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 6 

Abstract. Supraglacial channel networks (SCNs) represent critical components of the surface drainage 7 

system on Antarctic ice shelves, facilitating the redistribution of meltwater, including into and out of 8 

supraglacial lakes, potentially influencing ice-shelf stability. However, the seasonal and interannual 9 

variability in their spatial extent, structural evolution, and climatic sensitivity remain poorly quantified, 10 

particularly compared to observations of supraglacial lakes. In this study, we investigate the interannual 11 

evolution of SCNs on Nivlisen Ice Shelf in East Antarctica between 2017 and 2024 using Sentinel-2 and 12 

Landsat-8 satellite imagery, with a detailed seasonal analysis during the 2018-2019 melt season. Key 13 

metrics including surface water area, total channel length, number of SCNs, and the number of individual 14 

channels were derived to quantify the drainage evolution and system connectivity and complexity. We 15 

find significant interannual variability in SCN count (from 34 to 186) and total channel length (from 345 16 

to 1275 km), with peak length of channels observed in 2018. During the 2018-2019 melt season SCNs 17 

progressively integrated and connected to form an efficient drainage system, which then fragmented 18 

towards the end of the melt season. We find that SCNs are strongly influenced by the ice shelf surface 19 

structures and ice surface undulations at a range of scales, with larger channels reforming in the same 20 

location. Correlation analysis shows that annual SCN evolution is tightly coupled to regional air 21 

temperature, with surface water extent and network connectivity strongly linked to reanalysis-based 22 

temperature outputs (r > 0.9, p < 0.05). Snow had variable effects, depending on its timing and how 23 

readily it could be melted. Our findings underscore the important dynamic nature of supraglacial channels 24 

in redistributing meltwater on Antarctic ice shelves. 25 
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1 Introduction 32 

As climate warming accelerates, the Antarctic Ice Sheet (AIS), which contains approximately 30 million 33 

km3 of ice, has lost mass at rates estimated at -127±23 Gt year−1 from 2002 to 2022 (Hanna et al., 2024). 34 

The floating ice shelves around the AIS, which hold back the grounded ice from further inland, are faced 35 

with potential threats from surface melt (Bell et al., 2018; Arthur et al., 2022; Tuckett et al., 2025). Indeed, 36 

surface water is more widespread across the AIS than previously assumed, and numerous supraglacial 37 

lakes (SGLs) and channels have been observed on Antarctic ice shelves during recent years (Langley et 38 

al., 2016; Lenaerts et al., 2017; Stokes et al., 2019; Tuckett et al., 2021; Arthur et al., 2022; Tuckett et al., 39 

2025). For example, more than 65,000 SGLs (over 1300 km2) have been observed around the margin of 40 

the East Antarctic Ice Sheet (EAIS) in the peak of the melt season in January 2017, and approximately 41 

60 % of these lakes developed on ice shelves (Stokes et al. 2019). Meanwhile, Corr et al. (2022) identified 42 

10,223 lakes (114.7 km2) and 255 channels (4.7 km2) on the West Antarctic Ice Sheet (WAIS) and 43 

Antarctic Peninsula (AP) during January 2017 from satellite imagery.  44 

 45 

Supraglacial lakes can trigger the collapse of ice shelves by ‘hydrofracturing’, a process of meltwater-46 

induced vertical fracture propagation, (Banwell et al., 2014; Dunmire et al., 2020). Primary mechanisms 47 

of hydrofracturing induced by SGLs include (1) stored meltwater in lakes that can fill and drain vertically 48 

through the pre-existing fractures (Van Der Veen, 2007); (2) clusters of multiple lakes rapidly increasing 49 

the local hydrostatic pressure leading to crack propagation (Banwell et al., 2013); and (3) surface 50 

meltwater percolating into the firn layer and refreezing, reducing its capacity to absorb water due to the 51 

reduction of pore space and promoting the formation of impermeable near-surface ice lenses (Vandecrux 52 

et al., 2020). Although some Antarctic ice shelves are already thought to be vulnerable to hydrofracturing 53 

(Alley et al., 2018; Arthur et al., 2022), future surface melt is expected to enhance the likelihood of ice 54 

shelf disintegration by progressively reducing their capacity to store or absorb surface meltwater (Bell et 55 

al., 2018). 56 

 57 

The potential impacts of SGLs (e.g. via hydrofracturing) means that they have received considerable 58 

attention in Antarctica. In contrast, supraglacial channels have been relatively overlooked, despite 59 

playing a key role in controlling the storage and routing of meltwater between SGLs and across whole 60 

ice shelves (Pitcher and Smith, 2019; Chandler and Hubbard, 2023), including over  substantial distances, 61 

e.g. over 120 km (Kingslake et al., 2017; Corr et al., 2022). Depending on the efficiency of the channel 62 

network, they can move meltwater away from some areas of the ice shelf while concentrating it in others, 63 

thereby modulating the formation and persistence of SGLs and the drainage of water into the firn. For 64 

example, recent satellite observations reveal that some lakes are connected to each other by channels, 65 

forming more efficient large-scale drainage networks and moving surface meltwater from higher to lower 66 

elevations (Kingslake et al., 2015; Yang et al., 2021; Chen et al., 2024). The efficiency and extent of 67 

meltwater routing through channels have important implications for ice shelf stability. Channels can both 68 

move water within ice shelves and even off the ice shelf, thereby mitigating any potential for widespread 69 

hydrofracturing (Bell et al., 2017). Indeed, Bell et al. (2017) observed a 130 m wide waterfall (discharge 70 

259 to 806 m3 s-1) on the ice cliff of the Nansen Ice Shelf in the WAIS. As such, they found that active 71 
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drainage networks on Nansen Ice Shelf exported a large volume of water (0.04 km3 to 0.56 km3 in each 72 

melt season) off the ice surface through one waterfall between 2006 and 2015. The efficient export of 73 

surface meltwater on Nansen Ice Shelf highlights the potential capacity of channels to stabilize ice 74 

shelves by reducing the risk of damage related to extensive storage of meltwater (Bell et al., 2018), but 75 

such waterfalls have not been widely reported elsewhere in Antarctica and the prevalence and spatial 76 

extent of such drainage pathways remain poorly constrained.  77 

 78 

Understanding the development of SCNs is therefore important because they can potentially increase the 79 

risk of ice shelf collapse (by focussing water in lakes and/or firn) or enhance ice shelf stability (by 80 

draining meltwater off the ice shelf). However, there are very few detailed studies of the size and 81 

connectivity of SCNs and how different types of systems might develop and under what conditions. To 82 

better understand the evolution of SCNs, it is important to conduct interannual and seasonal observations 83 

of their spatial and temporal extent across ice shelves. This paper aims to characterize and explain the 84 

evolution of supraglacial channels on Nivlisen Ice Shelf between 2017 and 2024. We map SCNs 85 

(drainage networks including both lakes and channels) from satellite imagery and track their spatio-86 

temporal evolution over multiple melt seasons. The Nivlisen Ice Shelf has a multidecadal history of 87 

surface meltwater activity (Kingslake et al., 2015; Dell et al., 2020; Tuckett et al., 2025), making it an 88 

ideal site to: (1) quantify spatial and temporal variations in SCNs across seasonal to interannual scales; 89 

(2) observe changes on the inter-connectivity of SCNs; and (3) identify the dominant climate controls on 90 

the development of drainage systems. 91 

 92 

2 Study area 93 

The Nivlisen Ice Shelf (70°68’ S,12°09’ E) is located in Dronning Maud Land, East Antarctica, and has 94 

a surface area of 7600 km2 mainly fed by the Potsdam Glacier (Fig. 1). The ice shelf thickness ranges 95 

from 700 m at the grounding line to 150 m at the ice cliff (Dell et al., 2020). The average ice velocity of 96 

the Nivlisen is around 80 m a-1 (Fig. 1b) which is relatively slow compared to other ice shelves in 97 

Dronning Maud Land (e.g. Roi Baudouin ice shelf flows up to 205 m a-1 at average) (Berger et al., 2016; 98 

Lindbäck et al., 2019). The surface conditions, including the firn and near-surface ice structures, differ 99 

significantly across Nivlisen Ice Shelf. A Blue Ice Area (BIA) extends beyond 100 km in the southeast 100 

direction and surrounds the exposed nunatak (called the Schirmacher Oasis) with an area of 101 

approximately 34 km2 (Fig. 1c). North of this BIA, the ice shelf transitions into an accumulation zone, 102 

where the firn layer becomes thicker. According to Kingslake et al. (2015), there was large significant 103 

meltwater coverage nearly every summer over Nivlisen Ice Shelf during the past 20 years, and the extent 104 

of surface water showed significant seasonal and interannual variations, but these variations were not 105 

quantified. 106 
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 107 

Figure 1: A map of the study area: (a) surface elevation of the Antarctica Ice Sheet and surrounding 108 

ice shelves from Bedmap2 (Fretwell et al., 2022), with red box indicating the location of Nivlisen 109 

Ice Shelf; (b) the ice flow speed, including the Novolazarevskaya Research Station, coastline and 110 

grounding line from Mouginot et al. (2017) and (c) SCNs on Nivlisen Ice Shelf on 26 January 2020. 111 

The solid blue lines delineate the BIA regions from Hui et al. (2014) . The boxes in (a) and (b) 112 

illustrate the study area extent. The base imagery of (c) is a mosaicked RGB Sentinel-2 image of 113 

Nivlisen Ice Shelf. 114 

 115 

Previous work on Nivlisen Ice Shelf has documented a complex surface hydrological system (e.g., 116 

Kingslake et al., 2015; Dell et al., 2020; Arthur et al.,2022; Chen et al., 2025), but the research focus has 117 

varied, with few studies quantifying the interannual and seasonal evolution of the channel network in 118 

detail. Dell et al. (2020), Dirscherl et al. (2021), and Arthur et al. (2022) characterized SGLs, detailing 119 

their distribution, volume changes, and links to climatic factors, but limited attention was paid to the 120 

structure and evolution of the SCNs. Recent work by Tuckett et al. (2025) included both lakes and 121 

channels but with a focus very much on the total extent of meltwater, finding a moderate increase in 122 

annual surface meltwater area from 2006/7 to 2020/21. Some studies have considered water transfer 123 

through channels. Dell et al. (2020) used Landsat-8 and Sentinel-2 imagery to track surface meltwater 124 

on Nivlisen Ice Shelf during summer 2016-2017. They identified 1598 water bodies, which were 125 

classified as either circular or linear features. The total volume of surface meltwater peaked at 5.5 × 107 126 

m3 on 26 January 2017, and 63 % of the total meltwater was stored in two linear features following the 127 

surface slopes which extended up to 27 km in length. Kingslake et al. (2015) also highlighted supraglacial 128 

lake drainage through surface channels over extensive distances (over 70 km). This large-scale lateral 129 

water transfer may affect the structure and stability of Nivlisen Ice Shelf in the future, as lateral transfer 130 

can saturate firn, lower firn-air content, and promote ponding and hydrofracturing in otherwise colder 131 

https://doi.org/10.5194/egusphere-2025-5562
Preprint. Discussion started: 17 February 2026
c© Author(s) 2026. CC BY 4.0 License.



5 

 

regions, with latent-heat release on refreezing further warming and weakening the ice shelf (Dell et 132 

al.,2020).  133 

 134 

Subsequent detailed investigations have largely prioritised SGLs. Dirscherl et al. (2021) expanded the 135 

temporal scope (2015-2021) by using Sentinel-1/2 satellite imagery to map the SGLs on Nivlisen Ice 136 

Shelf, recording a maximum extent of 107 km2 in early January 2019. Their analysis linked the formation 137 

of lakes to climatic factors (i.e., air temperature, solar radiation, wind conditions), and warned that 138 

repeated meltwater ponding and drainage may cause the destabilisation of ice shelves to occur sooner 139 

than expected. Arthur et al. (2022) quantified the SGLs around the EAIS during multiple melt seasons 140 

(2014-2020) from Landsat-8 imagery. Their results demonstrated that the interannual variability of the 141 

SGL volume on Nivlisen was one of the highest in East Antarctica (peaking at 144 ×106 m3 in summer 142 

of 2019), and identified that the temperature, surface topography, BIA, and katabatic winds enhanced the 143 

formation of SGLs. One exception to the focus on SGLs is Chen et al. (2024), who provided a snapshot 144 

of large channels (width > 30 m) on Nivlisen Ice Shelf using Landsat-8 imagery, identifying a dendritic 145 

network of 47 channels in January 2020. While they measured some fluvial metrics (e.g., channel width, 146 

depth), the temporal evolution of the SCN was not analysed. 147 

 148 

Although these previous studies mentioned that SGLs often co-exist with supraglacial channels, they 149 

have predominantly focused on the formation, evolution and impact of the SGLs. Consequently, our 150 

understanding of SCNs, particularly their long-term meltwater routing efficiency, dynamics, and 151 

connectivity, remains limited. Furthermore, while observations suggest that these networks often 152 

spatially merge into a small number of large channels that may terminate in a large lake, it remains 153 

unclear whether this pattern is consistent across different melt seasons or occurs only sporadically. 154 

Therefore, more detailed quantification of channel networks on the Nivlisen are urgently needed to 155 

provide critical insights into the role of supraglacial channels in redistributing meltwater across Nivlisen 156 

Ice Shelf. 157 

 158 

3 Methods 159 

This study uses freely available satellite data to map hydrological features (including channels and lakes) 160 

across a consecutive eight-year observational period (i.e., 2017-2024) based on the availability of high-161 

resolution imagery, and for the 2018-2019 melt season which recorded the maximum lake extent 162 

(Dirscherl et al., 2021; Arthur et al., 2022). We quantify key metrics including water area, depth, number 163 

of channels, total length of channels; and correlate them with climate variables, including temperature, 164 

snowfall, and surface melt; to identify the primary drivers influencing drainage network evolution.  165 

 166 
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3.1 Images and pre-processing 167 

3.1.1 Sentinel-2 168 

A total of 32 Sentinel-2 Level-2A (L2A) scenes (see Supplement Table 1) covering the study area were 169 

acquired between 26 January 2017 and 22 February 2024 from the Copernicus Data Space Ecosystem 170 

Browser (https://browser.dataspace.copernicus.eu last accessed: 31 July 2024) to observe the interannual 171 

variations of SCNs. Supraglacial water features were delineated using the Sentinel-2 Level-2A (L2A) 172 

images with Bottom-Of-Atmosphere reflectance values. Spectral bands at a spatial resolution of 10 m 173 

including bands 2 (Blue), 3 (Green), 4 (Red), and 8 (Near infrared, NIR) were used. Each Sentinel-2 L2A 174 

image was clipped and then mosaicked to produce temporally consistent images covering the whole 175 

Nivlisen ice shelf and reprojected to the WGS 1984 Stereographic South Pole co-ordinate system (EPSG: 176 

3031). 177 

 178 

3.1.2 Landsat-8 179 

Throughout the summer of 2018-2019, the development of SCNs was monitored across eight dates 180 

dictated by cloud-free image availability. A total of 10 Landsat-8 Level-2 Surface Reflectance (SR) 181 

optical images (see supplement Table 1) spanning 8 dates were used to conduct seasonal analysis due to 182 

the limited temporal coverage of Sentinel-2 optical imagery. Full spatial coverage of the study area was 183 

achieved using mosaicked imagery for two dates (2018/12/24 and 2019/01/25), while the remaining dates 184 

were covered by a single satellite scene. The raw Landsat-8 imagery was identified and downloaded from 185 

the USGS Earth Explorer website (https://earthexplorer.usgs.gov last accessed: 31 July 2024). This part 186 

of the study specifically focussed on a single melt season from December 2018 to March 2019, because 187 

this season recorded the maximum meltwater extent and had the most cloud-free images available. 188 

Spectral bands including 1 (Blue), 2 (Green), 3 (Red), 4 (Near infrared, NIR) and 8 (Panchromatic) were 189 

used to delineate supraglacial water features. Each Landsat-8 imagery has been processed as natural-190 

colour pan-sharpened images at 15 m spatial resolution for observing more details by using NNDiffuse 191 

Pan Sharpening Sharpening tool from ENVI 5.6 software (Harris Geospatial Solutions, 2020). 192 

 193 

3.2 Mapping SCNs 194 

Surface water areas were identified using the Normalised Difference Water Index for ice (NDWIice), 195 

which has been widely adopted to extract meltwater features on ice surfaces in polar regions (e.g., 196 

Moussavi et al., 2020; Dell et al., 2020; Tuckett et al., 2021; Yang et al., 2021; Chen et al., 2024). 197 

NDWIice is calculated from the normalised ratio of the blue and red bands as Eq. (1): 198 

 199 

𝑁𝐷𝑊𝐼𝑖𝑐𝑒 = (𝐵𝑙𝑢𝑒 − 𝑅𝑒𝑑) (𝐵𝑙𝑢𝑒 + 𝑅𝑒𝑑)⁄        (1) 200 

 201 

Surface water exhibits higher reflectance values in the Blue band and a relatively large contrast with the 202 

background (i.e., ice and snow) in the Red band on optical imagery (Yang and Smith, 2013). A threshold 203 
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of 0.20 was adopted to filter the water pixels from each NDWIice image, following previous studies 204 

where thresholds typically range between 0.15 and 0.30 (Stokes et al., 2019; Chen et al., 2024; Glen et 205 

al., 2025). However, we found that most water bodies detected from NDWIice thresholding are lakes or 206 

channels with deep water, and some thin channels which are narrower than the image resolution 207 

(approximately 10 m wide) cannot be recognised by this method (Glen et al., 2022; Langley et al., 2016). 208 

Meanwhile, some water resides in the firn and is better described as slush (Dell et al., 2020). Therefore, 209 

manual post-processing was necessary to remove some mis-classified water pixels (e.g., slush, ice 210 

background) from thresholding NDWIice. Uncertainties associated with this classification primarily arise 211 

from threshold selection and the delineation of water boundaries, particularly for shallow water and slush 212 

areas. Similar NDWI thresholding methods have been widely applied in previous studies of supraglacial 213 

hydrology in Greenland and Antarctica (Moussavi et al., 2020; Yang et al., 2021; Chen et al., 2024); 214 

however, robust quantification of classification uncertainty remains challenging in the absence of 215 

ground-truth observations. 216 

 217 

Supraglacial channels and their terminus were manually identified and delineated as centrelines based 218 

on Landsat-8 and Sentinel-2 imagery. True-colour composites (Sentinel-2 bands 4-3-2, Landsat-8 bands 219 

4-3-2) were used for visual interpretation, supplemented by the NDWIice image to enhance the contrast 220 

between meltwater and surrounding snow or ice. The identification relied on a combination of 221 

morphological, topographic, and contextual indicators: 1) linear geometry: water bodies exhibiting 222 

narrow, elongated shapes were considered potential channels, especially those connected with circular 223 

depressions interpreted as lakes or ponded areas; 2) topographic validation: the Reference Elevation 224 

Model of Antarctica (REMA) database (Howat et al., 2019)  was used to verify whether the identified 225 

features followed a downslope path, consistent with gravitational water flow; 3) temporal consistency: 226 

where available, sequential imagery from different dates within the same melt season, which means 227 

consistently observed patterns strengthened the interpretation of channels. The delineation of surface 228 

water (i.e., vector polygon) and supraglacial channels (i.e., vector lines) are shown in Fig. 2, which was 229 

used to measure several metrics in the following analysis. 230 
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 231 

Figure 2: Supraglacial drainage systems on Nivlisen Ice Shelf on 31 January 2019: (a) detected 232 

surface water using the NDWIice and (b) centrelines of manually mapped channels and channel 233 

termini (see Section 3.3). The base image is the REMA 10 m DEM data (Howat et al., 2019). 234 
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3.3 Quantifying the morphometry of SCNs 235 

3.3.1 Key metrics of SCNs  236 

Based on the digitized water polygons and channel centrelines (e.g. Fig. 2b), several key metrics (surface 237 

water area, water depth, number of channels, total channel length and number of SCNs) (Table 1) were 238 

measured using tools from ArcMap 10.8 (Yang et al., 2016). In addition, we used the mosaiced surface 239 

elevation model (DEM) data at 10 m spatial resolution from the REMA database (Howat et al., 2019) to 240 

approximate surface water elevation by ArcMap 10.8. Channel Density, defined as the total length of 241 

supraglacial channels per unit area (m km-2), characterizes the spatial concentration of meltwater 242 

channels. The ice shelf surface was divided into 5 km ×5 km grid cells using the Fishnet tool in ArcGIS 243 

Pro 2.8.8, allowing spatially consistent drainage density calculations across different timescales. To 244 

assess whether there are statistical differences between time periods, non-parametric Kruskal–Wallis H-245 

tests (Ostertagová et al., 2014) were conducted independently for depth and elevation. 246 

 247 

Table 1. Summary of measured metrics 248 

Metric Unit Indicates Description 

Water area m² Surface melt extent 

total area covered by visible water 

bodies from satellite imagery, 

including channels and lakes 

Elevation m 
Surface drainage 

distribution 

surface elevation of visible 

channels networks from REMA 

DEM image, excluding lakes 

Depth m Meltwater volume  

depth from surface to bottom of the 

water in channels networks, 

excluding lakes 

Channel length m Flow path development 
the path distance between segment 

endpoints 

Number of channels n Drainage complexity 
total count of visually identified 

linear channels 

Number of channel 

networks 
n 

Connectivity/network 

integration 

count of independent connected 

components 

Channel density m km-² Drainage efficiency 
total channel length divided by 

surface area grids 

 249 

 250 

To identify which channels are connected to each other, the mapped vector centrelines were converted 251 

into binary (water and ice background) images with the spatial resolution of satellite imagery (Sentinel-252 

2: 10 m, Landsat-8: 15 m). Channel pixels that meet the adjacency criterion for 8-neighbor connectivity 253 

(i.e., share an edge or a vertex) (He et al., 2017) are recognised as being members of the same channel 254 

network (Fig. 3). The binary image was then converted back into vector polylines, where polylines 255 
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belonging to the same network are marked with the same component ID, indicating they are channels 256 

within the same network. 257 

 258 

Figure 3: Schematic of supraglacial channel network detection: (a) original supraglacial water 259 

features mapped from satellite imagery, (b) vector centrelines of SCNs, (c) binarized raster of 260 

vector centrelines and (d) identified connected channels using 8-neighbors pixel connectivity. 261 

 262 

3.3.2 Estimation of surface water depth 263 

To assess interannual variability in surface water depth from Sentinel-2 imagery, we applied a satellite-264 

derived depth retrieval algorithm based on reflectance-depth relationships which is widely used over the 265 

Greenland and Antarctic ice sheets (Williamson et al., 2018; Zhang et al., 2023; Melling et al., 2024). 266 

This empirical power-law formulation (𝑑𝑝𝑖𝑥𝑒𝑙 , in m) is: 267 

𝑑𝑝𝑖𝑥𝑒𝑙 = 0.2764 × 𝑅𝑒𝑑−0.8952        (2) 268 

where Red represents the reflectance value of the Sentinel-2 Red band. For Landsat-8 imagery, a spectral 269 

band ratio approach has been adopted to derive water depth based on the dual-channel model (Eq. 3-4) 270 

(Moussavi et al., 2016; Pope et al., 2016). The empirical derivation of calibrated coefficients is (Pope et 271 

al., 2016): 272 

𝑧 = 𝑎 + 𝑏𝑋 + 𝑐𝑋2         (3) 273 

𝑋 = ln(𝐵𝑎𝑛𝑑1/𝐵𝑎𝑛𝑑3)         (4) 274 

where 𝑎 = 0.1488, 𝑏 = 5.0370 and 𝑐 = 5.0473, 𝐵𝑎𝑛𝑑1/𝐵𝑎𝑛𝑑3 is the ratio of the reflectance values of 275 

Landsat-8 OLI Band-1 (Coastal/Aerosol: 0.435-0.451 μm ) and Band-3 (Green: 0.533-0.590 μm ), and 𝑧 276 

stands for the derived water depth from Landsat-8 imagery. 277 

 278 

While subject to large uncertainties in absolute depth estimation due to the lack of in situ validation, this 279 

result provides a consistent relative metric for tracking year-to-year hydrological changes and allows a 280 

first order estimate of water depths. The derived depth images have been masked with the thresholded 281 

NDWIce water outlines to obtain the results. 282 

 283 
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3.4 Comparison with climatic variables 284 

Climate variables including snowfall, surface melt and air temperature have been identified as key 285 

controls on surface melt and the ponding of surface water in Antarctica (Langley et al., 2016; Kittel et 286 

al., 2021; Arthur et al., 2022). To identify potential meteorological controls on SCN variability, we 287 

conducted correlation analyses between four hydrological parameters and seven climate variables 288 

spanning multiple temporal scales. The four hydrological parameters are: (1) surface water area, (2) mean 289 

water depth, (3) SCN count, and (4) channel density. The first five climate variables are from the Modèle 290 

Atmosphérique Régionale (MAR) regional climate model (MARv3.11) (Kittel et al., 2021): (1) austral 291 

winter snowfall (June to August accumulation), (2) austral spring snowfall (September to November 292 

accumulation), (3) austral summer snowfall (November to January accumulation), (4) summer season 293 

melt (November to January accumulation), and (5) austral summer surface mass balance (November to 294 

January net accumulation). The final two climate variables are: (6) near-surface 2 m air temperature (T2m) 295 

at 0.1° resolution from the European Centre of Medium-range Weather Forecasts Reanalysis v.5 (ERA5) 296 

global reanalysis (Hersbach et al., 2020) and  (7) local temperature data from Novolazarevskaya Research 297 

Station (70°46′S 11°52′E, Fig.1b) in-situ records acquired by the REference Antarctic Data for 298 

Environmental Research (READER) Project (Turner et al., 2004). Daily MAR outputs (mm w.e. day-1) 299 

were summed over the corresponding seasons to obtain accumulated melt, snowfall, and SMB values 300 

(mm w.e.). Climate variables were primarily chosen from the MAR climate model because it provides 301 

physically consistent surface mass balance components for ice sheets and ice shelves at a high spatial 302 

resolution. Meanwhile, the 2 m air temperature data were obtained from ERA5 because it is a well-303 

validated, observation-constrained variable and is widely used as an independent benchmark for 304 

representing surface melt conditions (Arthur et al., 2022). MAR outputs represent deterministic model 305 

results for each year, and associated uncertainties are not explicitly quantified but are typically evaluated 306 

through interannual variability, sensitivity to model forcing, and comparison with independent datasets. 307 

Pearson correlation analyses were performed between all combinations of one of the four hydrological 308 

metrics and one of the seven climate variables (Zhang et al., 2023).  309 

 310 

For seasonal analysis, the cumulative values of several climate variables (i.e., melt, 2 m air temperature, 311 

SMB-surface mass balance and snowfall) were calculated over fixed time windows preceding each 312 

channel network observation date (i.e., 7-day and 14-day) (Dirscherl et al., 2021), which allows us to 313 

explore lagged cumulative forcing analysis of climate variability on evolution of SCNs. Specifically, 314 

only values exceeding melt-relevant thresholds were retained for some variables (e.g., maximum air 315 

temperature > 0 °C for Positive Degree Days (PDD)), while others were directly accumulated without 316 

thresholding. The resulting cumulative indicators were then correlated with measured metrics (e.g., water 317 

area, total channel length) using Pearson correlation. 318 

 319 
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4 Results 320 

4.1 Interannual evolution of SCNs 321 

4.1.1 Interannual spatial distribution of SCNs 322 

The Nivlisen Ice Shelf exhibited strong interannual variability in the extent and structure of SCNs from 323 

2017 to 2024 (Fig. 4). A total of 710 SCNs comprising 5513 individual channels were mapped, with 324 

approximately 52 % terminating in lakes and 48 % draining into the firn layer, i.e. with no obvious lake 325 

at the terminus. The SCNs expanded markedly between 2017 and 2018, reaching a peak in 2018 in terms 326 

of surface water area. In 2019 and 2020 the three main channels (marked as West (WS), Middle (M) and 327 

East (ES)) connected to form the largest observed network and terminated in a large (2019: 4.3 km2, 328 

2020: 10.1 km2) lake (see Section 4.1.3, Fig. 8). From 2021 onwards, the channel networks were not as 329 

well developed. Surface water area fell to 46 km² in 2021, and no visible surface water was detected in 330 

January 2022. In 2023 and 2024, surface water partially reappeared, but the metrics remained lower than 331 

pre-2021 levels (Fig.4g-h). Spatially, the southern-most region of the grounding line consistently hosted 332 

recurring SCNs throughout all years, whereas other regions displayed high interannual variability.  333 
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 335 

Figure 4: Interannual evolution of SCNs on Nivlisen Ice Shelf from 2017 to 2024. The solid lines in 336 

different colours represent separate SCNs in each year. The base image is REMA DEM data at 10 337 

m resolution (Howat et al., 2019). Three main channels marked as West (WS), Middle (M) and East 338 

(ES) are shown in (a). 339 

 340 

Figure 5 illustrates the interannual variability of surface water area, number of channels, total channel 341 

length, and number of channel networks over the eight-year study period. All metrics reach a peak in 342 

2018, when the surface water area was approximately 172 km2. In 2018, there were 186 channel networks, 343 

1650 channels, and the total channel length exceeded 1400 km, indicating a widespread and well-344 

connected drainage network. However, while the surface water area decreased from ~140 km2 in 2019 345 

to ~135 km2 in 2020, the number of channels increased from 938 to 1373, and total channel length 346 

increased from 895 km to 1275 km. In 2022 there was a sharp decline of all metrics to zero. Partial 347 

recovery is observed in 2023 and 2024, but the surface water area remained below 50 km2, and channel-348 

related metrics did not return to pre-2022 levels (e.g., 319 channels and 419 km of total length in 2023).  349 

 350 

Figure 5: Interannual variations in total water area, number of channels, total length of channels 351 

and number of SCNs on Nivlisen Ice Shelf. Values represent annual total metrics derived from a 352 

single observation for each melt season. The grey dashed lines represent the mean value of each 353 

metric. 354 

 355 

Kruskal-Wallis tests reveal statistically significant interannual differences in both surface water elevation 356 
and depth. For elevation, the test yielded H = 5005.60 (p < 0.001), although the high significance likely 357 
reflects the large sample size rather than a substantial shift in distribution. The median elevations 358 
remained broadly consistent during the study period, with most SCNs concentrated around 70 m a.s.l. 359 
(Fig. 6). A slight decrease occurred only in 2021, when the mean elevation was lower and the minimum 360 
approached 60 m. For depth, the Kruskal-Wallis test also returned a significant result (H = 17179.2, p < 361 
0.001). Median depths were about 0.4 m from 2017 to 2021, and decreased slightly to ~ 0.3 m in 2023 362 
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and 2024. Despite the statistical significance, these results indicate that both elevation and depth 363 

remained relatively stable through most of the study period. 364 

 365 

Figure 6: Interannual variation in the (a) elevation and (b) water depth of SCNs on Nivlisen Ice 366 
Shelf from 2017 to 2024. Medians and interquartile ranges are shown. Kruskal-Wallis tests confirm 367 
significant interannual variability for both variables (p < 0.001). 368 

 369 

4.1.2 Interannual variations in channel density and channel reoccurrence 370 

The interannual variability in drainage density, with high drainage density (> 2200 m of cumulative 371 

channel length per km2) represented by dark blue colours in Fig. 7. From 2017 to 2018, the highest 372 

density regions are in the eastern parts of the ice shelf, close to the grounding line. Although the spatial 373 

footprint of SCNs extends slightly northward in 2019, the overall drainage density decreases compared 374 

to 2018, as indicated by the reduction in dark blue grid cells (> 2400 m km-2). This shift coincides with 375 

a reduction in the number of channel networks, suggesting that meltwater pathways became more 376 

spatially fragmented. In 2020 there is an appearance of more high-density areas, which shift towards the 377 

southern and northern regions, showing the formation of new channels. 2021 likely marks a transition 378 

year, where surface melt was greatly suppressed, and channel networks disintegrated into sparse, 379 

fragmented parts with limited connectivity or meltwater supply. From 2021 to 2024, with the exception 380 

of 2022, few regions covered by SCNs exceeded 1000 m km-2. Overall, the high-density regions exhibit 381 

significant spatial and temporal shifts during the study period. The reoccurrence map in Fig. 7(h) reveals 382 

that over the eight years, SCNs frequently appeared in the areas near the southernmost part of grounding 383 

line, particularly near the Schirmacher Oasis nunatak (i.e., dark red grids near the grounding line). These 384 

high reoccurrence zones represent long-lived hydrological pathways, where supraglacial channels are 385 

usually active across multiple years, despite interannual variability in meltwater supply.  386 
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 387 

Figure 7: Interannual channel density (a)-(g) and channel reoccurrence (h) of the SCNs on Nivlisen 388 

Ice Shelf from 2017 to 2024. Note that no channels developed in 2022 (see Fig. 4-5). 389 

 390 

4.1.3 Reoccurrence of the large terminal lake in 2019 and 2020 391 

A large supraglacial lake formed at the confluence of the WS, M, and ES channels during the summers 392 

of 2019 and 2020 (Fig. 8). On 31 January 2019, the lake was a dark-blue colour and covered an area of 393 

4.35 km² (Fig. 8a). By 26 January 2020, the same ice surface depression contained a larger lake of 10.1 394 

km² in area, but the water appeared shallower, as indicated by its lighter tone (Fig. 8b). Sentinel-2 395 

imagery from 2020 also reveals a distinct ~50 m-wide frozen rim extending beyond the visible water 396 

margin, a feature absent in January 2019, suggesting gradual refreezing during late summer. These 397 

contrasting observations indicate that the lake experienced markedly different storage capacities and 398 

drainage regimes between the two years but that there is also a challenge in understanding its evolution 399 

in scale due to the pattern of refreezing and subsequent re-melting. 400 

 401 
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Figure 8: Comparison of supraglacial lake evolution on Nivlisen Ice Shelf between 2019 and 2020: 402 

(a-b) Sentinel-2 images on 31 January 2019 and 26 January 2020, respectively, with lake 403 

boundaries shown in red. In 2020, a prominent peripheral rim is visible around the enlarged lake. 404 

In 2019, the lake was smaller (4.35 km2) but substantially deeper (up to ~8 m). By contrast, in 2020 405 

the lake expanded to 10.1 km² but was considerably shallower (< 2 m), with the outer rim extending 406 

~50 m beyond the visible water surface. 407 

 408 

4.2 Seasonal evolution of SCNs 409 

4.2.1 Seasonal spatial distribution of SCNs during a melt season 410 

Throughout the 2018-2019 melt season, the SCNs evolved from fewer and disconnected water bodies to 411 

complex, integrated systems and eventually returned to more fragmented networks (Fig. 9). In early 412 

December (1 and 10), sparse and isolated water bodies were distributed across the ice shelf. As the season 413 

progressed into mid- to late- December, supraglacial channelisation became increasingly pronounced, 414 

particularly near the grounding line, with numerous short and fragmented channels with limited 415 

connectivity. Meanwhile, SGLs at high elevations decreased in size and, in some cases, disappeared 416 

completely by 24 December. By late January, SCNs reached their maximum spatial extent, characterized 417 

by extensive branching and well-developed main channels spanning broad regions of the ice shelf. This 418 

phase exhibited higher degrees of interconnection between individual SCNs, suggesting the integration 419 

of previously independent networks. Notably, those SGLs that had previously vanished in high-elevation 420 

regions reappeared with reduced surface areas. In February and early March, the SCNs began to fragment, 421 

with fewer continuous structures and reduced extent. Despite this decline, some main channels remained 422 

well-defined until early March, particularly in lower-elevation areas (Fig. 9f-h). 423 
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Figure 9: Seasonal evolution of SCNs on Nivlisen Ice Shelf in melt season from 2018 December to 425 

2019 March. The solid lines in different colours represent separate SCNs delineated manually, and 426 

the blue polygons indicate the automatically mapped surface water during the melt season. The 427 

base image is REMA DEM data at 10 m resolution (Howat et al., 2019). 428 

 429 

Quantitative metrics clearly show the seasonal evolution of SCNs on Nivlisen Ice Shelf (Fig. 10). By 25 430 

January 2019, surface water area peaked at approximately 191 km², accompanied by the development of 431 

924 individual channels with a total length of 967 km. This peak reflects the most widespread drainage 432 

of the melt season. Interestingly, despite the expansion in the number and extent of channels, the number 433 

of individual SCNs decreased after 24 December (from ~170 to ~100), suggesting enhanced connectivity. 434 

Following this peak, all metrics steadily declined into February and March. By 7 March, surface water 435 

area had dropped to ~83 km², with fewer than 300 channels remaining and the total channel length 436 

reduced to below 35 km.  437 

 438 

 439 

Figure 10: Seasonal variations in total water area, number of channels, total length of channels and 440 

number of SCNs on Nivlisen Ice Shelf. 441 

 442 

Both observations from satellite images (Fig. 9) and Kruskal-Wallis test indicate significant seasonal 443 

variation in the elevation of SCN development (H = 5310.2, p < 0.001). Starting from 17 December, 444 

when channels were first observed, the elevation range widened slightly during early melt and then 445 

gradually narrowed. By late January, most SCNs were restricted to lower-elevation areas below 100 m 446 

a.s.l., where the values remain stable throughout February and March. This pattern indicates a downslope 447 

migration of surface meltwater over the melt season, consistent with surface drainage toward the 448 

grounding line and ice shelf front (Fig. 9). For depth, the Kruskal-Wallis test showed a significant result 449 

(H = 7490.4, p < 0.001), although visual inspection suggests that the magnitude of variation was limited. 450 

The depth of SCNs on Nivlisen Ice Shelf generally increased from late December, peaked in late January, 451 
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and then declined toward early March during the 2018-2019 melt season (Fig. 11a). In the early season 452 

(1-10 December 2018), water in SCNs was shallow (mostly less than 1 m) and exhibited low variability. 453 

Mean water depth increased notably from late December 2018, reaching a maximum on 25 January 2019, 454 

when the mean values were greater than 0.8 m. From 19 February to 7 March, mean water depth steadily 455 

decreased and became more uniform, suggesting refreezing and a reduction in meltwater supply toward 456 

the end of the melt season.  457 

 458 

Figure 11: Seasonal variation in the (a) elevation and (b) water depth of SCNs on Nivlisen Ice Shelf 459 

during the 2018-2019 melt season.  Kruskal-Wallis tests confirm significant seasonal variability for 460 

both variables (p < 0.001). 461 

 462 

4.2.2 Seasonal evolution of channel density and connectivity  463 

Gridded channel density maps (Fig. 12) reveal a clear seasonal progression in the spatial extent and 464 

density of supraglacial channels on Nivlisen Ice Shelf during the 2018-2019 melt season. Initially sparse 465 

and localized in mid-December (mostly less than 600 m km-2), channel density peaked in magnitude in 466 

late December (with values exceeding 2,800 m km-² in some grid cells near the grounding line). By 467 

January, drainage pathways became fully established, with channels extending across nearly the entire 468 

ice shelf surface. The densest networks formed continuous connections between the grounding zone and 469 

the ice-shelf front, reflecting a phase of maximum hydrological connectivity and widespread surface 470 

meltwater transport. Thereafter, channel density declined steadily into February and March which was 471 

less than 400 m km-². 472 

 473 
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 474 

Figure 12: Seasonal channel density of the SCNs on Nivlisen Ice Shelf during the meal season in 475 

2018-2019. 476 

 477 

To illustrate how supraglacial connectivity evolves during the melt season in 2018-2019, overlapping 478 

channel networks across six key dates are shown in Fig. 13a. These patterns reveal a clear trend towards 479 

increased connectivity and a progressive downslope transportation of meltwater, originating from high-480 

elevation areas in the southeast above the grounding line and extending across the grounding line toward 481 

the ice edge. Throughout this period, active channels either persisted, disappeared, or merged into more 482 

integrated networks, reflecting dynamic reorganisation of surface drainage pathways. Upon examining 483 

the SCNs across the entire study area during the melt season, two representative zones were selected to 484 

illustrate the impact of local topography on the spatial evolution of SCNs (Fig. 13b-i). Zone 1 is 485 

characterized by a significant elevation transition, and Zone 2 is a relatively flat area. On 17 December 486 

2018, both zones exhibited fragmented and dispersed channel networks, indicating an early stage of 487 

isolated channel development with limited interconnectivity. After seven days (24 December, 2018), 488 

some of the channels in Zone 1 disappeared (grey lines in Fig. 10c), while others merge into larger and 489 

more integrated networks, allowing surface water to traverse the grounding line along the northwest 490 

direction. In contrast, Zone 2 experienced an increase in channel formation (both quantity and total length) 491 

during this interval, with newly created SCNs developing in a more focused southward flow pattern. On 492 

25 January 2019, the SCNs in Zone 1 exhibited further transformation, as many previously active 493 

channels disappeared, and the remaining networks were more widely spaced. However, during the same 494 

period in Zone 2, a number of channels joined and formed more integrated networks. In the late summer 495 
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(19 February 2019), more than 70 % of the SCNs in both zones had become invisible from the Landsat-496 

8 imagery, which is likely associated with reduced meltwater supply and seasonal shutdown of surface 497 

drainage. 498 

 499 

Figure 13: Seasonal connectivity transition of the SCNs on Nivlisen Ice Shelf in summer of 2018-500 

2019. The solid lines represent the SCNs in sequential time periods. The based image is REMA 501 

DEM image at 10 m spatial resolution (Howat et al., 2019). 502 

 503 

4.3 Controls on development of SCNs 504 

4.3.1 Ice surface topography and channel development 505 

Supraglacial channels on Nivlisen Ice Shelf generally followed the direction of ice surface ‘flow-stripes’ 506 

(Glasser and Gudmundsson, 2012a), particularly the narrower tributaries. During January 2019 and 507 
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January 2020, the three main channels (i.e., WS, M, and ES) connected with each other to form the most 508 

extensive drainage network observed (Fig. 4c-d). Notably, the main channel exhibits an abruptly sharp 509 

~90° eastward turn after merging. To understand this behaviour, we extracted surface elevation profiles 510 

along the WS channel and a nearby reference line crossing the turning point of channel (Fig. 14). The 511 

results reveal a distinct local surface high coincident with the deflection, suggesting that topography 512 

forces meltwater to reroute around this rise. The same diversion was observed in summers of 2018, 2019 513 

and 2020, confirming that this feature represents a stable, topographically controlled pathway. 514 

Downstream of the turning point, the channel terminates in a large supraglacial lake, visible in the 515 

summers of 2019 and 2020 (Section 4.1.3).  516 

 517 

Figure 14: (a) Surface elevation map of the ice shelf on 31 January 2019, showing the locations of 518 

major channels (WS, M, ES), their confluence, and the flow direction after merging. The yellow 519 

dots represent pinning points data from Miles and Bingham (2023). The pinning point near the WS 520 

channel leads to a localised ice rumple that diverts the main channel. (b) Elevation profiles along 521 

the WS channel (blue) and a reference line on the ice shelf surface (red). The subplot in Fig. 13b 522 

shows a zoom-out elevation map near the pinning point. A notable surface high along the reference 523 

profile corresponds with a sharp flow direction change in the WS channel, suggesting topographic 524 

control of meltwater routing. 525 

 526 

4.3.2 Climatic influences on development of SCNs 527 

Climatic variables have been extracted from the MAR climate model outputs, including the melt, SMB 528 

and snowfall, reveal pronounced variability across the study period (Fig. 15). Summer melt experienced 529 

a sharp reduction between 2017 and 2018, followed by a gradual increase until 2023, whereas summer 530 

SMB remained relatively consistent. Seasonal snowfall fluctuated considerably (Fig. 15b), with 531 

exceptionally high summer snowfall in 2022 occurring mainly before the Sentinel-2 imagery we acquired 532 
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on 22 January 2022, thereby obscuring meltwater features and contributing to the apparent absence of 533 

surface water in the optical record. Mean summer air temperature (MST) comparisons between ERA5 534 

reanalysis and research-station records (Fig. 15c) indicate similar interannual patterns but systematically 535 

higher station-based values, attributable to differences in spatial representativeness between point and 536 

modelled data. Importantly, summer melt does not directly enter the SMB budget as a negative term. 537 

Only runoff contributes to mass loss in MAR, while a substantial fraction of meltwater refreezes within 538 

the firn layer. As a result, years with high melt and moderate snowfall (e.g., 2017) can still exhibit near-539 

zero summer SMB. 540 

 541 

 542 

Figure 15: Interannual variations in key climatic variables over Nivlisen Ice Shelf from 2017 to 543 

2024: (a) summer melt and summer SMB, shown as accumulated values over November-January, 544 

derived from MAR model outputs, (b) seasonal snowfall (winter, spring, and summer) from MAR, 545 

shown as accumulated totals over austral winter (June-August), spring (September-November), 546 

and summer (November-January) , and (c) mean summer temperature (MST) derived from ERA5 547 

reanalysis and in-situ Research Station (RS) records. 548 

 549 

To quantitatively assess the relationships between climatic conditions and supraglacial drainage 550 

characteristics, Pearson correlation coefficients were calculated between climatic factors 551 

(spring/summer/winter snowfall, summer melt/temperature/SMB, PDD) and characteristics of the SCNs 552 

(Fig. 16). All four metrics of the SCNs are highly correlated with each other, suggesting a coherent 553 

evolution of supraglacial drainage networks on Nivlisen Ice Shelf. MST data from ERA5 shows a 554 

statistically strong and significant positive correlation with all four metrics of the SCNs (r > 0.9, p < 555 

0.05). Notably, mean summer temperature exerts the strongest control on total channel length (r = 0.99) 556 

and number of channels (r = 0.97). However, in-situ MST data from the Novolazarevskaya Research 557 

Station exhibits weaker positive and non-significant correlations (p > 0.05) with all SCN-related metrics. 558 

Summer SMB has positive relationships with surface water area (r = 0.48) and the SCNs (r = 0.35 and r 559 

= 0.52), though none are significant.  560 
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 561 

Figure 16: Linear relationships between climatic variables from MAR, ERA5 and interannual key 562 

metrics of SCNs on Nivlisen Ice Shelf. Black numbers indicate the Pearson correlation coefficient. 563 

Climatic variables: ME-melt; SF-snowfall; SMB-surface mass balance; MST-mean summer 564 

temperature. SCN metrics: SWA-surface water area; NC-number of channels; TCL-total channel 565 

length; NCN-number of channel networks. 566 

 567 

The short-term variations in key climatic variables during the 2018-2019 melt season on Nivlisen Ice 568 

Shelf are shown in Fig. 17. Melt and SMB exhibited pronounced fluctuations throughout the season (Fig. 569 

17a-b). The melt increases rapidly in late December, reaching its peak in mid-January, and subsequently 570 

declines toward early March. SMB generally follows an inverse pattern, becoming most negative when 571 

melt peaks, reflecting enhanced surface ablation. Snowfall shows strong temporal variability (Fig. 17c), 572 

with two pronounced events in mid-December and late February that likely influenced surface albedo 573 

and temporarily suppressed melt. Positive Degree Days (PDD) from ERA5 reanalysis over both 7-day 574 

and 14-day windows (Fig. 9d) closely track the temporal evolution of melt, confirming that short-term 575 

temperature fluctuations exert a strong control on melt intensity. 576 

 577 
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 578 

Figure 17: Short-term variations of climatic variables over the Nivlisen Ice Shelf during the 2018–579 

2019 melt season. (a-b) Melt (ME) and surface mass balance (SMB), (c) snowfall (SF), and (d) 580 

Positive Degree Days (PDD) from ERA5 reanalysis. Variables computed over 7-day and 14-day 581 

windows are indicated by subscripts ‘_7’ and ‘_14’. 582 

 583 

On a seasonal scale, both 7-day and 14-day cumulative climate variables from ERA5 and MAR climate 584 

model influence SCN evolution (Fig. 18), with 14-day surface melt (ME_14) having the strongest and 585 

most significant correlation with number of channels (r = 0.81) and number of SCNs (r = 0.80). The 586 

correlation between PDD_14 and total channel length (r = 0.73, p < 0.05) further confirms the sensitivity 587 

of SCN spatial expansion to short-term cumulative melt. Snowfall and SMB were negatively correlated 588 

with SCN formation, and in particular, snowfall with 14-day accumulation (SF_14) is significantly 589 

negatively correlated with surface water area, implying that the snowpack inhibited or masked meltwater 590 

pooling and channels formation. Interestingly, surface melt (ME) shows a strong and significant positive 591 

correlation with SMB over 14-day cumulative periods (r = 0.84).  592 
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 593 

Figure 18: Linear relationships between climatic variables from MAR, ERA5 and seasonal key 594 

metrics of SCNs on Nivlisen Ice Shelf. Black numbers indicate the Pearson correlation coefficient. 595 

Climatic variables: ME-melt; SF-snowfall; SMB-surface mass balance; PDD-positive degree days. 596 

SCN metrics: SWA-surface water area; NC-number of channels; TCL- total channel length; NCN-597 

number of channel networks. Variables calculated over fixed time windows (i.e., 7-day and 14-day) 598 

are denoted with subscripts ‘_7’ and ‘_14’. 599 

 600 

5 Discussion 601 

5.1 Interannual evolution of SCNs  602 

Over the eight-year record (2017-2024), SCNs on Nivlisen Ice Shelf exhibit pronounced interannual 603 

variability in their connectivity, extent, and structural complexity (Fig. 4). This study presents the first 604 

comprehensive, multi-year mapping and quantitative analysis of SCNs on Nivlisen Ice Shelf, revealing 605 

how SCNs alternate between highly integrated and fragmented states under varying climatic conditions. 606 

Despite these fluctuations, the main drainage network remained relatively stable in terms of its location, 607 

indicating that interannual variability primarily presents as changes in the degree of network connectivity 608 

rather than large-scale reorganisation of flow paths. When the ES, M and WS channels connected in 2019 609 

and 2020, for example, the system exhibited its highest degree of connectivity, culminating in the 610 

formation of a large terminal lake near the ice front (Fig. 8). In contrast, no surface water was visible in 611 

Sentinel-2 optical imagery throughout the melt season of 2022. Instead, conditions on 25 January 2022 612 
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(Fig. 19c) show a uniformly bright ice shelf surface indicating fresh snow cover. In the subsequent melt 613 

season (2023), a modest recovery in surface water was observed, although channel length (Fig. 5) and 614 

depth (Fig. 6) remained limited. This partial recurrence may be linked to the presence of refrozen 615 

supraglacial channels that persisted through the winter and acted as conduits for new meltwater. Such a 616 

mechanism aligns with the findings from Dell et al. (2020), who proposed that relic meltwater channels, 617 

preserved as refrozen ice within the firn, can exert multiyear control over the surface meltwater routing 618 

and distribution. This idea is supported by Sentinel-1 Synthetic Aperture Radar (SAR) imagery acquired 619 

two days after the Sentinel-2 imagery (27 January 2022; Fig. 19d), which reveals a drainage network 620 

structure characterized by low-backscatter values (ranging from -15 to -25 dB) with spatial patterns 621 

closely matching those observed in 2020 (Fig. 19a-b). These backscatter values suggest the presence of 622 

meltwater concealed beneath a thin layer of snow or ice, or alternatively, water retained within a shallow, 623 

saturated firn layer (Dell et al., 2020). A similar phenomenon was reported on the Amery Ice Shelf by 624 

Spergel et al. (2021), where large-scale supraglacial lakes and extensive drainage networks were found 625 

to freeze completely in winter, as revealed by temporal changes in SAR backscatter. Importantly, such 626 

refrozen meltwater within channel networks forms impermeable ice layers that lie in channel depressions 627 

and which may promote extended surface pathways in later seasons, effectively generating a relatively 628 

‘stable’ drainage configuration/network from year to year, albeit with differing amounts of meltwater 629 

present at the surface.  630 

 631 

We find that surface topography is an important control on SCN development and direction on Nivlisen 632 

Ice Shelf. Channels are predominantly aligned with surface ice-flow stripes, producing a parallel pattern, 633 

reflecting the influence of long-term ice-flow morphology and internal stress regimes that constrain 634 

meltwater routing along pre-existing features (Glasser and Gudmundsson, 2012b; Chen et al., 2024). At 635 

a scale of 100’s of meters to multiple kilometres, subtle surface rumples and slopes, particularly those 636 

associated with subglacial topographic pinning points or ice rises (cf. Miles and Bingham, 2024), redirect 637 

meltwater laterally and promote channel convergence. This is particularly observed in the substantial 638 

eastward diversion of the main WS channel (Fig. 14) by the raised ice surface (ice rise) above a basal 639 

pinning point. These observations demonstrate that even minor variations in surface slope can 640 

(re)organise SCNs and create spatial heterogeneity in meltwater routing. Ice surface topographic steering 641 

therefore defines the fundamental structure within which any liquid water moves and dictating where 642 

supraglacial channels form and persist across the ice shelf surface each year.  643 

 644 
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 645 

Figure 19: Comparison of supraglacial channel network observations on Nivlisen Ice Shelf from 646 

(a) and (c) Sentinel-2 optical imagery, (b) and (d) Sentinel-1 SAR imagery in January 2020 and 647 

2022 respectively. The dashed black lines are grounding lines of Nivlisen Ice Shelf. 648 

 649 

5.2 Seasonal evolution of SCNs 650 

Beyond the importance of topography, climatic conditions must also be suitable for a significant network 651 

to form. A key characteristic of the surface drainage system on Nivlisen Ice Shelf is the progressive 652 

consolidation, and then fragmentation, of SCNs throughout the melt season. As the melt season advances, 653 

isolated and disconnected networks gradually merge into larger, more integrated systems, resulting in 654 

increased connectivity and more efficient water routing across the ice shelf surface. This seasonal 655 

reorganisation marks a transition from a fragmented early-season drainage configuration to a more stable 656 

and efficient surface network at peak melt. Although individual channels do not evolve at the same rate, 657 

the overall system becomes increasingly connected, optimising surface water flow and filling any 658 

channel-connected lakes. Importantly, despite the increased drainage efficiency, all the meltwater 659 

ultimately remains on the ice shelf in the time period of our observations, either retained within lakes or 660 

draining into the firn, indicating a closed surface hydrological system. These results align broadly with 661 

the seasonal patterns reported by Dirscherl et al. (2021), who used Sentinel-1 and Sentinel-2 observations 662 

to monitor supraglacial lakes across Antarctic ice shelves from 2015 to 2021. Both studies identify a peak 663 

in surface water coverage in January, followed by a rapid decline in February and near-complete 664 

https://doi.org/10.5194/egusphere-2025-5562
Preprint. Discussion started: 17 February 2026
c© Author(s) 2026. CC BY 4.0 License.



30 

 

disappearance by March. The clustering of SCNs near the grounding line, is similar to the ponding 665 

identified on the Larsen C Ice Shelf (Bell et al., 2018; Lai et al., 2020).  666 

 667 

The drainage system also evolves temporally. We particularly note that the water that was at higher 668 

elevations inland at the start of the melt season is less apparent as the season progresses and that this 669 

surface meltwater is progressively transferred from higher-elevation regions toward lower elevations 670 

near the shelf front over the melt season. The concurrent decrease in maximum elevation of surface water 671 

and increase in water depth during mid-season (Fig. 10) also indicates a transition toward more 672 

channelised, downslope flow. This suggests that channels in the higher part of the network that may have 673 

been slower-flowing and thus contained deeper water initially in the season, are able to evacuate water 674 

to the lower parts of the network more rapidly and thus have shallower water depths and are harder to 675 

identify in later imagery. Similar surface drainage evolution was observed by Kingslake et al. (2015) 676 

who documented a rapid, large-scale drainage event in 2007 when surface meltwater propagated more 677 

than 70 km from several high-elevation lakes near the grounding line toward the ice front, following 678 

refrozen pathways from previous years. Their modelling suggested that such ‘unstable drainage’ events 679 

occur when channels rapidly enlarge at lake outlets, allowing lakes to drain almost completely over the 680 

ice surface. However, our seasonal analysis indicates that the high-elevation source lakes identified by 681 

Kingslake et al. (2015) were not entirely emptied within a single melt season. Although these lakes briefly 682 

disappeared in early summer, they reappeared later in the season with smaller surface areas (see Fig.9), 683 

implying that partial refilling occurred. This behaviour does not contradict the unstable-drainage 684 

framework but rather reveals that surface drainage on Nivlisen can be very dynamic within a single melt 685 

season. The reappearance of lakes at higher elevations and close to the grounding line likely reflects their 686 

initial discharge and emptying, followed by renewed meltwater input later in the season. Similar cyclic 687 

behaviour has been observed on other Antarctic ice shelves, where early-season snow and firn initially 688 

inhibit surface ponding but later provide additional meltwater as they melt (Dell et al., 2020; Arthur et 689 

al., 2020, 2022). These processes indicate that the evolution of SCNs on Nivlisen is governed by feedback 690 

between meltwater supply, channel stability, and refreezing dynamics, resulting in a multi-phase drainage 691 

regime that differs from the single-event drainage predicted by idealised models. 692 

 693 

In summary, our observations confirm that the SCNs on Nivlisen Ice Shelf redistribute meltwater across 694 

the shelf rather than exporting it off the ice shelf, consistent with widespread refreezing and firn 695 

infiltration at lower elevations. This behaviour is unlike grounded ice such as over Greenland and the 696 

Devon Ice Cap (Lu et al., 2020; Yang et al., 2021), where supraglacial drainage migrates upward through 697 

the season as new melt occurs at increasingly higher elevations. In such settings, rising equilibrium line 698 

altitudes and surface warming drive inland expansion of the ablation zone, while early-season meltwater 699 

at low elevations rapidly drains through moulins and crevasses. In contrast, the Nivlisen Ice Shelf exhibits 700 

a drainage system that does not expand inland and up-ice. Instead, it consists of a floating, ‘closed’ 701 

surface drainage system in which meltwater is redistributed toward lower elevations and retained through 702 

refreezing or ponding. These differences underscore the contrasting hydrological regimes between 703 

grounded and floating ice surfaces, particularly regarding connectivity, retention, and routing efficiency.  704 
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 705 

5.3 Climatic Controls on SCN evolution 706 

Among the evaluated climatic drivers, mean summer temperature data from ERA5 showed the strongest 707 

and most consistent correlations with SCN metrics on an interannual scale (Fig. 16). Surface water area, 708 

the number of channel networks, the number of individual channels, and total channel length are all 709 

positively correlated with ERA5 temperatures (r = 0.93-0.99, p < 0.05), indicating that air temperature is 710 

the primary control on the extent of the SCN distribution on Nivlisen Ice Shelf. In contrast, in-situ 711 

temperature data from the nearby Novolazarevskaya Research Station has weaker correlations, 712 

particularly with total channel length (r = 0.53-0.67, p > 0.05). Correlations were statistically significant 713 

(p < 0.05) for all ERA5-based temperature-SCN relationships, whereas station-derived temperatures 714 

showed non-significant relationships (p > 0.05). This discrepancy likely reflects spatial 715 

representativeness: the station provides a limited ‘point’ measurement, while ERA5 data capture 716 

temperature variations across the ice shelf surface, better aligning with the spatial scale of SCN 717 

development. Correlations with snowfall and SMB were weaker and generally not statistically significant.  718 

 719 

On a seasonal timescale, SCN metrics exhibit strong sensitivity to short-term cumulative temperature 720 

and melt indicators (Fig. 18). The 14-day surface melt (ME_14) and positive degree days (PDD_14) 721 

show significant positive correlations with the number of channels (r = 0.81) and total channel length (r 722 

= 0.73), highlighting the rapid response of surface drainage development to melt events and aligning 723 

with previous work (Kingslake et al., 2017; Dell et al., 2020). These relationships are statistically 724 

significant (p < 0.05) and indicate that supraglacial drainage responds within 1 to 2 weeks to cumulative 725 

melt energy increases. In contrast, snowfall (SF_14) is negatively but non-significant correlated with 726 

surface water area, likely due to the snowpack’s ability to absorb or mask surface meltwater (Arthur et 727 

al., 2022). Surprisingly, surface melt (ME) also shows a strong positive correlation with SMB whereby 728 

more melt occurs when there is increased SMB. This relationship may arise from synchronous increases 729 

in melt and snowfall or may reflect the dominance of snowfall in the SMB budget under prevailing 730 

accumulation conditions (Dirscherl et al., 2021). It may also reflect that less energy is required to melt 731 

snow than it is to melt ice, so an abundance of snow simply provides a larger store of more rapidly 732 

accessible liquid water. SMB variability on Nivlisen Ice Shelf is therefore strongly dominated by 733 

accumulation: snowfall was also anomalously high during summers with enhanced melt, leading to net 734 

positive mass balance despite increased ablation. In such accumulation-dominated conditions, the 735 

magnitude of snowfall offsets the melt losses, producing a statistical coupling between ME and SMB 736 

(Donat-Magnin et al., 2021). Although this correlation is statistically significant (r = 0.84, p < 0.05), its 737 

physical interpretation remains complex, as both melt and SMB are strongly modulated by concurrent 738 

accumulation. 739 

 740 

The interactions between climate and seasonal evolution of SCN appear more transient and immediate, 741 

whilst at an interannual timescale patterns reflect cumulative climatic influence over longer periods. At 742 

both timescales, only temperature-related variables show statistically significant correlations (p < 0.05), 743 
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reflecting their indirect and/or lagged influence. A recent study by Dirscherl et al. (2021) on the seasonal 744 

evolution of Antarctic supraglacial lakes from 2015 to 2021 further reinforces the importance of air 745 

temperature and solar radiation as primary climatic drivers of SGL on ice shelves around the EAIS. While 746 

their focus was on lake expansion and persistence, they identified positive correlations between surface 747 

temperature and lake area, which are consistent with our findings on channel network development. In 748 

contrast, Arthur et al. (2022) reported a weak positive but non-significant correlation between summer 749 

mean temperature and SGL volume (R = 0.52) on Nivlisen Ice Shelf, suggesting a relatively limited 750 

direct climatic influence. SGLs on Shackleton Ice Shelf in East Antarctica were also found to exhibit 751 

only a weak relationship with near-surface summer temperature (R2= 0.15, p = 0.04) (Arthur et al., 2020). 752 

Our correlation analyses based on temperature data from the ERA5 reanalysis demonstrate much higher 753 

correlations (r > 0.9, p < 0.05) between summer air temperatures and multiple key SCN metrics. This 754 

difference likely arises because channel networks respond more directly and rapidly to variations in 755 

meltwater flux than lakes (Dell et al., 2020). For example, total channel length or the number of channels 756 

as they evolve through a season tend to grow much more rapidly than lake area, and does so more 757 

instantaneously during a warm weather period. This is unsurprising because channels are enabling the 758 

filling of lakes, and thus channels evolve first and their initiation and integration are driven by local 759 

runoff and flow routing that react almost instantaneously to temperature-induced melt events (Kingslake 760 

et al., 2015). In contrast, lake expansion and contraction operate over longer timescales, constrained by 761 

basin topography and refreezing processes, which buffer their response to short-term climatic 762 

fluctuations (Banwell et al., 2021; Arthur et al., 2022). Moreover, the spatial distribution and connectivity 763 

of SCNs may be more sensitive to regional climate variations captured by the ERA5 reanalysis. The 764 

pronounced climatic sensitivities identified for SCNs also reflect their linear and interconnected 765 

morphology, which allows efficient meltwater delivery and rapid adjustment, especially where they are 766 

expanding along channels that existed in previous seasons. Compared with SGLs, where meltwater is 767 

stored and frequently refreezes, SCNs continuously transport meltwater across Nivlisen Ice Shelf. Their 768 

geometry and connectivity therefore make them more immediate and sensitive indicators of changes in 769 

meltwater supply and drainage efficiency. 770 

 771 

Winter snowfall shows a weak negative correlation with annual SCN metrics, potentially due to its 772 

insulating effect reducing early season melt (Dell et al., 2020), or a firn retention effect whereby increased 773 

accumulation enhances firn air content and promotes meltwater storage and refreezing (Arthur et al., 774 

2020, 2022). Meanwhile, spring and summer snowfall display weak positive correlations, possibly 775 

reflecting delayed snowmelt contributions to meltwater input. None of these correlations reach statistical 776 

significance (p > 0.05), implying that snowfall exerts an indirect rather than primary control, operating 777 

through surface albedo, insulation, and delayed meltwater release. The lack of strong correlation may 778 

result from competing effects: snow both inhibits and later contributes to surface melt (Dell et al., 2020; 779 

Arthur et al., 2022). Early-season snowfall increases surface albedo and limits energy absorption, thereby 780 

suppressing initial melt. Mid-season snow events can temporarily mask existing surface water and 781 

channels in optical imagery, as likely occurred in 2022. Later in the season, melting of accumulated snow 782 

adds additional water input to the drainage system. These opposing influences, insulation, masking, and 783 
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contribution, demonstrate that although the correlations are weak, the influence of snowfall and its timing 784 

have a dynamic impact both on the actual production of meltwater, its channelisation, and our ability to 785 

observe the SCNs at different times of the season. 786 

 787 

6 Conclusions 788 

This study provides a detailed characterisation of SCNs on Nivlisen Ice Shelf, focusing on their seasonal 789 

evolution and connectivity during the 2018-2019 melt season and interannual variability in January from 790 

2017 to 2024. In total, we mapped 710 SCNs and 5513 channels on the Nivlisen over the 8-year period. 791 

By quantifying key metrics, including the water area, depth, number of channels and number of SCNs, 792 

we show high interannual variability (>100 %) in surface drainage networks across Nivlisen Ice Shelf, 793 

with the interannual evolution showing a general pattern of expansion, peak development, and substantial 794 

decline. In the summer of 2018, surface water extent peaked, with 1650 channels organised into 186 795 

drainage networks, and a total channel length of approximately 1440 km. Seasonally, during the summer 796 

of 2018-2019 surface meltwater was efficiently delivered from high-elevation (about 400 m) lakes to low 797 

elevations (50 m) near the ice front through 924 channels with total length of 967 km. The SCNs 798 

exhibited a dynamic process characterized by initial isolated appearance of surface water bodies near the 799 

grounding line, followed by expansion, peak connectivity, and finally, fragmentation as meltwater 800 

refreezes. As the connectivity evolves through a season, it enables the area covered by SCNs to expand 801 

across the ice shelf but at the same time, it means the channels which initially formed near the grounding 802 

line more efficiently transport water into the lower channel network, thus contain shallower water and 803 

are not visible in the imagery. Hence, the system evolves from a less efficient to more efficient system 804 

over the melt season, transporting meltwater to lower regions of the ice shelf. 805 

 806 

Relationships between seasonal hydrological metrics and climatic drivers from the MAR climate model 807 

and ERA5 reanalysis reveal the sensitivity of SCNs to both seasonal and interannual temperature 808 

variability, confirming temperature as a primary driver controlling the extent, connectivity, and structural 809 

evolution of surface drainage systems. In addition, our work suggests that there are complexities relating 810 

to the influence of snowfall on the development and/or observation of the network and that these depend 811 

on the time of year in which snowfall is deposited and how readily it can be melted.  The observed 812 

increase in connectivity and routing efficiency implies that meltwater can be redistributed over large 813 

areas of the ice shelf during warm summers and that this routing is linked to the structure of the ice shelf 814 

(e.g. crevasses and flow stripes) as well as ice surface undulations at a range of scales which act to steer 815 

water flow. This creates the framework for a drainage network that is reoccupied each year, but to varying 816 

degrees based on the complex relationship between melt and snowfall. In particular, the presence of a 817 

topographic pinning point acts to reverse ice surface gradients and thus divert the main drainage channels 818 

at nearly right-angles resulting in a flow-transverse channel that cross-cuts and thus captures the three 819 

main channel outlets, feeding water into a major supraglacial lake. By linking detailed observations of 820 

SCN evolution with climatic forcing, this work provides crucial insights into how surface meltwater is 821 
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potentially delivered within the surface drainage system of an ice shelf, a process with increasingly 822 

important implications for the surface mass balance and overall stability of the AIS in a warming future. 823 

 824 

7 Appendices 825 

Table A1: Sentinel-2 and Landsat-8 imagery information 826 

Data type Spatial Resolution Number or Row/Path Acquisition Date 

Sentinel 2 10 m 

R049_T32DNG 

2017/01/26 
R049_T32DNH 

R049_T32DPG 

R049_T32DPH 

R049_T32DNG 

2018/01/11 
R049_T32DNH 

R049_T32DPG 

R049_T32DPH 

R049_T32DNG 

2019/01/31 
R049_T32DNH 

R049_T32DPG 

R049_T32DPH 

R049_T32DNG 

2020/01/26 
R049_T32DNH 

R049_T32DPG 

R049_T32DPH 

R049_T32DNG 

2021/01/20 
R049_T32DNH 

R049_T32DPG 

R049_T32DPH 

R049_T32DNG 

2022/01/25 
R049_T32DNH 

R049_T32DPG 

R049_T32DPH 

R006_T32DNG 

2023/01/27 
R006_T32DNH 

R006_T32DPG 

R006_T32DPH 
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R006_T32DNG 

2024/01/22 
R006_T32DNH 

R006_T32DPG 

R006_T32DPH 

Landsat 8 30 m 

110/166 2018/12/01 

110/165 2018/12/10 

110/166 2018/12/17 

109/167 2018/12/24 

110/167 2018/12/24 

109/167 2019/01/25 

110/167 2019/01/25 

110/166 2019/02/19 

110/165 2019/02/28 

110/166 2019/03/07 

 827 
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