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Abstract. To investigate the drivers of lake drainages in Antarctica, we analyzed optical remote sensing data from the Shackle-
ton Ice Shelf in East Antarctica over seven melt seasons, 2016 to 2023. Our study identified seven drainage event in 2016-2017,
one in 2018-2019, fifteen in 2019-2020, and two in 2020-2021. All identified drainages occurred in regions with medium to
high levels of satellite-derived ice shelf damage and, except one, all with active damage development. Additionally, 17 out of
25 drainages coincided with increases in tidal heights. These findings provide insights into the factors influencing current lake

drainages in Antarctica in both timing and distribution.

1 Introduction

Surface lake drainage can destabilize ice shelves, occurring either slowly via supraglacial channels or rapidly through crevasses
driven by the weight of the water — a process known as hydrofracture (Nye and Perutz, 1957). While Greenland’s lake drainages
are relatively well-studied (Williamson et al., 2018a; McMillan et al., 2007), much less is known about similar processes in
Antarctica. Understanding when and how surface lakes drain is crucial for assessing ice shelf stability. Previous studies, such as
Trusel et al. (2022) have shown that lake drainages on the Amery Ice Shelf are linked to high-amplitude tidal cycles. Moreover,
Lai et al. (2020) have shown large areas of Antarctica’s ice shelves that are vulnerable to hydrofracturing if (existing) crevasses
are inundated with meltwater. However, given the widespread presence of crevasses and other damage features on Antarctic
ice shelves, it remains unclear to what extent pre-existing damage influences the likelihood and timing of lake drainage events.
Here, we use observations of lake drainage events from remote sensing data to study their place and timing, examining whether
damage alone is sufficient to indicate a potential of hydrofracturing, or if additional conditions, such as tidal forcing, are
necessary to initiate lake drainage.

In Antarctica, where most surface lakes form near the grounding line, only some of these lakes drain (Stokes et al., 2019;
Arthur et al., 2022). However, a more widespread vulnerability to hydrofracturing has been identified by Lai et al. (2020)
across Antarctic ice shelves. While crevasses and fractures, required for lakes to drain, are abundant, hydrofracturing or rapid
lake drainages are less so. We therefore hypothesize that, apart from using the presence of damage features, another driver is

needed to indicate a likelihood for occurring lake drainages. Specifically, we propose that in addition to the presence of visible
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damage (open crevasses, fractures, and rifts), a measure of the ‘activeness’ of the damage feature (i.e. crevasse opening or
propagation) can be used to identify where lake drainages are likely to occur on an ice shelf. High activeness, indicative of
crevasse opening, would facilitating new routes for lakes to (suddenly and rapidly) drain, whereas more passive crevasses either
prevent the formation of lakes by providing direct runoff for meltwater or might remain stable when inundated with meltwater.
Specifically, lakes on undamaged or passively damaged ice shelves may simply refreeze, while those on moderately damaged,
active shelves are more likely to drain due to preconditioned fractures that allow meltwater to flow and further destabilize the
ice (Lai et al., 2020). On severely damaged ice shelves, where extensive fracturing has already compromised the structure,
lakes may not form at all.

The Shackleton Ice Shelf presents an ideal case for further investigation, as it features both draining and non-draining lakes,
alongside regions of varying structural damage (Arthur et al., 2020; de Roda Husman et al., 2023). The key questions here
are: Where do observations of meltwater ponding and damage overlap? Which meltwater ponds are draining, and under what
conditions? Can draining events be traced back to specific triggers, such as the destabilization of pre-existing fractures and/or
external forces like tidal flexing? Addressing these questions on the Shackleton Ice Shelf will help clarify the mechanisms
behind surface lake drainage and their role in ice shelf destabilization, contributing to a broader understanding of Antarctic ice
shelf dynamics.

In this study, we first detect surface lakes on the Shackleton Ice Shelf for the melt seasons of 2016-2017, 2018-2019, 2019-
2020, and 2020-2021 using a threshold-based method developed by Moussavi et al. (2020) based on optical imagery. We then
identify drainage events by analyzing whether meltwater lakes have disappeared between consecutive images. These drainage
events are compared to satellite-derived damage and its estimated activeness of the Shackleton Ice Shelf produced by Izeboud
and Lhermitte (2023). Additionally, we examine the timing of the drainage events in relation to tidal height using a tidal model
(Padman et al., 2002). By integrating these data, we aim to reveal how ice shelf conditions influence the dynamics of surface

lake drainage.

2 Materials and Methods

This study utilizes multi-source satellite imagery and a tidal height simulation model to investigate rapid lake drainages on
ice shelves. We employ detection methods for lake extent and volume, lake drainages, and damage, integrating their outputs
to analyze spatial distribution patterns. Satellite image access and initial processing are conducted through the Google Earth

Engine (GEE) platform.
2.1 Satellite Imagery

Optical imagery is used to identify supraglacial lakes and drainage events. Sentinel-2 Level-1C (S2) and Landsat 8 Collection 2
Tier 2 TOA reflectance (L8) images are assessed via GEE and filtered by a maximum cloud coverage of 30 % and minimum sun
elevation of 20 °, following a similar approach as Tuckett et al. (2021). Median image mosaics are produced over time periods

of 8 days for L8 and 10 days for S2 by taking the pixel-wise median value of all images within the respective period — stitching
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and combining individual overpasses into one domain-covering image — with resolutions of 30 m and 10 m, respectively. For
the 2018-2019, 2019-2020, and 2020-2021 melt seasons, each November to March, the mosaics are sorted by their assigned
date, which is defined as halfway between first and latest date of all containing images.

Synthetic aperture radar (SAR) data is utilized for damage detection in the same year as the lake detection. Sentinel-1 GRD
(S1) images (instrument mode: "EW" and polarization: "HH") are used, with images collected between 1 and 10 November
to minimize the influence of meltwater on damage detection. S1 images are processed individually to detect damage and
combined in postprocessing to generate one damage map per year (see Section 2.4).

Ice flow velocity observations for 2019 are sourced from the ITS_LIVE campaign (Gardner et al., 2020) and used for the

calculation of the activeness metric (Section 2.4). The grounding line and ice shelf front are obtained from Gerrish et al. (2022).
2.2 Supraglacial Lake Detection and Lake Volume Calculation

The location and depth of supraglacial lakes are determined using a threshold-based method on the collected mosaics. Moussavi
et al. (2020) developed the method and thresholds, which are further refined and automated by Tuckett et al. (2021). Their
method involves combining different bands of the satellite images, applying thresholds to obtain masks for meltwater, rocks
and clouds, and finally estimating the depth by taking into account albedo and reflectance of water. These steps are executed
within GEE, and produce meltwater lake masks and meltwater depth output. The lake volume is then obtained by multiplying
the depths with their respective pixel areas (Pope et al., 2016). Outliers are removed in a subsequent step if they are not located
on ice mass or have a misinterpreted depth of less than 0 m (Williamson et al., 2018a). To minimize noise, lakes with a surface
area of less than 1800 m? (2 or 18 pixels of L8 and S2 imagery, respectively) are removed as suggested by Williamson et al.

(2018a). For each melt season, the maximum lake extent is derived by aggregating all lake masks generated during that period.
2.3 Lake Drainage Detection

To identify lake drainages, the optical time series are analyzed. A drainage event is identified if a supraglacial lake lost at least
80 % of its area between two consecutive images, provided that no more than 10 days elapsed between those images (following
Doyle et al. (2013); Miles et al. (2017); Williamson et al. (2017); Arthur et al. (2020)).

Further, we only retain those lakes that meet the following conditions: surface area greater than 54000 m? (Williamson et al.,
2017), median lake depth greater than 0.65 m (Williamson et al., 2018b), standard deviation of lake depth greater than 0.3
(Williamson et al., 2018b), and distance to the nearest masked cloud greater than 500 m. These filtering steps focus on large,
deep lakes with a defined depth profile, while avoiding misinterpretations due to faulty cloud masks or blue ice regions.

As a final step, we perform a manual visual inspection of the detected drainage events utilizing all available non-mosaic

imagery from L8, and S2. 31 out of 56 events are removed, as they are judged to be refreezing lakes rather than draining lakes.
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Figure 1. Geographic overview of the Shackleton Ice Shelf study area. Background shows the Landsat Image Mosaic of Antarctica (LIMA)
by Bindschadler et al. (2008). Inset shows location in East Antarctica. Blue: Maximum meltwater extent 2019/20 based on S2 and L8
observations. Thick black line: Grounding line. Thin black line: Shelf coastline. Both from the MEaSURES data set by Gerrish et al. (2022).

Bottom row: Two detected drainage events

2.4 Damage Detection and Activeness

The Normalised Radon transform Damage detection (NeRD) method (Izeboud and Lhermitte, 2023) is used to detect damage
features on the ice shelf from strong linear contrasts in S1 images (line detection). In short, the NeRD method consists of the
following steps: (i) create cut-out windows from the image, (ii) apply the Normalised Radon transform to these windows, (iii)
extract dominant feature signal strength and orientation for every window, (iv) quantify the damage signal by removing noise
from the signal and (v) postprocessing (Izeboud and Lhermitte, 2023). In the post-processing step we clipped the product to
the ice shelf bounds. The S1 images are resampled to the same L8 resolution of 30 m and processed with a window size of 10
pixels within the NeRD algorithm, yielding 300 m-resolution damage maps with a damage signal between 0 and 0.5 (low to

high damage indication) and their orientation (-90 to 90°).
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In addition to detecting the presence of surface damage features, we infer if the features are likely actively developing and
opening (‘activeness’) or if they are passive (apart from advecting with the ice flow). The obtained damage orientation is used
to identify the potential activeness by comparing the damage orientation to local ice flow angle, to infer if the feature is in a
position that favors crevasse opening. First, the ice flow velocity was resampled to match the resolution of the detected damage
orientation map. Then, an area was considered likely to be ‘active’ if the damage orientation and flow angle have a difference of
45° 4 15°, which occurs mainly in the shear zones of the ice shelf or for mixed mode opening fractures. This way we disfavor
large open rifts near the ice front that are perpendicular to the ice flow, which cut completely through the ice and hence do
not support lake formation and subsequent lake drainages, as well as other orientations likely representing inactive fractures
misaligned with current stress fields (e.g. due to advection) (Colgan et al., 2016). This procedure produces a binary activeness
mask (values O or 1) at 300 m resolution.

From these observational products we cannot prove causality between individual damage features and specific drainage
events. Furthermore, it’s possible for the drainage to occurs through a fracture that is not visible in the 300 m maps. We therefore
use the damage and activeness maps as an indication of a general structurally weakened ice zone, which we hypothesize to
favor lake drainages through undetected or new (small) fractures. For this reason, we downsampled the damage and activeness
maps to inspect the overall integrity of the ice for a larger area surrounding drainage events. Both 300 m maps are downsampled
with a factor of 10 using an average resampling method, and normalized with their respective maxima, resulting in 3000 m

resolution rasters with values between O and 1.
2.5 Tidal Heights

To investigate how ocean tides influence drainage events, we utilize the Circum-Antarctic Tidal Simulation (CATS2008) model
to compute daily tidal amplitudes. These amplitudes are determined by calculating the difference between the maximum and
minimum tidal heights for each day. The CATS2008 model is a high-resolution barotropic tide model specifically designed for
the Antarctic continental shelf, incorporating bathymetry data from various sources and assimilating tide gauge and satellite
altimetry observations to enhance its accuracy. The model solves the depth-integrated shallow water equations on a finite
difference grid, accounting for the effects of sea ice cover and ice shelf cavities, which are crucial for accurately representing

tidal dynamics in polar regions (Howard et al., 2019; Padman et al., 2002).

3 Results

During the study period, extensive supraglacial lake extents were detected, with total maxima of 234 km? for 2016-2017,
257 km? for 2018-2019, 261 km? for 2019-2020, and 197 km? for 2020-2021. Notably, summer 2019-2020 has been recog-
nized as a record summer, characterized by unprecedented melt extent and duration, record surface meltwater ponding, and
anomalously high air temperatures (Banwell et al., 2021). The meltwater primarily accumulated near the grounding line and
between Bunger Hills and Mill Island, a pattern consistent with previous studies (de Roda Husman et al., 2023; Arthur et al.,

2020). Saunderson et al. (2022) also noted significant melt in the north of the West-Shackleton ice shelf (north of Masson
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Island). However, our findings indicate minimal lake formations in this region, suggesting immediate drainage of meltwater
into the ocean rather than ponding (Figure 1 and 2).

Based on these lake masks (subsection 2.2) and lake drainage detection method (subsection 2.3), we identify 25 lake drainage
events during the study period: seven in the 2016-2017 melt season, one in the 2018-2019 melt season, fifteen in the 2019-2020
melt season, and two in the 2020-2021 melt season (Figure 2). The fifteen events during the 2019-2020 melt season further
exemplify the extreme conditions of that Antarctic summer. Refer to Table A1 for a list of all detected events.

During the remaining melt seasons between 2015 and 2025, no drainage events were detected by the means of the methods

employed in this study.
3.1 Lake Drainage Events in Areas of the Ice Shelf with Medium-to-High Damage or Activeness

Activeness and damage distribution on the Shackleton Ice Shelf, including the distribution of lake drainages listed in Table A1.
The limits are indicated as introduced in Table B1. Refer to subsection 2.4 for details on damage and activeness classifications.

The detected damage maps (Figure 2a) show the spatial distribution of damage features on the ice, with high values indicating
areas characterized by rifts or crevasses. A visual comparison with the detected lakes (Figure 1) shows that the distribution of
the lakes are often coinciding with detected damage patterns. We categorized damage levels into three distinct groups: not/low
damaged (values < 0.02, 70 % of the area, no lake draining events), medium-damaged (0.02 < values < 0.16, 20 % of the area,
eight lake draining events), and highly damaged (values > 0.16, 10 % of the area, 17 lake draining events). Due to the strongly
skewed data distribution (Table B1, Figure 2h) we discretized the damage signal values in bins of unequal width, containing
progressively less data samples (damaged pixels) to favor the representation of the minority, high values, class.

The results show that lake drainages predominantly occur in areas classified as medium to highly damaged (Figure 2a and
2e). The three lake drainages in medium-damage regions are particularly concentrated around Scott Glacier and Bunger Hills
(drainages H, L, and M). Although high-damage areas cover only a small portion of the Shackleton Ice Shelf, they account for
the majority of lake drainages, primarily located further west along the grounding line (drainages A to I, excluding G), with
one event occurring on the glacier tongue (drainage G). In contrast, no lake drainages have been recorded in low-damage areas,
despite these areas covering the majority of the ice shelf.

The activeness parameter (Figure 2b and 2f) provides insights into the dynamic behavior of the shelf, with high values
indicating areas where the ice and local fractures have a high likelihood to be under active development due to the flow of the
ice. Similar as the damage values, we categorized the activeness in the following groups to favor the tails of the distribution:
not active (values < 0.24, 20 % of the area), moderately active (0.24 < values < 0.62, 60 % of the areas), and highly active (0.60
< values, 20 % of the area), as detailed in Table B1.

High activeness is found most clearly where fast flowing ice experiences shear stress from adjacent slower-moving or sta-
tionary ice masses, leading to mix-mode crevasse opening (Colgan et al., 2016). Areas close to the Northcliffe, Denman, Scott
and Apfel glaciers serve as the clearest examples of areas exhibiting high activeness on Shackleton ice shelf. All, but one,

of the detected lake drainage events occur in areas of the ice shelf classified as medium to highly active (20 and four lake
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Figure 2. Spatial occurrence of observed lake drainages on Shackleton ice shelf. a) presents the satellite-derived damage and b) the activeness
metrics, both for the 2019/20 melt season. c) shows the comparison to vulnerability to hydrofracturing estimates of Lai et al. (2020); Fiirst
et al. (2016). Panels d)-g) show zoomed section around the glaciers on the ice shelf, with d) maximum lake extent and e-g the same as a-c.
The superimposed coloured dots display the location of observed drainage events, the colour of each dot represents the respective value at the
drainage location for the respective melt season in which it occurred. Thick/thin black line: Grounding and Shelf coastline from MEaSURES
data (Gerrish et al., 2022). Panel h) and i) show the distribution and the respective cumulative shelf distribution of satellite-derived damage
and activeness together with the drainage events and in which area they where found. Panel j) presents a comparison between satellite-derived
damage (in logarithmic scale), activeness, observed drainage and vulnerability to hydrofracturing estimates of Lai et al. (2020); Fiirst et al.
(2016).
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draining events respectively; Figure 2b and Table B1), indicating that areas without damage development are not likely to
accommodating lake drainage.

Considering both damage and activeness, several notable patterns emerge. First, drainages A to F, on the grounding line on
West Shackleton are cases where damage is high and activeness is moderate at the lake drainage sites. This indicates that areas
along the grounding line are prone to such events due to the combined effect of significant damage and moderate activeness.
Second, east of the glacier tongue (drainages J and M), lake drainage events occurred in areas of high activeness, despite
medium levels of detected damage. This suggests that the interaction between the small glaciers and the Bunger Hills creates a
highly active section of the ice shelf, where accumulated meltwater rapidly drains even in moderately fractured regions. Third,
we also detect a few drainages in areas with high activeness (drainages G and M) but with high levels of detected damage.
Taken together, the results suggest that while moderate damage appears to be a necessary precondition, activeness acts as
an additional driver that can amplify the likelihood of drainage events. Drainages are more likely to occur if either detected
damage or activeness is high, or both.

Compared to the vulnerability metric of Lai et al. (2020) (Figure 2c and Figure 2j), which indicates the (in)stability of
detected fractures to inundation with meltwater, we see that drainages that occur on ‘vulnerable’ areas also have moderate
to high activeness (7 out 25, Figure 2j). Intriguingly, we also detect 15 drainages that occur in areas where Lai et al. (2020)
indicated ‘no-hydrofracturing’ or outside of classification. These drainages are in areas of both moderate and high activeness
(14 out 15), mostly in combination with high damage areas (9 out of the 14 in areas of both moderate and high activeness).
This highlights the role of ice dynamics in the behavior of hydrofracturing, and suggest that vulnerability estimates based only
on fracture mechanics is not sufficient.

Overall, these results suggest that both damage and activeness are important indicators of the likelihood of supraglacial
lakes draining rapidly. Although the exact relationship between these metrics requires further investigation across different
ice shelves and with more drainage events, it seems that the activeness of detected damage adds insights into the where lake

drainage occur in otherwise unsuspected areas.
3.2 Lake Drainage Events in Periods of Increasing Tidal Heights

Given the tidal amplitudes and the geometry of the Shackleton Ice Shelf, large areas experience cyclical stress states driven
by tidal oscillations (Padman et al., 2002). As tidal amplitudes surge towards their spring maxima, the ice shelf undergoes
enhanced flexure, potentially generating complex tensile stress fields at both its surface and base, which can lead to crevasse
opening and so facilitate rapid lake drainages.

We compare the drainage time-windows to tidal data (Figure 3), and indeed find a clear pattern: the majority of drainage
episodes aligns with the ascending phase of tide cycles (17 out of 25). Although we cannot determine the exact drainage date,
only a snapshot before and after the event, few drainages seem to have occurred on the descending phase. This pattern suggests
that amplified tidal flexure may serve as a catalyst, either initiating new cracks or reactivating dormant weaknesses within
the ice shelf structure. Once this process begins, the rapid influx of draining water could further propagate these fractures,

facilitating complete lake drainage in a cascade of events reminiscent of those described by Das et al. (2008).



195

200

205

2016 o 300
\ - 200
SRl

2018 300
- 200

r 100

-0

2019 r 300

r 200
r 100

(¢W ¢0T) SWN|OA JD3EMIBW

-0

2020 r 300
200
' F100

= \

T T T T T T T T T T -0
07-Dec 14-Dec 21-Dec 28-Dec 04-Jan 1l-Jan 18-Jan 25-Jan 01l-Feb 08-Feb

Figure 3. Time-windows of individual drainages and CATS2008 tidal amplitudes. Blue dots and shaded area: Change of meltwater volume

for individual lakes (subsection 2.2).

Our observations of several drainage events indicate that tidal forcing plays an important role in modulating supraglacial

lake drainage across the ice shelf. These results are consistent with previous findings (Trusel et al., 2022).

4 Discussion and Conclusion

One of the primary challenges in studying ice shelf hydrofracturing is detecting the drainage events. Rapid drainages, often
indicative of hydrofracture, can occur within hours to days when meltwater accumulates in existing fractures or new cracks
form, leading to sudden drainage. The rapid nature of these events means they can commence and conclude between satellite
observations, making it challenging to capture the precise moment of hydrofracture initiation, and its duration. While it is
possible to detect the aftermath of drainage events, as done in this study, attributing these events specifically to hydrofracture
is difficult.

We were able to automatically detect rapid lake drainage events from satellite imagery. Nevertheless, for the seven seasons
analysed in this case study, the number of observed rapid drainage events (25) remains relatively small, and manual inspection
of the detected events was essential. Possibly no more rapid drainages occurred, or possibly events have been obscured due

to cloud cover and other atmospheric disturbances in the satellite imagery. To accurately identify and attribute rapid drainage
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events to hydrofracture mechanisms, a shorter observational time window is needed. This means a higher temporal resolution
in satellite data or the integration of complementary observational methods (e.g. Miles et al. (2017)).

Our results show that drainage of supraglacial lakes occur in areas with high ice shelf damage or damage activeness, or both.
We have resampled these parameters to provide an indication for larger-scale weakening of the ice surrounding the drainage
events, since the NeRD method does not resolve individual fractures. This allowed us to provide a generalised comparison
across the ice shelf, but limits the attribution of lake drainages to specific features and so limits a more detailed representation
of individual events. By using satellite-derived damage, these analyses also exclude the influence of basal fractures.

Similarly, the activeness parameter offers a simplified but effective approach to identify areas of active damage development,
by comparing fracture orientations to the local velocity field, but is limited in providing detailed physical understanding of
individual events — which would need a more thorough understanding of local ice stresses and strain rates. Nevertheless,
this method complements the use of detected damage alone, and provides new insights with respect to the vulnerability to
hydrofracturing previously determined based on linear fracture mechanics by Lai et al. (2020).

The methods in this study are, in essence, transferable to other regions. However, we have tailored post-processing steps to
this study area, and hence values presented in this study are specific to this ice shelf. Firstly, we normalized the detected damage
and activeness values based on their observed maxima in the spatiotemporal domain. Similarly, we discretized the values into
low, moderate and high classes with bin edges based on the overall data distribution, to give weight to the minority classes
in our analyses. Including data from other regions might change the normalisation and discretizations of the data distribution.
Therefore, careful selection and adjustment of these criteria are essential when applying our approach to different ice shelves.

Our results show that the observed lake drainages coincide mostly with the ascending phase of tidal amplitude. This phase
would correspond with closing of surface crevasses and opening of basal crevasses, indicating that the trigger for drainage
events might not be depending on the stability of surface crevasses only.

Given the complex nature of drainage events and the challenges in their detection, there is a clear need for more sophisti-
cated and larger statistical approaches to observe where and when rapid lake drainages occur. Future research could focus on
developing (probabilistic) models that can identify subtle changes in ice shelf characteristics that precede drainage events, and
conducting high-resolution time series observational analyses to better understand the temporal dynamics of meltwater accu-
mulation and drainage. Additionally, process-based modeling studies can be used to study and resolve the physical relationship
between the ice dynamics, fracture mechanics, and meltwater accumulation to the observed lake drainage. This will help to
understand the cause and timing of hydrofracturing and to what extent lake drainages (and hydrofracturing) might affect ice
shelf stability.

In conclusion, our study of the Shackleton Ice Shelf reveals a complex interplay of ice shelf damage, damage activeness,
meltwater accumulation, and tidal forces, on the distribution and timing of rapid lake drainages. This complexity underscores
the need for a holistic approach when studying ice shelf hydrofracturing. While our study provides new insights, it is important
to recognize that more process-based studies are needed to understand the full system that leads to hydrofracturing. Our findings

provide a direction for future research aiming to understanding lake drainages and hydrofracturing on Antarctic ice shelves.
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the code is available on Github: https://github.com/js-chemE/HydrofractureShackleton_2023.
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Appendix B: Damage and Activeness

Table B1. Spatial distribution of lake drainage events classified by damage and activeness. Classification thresholds are given by the lower
limit. The table shows the fraction of the Shackleton Ice Shelf affected and the number of lake drainage events in each category. Refer to

subsection 2.4 for details on damage and activeness classifications.

damage activeness
threshold areain % events | threshold arecain %  events
high 0.16 10 17 0.62 20 4
medium 0.02 20 5 0.24 60 20
low - 70 - - 20 1
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