During their formation, the moraines start to force the meltwater to run in the troughs. Even 714 

englacially and subglacially, the surface morphology defines the lateral hydraulic gradient and 715 

prevents re-routing of the water perpendicular to the glacier flow. Supraglacially, the meltwater gets 716 

concentrated in the location of the troughs and this locally increased discharge leads to higher 717 

incision potential of the streams, eventually resulting in the formation of supraglacial valleys in the 718 

down-glacier prolongation of the troughs. Once initiated, these cryo-valleys can enlarge radially by 719 

hundreds of metres within a few decades and can thus form a zone of high topographic relief in the 720 

lower part of the glacier tongue. The enlargement of these erosion features is mainly driven by cliff 721 

backwasting at steep valley slopes and enforced by decreasing ice dynamics. On Zmuttgletscher, 722 

these processes have led to a growth in total erosion volume by a factor of five since the 1980s. The 723 

conceptual model of a transition from smooth debris cover (with elongated moraine ridges) to the 724 

formation of cryo-valleys and eventually high-relief zones with ice cliffs can well be seen at 725 

Zmuttgletscher: about 75% of the total cliff area is located inside the high-relief perimeter. Over 726 

longer time periods, these processes can be responsible for a complete reshaping of the originally 727 

smooth glacier surface into high-relief areas, as found on many debris-covered glaciers, especially in 728 

the Himalaya. Nevertheless, we found that the effect of the erosion features is locally important in 729 

the zone where most ice cliffs occur, but small compared to the average glacier-wide thinning rates 730 

for the same periods.  731 

By studying the long-term evolution of the surface morphology of Zmuttgletscher, we provided 732 

insights into its importance for the glacier’s evolution and showed its relevance for glacier models. 733 

The overall negative mass balance leads to an increasing relevance of debris-related changes in 734 

glacier surface morphology. In addition, the methods used in this paper are transferable to other 735 

glaciers, which may help to gain a more general understanding of how debris-covered glaciers evolve 736 

over longer time periods. For glaciers that carry large amounts of debris, such considerations will also 737 

be helpful in interpreting post-glacial debris volumes and distributions as well as questions on 738 

sediment transfer and storage.  739 
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