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Abstract. Supraglacial drainage systems represent criti-
cal components of the surface hydrology on Antarctic ice
shelves, facilitating the redistribution of meltwater, includ-
ing into and out of supraglacial lakes, potentially influenc-
ing ice-shelf stability. However, the seasonal and interannual
variability in their spatial extent, structural evolution, and cli-
matic sensitivity remain poorly quantified, particularly com-
pared to observations of supraglacial lakes. In this study, we
investigate the interannual evolution of supraglacial drainage
systems on Nivlisen Ice Shelf in East Antarctica between
2017 and 2024 using Sentinel-2 and Landsat-8 satellite im-
agery, with a detailed seasonal analysis during the 2018–
2019 melt season. Key metrics including surface water area,
total channel length, number of supraglacial drainage com-
ponents, and the number of individual channels were de-
rived to quantify the drainage evolution, system connectiv-
ity and complexity. We find significant interannual variabil-
ity in the number of drainage components (from 34–186) and
total channel length (from 345–1275 km), with peak length
of channels observed in 2018. During the 2018–2019 melt
season, channels progressively integrated and connected to
form a very well-connected drainage system, which then
fragmented towards the end of the melt season. We find that
drainage systems are strongly influenced by ice shelf surface
structures and undulations at a range of scales, with larger
channels reforming in the same location. Correlation anal-
ysis shows that the evolution of drainage systems is tightly
coupled to regional air temperature, with surface water extent
and drainage connectivity strongly linked to reanalysis-based
temperature outputs (r > 0.9, p < 0.05). Snow had variable
effects, depending on its timing and how readily it could be
melted. Our findings underscore the important dynamic na-

ture of supraglacial channels in redistributing meltwater on
Antarctic ice shelves.

1 Introduction

As climate warming accelerates, the Antarctic Ice Sheet
(AIS), which contains approximately 30 million km3 of ice,
has lost mass at rates estimated at −127± 23Gtyr−1 from
2002–2022 (Hanna et al., 2024). The floating ice shelves
around the AIS, which hold back the grounded ice from
further inland, are faced with potential threats from surface
melt (Bell et al., 2018; Arthur et al., 2022; Tuckett et al.,
2025). Indeed, surface water is more widespread across the
AIS than previously assumed, and numerous supraglacial
lakes (SGLs) and channels have been observed on Antarc-
tic ice shelves during recent years (Langley et al., 2016;
Lenaerts et al., 2017; Stokes et al., 2019; Tuckett et al., 2021,
2025; Spergel et al., 2021; Arthur et al., 2022). For example,
more than 65 000 SGLs (over 1300 km2) have been observed
around the margin of the East Antarctic Ice Sheet (EAIS) in
the peak of the melt season in January 2017, and approxi-
mately 60 % of these lakes developed on ice shelves (Stokes
et al., 2019). Meanwhile, Corr et al. (2022) identified 10223
lakes (114.7 km2) and 255 channels (4.7 km2) on the West
Antarctic Ice Sheet (WAIS) and Antarctic Peninsula (AP)
during January 2017 from satellite imagery.

Supraglacial lakes can trigger the collapse of ice shelves
by “hydrofracturing”, a process of meltwater-induced ver-
tical fracture propagation (Banwell et al., 2014; Dunmire
et al., 2020). Primary mechanisms of hydrofracturing in-
duced by SGLs include (1) stored meltwater in lakes that
can fill and drain vertically through the pre-existing fractures,
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thereby promoting downward crack propagation (Van Der
Veen, 2007); (2) clusters of multiple lakes that alter the local
stress field through lake loading and drainage, which may
lead to fracture propagation and potentially trigger cascad-
ing drainage events (Banwell et al., 2013). Although some
Antarctic ice shelves are already thought to be vulnerable to
hydrofracturing (Alley et al., 2018; Arthur et al., 2022), fu-
ture surface melt is expected to enhance the likelihood of ice
shelf disintegration by progressively reducing their capacity
to store or absorb surface meltwater (Bell et al., 2018; Lai
et al., 2020).

The potential impacts of SGLs (e.g. via hydrofractur-
ing) means that they have received considerable attention
in Antarctica. In contrast, supraglacial channels have been
relatively overlooked, despite playing a key role in control-
ling the storage and routing of meltwater between SGLs and
across whole ice shelves (Pitcher and Smith, 2019; Chandler
and Hubbard, 2023), including over substantial distances,
e.g. over 120 km (Kingslake et al., 2017; Corr et al., 2022).
Depending on the connectivity of the channel network, they
can move meltwater away from some areas of the ice shelf
while concentrating it in others, thereby modulating the for-
mation and persistence of SGLs and the drainage of water
into the firn. Recent satellite observations, for example, re-
veal that some lakes are connected to each other by channels,
forming well-connected large-scale drainage networks and
moving surface meltwater from higher to lower elevations
(Kingslake et al., 2015; Yang et al., 2021; Chen et al., 2024).
The connectivity and extent of meltwater routing through
channels have important implications for ice shelf stabil-
ity. Channels can both move water within ice shelves and
even off the ice shelf, thereby mitigating any potential for
widespread hydrofracturing (Bell et al., 2017). Indeed, Bell
et al. (2017) observed a 130 m wide waterfall (discharge 259–
806 m3 s−1) on the ice cliff of the Nansen Ice Shelf in the
WAIS. As such, they found that active drainage networks on
Nansen Ice Shelf exported a large volume of water (0.04–
0.56 km3 in each melt season) off the ice surface through one
waterfall between 2006 and 2015. The efficient export of sur-
face meltwater on Nansen Ice Shelf highlights the potential
capacity of channels to stabilize ice shelves by reducing the
risk of damage related to extensive storage of meltwater (Bell
et al., 2018), but such waterfalls have not been widely re-
ported elsewhere in Antarctica and the prevalence and spatial
extent of such drainage pathways remain poorly constrained.

Understanding the development of supraglacial drainage
systems is therefore necessary because they can influence the
spatial redistribution of surface meltwater across ice shelves,
affecting where meltwater is stored, refrozen, ponded, or po-
tentially routed toward structurally vulnerable areas. How-
ever, there are very few detailed studies of the size and con-
nectivity of supraglacial drainage systems and how differ-
ent types of systems might develop and under what con-
ditions. Interannual and seasonal observations are therefore
needed to characterise changes in extent, organisation, and

connectivity of supraglacial drainage systems across Antarc-
tic ice shelves. This paper aims to characterize and explain
the evolution of supraglacial channels and drainage systems
on Nivlisen Ice Shelf between 2017 and 2024. We map sur-
face drainage features (including lakes and channels) from
satellite imagery and track their spatio-temporal evolution
over multiple melt seasons. The Nivlisen Ice Shelf has a
multidecadal history of surface meltwater activity (Kingslake
et al., 2015; Dell et al., 2020; Tuckett et al., 2025), making it
an ideal site to: (1) quantify spatial and temporal variations
in supraglacial drainage systems across seasonal to interan-
nual scales; (2) observe changes on the inter-connectivity of
these drainage systems; and (3) identify the dominant climate
controls on the development of drainage systems.

2 Study area

The Nivlisen Ice Shelf (70°68′ S, 12°09′ E) is located in
Dronning Maud Land, East Antarctica, and has a surface
area of 7600 km2 mainly fed by the Potsdam Glacier (Fig. 1).
The ice shelf thickness ranges from 700 m at the grounding
line to 150 m at the ice cliff (Dell et al., 2020). The aver-
age ice velocity of the Nivlisen is around 80 ma−1 (Fig. 1b),
which is relatively slow compared to other ice shelves in
Dronning Maud Land (e.g., Roi Baudouin ice shelf flows
up to 205 ma−1 at average) (Berger et al., 2016; Lindbäck
et al., 2019). Surface conditions across Nivlisen Ice Shelf
are spatially variable, including differences in accumula-
tion, firn properties, and near-surface ice structures. Pre-
vious field observations indicate that Nivlisen Ice Shelf is
an accumulation-dominated ice shelf, with snow density of
430–450 kgm−3 in the uppermost metre and with the 3 m
snow/firn-core density averaging 483±7kgm−3 over the ice
shelf (Pratap et al., 2022). To the southeast of Nivlisen Ice
Shelf, a Blue Ice Area (BIA) adjoins the exposed bedrock
nunatak Schirmacheroasen at the transition between the ice
shelf and the inland ice and extends from this region in a
southeasterly direction for approximately 100 km (Dell et al.,
2020; Fig. 1c). North of this BIA, the ice shelf transitions into
an accumulation zone, where the firn layer becomes thicker.
According to Kingslake et al. (2015), there was large signifi-
cant meltwater coverage nearly every summer over Nivlisen
Ice Shelf from 2002–2009, and the extent of surface water
showed significant seasonal and interannual variations, but
these variations were not quantified.

Previous work on Nivlisen Ice Shelf has documented a
complex surface hydrological system (e.g., Kingslake et al.,
2015; Dell et al., 2020; Arthur et al.,2022; Chen et al., 2024),
but the research focus has varied, with few studies quanti-
fying the interannual and seasonal evolution of the channel
network in detail. Dell et al. (2020), Dirscherl et al. (2021),
and Arthur et al. (2022) characterized SGLs, detailing their
distribution, volume changes, and links to climatic factors,
but limited attention was paid to the structure and evolu-
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Figure 1. A map of the study area: (a) surface elevation of the Antarctica Ice Sheet and surrounding ice shelves from Bedmap2 (Fretwell et al.,
2022), with red box indicating the location of Nivlisen Ice Shelf; (b) the ice flow speed (Rignot et al., 2017), including the Novolazarevskaya
Research Station, coastline and grounding line from Mouginot et al. (2017) and (c) SCNs on Nivlisen Ice Shelf on 26 January 2020. The
solid blue lines delineate the BIA regions from Hui et al. (2014). The boxes in (a, b) illustrate the study area extent. The base imagery of (c)
is a mosaicked RGB Sentinel-2 image of Nivlisen Ice Shelf.

tion of the channels. Recent work by Tuckett et al. (2025)
included both lakes and channels but with a focus on the to-
tal extent of meltwater, finding a moderate increase in annual
surface meltwater area from 2006/7–2020/21. Some studies
have considered water transfer through channels. Dell et al.
(2020) used Landsat-8 and Sentinel-2 imagery to track sur-
face meltwater on Nivlisen Ice Shelf during summer 2016–
2017. They identified 1598 water bodies, which were clas-
sified as either circular or linear features. The total volume
of surface meltwater peaked at 5.5× 107 m3 on 26 January
2017, and 63 % of the total meltwater was stored in two lin-
ear features following the surface slopes which extended up
to 27 km in length. Kingslake et al. (2015) also highlighted
supraglacial lake drainage through surface channels over ex-
tensive distances (over 70 km). These observations suggest
that surface meltwater on Nivlisen Ice Shelf can be spatially
organised into large well-connected drainage systems, but
they do not resolve whether such systems are persistent, re-
current, or short-lived features of the melt season.

Subsequent detailed investigations have largely prioritised
supraglacial lakes rather than the structure and evolution of
supraglacial drainage systems. Dirscherl et al. (2021) ex-

panded the temporal scope (2015–2021) using Sentinel-1/2
satellite imagery to map the SGLs on Nivlisen Ice Shelf,
recording a maximum extent of 107 km2 in early January
2019. Their analysis linked the formation of lakes to cli-
matic factors (i.e., air temperature, solar radiation, wind con-
ditions), and warned that repeated meltwater ponding and
drainage may cause the destabilisation of ice shelves to oc-
cur sooner than expected. Arthur et al. (2022) quantified
the SGLs around the EAIS during multiple melt seasons
(2014–2020) from Landsat-8 imagery. Their results demon-
strated that the interannual variability of the SGL volume on
Nivlisen was one of the highest in East Antarctica (peaking
at 144× 106m3 in summer of 2019), and identified that the
temperature, surface topography, BIA, and katabatic winds
enhanced the formation of SGLs. One exception to the fo-
cus on SGLs is Chen et al. (2024), who provided a snapshot
of large channels (width > 30m) on Nivlisen Ice Shelf us-
ing Landsat-8 imagery, identifying a dendritic network of 47
channels in January 2020. While they measured some fluvial
metrics (e.g., channel width, depth), the temporal evolution
of the SCN was not analysed.
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Although these previous studies mentioned that
supraglacial lakes commonly co-exist with channels
and that meltwater may be routed through large drainage
systems, it remains unclear whether these drainage systems
reoccur between melt seasons, how they evolve within a
melt season, and how channel connectivity varies through
time. Therefore, more detailed quantification of the drainage
system’s extent, connectivity, and seasonal/interannual
variability is needed to provide critical insights into the role
of supraglacial channels in redistributing meltwater across
Nivlisen Ice Shelf.

3 Methods

This study uses freely available satellite data to map hydro-
logical features (including channels and lakes) across a con-
secutive eight-year observational period (i.e., 2017–2024)
based on the availability of high-resolution imagery, and for
the 2018–2019 melt season which recorded the maximum
lake extent (Dirscherl et al., 2021; Arthur et al., 2022). We
quantify key metrics including surface water area, depth,
number of channels, total length of channels; and correlate
them with climate variables, including temperature, snowfall,
and surface melt; to identify the primary drivers influencing
drainage system evolution.

3.1 Images and pre-processing

3.1.1 Sentinel-2

A total of 32 Sentinel-2 Level-2A (L2A) scenes (see Ta-
ble S1 in the Supplement) covering the study area were
acquired between 26 January 2017 and 22 February 2024
from the Copernicus Data Space Ecosystem Browser (https:
//browser.dataspace.copernicus.eu, last access: 31 July 2024)
to observe the interannual variations of SCNs. Supraglacial
water features were delineated using the Sentinel-2 Level-
2A (L2A) images with Bottom-Of-Atmosphere reflectance
values. Spectral bands at a spatial resolution of 10 m includ-
ing bands 2 (Blue), 3 (Green), 4 (Red), and 8 (Near infrared,
NIR) were used. Each Sentinel-2 L2A image was clipped
and then mosaicked to produce temporally consistent im-
ages covering the whole Nivlisen Ice Shelf and reprojected
to the WGS 1984 Stereographic South Pole co-ordinate sys-
tem (EPSG: 3031).

3.1.2 Landsat-8

Throughout the summer of 2018–2019, the development of
SCNs was monitored across eight dates dictated by cloud-
free image availability. A total of 10 Landsat-8 Level-2 Sur-
face Reflectance (SR) optical images (see supplement Ta-
ble 1) spanning 8 dates were used to conduct seasonal anal-
ysis due to the limited temporal coverage of Sentinel-2 op-
tical imagery. Full spatial coverage of the study area was

achieved using mosaicked imagery for two dates (24 Decem-
ber 2018 and 25 January 2019), while the remaining dates
were covered by a single satellite scene. The raw Landsat-
8 imagery was identified and downloaded from the USGS
Earth Explorer website (https://earthexplorer.usgs.gov, last
access: 31 July 2024). This part of the study specifically fo-
cussed on a single melt season from December 2018–March
2019, because this season recorded the maximum meltwater
extent and had the most cloud-free images available. Spec-
tral bands including 1 (Blue), 2 (Green), 3 (Red), 4 (Near
infrared, NIR) and 8 (Panchromatic) were used to delineate
supraglacial water features. Each Landsat-8 image was pro-
cessed as natural-colour pan-sharpened image at 15 m spatial
resolution for observing more details using NNDiffuse Pan
Sharpening Sharpening tool from ENVI 5.6 software (Harris
Geospatial Solutions, 2020).

3.2 Mapping supraglacial drainage systems

The mapping of supraglacial drainage systems on Nivlisen
Ice Shelf involved a two-step workflow: a water index
method was used to initially identify broad areal water bod-
ies, such as lakes and larger surface-water areas, delimited by
polygons. Supraglacial channels were then manually identi-
fied and drawn as lines using the output from the water index
method. Surface water bodies were identified using the Nor-
malised Difference Water Index for ice (NDWIice), which
has been widely adopted to extract meltwater features on ice
surfaces from satellite imagery (e.g., Moussavi et al., 2020;
Dell et al., 2020; Tuckett et al., 2021; Yang et al., 2021; Chen
et al., 2024). NDWIice is calculated from the normalised ra-
tio of the blue and red bands as Eq. (1):

NDWIice =
Blue−Red
Blue+Red

(1)

Surface water exhibits higher reflectance values in the
Blue band and a relatively large contrast with the background
(i.e., ice and snow) in the Red band of the optical imagery
(Yang and Smith, 2013). A threshold of 0.20 was adopted to
filter the water pixels from each NDWIice image, following
previous studies where thresholds typically range between
0.15 and 0.30 (Stokes et al., 2019; Chen et al., 2024; Glen
et al., 2025). However, we found that most water bodies de-
tected from NDWIice thresholding are lakes or channels with
deep water, and some thin channels which are narrower than
the image resolution (approximately 10 m wide) cannot be
recognised by this method (Glen et al., 2022; Langley et al.,
2016). Meanwhile, some water resides in the firn and is better
described as slush (Dell et al., 2020). Therefore, manual post-
processing was necessary to remove some mis-classified
water pixels (e.g., slush, ice background) from threshold-
ing NDWIice. Uncertainties associated with this classifica-
tion primarily arise from threshold selection and the delin-
eation of water boundaries, particularly for shallow water and
slush areas. Similar NDWI thresholding methods have been
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widely applied in previous studies of supraglacial hydrology
in Greenland and Antarctica (Moussavi et al., 2020; Yang
et al., 2021; Chen et al., 2024); however, robust quantifica-
tion of classification uncertainty remains challenging in the
absence of ground-truth observations.

Supraglacial channels and their terminus were manually
identified and delineated as centrelines based on Landsat-8,
Sentinel-2 imagery and the NDWIice product. True-colour
composites (Sentinel-2 bands 4-3-2, Landsat-8 bands 4-3-2)
were used for visual interpretation, supplemented by the ND-
WIice image to enhance the contrast between meltwater and
surrounding snow or ice. The identification relied on a com-
bination of morphological, topographic, and contextual indi-
cators: (1) linear geometry: water bodies exhibiting narrow,
elongated shapes were considered potential channels, espe-
cially those connected with circular depressions interpreted
as lakes or ponded areas; (2) topographic validation: the
Reference Elevation Model of Antarctica (REMA) database
(Howat et al., 2019) was used to verify whether the identified
features followed a downslope path, consistent with gravita-
tional water flow; (3) temporal consistency: where available,
sequential imagery from different dates within the same melt
season, which means consistently observed patterns strength-
ened the interpretation of channels. The delineation of sur-
face water bodies (i.e., raster polygon) and supraglacial chan-
nels (i.e., vector lines) are shown in Fig. 2, which was used
to measure several metrics in the following analysis.

3.3 Quantifying the morphometry of supraglacial
drainage systems

3.3.1 Key metrics of supraglacial drainage systems

The metrics used in this study are derived from different
mapping units and analysis outputs, so we first define the key
terms used in the morphometric analysis (Fig. 3). Channel
segments are manually digitised supraglacial channel centre-
lines visible in the satellite imagery, with each segment de-
fined as the channel reach bounded by adjacent connection
points and/or channel endpoints (Fig. 3b). To identify which
channels are connected to each other, the mapped vector
centrelines were converted into binary (water and ice back-
ground) images with the spatial resolution of satellite im-
agery (Sentinel-2: 10 m, Landsat-8: 15 m) (Fig. 3c). Channel
pixels that meet the adjacency criterion for 8-neighbor con-
nectivity (i.e., share an edge or a vertex) (He et al., 2017) are
recognised as being members of the same connected drainage
system (Fig. 3c). The binary image was then converted back
into vector polylines, where polylines belonging to the same
system are marked with the same component ID (Fig. 3d).
Each drainage component is then either an isolated channel,
multiple connected channels with a wider system, or chan-
nels connected to lakes. In this study, “drainage component”
is used as the primary mapping and analysis unit for all sub-
sequent morphometric analyses.

Figure 2. Supraglacial drainage systems on Nivlisen Ice Shelf on 31
January 2019: (a) detected surface water using the NDWIice and (b)
centrelines of manually mapped channels and channel termini (see
Sect. 3.3). The base image is the REMA 10 m DEM data (Howat
et al., 2019).

Based on the digitized water polygons and channel centre-
lines (e.g. Fig. 2b), several key metrics (surface water area,
water depth, number of channels and total channel length)
(Table 1) were measured using tools from ArcMap 10.8
(Yang et al., 2016). In addition, we used mosaiced surface
elevation model (DEM) data at 10 m spatial resolution from
the REMA database (Howat et al., 2019) to approximate sur-
face water elevation by ArcMap 10.8. Channel density, de-
fined as the total length of supraglacial channel segments per
unit area (mkm−2), characterizes the spatial concentration
of meltwater channels. The ice shelf surface was divided into
5km× 5km grid cells using the Fishnet tool in ArcGIS Pro
2.8.8, allowing spatially consistent drainage density calcula-
tions across different timescales. To assess whether there are
statistical differences between time periods, non-parametric
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Figure 3. Schematic of supraglacial drainage component detection: (a) original supraglacial water features on the satellite imagery; (b)
manually mapped vector centrelines of channels segments shown in (a), with red dots indicating connection points and green dots indicating
channel endpoints; (c) binary raster of vector centrelines; and (d) identification of connected components using 8-neighbors pixel connectiv-
ity, including 1© isolated channels, 2© multiple connected channels, and 3© channels connected to lakes. In (d), all three classes are referred
to as “drainage components”.

Kruskal–Wallis H-tests (Ostertagová et al., 2014) were con-
ducted independently for depth and elevation.

3.3.2 Estimation of surface water depth

To assess interannual variability in surface water depth from
Sentinel-2 imagery, we applied a satellite-derived depth re-
trieval algorithm based on reflectance-depth relationships
which is widely used over the Greenland and Antarctic ice
sheets (Williamson et al., 2018; Zhang et al., 2023; Melling
et al., 2024). This empirical power-law formulation (dpixel, in
m) is:

dpixel = 0.2764×Red−0.8952 (2)

where Red represents the reflectance value of the Sentinel-2
Red band. For Landsat-8 imagery, a spectral band ratio ap-
proach has been adopted to derive water depth based on the
dual-channel model (Eq. 3–4) (Moussavi et al., 2016; Pope
et al., 2016). The empirical derivation of calibrated coeffi-
cients is (Pope et al., 2016):

z= a+ bX+ cX2 (3)
X = ln(Band1/Band3) (4)

where a = 0.1488, b = 5.0370 and c = 5.0473,
Band1/Band3 is the ratio of the reflectance values of
Landsat-8 OLI Band-1 (Coastal/Aerosol: 0.435–0.451 µm)
and Band-3 (Green: 0.533–0.590 µm), and z is the derived
water depth from Landsat-8 imagery.

Optically derived water-depth estimates are subject to
large uncertainties in absolute depth estimation due to the
lack of in situ validation, and because the retrieval depends
on assumptions about lake bed reflectance, attenuation of
light within the water column, and the spectral properties of
water, ice, and snow surfaces (Melling et al., 2024). These
depth values provide a consistent relative metric for tracking

year-to-year hydrological changes and allow a first-order es-
timate rather than precisely validated absolute water depths.
In this study, they are used primarily to assess relative spa-
tial and temporal variations in water depth between images
and years, rather than an accurate quantification of water
depth/volume. The derived depth images were masked with
the thresholded NDWIce water outlines so that depth esti-
mates were retained only within mapped water-covered ar-
eas.

3.4 Comparison with climatic variables

Climate variables including snowfall, surface melt and air
temperature have been identified as key controls on surface
melt and the ponding of surface water in Antarctica (Lan-
gley et al., 2016; Kittel et al., 2021; Arthur et al., 2022).
To identify potential meteorological controls on SCN vari-
ability, we conducted correlation analyses between four hy-
drological parameters and seven climate variables spanning
multiple temporal scales. The four hydrological parameters
are: (1) surface water area, (2) mean water depth, (3) SCN
count, and (4) channel density. The first five climate vari-
ables are from the Modèle Atmosphérique Régionale (MAR)
regional climate model (MARv3.11) (Kittel et al., 2021):
(1) austral winter snowfall (June–August accumulated snow-
fall), (2) austral spring snowfall (September–November ac-
cumulated snowfall), (3) austral summer snowfall (Novem-
ber to January accumulated snowfall), (4) summer season
melt (November to January accumulated melt), and (5) aus-
tral summer surface mass balance (November–January net
accumulation). The final two climate variables are: (6) near-
surface 2 m air temperature (T2 m) at 0.1° resolution from the
European Centre of Medium-range Weather Forecasts Re-
analysis v.5 (ERA5) global reanalysis (Hersbach et al., 2020)
and (7) local temperature data from Novolazarevskaya Re-
search Station (70°46′ S 11°52′ E, Fig. 1b) in-situ records
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Table 1. Summary of measured metrics.

Metric Mapping unit Unit Indicates Description

Water area water polygons km2 Surface melt extent total area covered by visible water bodies
from satellite imagery, including channels
and lakes

Elevation water polygons m Surface drainage
distribution

surface elevation of visible channels
networks from REMA DEM image,
excluding lakes

Depth water polygons m Meltwater volume depth from surface to bottom of the water in
channels networks, excluding lakes

Channel length digitised channel
segments

m Flow path
development

the path distance between segment endpoints

Number of channels digitised channel
segments

– Drainage complexity total count of visually identified linear
channels

Number of drainage
components

channel/lakes connected
components

– Connectivity/network
integration

count of independent connected components

Channel density digitised channel
segments

mkm−2 Drainage
connectivity

total channel length divided by surface area
grids

acquired by the REference Antarctic Data for Environmen-
tal Research (READER) Project (Turner et al., 2004). Daily
MAR outputs (mm w.e.d−1) were summed over the corre-
sponding seasons to obtain accumulated melt, snowfall, rain-
fall, and SMB values (mm w.e.).

To consider the capacity of the snow and firn layer to
absorb and retain meltwater, the melt-over-accumulation
(MOA) ratio was calculated following Van Wessem et al.
(2023). MOA provides an indication of the balance between
meltwater production and the availability of snow/firn accu-
mulation for meltwater storage and is defined as:

MOAannual =

∑
(surface melt+ rainfall)∑
(snowfall− sublimation)

(5)

For each January satellite image, annual MOA was calcu-
lated using MAR totals of surface melt, rainfall and snow-
fall accumulated over the 12 month period from the preced-
ing March, through to the February that followed the Jan-
uary in question. For example, the MOA value associated
with the January 2019 satellite observation was calculated
using MAR totals from March 2018–February 2019. There-
fore, MOA was used as an annual melt-year background in-
dicator rather than as a strictly pre-image forcing variable.
Because sublimation data were not available in the publicly
accessible MAR dataset used in this study, a simplified MOA
ratio was calculated as:

MOAannual =

∑March
February(surface melt+ rainfall)∑March

February(snowfall)
(6)

This modified formulation should be regarded as an approx-
imation of the original MOA definition and may slightly un-

derestimate the effective MOA ratio because sublimation re-
duces the amount of snow available for meltwater storage.

Climate variables were primarily chosen from the MAR
climate model because it provides physically consistent sur-
face mass balance components for ice sheets and ice shelves
at a high spatial resolution. Meanwhile, the 2 m air temper-
ature data were obtained from ERA5 because it is a well-
validated, observation-constrained variable and is widely
used as an independent benchmark for representing surface
melt conditions (Arthur et al., 2022). MAR outputs repre-
sent deterministic model results for each year, and associated
uncertainties are not explicitly quantified but are typically
evaluated through interannual variability, sensitivity to model
forcing, and comparison with independent datasets. Pearson
correlation analyses were performed between all combina-
tions of one of the four hydrological metrics and one of the
seven climate variables (Zhang et al., 2023).

For seasonal analysis, the cumulative values of several cli-
mate variables (i.e., melt, 2 m air temperature, SMB-surface
mass balance and snowfall) were calculated over fixed time
windows preceding each channel network observation date
(i.e., 7 and 14 d) (Dirscherl et al., 2021), which allows us
to explore lagged cumulative forcing analysis of climate
variability on evolution of SCNs. Specifically, only values
exceeding melt-relevant thresholds were retained for some
variables (e.g., maximum air temperature > 0°C for Posi-
tive Degree Days, PDD), while others were directly accumu-
lated without thresholding. The resulting cumulative indica-
tors were then correlated with measured metrics (e.g., water
area, total channel length) using Pearson correlation.
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4 Results

4.1 Interannual evolution of supraglacial drainage
systems

4.1.1 Interannual spatial distribution of drainage
components

The Nivlisen Ice Shelf exhibited strong interannual variabil-
ity in the extent and structure of supraglacial drainage sys-
tems from 2017–2024 (Fig. 4). A total of 710 supraglacial
drainage components comprising 5513 channel segments
were mapped, with approximately 52 % terminating in lakes
and 48 % draining into the firn layer, i.e. with no obvi-
ous lake at the terminus. The supraglacial drainage compo-
nents expanded markedly between 2017 and 2018, reaching
a peak in 2018 in terms of surface water area. In 2019 and
2020 the three main channels (marked as West (WS), Middle
(M) and East (ES)) connected to form the largest observed
drainage system and terminated in a large (2019: 4.3 km2,
2020: 10.1 km2) lake (see Sect. 4.1.3, Fig. 8). From 2021 on-
wards, the drainage systems were not as well developed, with
reduced surface-water extent and fewer connected drainage
components No visible surface water was detected in January
2022. In 2023 and 2024, surface water partially reappeared,
but the metrics remained lower than pre-2021 levels (Fig. 4g
and h). Spatially, the southern-most region of the grounding
line consistently hosted recurring drainage systems in years
when visible surface water was detected, whereas other re-
gions displayed high interannual variability.

Figure 5 illustrates the interannual variability of surface
water area, number of channels, total channel length, and
number of drainage components over the eight-year study pe-
riod. All metrics reach a peak in 2018, when the surface wa-
ter area was approximately 172 km2. In 2018, there were 186
drainage components, 1650 channels, and the total channel
length exceeded 1400 km, indicating a widespread and well-
connected drainage components. However, while the surface
water area decreased from ∼ 140km2 in 2019 to ∼ 135km2

in 2020, the number of channels increased from 938–1373,
and total channel length increased from 895–1275 km. In
2022 there was a sharp decline of all metrics to zero. Par-
tial recovery is observed in 2023 and 2024, but the surface
water area remained below 50 km2, and channel-related met-
rics did not return to pre-2022 levels (e.g., 319 channels and
419 km of total length in 2023).

Kruskal–Wallis tests reveal statistically significant inter-
annual differences in both surface water elevation and depth.
For elevation, the test yielded H = 5005.60 (p < 0.001), al-
though the high significance likely reflects the large sample
size rather than a substantial shift in distribution. The me-
dian elevations remained broadly consistent during the study
period, with most supraglacial drainage components concen-
trated around 70 m a.s.l. (meter above sea level) (Fig. 6). A
slight decrease occurred only in 2021, when the mean ele-

vation was lower and the minimum approached 60 m. For
depth, the Kruskal–Wallis test also returned a significant re-
sult (H = 17179.2, p < 0.001). Median depths were about
0.4 m from 2017–2021, and decreased slightly to ∼ 0.3m in
2023 and 2024. Despite the statistical significance, these re-
sults indicate that both elevation and depth remained rela-
tively stable through most of the study period.

4.1.2 Interannual variations in channel density and
channel reoccurrence

The interannual variability in channel density is shown
in Fig. 7, where areas with high channel density (>
2200mkm−2 of cumulative channel length) are represented
by yellow and red colours. From 2017–2018, the highest
density regions are in the eastern parts of the ice shelf,
close to the grounding line. Although the spatial footprint
of supraglacial channels extends slightly northward in 2019,
the overall density decreases compared to 2018, as indicated
by the reduction in red grid cells (> 2400mkm−2). In 2020
there is an appearance of more high-density areas, which
shift towards the southern and northern regions, showing
the formation of new channels. 2021 likely marks a transi-
tion year, where surface melt was greatly suppressed, and
drainage systems disintegrated into sparse, fragmented parts
with limited connectivity or meltwater supply. From 2021–
2024, with the exception of 2022, few regions covered by
supraglacial channels exceeded 1000 mkm−2. Overall, the
high-density regions exhibit significant spatial and tempo-
ral shifts during the study period. The reoccurrence map in
Fig. 7h reveals that over the eight years, supraglacial chan-
nels frequently appeared in the areas near the southernmost
part of grounding line, particularly near the Schirmacher Oa-
sis nunatak (i.e., magenta grids near the grounding line).
These high reoccurrence zones represent long-lived hydro-
logical pathways, where supraglacial channels are usually
active across multiple years, despite interannual variability
in meltwater supply.

4.1.3 Reoccurrence of the large terminal lake in 2019
and 2020

A large supraglacial lake formed at the confluence of the WS,
M, and ES channels (Fig. 4) during the summers of 2019 and
2020 (Fig. 8). On 31 January 2019, the lake was a dark-blue
colour and covered an area of 4.35 km2, which was located
approximately 20 km from the ice-shelf front at its closest
point. This lake surface (Fig. 8a) may indicate refrozen wa-
ter from an earlier stage of the melt season or from a previous
melt season, although its wintertime evolution cannot be de-
termined from the available optical imagery. By 26 January
2020, the same ice surface depression contained a larger lake
of 10.1 km2 in area, but the water appeared shallower, as in-
dicated by its lighter tone. The minimum distance from the
lake margin to the ice-shelf front was 18 km. Sentinel-2 im-

The Cryosphere, 20, 5785–5811, 2026 https://doi.org/10.5194/tc-20-5785-2026



J. Chen et al.: Interannual and seasonal evolution of supraglacial drainage systems 5793

Figure 4. Interannual evolution of supraglacial drainage systems on Nivlisen Ice Shelf from 2017–2024. The solid lines in different colours
represent separate drainage components in each year. The base image is REMA DEM data at 10 m resolution (Howat et al., 2019). Three
main channels marked as West (WS), Middle (M) and East (ES) are shown in (a). Note the non-linear increments in the surface elevation
scale to emphasise the subtle relief of the generally flat ice shelf.
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Figure 5. Interannual variations in (a) total water area, (b) number of drainage components (c) number of channels and (d) total length of
channels on Nivlisen Ice Shelf. Values represent annual total metrics derived from a single observation for each melt season. The grey dashed
lines represent the mean value of each metric.

Figure 6. Interannual variation in the (a) elevation and (b) water depth of supraglacial drainage components on Nivlisen Ice Shelf from
2017–2024. Medians and interquartile ranges are shown. Kruskal–Wallis tests confirm significant interannual variability for both variables
(p < 0.001).

agery from 2020 also reveals a distinct ∼ 50m-wide frozen
rim extending beyond the visible water margin, a feature ab-
sent in January 2019, suggesting gradual refreezing during
late summer. These contrasting observations indicate that the
lake experienced markedly different storage capacities and
drainage regimes between the two years but that there is also
a challenge in understanding its evolution in scale due to the
pattern of refreezing and subsequent re-melting.

4.2 Seasonal evolution of supraglacial drainage systems

4.2.1 Seasonal spatial distribution of drainage
components during a melt season

Throughout the 2018–2019 melt season, the supraglacial
channels evolved from fewer and disconnected water bod-
ies to complex, integrated systems and eventually returned to
more fragmented systems (Fig. 9). In early December (1 and
10), sparse and isolated water bodies were distributed across
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Figure 7. Interannual channel density (a–g) and channel reoccurrence (h) of the supraglacial drainage systems on Nivlisen Ice Shelf from
2017–2024. Note that no channels developed in 2022 (see Figs. 4 and 5).

Figure 8. Comparison of supraglacial lake evolution on Nivlisen Ice Shelf between 2019 and 2020: (a, b) Sentinel-2 images on 31 January
2019 and 26 January 2020, respectively, with lake boundaries shown in red. In 2020, a prominent peripheral rim is visible around the enlarged
lake. In 2019, the lake was smaller (4.35 km2) but substantially deeper (up to ∼ 8m). By contrast, in 2020 the lake expanded to 10.1 km2 but
was considerably shallower (< 2m), with the outer rim extending ∼ 50m beyond the visible water surface.

the ice shelf. As the season progressed into mid- to late-
December, supraglacial channelisation became increasingly
pronounced, particularly near the grounding line, with nu-
merous short and fragmented channels with limited connec-
tivity. Meanwhile, lakes at high elevations decreased in size

and, in some cases, disappeared completely by 24 December.
By late January, the drainage systems reached their maxi-
mum spatial extent, characterized by extensive branching and
well-developed main channels spanning broad regions of the
ice shelf. This phase exhibited higher degrees of intercon-
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nection between individual drainage components, suggesting
the integration of previously independent systems. Notably,
those lakes that had previously vanished in high-elevation
regions reappeared with reduced surface areas. In February
and early March, the drainage systems began to fragment,
with fewer continuous structures and reduced extent. Despite
this decline, some main channels remained well-defined until
early March, particularly in lower-elevation areas (Fig. 9f–h).

Quantitative metrics clearly show the seasonal evolution of
supraglacial drainage systems on Nivlisen Ice Shelf (Fig. 10).
By 25 January 2019, surface water area peaked at approx-
imately 191 km2, accompanied by the development of 924
individual channels with a total length of 967 km. This peak
reflects the most widespread drainage of the melt season. In-
terestingly, despite the expansion in the number and extent
of channels, the number of drainage components decreased
after 24 December (from ∼ 170 to ∼ 100), suggesting en-
hanced connectivity. Following this peak, all metrics steadily
declined into February and March. By 7 March, surface wa-
ter area had dropped to ∼ 83km2, with fewer than 300 chan-
nels remaining and the total channel length reduced to below
35 km.

Both observations from satellite images (Fig. 9) and
Kruskal–Wallis test indicate significant seasonal variation
in the elevation of drainage systems’ development (H =
5310.2, p < 0.001). Starting from 17 December, when chan-
nels were first observed, the elevation range widened slightly
during early melt and then gradually narrowed (Fig. 11a). By
late January, most supraglacial drainage components were re-
stricted to lower-elevation areas below 100 m a.s.l., where the
values remain stable throughout February and March. This
pattern indicates a downslope migration of surface meltwa-
ter over the melt season, consistent with surface drainage to-
ward the grounding line and ice shelf front (Fig. 9). For water
depth, the Kruskal–Wallis test also showed significant sea-
sonal differences (H = 7490.4, p < 0.001), although visual
inspection suggests that the magnitude of variation was lim-
ited. The mean depth of supraglacial drainage components
on Nivlisen Ice Shelf generally increased from late Decem-
ber, peaked in late January, and then declined toward early
March during the 2018–2019 melt season (Fig. 11b). In the
early season (1–10 December 2018), water in drainage com-
ponents was shallow (mostly less than 1 m) and exhibited
low variability. Although we treat our absolute values of wa-
ter depth with caution (see Methods), mean water depth in-
creased notably from late December 2018, reaching a maxi-
mum on 25 January 2019, when the mean values were greater
than 0.8 m. After mid-February, the water-depth estimates
decreased relative to their late-January peak, and the spread
of the depth distribution became narrower. This late-season
pattern is consistent with reduced meltwater supply or re-
freezing toward the end of the melt season.

4.2.2 Seasonal evolution of channel density and
connectivity

Gridded channel density maps (Fig. 12) reveal a clear
seasonal progression in the spatial extent and density of
supraglacial channels on Nivlisen Ice Shelf during the 2018–
2019 melt season. Initially sparse and localized in mid-
December (mostly less than 600 mkm−2), channel density
peaked in magnitude in late December (with values exceed-
ing 2800 mkm−2 in red grid cells near the grounding line).
By January, drainage pathways became fully established,
with channels extending across nearly the entire ice shelf sur-
face. The most extensive networks formed continuous con-
nections between the grounding zone and the terminal lake
near the ice-shelf front (Fig. 8a), reflecting a phase of maxi-
mum hydrological connectivity and widespread surface melt-
water transport. Thereafter, channel density declined steadily
through February and March, remaining below 400 mkm−2.

To illustrate how connectivity of supraglacial drainage
system evolves during the melt season in 2018–2019, over-
lapping channels across six key dates are shown in Fig. 13a.
These patterns reveal a clear trend towards increased con-
nectivity and a progressive downslope transportation of melt-
water, originating from high-elevation areas in the southeast
above the grounding line and extending across the ground-
ing line toward the ice edge. Throughout this period, ac-
tive channels either persisted, disappeared, or merged into
more integrated drainage systems, reflecting dynamic reor-
ganisation of surface drainage pathways. Upon examining
the supraglacial channels across the entire study area during
the melt season, two representative zones were selected to
illustrate the impact of local topography on the spatial evolu-
tion of supraglacial drainage systems (Fig. 13b–i). Zone 1 is
characterized by a significant elevation transition, and Zone 2
is a relatively flat area. On 17 December 2018, both zones ex-
hibited fragmented and dispersed drainage systems, indicat-
ing an early stage of isolated channel development with lim-
ited interconnectivity. After seven days (24 December 2018),
some of the channels in Zone 1 disappeared (grey lines in
Fig. 10c), while others merge into larger and more inte-
grated drainage system, allowing surface water to traverse the
grounding line towards the northwest direction. In contrast,
Zone 2 experienced an increase in channel formation (both
quantity and total length) during this interval, with newly cre-
ated channels developing in a more focused southward flow
pattern. On 25 January 2019, the drainage systems in Zone
1 exhibited further transformation, as many previously active
channels disappeared, leaving a more widely spaced drainage
pattern. However, during the same period in Zone 2, a num-
ber of channels joined and formed more integrated drainage
system. In the late summer (19 February 2019), more than
70 % of the channels in both zones had become invisible on
the Landsat-8 imagery, which is likely associated with re-
duced meltwater supply and seasonal shutdown of surface
drainage.
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Figure 9. Seasonal evolution of supraglacial drainage systems on Nivlisen Ice Shelf in melt season from 2018 December–2019 March. The
solid lines in different colours represent separate supraglacial drainage components delineated manually, and the blue polygons indicate the
automatically mapped surface water during the melt season. The base image is REMA DEM data at 10 m resolution (Howat et al., 2019).
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Figure 10. Seasonal variations in total water area, number of channels, total length of channels and number of supraglacial drainage compo-
nents on Nivlisen Ice Shelf.

Figure 11. Seasonal variation in the (a) elevation and (b) water depth of supraglacial drainage components on Nivlisen Ice Shelf during the
2018–2019 melt season. Kruskal–Wallis tests confirm significant seasonal variability for both variables (p < 0.001).

4.3 Controls on development of supraglacial drainage
systems

4.3.1 Ice surface topography and channel development

Supraglacial channels on Nivlisen Ice Shelf generally fol-
lowed the orientation of ice surface “flow-stripes” (Glasser
and Gudmundsson, 2012). This alignment was most appar-
ent for the narrower upstream and lateral channel segments
within the mapped drainage components, which commonly
merged into larger downstream main channels. During Jan-
uary 2019 and January 2020, the three main channels (i.e.,
WS, M, and ES) connected with each other to form the most
extensive drainage system observed (Fig. 4c and d). Notably,
the main channel exhibits an abruptly sharp ∼ 90° eastward
turn after merging. To understand this behaviour, we ex-

tracted surface elevation profiles along the WS channel and
a nearby reference line crossing the turning point of chan-
nel (Fig. 14). The results reveal a distinct local surface high
coincident with the deflection, suggesting that that local to-
pography influenced the routing of meltwater around this fea-
ture. The same diversion was observed in summers of 2018,
2019 and 2020, indicating that this feature represents a sta-
ble, topographically controlled pathway. Downstream of the
turning point, the channel terminates in a large supraglacial
lake, visible in the summers of 2019 and 2020 (Sect. 4.1.3).

4.3.2 Climatic influences on development of
supraglacial drainage systems

Climatic variables have been extracted from the MAR cli-
mate model outputs, including the melt, SMB and snow-
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Figure 12. Seasonal channel density of the supraglacial drainage systems on Nivlisen Ice Shelf during the melt season in 2018–2019.

fall, reveal pronounced variability across the study period
(Fig. 15). Summer melt experienced a sharp reduction be-
tween 2017 and 2018, followed by a gradual increase un-
til 2023, whereas summer SMB remained relatively consis-
tent. Seasonal snowfall fluctuated considerably (Fig. 15b),
with exceptionally high summer snowfall in 2022 occurring
mainly before the Sentinel-2 imagery we acquired on 22 Jan-
uary 2022, thereby obscuring meltwater features and con-
tributing to the apparent absence of surface water in the op-
tical record. Mean summer air temperature (MST) compar-
isons between ERA5 reanalysis and research-station records
(Fig. 15c) indicate similar interannual patterns but system-
atically higher station-based values, attributable to differ-
ences in spatial representativeness between point and mod-
elled data. Importantly, summer melt does not directly enter
the SMB budget as a negative term. Only runoff contributes
to mass loss in MAR, while a substantial fraction of meltwa-
ter refreezes within the firn layer. As a result, years with high
melt and moderate snowfall (e.g., 2017) can still exhibit near-
zero summer SMB. The simplified MOA ratio was mainly
controlled by surface melt (Fig. 15d), because it remained
well below the 0.7 firn-saturation threshold proposed by Van
Wessem et al. (2023) as indicative of widespread firn satu-
ration and reduced meltwater-storage capacity on Antarctic

ice shelves. The highest MOA of Nivlisen Ice Shelf occurred
in 2017, primarily reflecting the unusually high annual melt
total during the preceding annual period. However, the inter-
annual pattern of MOA does not closely follow the metrics of
the mapped surface water (Fig. 4) from Sentinel-2 imagery,
particularly for 2018–2020, when extensive drainage was ob-
served despite relatively low MOA values.

To quantitatively assess the relationships between climatic
conditions and supraglacial drainage characteristics, Pear-
son correlation coefficients were calculated between climatic
factors (spring/summer/winter snowfall, summer melt/tem-
perature/SMB, PDD) and metrics of the drainage system
(Fig. 16). Correlations were calculated only for years with
visible surface water and mapped drainage components (n=
7). The 2022 scene was excluded as a no-visible-water
year, because assigning zero values to all drainage metrics
might conflate true hydrological absence with potential op-
tical detectability limitations. All four metrics of the SCNs
are highly correlated with each other, suggesting a coher-
ent evolution of supraglacial drainage networks on Nivlisen
Ice Shelf. MST data from ERA5 shows a statistically strong
and significant positive correlation with all four metrics of
the SCNs (r > 0.9, p < 0.05). Notably, mean summer tem-
perature exerts the strongest control on total channel length
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Figure 13. Seasonal connectivity transition of the supraglacial drainage systems on Nivlisen Ice Shelf in summer of 2018–2019. The solid
lines represent the channels in sequential time periods. The based image is REMA DEM image at 10 m spatial resolution (Howat et al.,
2019).

(r = 0.99) and number of channels (r = 0.97). However, in-
situ MST data from the Novolazarevskaya Research Sta-
tion exhibits weaker positive and non-significant correlations
(p > 0.05) with all SCN-related metrics. Summer SMB has
positive relationships with surface water area (r = 0.48) and
the SCNs (r = 0.35 and r = 0.52), though none are signifi-
cant.

Considering that the metrics of supraglacial drainage sys-
tems in 2019 and 2020, such as number of channels, total

length of channels, were substantially higher than in most
other observed years, the correlations may be sensitive to in-
dividual high-development years. To assess this, scatter plots
were examined for the strongest statistically significant re-
lationships, particularly those between ERA5 mean summer
temperature and key drainage metrics (see Fig. S1 in the Sup-
plement). These plots indicate that the main positive rela-
tionships do not appear to be solely driven by a single out-
lier year, or by the years with extensive surface drainage. In-
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Figure 14. (a) Surface elevation map of the ice shelf on 31 January 2019, showing the locations of major channels (WS, M, ES), their
confluence, and the flow direction after merging. The yellow dots represent pinning points data from Miles and Bingham (2023). The
pinning point near the WS channel leads to a localised ice rumple that diverts the main channel. (b) Elevation profiles along the WS channel
(blue) and a reference line on the ice shelf surface (red). The subplot in Fig. 13b shows a zoom-out elevation map near the pinning point. A
notable surface high along the reference profile corresponds with a sharp flow direction change in the WS channel, suggesting topographic
control of meltwater routing. Note the non-linear increments in the surface elevation scale in (a) to emphasise the subtle relief of the generally
flat ice shelf.

Figure 15. Interannual variations in key climatic variables over Nivlisen Ice Shelf from 2017–2024: (a) summer melt and summer SMB,
shown as accumulated values over November-January, derived from MAR model outputs, (b) seasonal snowfall (winter, spring, and sum-
mer) from MAR, shown as accumulated totals over austral winter (June–August), spring (September–November), and summer (November–
January), (c) mean summer temperature (MST) derived from ERA5 reanalysis and in situ Research Station (RS) records, and (d) annual
melt-over-accumulation ratio (MOA), calculated as cumulative melt plus rainfall divided by cumulative snowfall over the March-February
annual period associated with each observed year.
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Figure 16. Linear relationships between climatic variables from MAR, ERA5 and interannual key metrics of supraglacial drainage systems
on Nivlisen Ice Shelf. Black numbers indicate the Pearson correlation coefficient. Climatic variables: ME-melt; SF-snowfall; SMB-surface
mass balance; MST-mean summer temperature. SCN metrics: SWA-surface water area; NC-number of channels; TCL-total channel length;
NDC-number of drainage components.

stead, colder years generally correspond to lower surface wa-
ter area, fewer mapped channels, shorter total channel length,
and fewer mapped drainage systems, whereas warmer years
are associated with more extensive drainage development.
Nevertheless, given the small number of observations, these
relationships should be interpreted as exploratory climatic
context rather than definitive evidence of causal control.

The short-term variations in key climatic variables dur-
ing the 2018–2019 melt season on Nivlisen Ice Shelf are
shown in Fig. 17. MAR-derived melt exhibited pronounced
short-term variability, with several melt episodes occurring
between December and late January, followed by little or
no modelled melt toward late February and early March
(Fig. 17a and b). SMB also varied substantially through the
season, reflecting the combined influence of snowfall accu-
mulation and surface ablation rather than a simple one-to-one
inverse relationship with melt. Snowfall shows strong tem-
poral variability (Fig. 17c), with two pronounced events in
mid-December and late February that likely influenced sur-
face albedo and temporarily suppressed melt. Positive De-
gree Days (PDD) from ERA5 reanalysis over both 7 and 14 d
windows provide a temperature-based index of melt poten-

tial (Fig. 17d). The normalised comparisons between MAR-
derived melt and ERA5 PDD further highlight the differences
between the two variables (Fig. 17e and f). Both variables
were low at the beginning and end of the observation pe-
riod, but their peak timing and late-season decline differed
substantially. In particular, PDD values remained relatively
high into mid-February, whereas MAR-derived melt had al-
ready declined to zero. This indicates that PDD captures pe-
riods of enhanced temperature-based melt potential but does
not directly reproduce the timing or magnitude of modelled
melt. The divergence between PDD and melt may reflect the
dependence of modelled melt on the wider surface energy
balance and conditions, including radiation, albedo changes,
wind and refreezing processes.

On a seasonal scale, both 7 and 14 d cumulative climate
variables from ERA5 and MAR climate model influence
channel evolution (Fig. 18), with 14 d surface melt (ME_14)
having the strongest and most significant correlation with
number of channels (r = 0.81) and number of drainage com-
ponents (r = 0.80). The correlation between PDD_14 and to-
tal channel length (r = 0.73, p < 0.05) further confirms the
sensitivity of spatial expansion of drainage components to
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Figure 17. Short-term variations of climatic variables over the Nivlisen Ice Shelf during the 2018–2019 melt season. (a, b) Melt (ME) and
surface mass balance (SMB), (c) snowfall (SF), and (d) Positive Degree Days (PDD) from ERA5 reanalysis. (e, f) Normalised comparisons
between MAR-derived melt and ERA5 PDD for the 7 and 14 d windows, respectively. In panels (e, f), each variable is divided by its own
seasonal maximum to compare relative timing and temporal pattern rather than absolute magnitude. Variables computed over 7 and 14 d
windows are indicated by subscripts “_7” and “_14”.

short-term cumulative melt. Snowfall and SMB were nega-
tively correlated with drainage components formation, and in
particular, snowfall with 14 d accumulation (SF_14) is signif-
icantly negatively correlated with surface water area, imply-
ing that the snowpack inhibited or masked meltwater pool-
ing and channels formation. Interestingly, surface melt (ME)
shows a strong and significant positive correlation with SMB
over 14 d cumulative periods (r = 0.84).

5 Discussion

5.1 Interannual evolution of supraglacial drainage
systems

Over the eight-year record (2017–2024), supraglacial
drainage systems on Nivlisen Ice Shelf exhibit pronounced
interannual variability in their connectivity, extent, and struc-
tural complexity (Fig. 4). This study presents the first com-
prehensive, multi-year mapping and quantitative analysis of
surface drainage developments on Nivlisen Ice Shelf, reveal-
ing how channels alternate between highly integrated and
fragmented states under varying climatic conditions. Despite
these fluctuations, the drainage systems remained relatively
stable in terms of their locations, indicating that interannual
variability primarily presents as changes in the degree of
channels’ connectivity rather than large-scale reorganisation
of flow paths. When the ES, M and WS channels connected
in 2019 and 2020, for example, the drainage system exhibited

its highest degree of connectivity, culminating in the forma-
tion of a large terminal lake near the ice front (Fig. 8). A
qualitative check of available January Landsat imagery prior
to the Sentinel-2 period shows that drainage pattern compara-
ble to those observed in 2019 and 2020 were not common in
the historical record (Fig. S2 in the Supplement), but were
not unique to the Sentinel-2 observation period. A large-
scale pattern of surface water and a drainage system similar
to the 2019–2020 patterns, when the ES, M and WS chan-
nels connected together, is visible in January 2008. In the
1976 Landsat-2 image (Fig. S2o), a broadly similar surface
drainage expression can be faintly identified, although ob-
vious open-water coverage over the corresponding channels
and lakes is not clearly visible. This suggests that large-scale
drainage patterns on Nivlisen Ice Shelf may occur episodi-
cally rather than representing a uniquely recent phenomenon.
Similar long-term context has been highlighted elsewhere in
Antarctica, including persistent surface drainage systems ob-
served since early Landsat imagery and aerial photographs
(Bell et al., 2017; Kingslake et al., 2017), and extensive melt
ponding on George VI Ice Shelf since the 1970s (Barnes
et al., 2021). However, because of differences in sensor reso-
lution, image quality, and spectral information, the historical
Landsat comparison presented here is qualitative and is not
combined with the Sentinel-2-based quantitative metrics.

No surface water was visible in Sentinel-2 optical im-
agery throughout the melt season of 2022. Instead, condi-
tions on 25 January 2022 (Fig. 19c) show a uniformly bright
ice shelf surface indicating fresh snow cover. In the sub-
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Figure 18. Linear relationships between climatic variables from MAR, ERA5 and seasonal key metrics of supraglacial drainage systems on
Nivlisen Ice Shelf. Black numbers indicate the Pearson correlation coefficient. Climatic variables: ME-melt; SF-snowfall; SMB-surface mass
balance; PDD-positive degree days. Drainage components metrics: SWA-surface water area; NC-number of channels; TCL- total channel
length; NDC-number of drainage components. Variables calculated over fixed time windows (i.e., 7 and 14 d) are denoted with subscripts
“_7” and “_14”.

sequent melt season (2023), a modest recovery in surface
water was observed, although channel length (Fig. 5) and
depth (Fig. 6) remained limited. This partial recurrence may
be linked to the presence of refrozen supraglacial channels
that persisted through the winter and acted as conduits for
new meltwater. Such a mechanism aligns with the findings
from Dell et al. (2020), who proposed that relic meltwa-
ter channels, preserved as refrozen ice within the firn, can
exert multiyear control over the surface meltwater routing
and distribution. This idea is supported by Sentinel-1 Syn-
thetic Aperture Radar (SAR) imagery acquired two days
after the Sentinel-2 imagery (27 January 2022; Fig. 19d),
which reveals a drainage system structure characterized by
low-backscatter values (ranging from −15 to −25dB) with
spatial patterns closely matching those observed in 2020
(Fig. 19a and b). These low backscatter values may reflect
smooth frozen or snow-covered surfaces that produce specu-
lar reflection of the radar signal away from the sensor, rather
than necessarily indicating absorption by subsurface water.
We therefore do not interpret the SAR signal as direct evi-

dence for concealed meltwater or a saturated firn layer. In-
stead, the areas with low-backscatter values are interpreted
as possible frozen or snow-covered traces of previously ac-
tive surface water. A similar phenomenon was reported on
the Amery Ice Shelf by Spergel et al. (2021), where large-
scale supraglacial lakes and extensive drainage systems were
found to freeze completely in winter, as revealed by temporal
changes in SAR backscatter. Importantly, such refrozen melt-
water within channels forms impermeable ice layers that lie
in channel depressions and which may promote extended sur-
face pathways in later seasons, effectively generating a rela-
tively “stable” drainage system from year to year, albeit with
differing amounts of meltwater present at the surface.

We find that surface topography is an important control on
drainage development and direction on Nivlisen Ice Shelf.
Channels are predominantly aligned with surface ice-flow
stripes, producing a parallel pattern, reflecting the influence
of long-term ice-flow morphology and internal stress regimes
that constrain meltwater routing along pre-existing features
(Glasser and Gudmundsson, 2012; Chen et al., 2024). At a
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scale of 100’s of meters to multiple kilometres, subtle sur-
face rumples and slopes, particularly those associated with
subglacial topographic pinning points or ice rises (cf. Miles
and Bingham, 2024), redirect meltwater laterally and pro-
mote channel convergence. This is particularly observed in
the substantial eastward diversion of the main WS chan-
nel (Fig. 14) by the raised ice surface (possible ice rumple)
above a basal pinning point. These observations demonstrate
that even minor variations in surface slope can reorganise
drainage systems and create spatial heterogeneity in melt-
water routing. Ice surface topographic steering therefore de-
fines the fundamental structure within which any liquid water
moves and dictating where supraglacial channels form and
persist across the ice shelf surface each year.

5.2 Seasonal evolution of supraglacial drainage systems

Beyond the importance of topography, climatic conditions
must also be suitable for a significant drainage system to
form. A key characteristic of the surface drainage systems on
Nivlisen Ice Shelf is the progressive consolidation, and then
fragmentation, of drainage systems throughout the melt sea-
son. As the melt season advances, isolated and disconnected
drainage components gradually merge into larger, more inte-
grated systems, resulting in increased connectivity across the
ice shelf surface. This seasonal reorganisation marks a tran-
sition from a fragmented early-season drainage system to a
more integrated drainage system during the peak melt. Im-
portantly, despite the increased connectivity, most mapped
meltwater ultimately remains on the ice shelf in the time pe-
riod of our observations, either retained within lakes or drain-
ing into the firn, indicating a closed surface hydrological sys-
tem. These results align broadly with the seasonal patterns
reported by Dirscherl et al. (2021), who used Sentinel-1 and
Sentinel-2 observations to monitor supraglacial lakes across
Antarctic ice shelves from 2015–2021. Both studies identify
a peak in surface water coverage in January, followed by a
rapid decline in February and near-complete disappearance
by March. The clustering of drainage components near the
grounding line, is similar to the ponding identified on the
Larsen C Ice Shelf (Luckman et al., 2014).

We particularly note that the water that was at higher el-
evations inland at the start of the melt season is less appar-
ent as the season progresses and that this surface meltwa-
ter is progressively transferred from higher-elevation regions
toward lower elevations near the shelf front over the melt
season. The concurrent decrease in maximum elevation of
surface water and increase in water-depth estimates during
mid-season (Fig. 10) also indicates a transition toward more
channelised, downslope flow. This suggests that channels in
the higher part of the drainage system that may have been
slower-flowing and thus contained deeper water initially in
the season, are able to evacuate water to the lower parts of
the drainage system more rapidly and thus have shallower
water depths and are harder to identify in later imagery. Sim-

ilar surface drainage evolution was observed by Kingslake
et al. (2015) who documented a rapid, large-scale drainage
event in 2007 when surface meltwater propagated more than
70 km from several high-elevation lakes near the grounding
line toward the ice front, following refrozen pathways from
previous years. The reappearance of lakes at higher eleva-
tions and close to the grounding line likely reflects their ini-
tial discharge and emptying, followed by renewed meltwater
input later in the season. Overflow channels may be shallow,
refrozen, snow-filled, or activated only when lake levels ex-
ceed local overflow thresholds. Continued meltwater input
could therefore allow a lake to refill after partial drainage,
although this remains an interpretation rather than a directly
observed process. Because the satellite record is discontin-
uous and no continuous in situ observations are available,
the full drainage-refilling sequence cannot be directly val-
idated in this study. Similar behaviour has been observed
on other Antarctic ice shelves, where early-season snow and
firn initially inhibit surface ponding but later provide addi-
tional meltwater as they melt (Dell et al., 2020; Arthur et al.,
2020, 2022). These processes indicate that the evolution of
drainage systems on Nivlisen is governed by feedback be-
tween meltwater supply, channel stability, and refreezing dy-
namics, resulting in a multi-phase drainage regime that dif-
fers from the single-event drainage predicted by idealised
models.

A comparison between Landsat-8 and Sentinel-2 imagery
acquired within the same week in late January 2019 is pro-
vided in Fig. S3 in the Supplement to illustrate the un-
certainty associated with the Landsat-based seasonal anal-
ysis. The broad drainage system including the main chan-
nels and terminal lake is visible in both images. However, the
Sentinel-2 image resolves additional narrow and low-contrast
channel features, particularly smaller tributaries and discon-
tinuous channel segments, that are less clearly visible in the
Landsat-8 image. This indicates that Landsat-based seasonal
metrics are likely to be conservative, especially for channel
number, total channel length, and drainage connectivity, al-
though the main drainage system is still captured. Because
the two images were acquired six days apart during a melt
season, this comparison is used only as a qualitative indica-
tion of sensor-related visibility differences and is not used to
derive correction factors or inter-sensor metric comparisons.

The results of this study provide process-level insight into
how supraglacial drainage systems redistribute meltwater
across Nivlisen Ice Shelf, but they do not constitute a di-
rect assessment of future ice-shelf stability. Our observations
suggest that the drainage systems on Nivlisen Ice Shelf re-
distributes meltwater across the shelf rather than exporting
it off the ice shelf, consistent with widespread refreezing
and firn infiltration at lower elevations. This behaviour is un-
like grounded ice such as over Greenland and the Devon Ice
Cap (Lu et al., 2020; Yang et al., 2021), where supraglacial
drainage migrates upward through the season as new melt
occurs at increasingly higher elevations. In such settings,
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Figure 19. Comparison of supraglacial drainage systems’ observations on Nivlisen Ice Shelf from (a, c) Sentinel-2 optical imagery, (b, d)
Sentinel-1 SAR imagery in January 2020 and 2022 respectively. The dashed black lines are grounding lines of Nivlisen Ice Shelf.

rising equilibrium line altitudes and surface warming drive
inland expansion of the ablation zone, while early-season
meltwater at low elevations rapidly drains through moulins
and crevasses. In contrast, the Nivlisen Ice Shelf exhibits
a drainage system that does not expand inland and up-ice.
Instead, it consists of a floating, “closed” surface drainage
system in which meltwater is redistributed toward lower el-
evations and retained through refreezing or ponding. These
differences underscore the contrasting hydrological regimes
between grounded and floating ice surfaces, particularly re-
garding connectivity meltwater export, and retention.

5.3 Climatic Controls on evolution of supraglacial
drainage systems

Among the evaluated climatic drivers, mean summer tem-
perature data from ERA5 showed the strongest and most
consistent correlations with metrics of drainage components
on an interannual scale (Fig. 16). Surface water area, the
number of channel networks, the number of individual chan-
nels, and total channel length are all positively correlated
with ERA5 temperatures (r = 0.93− 0.99, p < 0.05), indi-
cating that air temperature is the primary control on the ex-

tent of the drainage distribution on Nivlisen Ice Shelf. In con-
trast, temperature data from the nearby Novolazarevskaya
Research Station has weaker correlations, particularly with
total channel length (r = 0.53− 0.67, p > 0.05). Correla-
tions were statistically significant (p < 0.05) for all ERA5-
based temperature-drainage relationships, whereas station-
derived temperatures showed non-significant relationships
(p > 0.05). This discrepancy likely reflects spatial represen-
tativeness: the station provides a limited “point” measure-
ment, while ERA5 data capture temperature variations across
the ice shelf surface, better aligning with the spatial scale
of drainage systems development. Correlations with snowfall
and SMB were weaker and generally not statistically signif-
icant. Furthermore, annual MOA values provide additional
context for the balance between liquid water production and
snowfall input during each melt year. All calculated annual
MOA values (Fig. 15) suggest that Nivlisen Ice Shelf remains
strongly accumulation dominated and likely retains a consid-
erable capacity for meltwater storage within the snow and
firn layer. Despite these persistently low MOA values, exten-
sive supraglacial channel networks developed during several
melt seasons. This apparent discrepancy suggests that annual
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MOA is not a direct predictor of mapped drainage extent. In-
stead, MOA should be interpreted as a broad indicator of sur-
face conditions, whereas the development of visible drainage
systems is likely influenced by additional factors, including
the timing and intensity of melt-season runoff, short-term
weather variability, local snow and firn properties, and the
reactivation of pre-existing drainage pathways.

On a seasonal timescale, the metrics of drainage systems
exhibit strong sensitivity to short-term cumulative temper-
ature and melt indicators (Fig. 18). The 14 d surface melt
(ME_14) and positive degree days (PDD_14) show sig-
nificant positive correlations with the number of channels
(r = 0.81) and total channel length (r = 0.73), highlighting
the rapid response of surface drainage development to melt
events and aligning with previous work (Kingslake et al.,
2017; Dell et al., 2020). These relationships are statistically
significant (p < 0.05) and indicate that supraglacial drainage
responds within 1–2 weeks to cumulative melt energy in-
creases. In contrast, snowfall (SF_14) is negatively but non-
significant correlated with surface water area. Surprisingly,
surface melt (ME) also shows a strong positive correlation
with SMB whereby more melt occurs when there is in-
creased SMB. This relationship may arise from synchronous
increases in melt and snowfall or may reflect the dominance
of snowfall in the SMB budget under prevailing accumu-
lation conditions (Dirscherl et al., 2021). SMB variability
on Nivlisen Ice Shelf is therefore strongly dominated by
accumulation: snowfall was also anomalously high during
summers with enhanced melt, leading to net positive mass
balance despite increased ablation. In such accumulation-
dominated conditions, the magnitude of snowfall offsets the
melt losses, producing a statistical coupling between ME and
SMB (Donat-Magnin et al., 2021). Although this correlation
is statistically significant (r = 0.84, p < 0.05), its physical
interpretation remains complex, as both melt and SMB are
strongly modulated by concurrent accumulation.

Given the limited observed time series, the correla-
tion analysis is used here as exploratory climatic context
rather than as definitive evidence of causal controls on the
evolution of drainage systems. At both timescales, only
temperature-related variables show statistically significant
correlations (p < 0.05), suggesting that temperature pro-
vides the strongest climatic association. A recent study by
Dirscherl et al. (2021) on the seasonal evolution of Antarc-
tic supraglacial lakes from 2015–2021 further reinforces the
importance of air temperature and solar radiation as primary
climatic drivers of lakes on ice shelves around the EAIS.
While their focus was on lake expansion and persistence,
they identified positive correlations between surface temper-
ature and lake area, which are broadly consistent with our
findings on drainage system development, , although other
studies have reported weaker relationships between summer
temperature and lake volume or lake area (Arthur et al., 2020,
2022). Our correlation analyses based on temperature data
from the ERA5 reanalysis demonstrate stronger positive as-

sociations (r > 0.9, p < 0.05) between summer air tempera-
tures and key metrics of channel components (Figs. 16 and
17). This may partly reflect differences in how channels and
lakes are represented in satellite-derived metrics, with chan-
nel length and number potentially responding more visibly to
short-term melt events than lake area or volume.

By comparison, lake expansion and contraction operate
over longer timescales, constrained by basin topography and
refreezing processes, which buffer their response to short-
term climatic fluctuations (Banwell et al., 2021; Arthur et al.,
2022). Moreover, the spatial distribution and connectivity of
channels may be more sensitive to regional climate vari-
ations captured by the ERA5 reanalysis dataset. The pro-
nounced climatic sensitivities identified for drainage compo-
nents also reflect their linear and interconnected morphology,
which allows efficient meltwater delivery and rapid adjust-
ment, especially where they are expanding along channels
that existed in previous seasons. Compared with lakes, where
meltwater is primarily stored and may refreeze later in melt
season, supraglacial channels provide seasonal pathways for
transporting and redistributing meltwater across Nivlisen Ice
Shelf. Their geometry and connectivity therefore make them
more immediate and sensitive indicators of changes in melt-
water supply and surface drainage organisation. Snowfall
variables showed only weak relationships with annual met-
rics of drainage component (Fig. 16), and none of these cor-
relations were statistically significant (p > 0.05). We there-
fore do not interpret snowfall as a primary control on in-
terannual variability of drainage systems, although snowfall
may still influence the visibility and short-term evolution of
surface water features by altering surface albedo, temporar-
ily masking channels in optical imagery, or modifying near-
surface firn storage conditions.

Taken together, the interannual recurrence of drainage
pathways, their seasonal evolution, and the climatic con-
text provide insight into the implications of supraglacial
drainage systems for stability of Nivlisen Ice Shelf. Un-
der present conditions, the low annual MOA values, high
snowfall input, and absence of an observed continuous
surface-export pathway suggest that Nivlisen Ice Shelf re-
mains largely accumulation-dominated, with meltwater com-
monly retained, refrozen, or stored within the snow/firn
layer and downstream lakes. This indicates that the current
drainage systems may buffer surface meltwater rather than
directly promoting widespread meltwater export or verti-
cal drainage. However, the recurrent extensive drainage sys-
tems also shows that meltwater can be redistributed over
long distances across the ice-shelf surface. If future warm-
ing increases meltwater production or reduces firn storage
capacity, these pre-existing drainage pathways could influ-
ence where meltwater is routed, refrozen, or concentrated,
with possible implications for local hydrofracturing risk.
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6 Conclusions

This study provides a detailed characterisation of
supraglacial drainage systems on Nivlisen Ice Shelf,
focusing on their seasonal evolution and connectivity during
the 2018–2019 melt season and interannual variability
in January from 2017–2024. In total, we mapped 710
supraglacial drainage components (that include isolated
channel, multiple connected channels with a wider drainage
system, or channels connected to lakes) and 5513 channel
segments on Nivlisen Ice Shelf over the 8 year period. By
quantifying key metrics, including the water area, number
of channels, total channel length and number of drainage
components, we show significant interannual variability in
surface drainage networks across Nivlisen Ice Shelf, with the
seasonal evolution showing a general pattern of expansion,
peak development, and substantial decline. In the summer
of 2018, surface water extent peaked, with 1650 channels
organised into 186 drainage components, and a total channel
length of approximately 1440 km. Seasonally, during the
summer of 2018–2019 surface meltwater was efficiently
delivered from high-elevation (about 400 m) lakes to low
elevations (50 m) near the ice-shelf front (approximately
20 km) through 924 channels with total length of 967 km.
The supraglacial drainage systems exhibited a dynamic
process characterized by initial isolated appearance of
surface water bodies near the grounding line, followed by
expansion, peak connectivity, and finally, fragmentation as
meltwater refreezes. As the connectivity evolves through a
season, it enables the area covered by drainage component
to expand across the ice shelf but at the same time, it means
the channels which initially formed near the grounding
line more efficiently transport water into the lower channel
network, thus contain shallower water and are not visible in
the imagery. Hence, the system evolves from a less efficient
to more efficient system over the melt season, transporting
meltwater to lower regions of the ice shelf.

Relationships between seasonal hydrological metrics and
climatic drivers from the MAR climate model and ERA5 re-
analysis reveal the sensitivity of drainage component to both
seasonal and interannual temperature variability, confirming
temperature as a primary driver controlling the extent, con-
nectivity, and structural evolution of surface drainage sys-
tems. In addition, our work suggests that there are complex-
ities relating to the influence of snowfall on the development
and/or observation of the drainage systems and that these
depend on the time of year in which snowfall is deposited
and how readily it can be melted. The observed increase in
connectivity implies that meltwater can be redistributed over
large areas of the ice shelf during warm summers and that
this routing is linked to the structure of the ice shelf (e.g.
crevasses and flow stripes) as well as ice surface undulations
at a range of scales which act to steer water flow. This creates
the framework for a drainage system that is reoccupied each
year, but to varying degrees based on the complex relation-

ship between melt and snowfall. In particular, the presence of
a topographic pinning point acts to reverse ice surface gra-
dients and thus divert the main drainage channels at nearly
right-angles resulting in a flow-transverse channel that cross-
cuts and thus captures the three main channel outlets, feeding
water into a major supraglacial lake. By linking detailed ob-
servations of drainage evolution with climatic forcing, this
work provides crucial insights into how surface meltwater is
potentially delivered within the surface drainage system of
an ice shelf, a process with increasingly important implica-
tions for the surface mass balance and overall stability of the
AIS in a warming future.
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