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Abstract. Supraglacial channels form a key component of glacier hydrology, transporting surface meltwater to 8 

englacial and proglacial positions, which impacts ice flow dynamics, surface mass balance and the hydrochemistry 9 

of glacial runoff. The presence of supraglacial channels is well-documented on ice sheets using satellite imagery, 10 

but little is known about their distribution and characteristics on mountain glaciers because most channels fall 11 

below the resolution of freely-available satellite imagery. Here we use high-resolution (0.15 m) orthophotos to 12 

identify channels across 285 glaciers in Valais Canton, Switzerland. For the 85 glaciers with supraglacial channels 13 

(>0.5 m wide), we mapped 1890 channels and investigate their distribution and characteristics. We find that glacier 14 

hypsometry, size and slope are good predictors of drainage density, with glaciers characterised by lower angle 15 

slopes (fewer crevasses) and larger ablation areas (high meltwater supply) exhibiting higher drainage densities. 16 

The strongest control on drainage density is glacier mean elevation, with glaciers containing a larger portion of 17 

their mass at lower elevations producing higher drainage densities. On average, 80% of high order channels run-18 

off supraglacially, with 20% terminating englacially. However, there is marked inter-glacier variability in where 19 

channels terminate, with 40% of glaciers containing no englacially-terminating channels, versus 3.5% where all 20 

channels terminate englacially. Most channels are slightly sinuous, with higher sinuosities associated with large, 21 

high-order channels that are heavily incised and more likely to reactivate annually. This differs to an ice sheet 22 

setting where many supraglacial channels terminate in lakes and fewer channels reach the ice margin. 23 

 24 

1 Introduction 25 

Glaciers and ice caps are rapidly losing mass rapidly (Wouters et al., 2019; Hugonnet et al., 2021; Tepes et al., 26 

2021; The GlaMBIE Team, 2025) resulting in sea level rise which is anticipated to continue throughout the 21st 27 

century and beyond (Bamber et al., 2019; Edwards et al., 2021; Rounce et al., 2023). Glaciers in the lower latitudes 28 

(e.g., the European Alps, Caucasus, New Zealand, the USA) are particularly vulnerable to atmospheric warming 29 

and may experience complete deglaciation by 2100 under a strong warming scenario (e.g., RCP8.5) (Zekollari et 30 

al., 2019; Rounce et al., 2023). In populated mountain regions, these changes will have profound impacts, as 31 

glaciers and snowpacks act as vital water towers, supplying 1.9 billion people worldwide who live in or 32 

downstream of glacial catchments with crucial freshwater (Carey et al., 2017; Zemp et al., 2019; Immerzeel et al., 33 

2020; Sommer et al., 2020; Hugonnet et al., 2021; Clason et al., 2023). Glacier meltwater responsible for feeding 34 
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proglacial rivers is commonly transported to the proglacial margin by supraglacial channels, with these channels 35 

forming an important component of the glacial hydrological system. The presence and distribution of supraglacial 36 

channels has implications for a range of glacio-hydrological processes as they affect how efficiently meltwater is 37 

routed over, through and under glaciers, with the potential to impact on suspended sediment concentrations and 38 

hydrochemistry of proglacial rivers. Higher suspended sediment concentrations, for example, pose harm to 39 

downstream ecosystems and proglacial reservoirs, with concentrations generally higher if meltwater is routed to 40 

the bed (Swift et al., 2002), rather than transported supraglacially. In addition, the presence or absence of channels 41 

that route meltwater to the bed directly affects subglacial meltwater supply, which has implications for subglacial 42 

water pressure, the onset of subglacial channelisation, and could in turn influence ice motion (e.g., Willis, 1995; 43 

Jobard and Dzikowski, 2006; Banwell et al., 2016). Despite the importance of meltwater routing, the controls and 44 

patterns of meltwater transport on mountain glaciers remain relatively understudied. Notably, it is not yet fully 45 

understood why the channelised flow of meltwater occurs on some glaciers but not others (Pitcher & Smith, 2019).  46 

The term ‘supraglacial stream’ was first coined in the 1970s and 1980s from observations of channels in 47 

Scandinavia and the European Alps (e.g., Knighton, 1972, 1981, 1985; Ferguson, 1973; Hambrey, 1977; Seaberg, 48 

1988), with their morphology often compared to terrestrial streams. However, these early studies only provided 49 

small-scale, local observations of channels on individual glaciers. By comparison, a recent revival in supraglacial 50 

channel research has primarily focused on large-scale remote-sensing observations of the Greenland Ice Sheet 51 

(GrIS) (e.g., Smith et al., 2015; Gleason et al., 2021; Karlstrom & Yang, 2016; Yang et al., 2015, 2016, 2018, 52 

2019, 2020, 2021, 2022), and to a lesser extent, Antarctica (e.g., Kingslake et al., 2017, Bell et al., 2017; Chen et 53 

al., 2024). Recent remote sensing techniques for channel detection on the GrIS (e.g., Yang and Smith, 2013; King 54 

et al., 2016) have not been applied to mountain environments because the majority of channels are likely to be 55 

below the resolution of the highest resolution satellite platforms (e.g., Sentinel-2 (~10 m), WorldView 3 (0.31 and 56 

1.24 m)). As a result, it is not known whether the principles that govern channel formation on larger ice sheets 57 

also apply to mountain glaciers. The latter are characterised by typically steeper and more complex topography 58 

and tend to have a larger coverage of debris cover in comparison to ice sheet surfaces.   59 

Much remains unknown about supraglacial channel distribution in mountainous environments, but previous 60 

research has helped to establish some fundamentals (e.g., Knighton, 1972, 1981; Ferguson, 1973; Yang et al., 61 

2016). Specifically, the formation of meltwater channels is thought to occur when channel incision via thermal 62 

erosion exceeds the rate of surface lowering (Marston, 1983). Channel formation is also influenced by the rate of 63 

meltwater production and surface topography, with channels tending to form parallel to the steepest ice flow 64 

direction (Irvine-Fynn et al., 2011; Mantelli et al., 2015). Surface topography may re-enforce itself, as once an 65 

incised channel forms, the higher incision rates may result in an increasingly topographically constrained channel 66 

that reactivates annually. On a smaller scale, high concentrations of channels have been suggested to be correlated 67 

with high surface roughness (Irvine-Fynn, 2011), while the presence of micro to macro scale surface structures 68 

also influences meltwater routing (e.g., Rippin et al., 2015). Where channels occur, they are often reactivated 69 

annually depending on their depth, with the most deeply incised channels suggested to be a product of high 70 

discharge or high slope (St Germain & Moorman, 2019). However, incised channel profiles are not typically 71 

uniform, and most channels commonly exhibit asymmetric cross-profiles due to the dominant direction of solar 72 

radiation (St Germain & Moorman, 2019). Additionally, discharge rates are a strong control on channel 73 
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morphology, in particular sinuosity, with channels observed to increase in sinuosity throughout the melt season 74 

(e.g., Dozier, 1976; Hambrey, 1977; St Germain & Moorman, 2019). Similar to terrestrial river networks, 75 

supraglacial channels generally follow Horton’s laws, meaning that higher-order channels (i.e., where the highest-76 

order is the main channel) are longer, have lower slopes, and are comprised of a lower number of channel segments 77 

(Horton, 1945; Yang et al., 2016). However, much of what we know about supraglacial channels was established 78 

from cold to polythermal glaciers or from observations of a small number of individual glaciers (e.g., Knighton, 79 

1972, 1981, 1985; Gleason et al., 2016; St Germain & Moorman, 2019).  80 

In this paper we investigate a range of potential controls on channel distribution and properties for a large sample 81 

of glaciers (n = 285) in a region characterised by high melt rates. We use high-resolution (~0.15 m) orthophoto 82 

imagery from 2020 to produce the first comprehensive inventory of 1,890 supraglacial channels in a mountain 83 

glacier environment, with a focus on Valais Canton, Switzerland. Our aim is to characterise the morphometry of 84 

supraglacial channels on mountain glaciers, providing insight into where and why they form. This is important 85 

for understanding how mass is transported through and away from glacier, and for determining how uniform 86 

surface hydrological characteristics (e.g., channel, channel transport pathways) are between glaciers which is 87 

beneficial for informing modelling of glacier hydrology and ice motion. Using GIS software, we extract channel 88 

metrics (length, sinuosity, slope, elevation, terminus type, proximity to debris) and glacier characteristics (aspect, 89 

size, drainage density, elevation, crevassed extent) which are supplemented by qualitative observations. Using our 90 

data, we explore the relationship between glacier and channel characteristics using statistical measures and infer 91 

whether glacier surface characteristics can explain the presence or absence of channels. 92 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              93 

2 Study location 94 

When compared to many glacierised regions, Switzerland has the largest repository of high spatial and temporal 95 

resolution national LiDAR and orthophoto surveys, providing excellent coverage for the mapping of supraglacial 96 

channels. We focus on Valais Canton in southern Switzerland which contains 303 glaciers over 0.1 km2, covering 97 

a total area of 545 km2 in 2015 (Fig. 1; Linsbauer et al., 2021). It is the most glacierised Swiss Canton and in 2015 98 

glaciers in Valais had a mean area of 1.8 km2, a median of 0.43 km2 and a maximum area of 77.3 km2 (Grosser 99 

Aletschgletscher) (Linsbauer et al., 2021). We identified Valais Canton as a suitable study site as its glacier size 100 

distribution is comparable with Switzerland as a whole, and the glaciers range from shallow to steep gradients, 101 

have differing hypsometries (ice area-elevation distributions) and vary in crevasse densities. Thus, this study site 102 

captures a wide range of potential influences on channel distributions and characteristics. Valais is comprised of 103 

the Bernese Alps to the north and the Pennine Alps in the south, separated by the Rhône Valley (Fig. 1). Glaciers 104 

in the Bernese Alps are the largest in the canton and most exhibit a south-to-southeast aspect (mean: 163°). In 105 

contrast, the largest glaciers in the Pennine Alps have a north and west aspect (mean: 347°). Glaciers in Valais 106 

have an average maximum elevation of 3450 m.a.s.l (min: 2356, max: 4599) and an overall mean elevation of 107 

3091 m.a.s.l (min: 2267, max: 4025).  108 
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 109 

Figure 1: The study site area, which contains 303 glaciers >0.1 km2. (A) The location of Valais Canton 110 

(black) is shown within southwest Switzerland. Glaciers found to contain visible streams (>0.5 m wide) are 111 

shown in blue, glaciers without streams (>0. 5 m wide) are in pink, glaciers fully covered by snow are in 112 

yellow, and all glaciers <0.1 km2 (which we omit from this study) are shown in dark green; (B) an example 113 

of a large valley glacier, with smaller glaciers at higher elevations; (C) the debris-covered tongue of Glacier 114 

du Grand Cornier and surrounding smaller glaciers; and (D) the larger glaciers (e.g., Grosser 115 

Aletschgletscher, centre right) in the north of Valais Canton. The location of Col du Grand St-Bernard 116 

meteorological weather station is indicated by a yellow star. Glacier outlines used are from the Swiss Glacier 117 

Inventory (SGI2016), with glacier extent shown for 2015-16. The outlines are overlayed on basemap 118 

imagery sourced from Esri (2024). 119 

 120 
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Within Valais, the only meteorological station with a similar elevation to many glacier termini is Col du Grand 121 

St-Bernard (2472 m.a.s.l) in the Pennine Alps, which (between 1991 and 2020) recorded mean July air 122 

temperatures (2 m) of 8.4°C, mean January temperatures of -6.9°C, and mean annual temperatures of -0.1°C. At 123 

Col du Grand St-Bernard, July averages 140 mm of precipitation (1991-2020), with 12.7 days a month 124 

experiencing > 1 mm of precipitation, compared to a January average of 242 mm across an average of 12.9 days.  125 

However, Switzerland’s climate is changing and mean air temperatures between 2013 and 2022 were 2.5°C 126 

warmer than pre-industrial temperatures (MeteoSwiss, 2024), which has greatly impacted the mass balance of 127 

Swiss glaciers in recent decades (Fischer et al., 2015; Davaze et al., 2020).  128 

 129 

3 Methods 130 

3.1 Imagery acquisition and channel delineation 131 

The method commonly used for automated channel detection, developed by Yang and Smith (2013) for delineating 132 

water bodies on the GrIS from WorldView-2 imagery (1.84 m), involves the application of a normalised difference 133 

water index adapted for ice (NDWIice). Following Yang and Smith (2013), we applied a modified NDWIice 134 

approach to a high resolution (0.15 m) orthophoto tile (1 km by 1 km) on the Grosser Aletschgletscher. However, 135 

our NDWIice output predominantly detected water-filled crevasses, and whilst it was able to detect some channels 136 

>0.5 m in width, it typically identified only the largest channels (mostly > 1 m). It also missed many channels that 137 

were visible but contained very small amounts of water, or incised channels where the water surface was not 138 

visible. This method is likely better suited to coarser imagery (less visible crevasses) in less complex terrain and/or 139 

for simply using a threshold to extract high order channels. As a result, we undertook manual mapping, which in 140 

some instances has been found to be seven-fold more accurate in ascertaining channel density compared to 141 

automated methods (King et al., 2016).  142 

We obtained high-resolution cloud-free orthophoto imagery (0.15 m resolution) from SwissTopo 143 

(swisstopo.admin.ch), with acquisition dates during mid-July 2020. Imagery was not available for later in the melt 144 

season. Hence our data is unlikely to capture the peak extent of channel distribution, which is expected to occur 145 

in late summer. Snow conditions at Col du Grand St Bernard (Fig. 1) in mid-July 2020 were likely to be lower 146 

than average (2010 to 2020 mean winter total: 704 mm) due to low total winter (December, January, February) 147 

precipitation in 2019/20 (2019/20 total: 570 mm). However, May temperatures were slightly warmer than average 148 

(2020 mean: 3.4˚C; 2010-20 mean: 1.7˚C), followed by a colder than average June (2020 mean: 4.8 ˚C; 2010-149 

2020 mean: 6.3 ˚C), meaning that whilst there was less snow, it may have melted more slowly than previous years.  150 

Our first procedure was to remove all glaciers in Valais Canton smaller than 0.1 km2 from our study glaciers (582 151 

reduced to 303 glaciers). This is because they are likely too small to produce large enough channels to be detected 152 

by our imagery, and because many small glaciers in the Swiss Glacier Inventory (SGI2016) are unlikely to meet 153 

the criteria to be identifiable as glaciers (Leigh et al., 2019). Due to the date of imagery acquisition, 6% of glaciers 154 

were still completely snow-covered and were omitted from further analyses as the presence or absence of channels 155 

could not be detected, resulting in 285 glaciers remaining in our sample. Within this sample, the mean percentage 156 

snow-free glacier area was 38.9% in mid-July 2020, with some variation in snow cover at different elevation 157 
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bands. For example, glaciers with a mean elevation between 2500 – 2800 m.a.s.l had a 45.0% snow-free area on 158 

average, compared to 36.6% at 3100 – 3400 m.a.s.l. The lowest percentage of snow-free area was 4.9% at a high 159 

elevation cirque, and five glaciers were completely snow-free by mid-July but were all under 0.7 km2.  160 

Each glacier was systematically surveyed for supraglacial channels in QGIS (e.g., Fig. 2). Only channels 161 

confidently visible at a 1:1,000 scale were delineated for the purpose of consistency, meaning the minimum 162 

channel width we delineated was ~0.5 m wide. We solely focus on these larger (>0.5 m) channels because of 163 

difficulties in delineating small channels objectively, which include problems with differentiating complex rill 164 

networks from structural features (e.g., fractures) and the need for more subjective judgments where channel width 165 

may periodically decrease below the pixel width. Whilst we do not map channels below the scale defined above, 166 

many of the glaciers likely contain smaller channels (< 0.5 m wide) that are not sufficiently clear enough to map. 167 

These channels may still form a key hydrological component of these glaciers, but we cannot reliably quantify 168 

their existence, particularly for smaller glaciers, hence we focus on channels >0.5 m wide, which are also likely 169 

to carry the bulk of the meltwater. Individual channels were mapped from their downstream end until they were 170 

no longer clearly visible or when channels could not be confidently and objectively mapped. When channels have 171 

tributaries above the mapping resolution, the main channels were mapped as one segment, continuing up the 172 

largest channel at each confluence. Each tributary channel was then subsequently mapped as a new individual 173 

segment. Once mapped, each entire channel segment was assigned codes based on its attributes and whether it 174 

was on a bare ice or a debris-covered part of the glacier. The location of the channel terminus was assigned for 175 

each channel, which includes the following categories: the glacier terminus, moulin, crevasse, lake, the glacier 176 

periphery, adjoins another channel, and disappears beyond the resolution (i.e., the terminus is not visible and 177 

cannot be confidently inferred).  178 

 179 

Figure 2: Examples of the mapped output and corresponding orthophoto. Channels are shown in blue, and 180 

moulins are represented as red circles when a mapped channel is moulin-terminating. Arrows indicate the 181 

direction of ice flow. (a - b) Supraglacial channels on the Glacier de Moiry and (c-d) Allalingletscher. 182 

Imagery source: Federal Office of Topography swisstopo.  183 
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To ensure consistency, all mapping and the error assessment was conducted by the same individual. We quantified 184 

the repeatability of our mapping by delineating channels from the same image of the Rhonegletscher 185 

independently months apart. This revealed a 2.6% difference in calculated drainage density and a 0.21% decrease 186 

in total channel length from the original mapping (Figure S3). The error from our repeat mapping may have been 187 

lower if the mapping has been repeated immediately after the original mapping, whereas the original mapping 188 

was conducted consistently over a time period. However, the error margin is small enough to provide a good 189 

representation of each glacier’s drainage density. Both sets of mapping clearly identify where channels terminate, 190 

but the primary source of uncertainty stems from determining when to stop mapping up-channel. We therefore 191 

take a conservative approach to avoid over-interpreting channel pathways and only map the up-glacier limit of 192 

channels where we are confident that it exists.  193 

 194 

3.2 Metrics 195 

A total of 1890 channel segments (polylines) were mapped across 85 glaciers found to contain channels. We then 196 

used the high-resolution (0.5 m) SwissALTI3D DEM (2019) from swisstopo.admin.ch (1 sigma accuracy of ± 0.3 197 

m for each dimension) to extract morphometric characteristics from each channel segment.  The DEM is coarser 198 

than the orthophotos used for channel delineation and there is a one-year offset between their acquisition dates. 199 

However, as the DEM is used to calculate larger scale metrics such as elevation and slope, the small offset is 200 

unlikely to affect overall results. Channel metrics extracted were segment length, straight line distance, elevation 201 

(minimum, maximum), elevation difference and channel slope. The start and end point of each segment were then 202 

used to derive the sinuosity of each segment (channel length/straight line distance) and drainage density for each 203 

glacier (total length of channels/glacier area). We use the glacier snow-free area at the time of mapping to calculate 204 

drainage density, which results in a higher value that if the entire glacier area was used.  205 

Glacier characteristics were obtained from the Swiss Glacier Inventory (SGI2016), which provided information 206 

on glacier area, aspect, and elevation (minimum, maximum and mean) in 2015 (Linsbauer et al., 2021). This 207 

record is used as it is the most up-to-date record of Swiss glacier area, but glaciers have since undergone substantial 208 

recession. The values for glacier slope from the SGI2016 cannot be used as they encompass the whole glacier, 209 

whereas for our analysis we wanted to measure the slope of the snow-free portion of the ablation area at the time 210 

of channel mapping. To calculate slope values, each glacier polygon was clipped to its snow-free area, and then 211 

zonal statistics in QGIS were used to extract the mean, minimum and maximum slope value from the 212 

SwissALTI3D DEM for each polygon. The snow-free slope value is the only glacial slope value used in data 213 

analyses. Upon completion of mapping, we assigned codes to each glacier based on the extent of debris cover and 214 

crevassed area due to their potential controls on channel formation. Glacier debris cover is visually estimated and 215 

allocated to one of five classes (none, <10%, 10-25%, 25-50% and >50%) and crevassed area is assigned to one 216 

of three classes little to none (less than 10% of the ablation area), moderate (10-50% covered), and heavily 217 

crevassed (covers >50% of the ablation area). 218 

 219 
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3.3 Statistical tests 220 

To determine whether there is a relationship between channel morphometry and glacier characteristics, we 221 

produced a correlation matrix using Spearman’s rank correlation (ρ) (e.g., St Germain & Moorman, 2019). Each 222 

metric used in this analysis comprises 1890 values, each representing an individual channel segment. The analysis 223 

used the following channel variables: segment length, channel slope, sinuosity, minimum elevation, maximum 224 

elevation and elevation range, and the following glacier variables: drainage density, glacier area, mean slope of 225 

the snow-free area, aspect, glacier minimum elevation, glacier mean elevation and glacier maximum elevation. 226 

For each of the glacier variables, all channel segments on the same glacier are allocated the same value. A singular 227 

ANOVA test was conducted to determine the significance of the relationship between debris cover and sinuosity 228 

as an ANOVA test is best suited to determining if there is a significant difference between different classes of 229 

debris cover. We also conducted a Principal Component Analysis (PCA) to determine the relationship between 230 

variables and to identify drivers of variance amongst the dataset, with data normalised to aid in identifying patterns 231 

within the data.  232 

 233 

4 Results 234 

4.1 Glacier observations 235 

The study area contained 285 glaciers with an area over 0.1 km2 and a snow-free terminus in 2020 (Linsbauer et 236 

al., 2021). Of these, 85 glaciers were found to have supraglacial channels above the mapping resolution (~0.5 m). 237 

Glaciers with channels (n = 85) have a mean area of 5 km2 and glaciers without visible large channels (>0.5 m) 238 

(n = 200) have a mean area of 0.6 km2. However, glacier area frequency distributions peak in the 0.1 to 1 km2 239 

category for both glaciers with and without visible channels (Fig. 3a). All glaciers larger than 5.6 km2 were found 240 

to contain channels >0.5 m (Table 1, Fig. 3a). Where channels are present, glaciers have an overall mean slope of 241 

21° and a maximum mean slope of 43°, with glacier slope being positively skewed towards lower slope values 242 

(Table 1, Fig. 3b). By comparison, where visible channels are absent, glaciers are characterised by steeper overall 243 

slopes (mean: 28°, max: 45°) (Fig. 3b).  244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 
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 Table 1: A quantitative summary of glacier and channel characteristics.  254 

 255 

 256 

Figure 3: Histograms of extracted metrics. Note that the x-axis is log scale (except for Fig. 3b) and the 257 

numbers above each bar represent the number of channels/glaciers within each class. The range shown by 258 

each bar is indicated by the x-axis values to either side. The range is exclusive of the lower value, and include 259 

the higher one (e.g., >1 - ≤2). (a) Glacier area (km2); (b) glacier slope (°); (c) glacier drainage density 260 

(km/km2); (d) channel segment length (m); (e) channel slope (°); and (f) channel sinuosity. 261 

 262 

 
Channel 

Length 

(m) 

Channel 

Slope (°) 

Sinuosity Drainage Density 

(km/km2) 

Mean Glacier 

Slope (°) 

Glacier Area 

(km2) 

Count 1890 1890 1890 85 85 85 

Minimum 5.2 0.8 1.0 0 10.4 0.1 

Median 152.2 6.3 1.1 1.5 20.6 1.5 

Mean 211.7 8.0 1.1 2.4 21.0 5.0 

Maximum 4314.4 47.8 3.8 15.3 43.0 83.0 

Range 4309.3 47.0 2.8 15.2 32.6 82.9 

Standard 

Deviation 

228.3 6.3 0.1 2.6 6.5 10.7 

Standard 

Error 

5.3 0.1 0.0 0.3 0.7 1.2 

Kurtosis 65.8 7.4 153.0 9.0 1.1 35.3 

Skewness 5.5 2.3 9.5 2.6 0.8 5.4 
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Glaciers without large channels (>0.5 m) are more likely to terminate at higher elevations (mean minimum 263 

elevation: 2936 m) compared to glaciers with channels (mean minimum elevation: 2797 m), which are often 264 

characterised by longer valley glacier tongues. Where glaciers support channels, they are more likely to have a 265 

higher maximum elevation (mean maximum elevation: 3637 m) than glaciers without large channels (mean 266 

maximum elevation: 3555 m). Where channels >0.5 m are present, there is a mean drainage density of 2.4 km/km2 267 

and a maximum of 15.2 km/km2. The latter was found on the Oberer Theodulgletscher, which is situated on a low 268 

slope plateau and has the lowest glacier slope angle in the dataset (13°) (Fig. 3c, Fig. 4a). To summarise, glaciers 269 

containing channels are larger, have lower mean slopes, and have a larger portion of their area at lower elevations 270 

compared to glaciers without large channels (>0.5 m).  271 
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 272 

Figure 4: Examples of supraglacial channels. Channel location is shown in relation to the whole glacier in 273 

the top left of each panel, with the panel extent shown in red. (a) Channels on the Oberer Theodulgletscher; 274 



12 
 

(b) a channel at the interface between bare ice and debris-covered ice on Glacier du Brenay; (c) channels 275 

on the Grosser Aletschgletscher - note the straight segments where crevasses have been exploited; (d) 276 

channels on the debris-covered terminus of the Oberaletschgletscher; and (e) sinuous channels towards the 277 

terminus of Gornergletscher, including an example of a channel terminating in a small supraglacial lake 278 

(left). Flow indicates the glacier flow direction. Imagery source: Federal Office of Topography swisstopo.  279 

 280 

4.2 Channel characteristics 281 

Individual channel segments have a mean length of 212 m, with a positively skewed leptokurtic distribution (Fig. 282 

3d; Table 1). Few segments exceed 1,600 m as the length of most glacier’s ablation area is smaller than this value. 283 

The channel segments have a mean slope of 8°, and most exhibit a slope between 4 to 16° (Fig. 3e; Table 1). The 284 

maximum channel slope observed is 48°, but the overall distribution is positively skewed towards smaller slope 285 

values. The sinuosity index of each channel ranges from 1 (straight line) to a maximum of 3.8, with a mean value 286 

of 1.1, which is slightly sinuous, but not high enough to be defined as meandering (Table 1). Sinuosity is the most 287 

positively skewed variable, with a highly leptokurtic distribution, as most channels are not very sinuous (Fig. 3f).  288 

Channels terminate in a range of settings, with 47% joining another channel, 15% terminating in crevasses, 14% 289 

terminating in moulins, 13% disappearing below the mapping resolution, 8% running off at the glacier terminus, 290 

2% running off the side of the glacier, and 1% terminating in a supraglacial lake (e.g., Fig. 4e). When only 291 

considering terminal segments (i.e., channels not adjoining another channel or disappearing below the mapping 292 

resolution), 72% of segments terminate englacially (crevasses or moulins), 25% run-off (terminus or periphery), 293 

and 3% terminate in a supraglacial lake. However, larger glaciers with higher drainage densities disproportionately 294 

impact on these values. For example, 582 out of the 1890 mapped channel segments are on the Grosser 295 

Aletschgletscher, where no visible channels reach the terminus, hence englacially terminating channels may be 296 

overrepresented by a single glacier. Thus, when the channel termini locations at each individual glacier are 297 

averaged amongst all glaciers with channels > 0.5 m, 80% of channels reach the terminus supraglacially and 20% 298 

of channels terminate englacially. Overall, 48% of glaciers have no englacially-terminating channels, with only 299 

3.5% of glaciers that solely contain englacially terminating channels.  300 

Where visible channels occur, qualitative observations indicate structural and topographic controls on their 301 

distribution and morphology. For example, channels often occur at the interface between debris-covered and bare 302 

ice (e.g., Fig. 4b), particularly adjacent to medial moraines, where they are confined to a topographic depression, 303 

commonly occurring at the confluence between two tributaries. The influence of glacier structure on channel 304 

morphology is also observed where trace or shallow crevasses are exploited to produce long, straight channel 305 

sections (e.g., Fig. 4c). By comparison, the most sinuous channels tend to occur at lower elevations on large 306 

glaciers characterised by larger flat areas towards to their terminus (Fig. 4e). 307 

 308 
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4.3 Controls on channel morphology and distribution 309 

Here, we investigate links between different supraglacial channel characteristics. Previous studies informed our 310 

choice of variables tested for potential relationships, with a focus on how glacier properties (slope, area and 311 

elevation) affect glacier drainage density (e.g., Yang et al., 2016) and channel morphology, such as sinuosity and 312 

channel segment length (e.g., St Germain & Moorman, 2019). We found that the most sinuous channels are most 313 

likely to occur on lower slopes (0 to 10°), with an upper boundary demonstrating that channels on steeper slopes 314 

(> 20°) are unlikely to exhibit a sinuosity over 1.3 (Fig. 5a). A relationship between channel segment length and 315 

slope is also apparent, with the longest channel segments occurring on the lowest slope angles (Fig. 5b). This 316 

relationship is clearly defined by an upper limit where, except for one outlier, channels >500 m are confined to 317 

slopes of <20˚ and no channels occur on slopes >50˚ (Fig. 5b). We find no noticeable difference in sinuosity 318 

between channels on bare ice and those on debris-covered glaciers (Fig. 5c). However, channels proximal to debris 319 

(i.e., channels which are likely to have some sediment content) are more likely to be highly sinuous than channels 320 

on bare ice or continuous debris cover, with differences between the classes statistically significant (p = <0.05) in 321 

an ANOVA test (Fig. 5c). Channel segments that terminate in moulins tend to be the longest (mean: 341 m, max: 322 

1999 m), followed by channels that disappear below the mapping resolution (mean: 259 m, max: 4314 m), and 323 

then channels reaching the glacier terminus (mean: 214 m, max: 1193 m) (Fig. 5d). The very few (1%) channels 324 

that terminate in supraglacial lakes tend to be short (mean: 109 m, max: 260 m), as do channels that adjoin a 325 

higher-order channels (mean: 169 m, max: 1174 m) (Fig. 5d).326 
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Figure 5: Relationships between channel characteristics (a-d) and glacier metrics (e-h). Plots a-d contains 328 

data from 1890 channels, and plots e-h contain data for the 85 glaciers with visible channels. Spearman’s 329 

rank (ρ) values are included for all scatterplots, each of which are statistically significant (p = <0.05). (a) 330 

Sinuosity vs channel slope (°); (b) channel segment length vs channel slope (°); (c) sinuosity vs channel 331 

debris source; (d) channel segment length (m) vs terminus type; (e) drainage density (km/km2) vs glacier 332 

slope (°); (f) drainage density (km/km2) vs minimum glacier elevation; (g) drainage density (km/km2) vs 333 

maximum glacier elevation (m); and (h) drainage density (km/km2) vs crevasse extent. 334 

 335 

Relationships between glacier metrics (Fig. 5e-h) are less clear than for channel characteristics (Fig. 5a-d), which 336 

may be due to the lower number of data points (85 glaciers compared to 1890 channels). However, a moderate 337 

negative correlation between drainage density and glacier slope exists, with the highest drainage densities 338 

occurring on the lowest surface slopes (Fig 5e). A relationship between drainage density and minimum glacier 339 

elevation is less obvious (Fig. 5f), but there appears to be a peak in drainage density between 2600 and 3100 340 

m.a.s.l, which would require further validation from a larger sample of glaciers. By comparison, there is less 341 

evidence of a relationship between glacier drainage density and maximum glacier elevation. Likewise, there is no 342 

statistically significant relationship is identified between glacier aspect and drainage density (Kruskal-Wallis test: 343 

p = 0.61). Additionally, the crevassed extent of a glacier affects drainage density, as increased channel interception 344 

prevents the formation of longer channels (Fig. 5h).  345 

 346 

4.4 Spearman’s rank and principal component analysis 347 

We examined the controls on channel morphology and drainage density by calculating a correlation matrix. We 348 

use Spearman’s rank correlation (ρ) and significance values (p), given that many of our relationships do not appear 349 

linear. Additionally, given the large sample size within our dataset and that most p-values are < 0.05, relationships, 350 

including weak ones, are significant.  351 

The strongest control on glacier drainage density is identified to be glacier mean elevation (ρ = -0.66, p = ≤ 0.001), 352 

with higher drainage densities present when a larger portion of glacier mass exists at lower elevations (Fig. 6), 353 

followed by glacier mean slope (ρ = -0.46, p = ≤ 0.001). This is consistent with Fig 5e, with the highest drainage 354 

densities observed at glaciers with very low slope angles (e.g.,Oberer Theodulgletscher; Fig. 4a). 355 
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 356 

Figure 6: A heatmap matrix of Spearman’s rank correlation to show the relationship between glacier and 357 

channel characteristics. Correlation values are scaled along a colour ramp and non-significant relationships 358 

(p) >0.05 are coloured black.  359 

 360 

By comparison, channel morphology is characterised by more complex and weaker relationships between 361 

variables. For example, high channel sinuosity can in part be explained by multiple weak correlations: sinuosity 362 

values tend to increase with a decrease in channel slope (ρ = -0.29, p = ≤ 0.001), and the most sinuous channels 363 

occur on larger glaciers (ρ = 0.29, p = ≤ 0.001) with lower minimum elevations (ρ = -0.26, p = ≤ 0.001) (Fig. 6). 364 

Lower angle surfaces are often found when valley glaciers extend down-valley to flatter terrain, supported by 365 

observations of highly sinuous channels on low slope glacier tongues (e.g., Gornergletscher) (Fig. 4e). The channel 366 

slope is primarily controlled by glacier characteristics, with higher slope channels mostly existing on smaller 367 

glaciers (ρ = -0.68, p = ≤ 0.05), which terminate at higher elevations (ρ = 0.52, p = ≤ 0.05), meaning the steepest 368 

channels are likely to be found at high elevation cirques and hanging glaciers.  369 

To assess the relationship between variables and determine the drivers of variance, we conducted a Principal 370 

Component Analysis (PCA). The PCA loadings show that glacier area has a large negative loading on principle 371 
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component 1, closely followed by strong positive loadings from minimum glacier elevation and channel elevation 372 

(maximum and minimum) (Table S1). By comparison, principal component 2 shows a strong positive loading 373 

from drainage density, and large negative loadings from mean glacier slope and glacier mean elevation (Table S1). 374 

The first two components explain 50% of the variance within the dataset, with an additional 13%, 12% and 9% 375 

explained by principal components 3, 4 and 5, respectively, which together explain 84% of the variability (Table 376 

S1). Given the complexity of the dataset, our cluster analysis reveals no clear clustering of data, but the PCA 377 

loadings show an expected relationship between elevation variables and slope variables, while drainage density 378 

is not closely related to just one other variable (Fig. S2). Overall, our PCA analysis reveals no single, primary 379 

driver of variance, instead, it is apparent that there is a complex, yet interlinked relationship between all variables 380 

that explain the distribution and appearance of supraglacial channels.  381 

 382 

5 Discussion 383 

5.1 Controls on the spatial distribution of channels 384 

Out of 285 glaciers examined within our study area, we find that 85 contain visible channels (>0.5 m) using high-385 

resolution imagery (0.15 m) from mid-July 2020. The presence of channels above our mapping threshold (>0.5 m 386 

wide) is primarily controlled by a combination of sufficient meltwater supply and distance for meltwater to 387 

coalesce and incise. Hence, in mountain glacier environments, channels >0.5 m are infrequently detected on cirque 388 

glaciers due to their smaller ablation area, steeper and often crevassed slopes, and limited distance for meltwater 389 

to coalesce. These glaciers may contain channels below our mapping resolution, but these cannot be reliably 390 

quantified as part of this study. The glaciers where we observe channels are likely to be larger, resulting in the 391 

production of more surface melt. This is supported by the finding that all glaciers in Valais larger than 5.6 km2 392 

supported channels (>0.5 m) and that glacier area controls much of the variability within the dataset (Table S1) 393 

but there is a large variation in drainage density. This variation is in part attributed to glacier slope, which together 394 

with ice flow velocity, governs the crevassed area of a glacier which, in turn, controls the area in which channels 395 

can form. For example, when crevasses are open, they can intercept meltwater which inhibits the formation of 396 

longer channels, whereas crevasses that have closed can add small-scale variability to surface topography and 397 

lead to routing of meltwater along crevasse traces. Additionally, channel formation is also governed by glacier 398 

hypsometry, with glaciers characterised by a larger portion of their mass at lower elevations more likely to produce 399 

higher drainage densities due to a larger ablation area (Fig. 6). It is assumed that we do not capture the maximum 400 

channel extent on glaciers with most of their mass at higher elevations due to our imagery acquisition date in mid-401 

July. However, regardless of the date of imagery acquisition, channel density will likely remain highest at lower 402 

elevations. 403 

Figure 7 shows a schematic of how the elevation and hypsometry of glaciers is likely to influence the distribution 404 

and density of supraglacial channels in alpine settings. The lowest drainage densities are predicted to occur on 405 

smaller cirque glaciers due to their lower meltwater supply, restricted distance for meltwater to coalesce into 406 

channels, and increased channel inception due to crevasses on often steeper slopes (Fig. 7A). Whilst we detect 407 

very few channels >0.5 m on cirques due to our imagery resolution, these glaciers likely still contain smaller 408 

channels networks. By comparison, larger valley glaciers (e.g., Grosser Aletschgletscher) tend to exhibit moderate 409 
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to high drainage densities because they produce high amounts of meltwater, but much of it may be intercepted by 410 

crevasses on steeper slopes, preventing or restricting large channel formation (Fig. 7B). The glaciers with the 411 

highest drainage densities are likely to have a large ablation area (high meltwater supply) and occur on lower 412 

slopes because fewer crevasses allow large drainage networks to become established (Fig. 6; Fig. 7C). One 413 

example of this configuration is the Oberer Theodulgletscher which contains the largest drainage density in our 414 

study area (Fig. 4a). It is possible that its high drainage density is also due to its location on a slightly higher 415 

elevation plateau, because air temperatures are likely to be cooler than at the terminus of neighbouring glaciers 416 

which extend further down valley (Fig. 5f). As a result, the rate of surface lowering is likely lower, meaning that 417 

lower rates of incision are needed for channel formation to keep pace with surface lowering, resulting in a higher 418 

drainage density (Rippin et al., 2015; Pitcher & Smith, 2019). However, summer temperatures in the Alps are 419 

increasing (Sommer et al., 2020), which will result in higher rates of surface lowering, meaning that all glaciers, 420 

but more specifically those with larger portions of their mass at lower elevations, will require increased channel 421 

incision to counteract the higher rates of surface lowering in order for channels to form. Higher rates of surface 422 

melt may, however, counteract this process by increasing the potential for channel incision.  423 

 424 

 425 

Figure 7: A schematic depicting the range of glacier types (A-C) and their respective characteristics, 426 

increasing in drainage density from left to right. Each glacier type corresponds to a hypothesised 427 

hydrograph (bottom) depicting changes in proglacial channel discharge over an unknown time period 428 

(ranging from minutes to days) as a response to a surface melt event. The hydrographs are hypothesised to 429 

represent the general characteristics of each glacier’s runoff regime (see text for discussion) and do not 430 
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reflect the complexities of individual measured proglacial stream discharge. Light blue shading shows the 431 

hypothesised hydrograph if all of the meltwater were to be transported via supraglacial channels, whereas 432 

those shown in mid-blue show the hydrograph where the bulk of meltwater is transported 433 

englacially/subglacially. Dark blue in panel (b) shows a lake drainage event. 434 

 435 

The distribution and density of channels on different types of glaciers is also likely to impact the runoff hydrograph 436 

(Fig. 7). Small cirque glaciers (Fig. 7A) are typically characterised by steep, heavily crevassed slopes, meaning 437 

meltwater is more likely to be captured by crevasses, and there is limited distance for meltwater to coalesce and 438 

form channels. Hence, runoff at cirque glaciers in response to surface melt is likely characterised by a small earlier 439 

peak from a few supraglacial channels (light blue shading in Fig. 7A) or a slightly delayed peak as crevasses 440 

capture meltwater and route it through the en- (and -sub) glacial system (dark blue shading in Fig. 7A). By 441 

comparison, valley glaciers are frequently characterised by larger non-crevassed zones, meaning more meltwater 442 

reaches the terminus supraglacially, but channels are often intercepted by crevassed zones or ice falls. This may 443 

result in an initial peak from supraglacial channels, followed by a delay in meltwater routed en- (and sub-) glacially 444 

(Fig. 7B), with a progressively reduced lag time between melt and peak proglacial discharge throughout the melt 445 

season due to increased subglacial drainage network efficiency (Nienow et al., 1998). Additionally, some larger 446 

valley glaciers contain small supraglacial and ice marginal lakes (e.g., Gornergletscher and Grosser 447 

Aletschgletscher), which may experience infrequent drainage events (e.g., Huss et al., 2007), leading to a sudden 448 

peak in proglacial river discharge. Whilst less common in Valais, glaciers characterised by large, low angle 449 

ablation areas often contain large supraglacial drainage networks that capture the majority of surface melt. This is 450 

because low angle ablation areas typically have smaller and fewer crevasses than most valley glaciers (Fig. 7C). 451 

They will tend to have the ‘flashiest’ hydrograph because the supraglacial drainage network rapidly transfers melt 452 

off the glacier surface. Where a small number of crevasses or moulins intercept this drainage, it leads to a more 453 

lagged hydrograph response and with a peak well below the hydrograph from supraglacial channel drainage. 454 

Our dataset provides new insight into supraglacial channel distribution across a large range of glaciers, allowing 455 

simple inferences to be made about connectivity and possible lag times between melt and peak proglacial 456 

discharge based on the locations of our mapped channel termini. Overall, we find that 72% of our mapped highest 457 

order channel segments route meltwater to en- or subglacial positions and 25% run off at the glacier margin. 458 

However, this varies between glaciers and in the case of the largest glacier, Grosser Aletschgletscher, no mapped 459 

channels reach the terminus; attributed to the location of highly crevassed zones forcing meltwater into the glacier 460 

(53% of channels enter moulins and 36% enter crevasses). Unlike most glaciers in the Alps, small supraglacial 461 

lakes are also present on the Grosser Aletschgletscher, which capture 11% of channels. By comparison, the Oberer 462 

Theodulgletscher, which exhibits the highest drainage density within our dataset, contains almost no moulins 463 

(2.8% of channel termination) and 27% of channels reach the terminus or periphery. A large number of channels 464 

terminate in crevasses on the Oberer Theodulgletscher (70%), but crevasses tend to be small (<0.3 m wide) and it 465 

is not known whether meltwater enters englacially or is routed supraglacially through trace crevasses (e.g., Fig 466 

8). Observations have shown that trace crevasses may act as a preferential meltwater pathway, often resulting in 467 

channels forming perpendicular to ice flow (e.g., Chen et al., 2024). However, crevasses may also fill with 468 

meltwater and be continually overtopped if a channel is situated in a compressive regime, and thus less prone to 469 
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hydrofracture (e.g., Chudley et al., 2021). As the true location of channel termination is unknown, our channel 470 

segments are always broken at crevasses if a clear pathway cannot be identified.  471 

 472 

Figure 8: Examples of channels terminating in crevasses on the Oberer Theodulgletscher. Channels are 473 

shown to terminate in crevasses but often continue directly down-glacier as some meltwater overtops the 474 

crevasse. Small blue arrows indicate the direction of meltwater flow, with meltwater broadly flowing from 475 

the bottom to top of the image. Imagery source: Federal Office of Topography swisstopo.  476 

 477 

The difference in drainage pathways between the Oberer Theodulgletscher compared to the Grosser 478 

Aletschgletscher can be explained by the difference in glacier type outlined in Figure 7, which classifies glaciers 479 

based upon their slope and hypsometry. At the Grosser Aletschgletscher, increased meltwater capture by crevasses 480 

and moulins likely allows for increased surface-to-bed meltwater transfer, which is supported by observations of 481 

its seasonal speed-up in ice flow velocity (Leinss and Bernhard, 2021).  Model simulations suggest that increased 482 

meltwater presence at the bed increases the excavation of subglacial sediment (Delaney and Adhikari, 2020), 483 

which would result in higher proglacial stream sediment concentrations, if streams are not diluted by freshwater 484 

flux from proglacially terminating supraglacial channels. This is important for regions such as the Alps because 485 

proglacial stream sediment concentrations can directly impact agriculture and hydropower infrastructure 486 
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(Micheletti and Lane, 2016). Hence, categorising glaciers based on their slope and hypsometry is beneficial 487 

because it provides insight into the anticipated drainage density of a glacier, the likely channel pathways (i.e., sub-488 

/englacially or supraglacially terminating), and whether a higher amount of surface-to-bed meltwater transfer is 489 

to be predicted.  490 

 491 

5.2 Controls on channel morphology 492 

In Valais Canton, channel morphometry varies significantly between channels, with highly sinuous channels (e.g., 493 

Fig. 4d-e) observed to occur on some glaciers but not others. We find that slope affects sinuosity (Fig. 5a); the 494 

most sinuous channels are likely to occur on lower angle slopes (0 to 10°) and channels on steeper slopes (> 20˚) 495 

are unlikely to exhibit a sinuosity over 1.3. Our observations find that wider and more incised channels (which 496 

are likely to have higher discharge) tend to be more sinuous (e.g., Fig. 4d-e). The importance of discharge as a 497 

control on sinuosity is supported by St Germain & Moorman (2019) who attribute higher channel sinuosity to 498 

increased channel discharge on glaciers in the High Arctic. They also find that channels on higher angle slopes 499 

tend to be more sinuous, which is not observed for channels in Valais (Fig 5a). Similarly, higher slopes have been 500 

found to increase supraglacial channel incision (Gulley et al., 2009), which based on our observations of high 501 

sinuosity channels being deeply incised in Valais suggests that incision (from either slope and/or channel 502 

discharge) is needed for the production of highly sinuous channels. These channels are likely to continue to evolve 503 

inter-annually due to their incised depth. Given this, we suggest that the relationship between slope and sinuosity 504 

in Fig. 5a represents the conditions under which large channels can form (i.e., flatter, less crevassed regions) rather 505 

than the direct impact that slope has on sinuosity. This differs to the High Arctic glaciers observed by St Germain 506 

& Moorman (2019) where slope is a clear control on channel sinuosity. We attribute this difference to the cold-507 

based High Arctic glaciers typically being less crevassed, resulting in a larger viable area for channel formation 508 

(i.e., not solely restricted to smaller, flat, less crevassed zones), and because incision to a deeper depth is likely 509 

aided by lower rates of surface lowering. 510 

 511 

Our mapping also reveals some distinct differences in appearance and sinuosity between clean and debris covered 512 

glaciers in Valais. Channels that have a proximal debris source and those that run directly through debris cover 513 

tend to be more sinuous than channels on clean ice (Fig. 5c), with a statistically significant difference between the 514 

classes (p = <0.05 in an ANOVA test). Figure 4d shows large meandering channels on a debris covered glacier 515 

(Oberaletschgletscher), with channels on clean glaciers not being as sinuous. On debris-covered glaciers, we 516 

commonly observe less sinuous channels at higher elevations with less debris cover. These less sinuous channels 517 

are then funnelled through areas of bare exposed ice until reaching continuous debris-cover where large 518 

meandering planforms begin to develop. These channels are anticipated to transport the majority of glacier surface 519 

melt as there is a general absence of visible small channels on debris-covered glaciers in Valais, and meltwater 520 

transport within the debris matrix is slow and dispersed (Fyffe et al., 2019). Due to high channel incision, some 521 

of these debris-covered glaciers (e.g., Fig. 4d) have exposed channel banks of bare ice which are too steep to 522 

support debris cover. The exposure of non-insulated ice by channel incision likely exacerbates meltwater 523 

production and channel discharge, furthering channel development (e.g., Mölg et al., 2019). Additionally, the 524 
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increased sediment presence within channels, which would be expected on highly debris-covered glaciers, may 525 

also support channel development. Whilst previous research has documented channels on debris-covered glaciers 526 

in mountain glacier regions (e.g., Benn et al., 2017), there has been limited assessment of the effect of debris 527 

within supraglacial channels on channel morphometry. This remains poorly understood as most supraglacial 528 

research has occurred on ice sheets, where areas of lower albedo are controlled by the presence of, dust, black 529 

carbon, algae, and cryoconite deposits (e.g., Ryan et al., 2018; Leidman et al., 2021; Khan et al., 2023). 530 

Further insight may be gained from bedrock rivers, which contain a mixture of sediment cover and exposed 531 

bedrock. In bedrock rivers, sediment was found to increase channel erosion rates and increase sinuosity, but high 532 

sediment supply may reduce erosion due to producing sediment cover which protects the bed from erosion (Moore, 533 

1926; Shepherd, 1972; Turowski, 2018). Ultimately, future work is needed to determine the role of debris in 534 

supraglacial systems, specifically in situ measurements of debris content in channels to determine how it affects 535 

channel properties.  536 

 537 

5.3 Comparison between mountain glaciers and ice sheets  538 

Previous research has predominantly focused on ice sheet settings (e.g., Smith et al., 2015; Karlstrom & Yang, 539 

2016; Yang & Smith, 2016; Yang et al., 2016, 2021, 2022), hence it is important to establish how comparable 540 

channels on ice sheets are to those on mountain glaciers. Similarities in drainage patterns are observed between 541 

the two environments, for example, in Valais larger glaciers often contain dendritic drainage patterns (e.g., 4a), 542 

which is commonly observed in an ice sheet setting (e.g., Yang et al., 2016, 2019). However, in Valais some 543 

glaciers contain parallel, less interconnected networks because there is likely not sufficient distance for meltwater 544 

to coalesce. It would be expected that given sufficient distance for meltwater to coalesce, these networks would 545 

be comparable to networks on ice sheets, which broadly follow Horton’s laws i.e., mean river length increases 546 

with channel order and mean slope decreases with channel order (Yang et al., 2016). On a smaller scale, ice surface 547 

structures (e.g., trace crevasses and flow-stripes) have been found to exhibit a strong control on meltwater routing 548 

in both glaciers in Valais and on ice sheets, meaning that channels do not always follow the steepest path over the 549 

ice surface (e.g., Figs. 5c & 9; Chen et al., 2024). 550 

Some differences exist between ice sheets and glaciers in Valais, such as debris may play a larger role in channel 551 

formation in mountain environments. For example, channels have been observed to form parallel to medial 552 

moraines due to topographic confinement, and debris creates an uneven albedo and higher surface roughness 553 

which may increase channel density (Rippin et al., 2015). Glaciers in Valais also exhibit notable differences in 554 

coupling between surface melt and the englacial/subglacial system compared to the SW GrIS. On the SW GrIS, 555 

virtually all higher-order channels are observed to terminate in moulins (Smith et al., 2015), whereas in Valais 556 

72% of highest order channels terminate englacially (37% in crevasses and 35% in moulins). Additionally, there 557 

is a general absence of supraglacial lakes in Valais, except for small lakes on Gornergletscher and the Grosser 558 

Aletschgletscher, whereas they exist in abundance on the GrIS (Chu, 2014). On the GrIS, supraglacial lakes act 559 

as temporary storage, with the potential for meltwater to refreeze rather than reaching the terminus each melt 560 

season; however, hydro-fracture events can cause rapid lake drainage, which has been linked to ice speed-up 561 

events (e.g., Das et al., 2008; Morriss et al., 2013; Chudley et al., 2019). In mountain glacier environments, the 562 
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general higher surface slopes and absence of temporary supraglacial storage means that proglacial discharge is 563 

more clearly linked to rates of surface melt, with few sudden pulses of increased discharge except for in regions 564 

prone to glacial lake outburst floods (e.g., High Mountain Asia). 565 

 566 

5.4 Future evolution of supraglacial channel systems 567 

The role of climatic warming on supraglacial drainage networks is unclear, but we suggest that supraglacial 568 

drainage networks will develop and expand to higher elevations due to rising equilibrium lines (Leeson et al., 569 

2015). Whether discharge in current channels will increase or decrease is dependent on the rate of glacier retreat 570 

and summer melt. It is likely that larger glaciers will see an increase in channel discharge due to rising equilibrium 571 

lines and subsequent higher rates of surface melt (St Germain & Moorman, 2019). However, the reduction in area 572 

for smaller glaciers may be large enough to prevent the formation of established drainage networks, and changes 573 

in glacier slope may result in a reconfiguration of the drainage system (e.g., new crevasses may intercept channels 574 

that formerly reached the terminus) or a reduction in drainage density (Fig. 5e). Additionally, glaciers in mountain 575 

glacier environments are undergoing an increase in debris cover (e.g., Glasser et al., 2016; Fleischer et al., 2021), 576 

and it is not fully understood how changes in debris cover will affect surface meltwater supply and transport, 577 

channel morphology and surface albedo (e.g., Leidman et al., 2021). Future research would benefit from the 578 

growing repository of high-resolution orthophoto surveys to inform our understanding of supraglacial hydrology 579 

outside of ice sheet settings, particularly concerning seasonal and interannual channel evolution to better inform 580 

modelling of glacier hydrology. It is not currently known how widely applicable our research is to regions with 581 

larger glaciers and lower rates of surface lowering (e.g., the Arctic) so future studies may benefit from assessing 582 

their similarity. Lastly, further in-situ measurements would be beneficial to determine whether the channels 583 

delineated as part of this study represent the majority of meltwater transport on mountain glaciers, or whether 584 

channels below our mapping resolution also play a key role in meltwater transport. 585 

 586 

6 Conclusion 587 

This study presents the first comprehensive dataset on the distribution and characteristics of supraglacial channels 588 

at a regional scale in a mountain glacier environment. We mapped 1890 channel segments >0.5 m wide on 85 589 

glaciers found to contain channels above our mapping resolution in Valais Canton, Switzerland, out of a total 590 

sample of 285 glaciers. We found large variability in channel drainage densities between glaciers, with the highest 591 

drainage densities on glaciers characterised by low slopes, with a large portion of their area at lower elevations 592 

(Fig. 7). The presence of channels is primarily dictated by a sufficiently large supply of meltwater (i.e., large 593 

enough glacier area) and an uninterrupted distance for meltwater to coalesce (i.e., absence of crevasses and low 594 

ice surface slopes). The primary control on channel distribution is surface topography, with the slope and size of 595 

the ablation area providing a clear limit on both where channels can form and their total length (Fig. 5b). However, 596 

strong structural controls on channel distribution exist, for example, trace crevasses have been observed to act as 597 

preferential meltwater pathways, resulting in channels forming perpendicular to ice flow. Channels also 598 

commonly form parallel to moraines due to topographic confinement. Most channels are characterised by low 599 
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sinuosity (Fig. 5a), with a general absence of the canyon-like channels described on cold or polythermal glaciers. 600 

However, some highly sinuous channels exist, particularly on debris-covered glaciers characterised by channels 601 

with steep ice cliffs and on low slope termini, with sinuous channels most commonly occurring where channels 602 

are also deeply incised. 603 

Glaciers in Valais are characterised by a large proportion of channels reaching the glacier margin rather than 604 

terminating englacially. When the channel termini locations are calculated per glacier, the average glacier would 605 

have 80% of its channels run directly off the glacier while 20% would terminate englacially. Overall, 48% of 606 

glaciers contain no englacially terminating channels, compared to only 3.5% of glaciers where all channels 607 

terminate englacially. The location of channel termini (i.e., supraglacial or englacial) is hypothesized to produce 608 

different hydrograph responses to surface melt, some of which we suggest may be more common for certain 609 

glacier hypsometries. The observed channel terminus locations in Valais differs from typical ice sheet settings 610 

where very few supraglacial channels reach the ice margin, with most surface melt transported englacially through 611 

crevasses or moulins. In comparison to ice sheets, channel drainage networks in mountain glacier environments 612 

are often less established due to glaciers having smaller drainage areas and there being less distance for channels 613 

to coalesce, with valley glaciers often narrowing down-glacier reducing the possible size of drainage networks.  614 

 615 

7 Supplementary Data 616 

Table S1: The eigenvectors for principal components 1 to 6 from a PCA analysis of glacier and channel 617 
characteristics, with PC1 being the most significant. The three largest loadings for each principal 618 
component are in bold.  619 

 620 

 PC1 PC2 PC3 PC4 PC5 PC6 

Glacier area -0.439 0.042 0.034 0.288 -0.187 0.054 

Glacier minimum elevation 0.435 -0.112 0.085 -0.098 0.407 -0.178 

Channel maximum elevation 0.393 0.159 0.066 0.436 -0.115 0.186 

Channel length -0.070 -0.264 -0.582 0.312 0.195 -0.199 

Channel minimum elevation 0.382 0.196 0.121 0.423 -0.100 0.196 

Channel sinuosity -0.117 -0.182 -0.122 -0.041 0.468 0.845 

Channel elevation range 0.166 -0.345 -0.542 0.198 -0.173 -0.068 

Channel slope 0.320 -0.203 -0.066 -0.115 -0.483 0.255 

Drainage density 0.131 0.543 -0.268 -0.009 0.041 0.083 

Mean glacier slope 0.119 -0.439 0.136 -0.309 -0.335 0.141 

Glacier mean elevation 0.170 -0.376 0.401 0.280 0.339 -0.188 

Glacier max elevation -0.330 -0.175 0.264 0.462 -0.163 0.086 

 621 
 622 
 623 
 624 
 625 
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 627 
 628 

Figure S1: loading plot for principal components 1 and 2 from a PCA analysis of glacier and channel 629 
characteristics.  630 
 631 

 632 
 633 
Figure S2: A biplot from a PCA analysis showing principal components 1 and 2, which was used for cluster 634 
analysis and overlayed with a loading plot (see Fig. S1). 635 

 636 

 637 

 638 
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 639 

Figure S3: Repeat mapping of the Rhonegletscher used to determine mapping accuracy. (A) Mapping 640 
from this dataset is shown in blue. (B) A comparison between the repeat mapping (red) and the original 641 
mapping (blue), which was undertaken independently after several weeks had elapsed.  642 
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