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Abstract. Supraglacial lakes are known to undergo rapid drainages in which the contents of the lake are drained through ice
hydrofracture to the glacier bed, typically within several hours. Despite the impact of this sudden loss of meltwater from the
glacier, the conditions leading up to a rapid drainage are not fully understood. In this study, the spatial and temporal variability
of rapid drainages was evaluated over two major glaciers in Northeast Greenland: Zacharie Isstram and Nioghalvfjerdsfjorden
(79N Glacier). Over the 2016 - 2022 summer melt seasons, each supraglacial lake was tracked via Sentinel-2 optical imagery
to find the occurrence of any rapid drainages. The spatial distribution of rapid drainages as well as the seasonal timings were
then evaluated against several other factors, such as ice strain rate, elevation, lake volume and seasonal surface temperature.
It was found that the drainage patterns of individual lakes varied substantially, with some lakes having drained only a couple
times and others nearly every year in the observed time frame. Furthermore, some lakes tended to drain around the same week
in the melt seasons when they did rapidly drain, while others had a more sporadic drainage timing. Similarly, certain clusters
of lakes tend to drain in similar time frames when they do drain, whereas it was found that most lakes did not follow a drainage
tendency based on physical location. However, the phenomenon of chain drainages, in which more than one neighboring lake
drains nearly simultaneously, was observed several times. While it was seen that drainages tend to occur later with higher
elevations, little correlation was found between the occurrence of rapid drainages and the other investigated factors. It appears
several conditions would need to be filled to allow for a rapid drainage to occur, particularly the existence of a crevasse within
the lake boundaries.

1 Introduction

The role of supraglacial lakes (SGLs) on glacier mechanics, subglacial dynamics and ocean chemistry has become increasingly
more intriguing in recent years, as the interconnectedness of supra- and subglacial hydrology has become more understood.
Supraglacial lakes develop seasonally in glacial surface depressions and store surface meltwater before either draining or
refreezing. Through sudden hydrofracture events, SGLs can undergo rapid drainages, where the lake partially or fully drains

within hours to days. The meltwater contained in these lakes is then routed vertically through moulins or crevasses to the
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glacier bedrock. These conduits remain open, supplying surface water to the bedrock, until the channel freezes or is closed due
to surrounding pressure. It has been observed that this sudden influx of water to the bedrock can cause local and temporary
glacier uplift and increased ice velocity due to decreased basal friction (Andrews et al., 2018; Das et al., 2008; Dow et al.,
2015; Doyle et al., 2013; Joughin et al., 2013; Neckel et al., 2020; Stevens et al., 2022; Tedesco et al., 2013). Furthermore, the
increased tensile stress from one drainage can trigger cascading drainages in the surrounding area due to subsequent fractures
(Christoffersen et al., 2018; Chudley et al., 2019), triggering widespread flow acceleration (Maier et al., 2023). It was found
that 28 - 45% of SGLs in southwest Greenland drain rapidly (Chudley et al., 2019), suggesting rapid drainages can substantially
affect these aspects of the glacial environment throughout the melt season.

To better understand this phenomenon, various research groups have conducted in situ observations of rapid drainages using
seismometers, GNSS sensors, water-level sensors and optical imagery, mostly in southwest Greenland (Chudley et al., 2019;
Das et al., 2008; Dow et al., 2015; Doyle et al., 2013; Stevens et al., 2015; Tedesco et al., 2013), but also recently in the
southeast (Stevens et al., 2022) and in the northeast sector of the ice sheet (Neckel et al., 2020). Through these observations,
the dynamics of a rapid drainage can be seen, including the seismic activity caused by ice fracture, glacial uplift, ice velocity
changes and high water discharge rates. While detailed information about individual drainages is beneficial for understanding
localized conditions surrounding and leading up to them, large-scale observations allow us to identify patterns over space and
time. Several large-scale, remote sensing analyses were recently conducted over different glaciers in southwest Greenland for
one melt season (Miles et al., 2017; Williamson et al., 2018) and for extended time series (Fitzpatrick et al., 2013; Liang et al.,
2012; Morriss et al., 2013). Here, the timing and location of rapid drainages are identified and a slight influence of warmer

surface temperatures on drainage timing and altitude can be seen in the time series analyses.

Despite these previous large-scale rapid drainage studies conducted in southwest Greenland, there is still a lack of
understanding of the potential influencing factors on rapid drainages, especially in the understudied region of northeast
Greenland. This region is especially intriguing as it is expected to show the most significant inland expansion of SGLs within
Greenland in the coming decades (Ignéczi et al., 2016), potentially affecting the regional ice flow and the amount of available
freshwater reaching the ocean. Thus, in this research, we analyze the spatial and temporal distribution of rapid drainages in
northeast Greenland over the 2016 to 2022 summer melt seasons. We utilize high resolution (10 m) Sentinel-2 optical data to
track lake development and quantify lake volume trends. Through this, we also evaluate various influencing environmental

and mechanical factors to determine any patterns in rapid drainage occurrence and timing.

2 Study area

In this study, we focus our analysis on Zachariz Isstrem and Nioghalvfjerdsfjorden (79N Glacier) in Northeast Greenland

(Fig. 1a). These two large, fast-flowing glaciers drain roughly 12% of the Greenland Ice Sheet (Mouginot et al., 2015; Rignot
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and Mouginot, 2012), which contains a 1.1 m sea level rise equivalent (Morlighem et al., 2014). These marine-terminating
glaciers extend roughly 600 km into the ice sheet (Khan et al., 2022) and diverge around the Lambert Land nunatak at the
coast. 79N Glacier has a floating tongue of over 80 km in length and 20 km in width, whereas Zacharie Isstrom’s floating
tongue disintegrated between 2002 and 2015, leading to a drastic increase in rate of retreat (Mouginot et al., 2015). This area
is also known for high levels of surface melt, visible through the roughly 900 supraglacial lakes developing there annually
(Lutz et al., 2024). We study the region containing the ablation zone upstream of both glacier’s grounding lines, similar to
Hochreuther et al. (2021) and Lutz et al. (2024).
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Figure 1: (a) An overview of the study area in Northeast Greenland showing a Sentinel-2 image from 3 August 2020. (b) An overview
of the study region in the context of Greenland. (c) and (d) are subsets of (a) showing the spatial distribution of lakes in the region.
Lakes marked with an ‘x’ have not rapidly drained and those marked with a star show the number of times they have drained over
the 2016 - 2022 summer melt seasons. These subsets are underlaid with ArcticDEM elevation data.
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3 Data and methods

To enable the lakes to be easily tracked over several melt seasons, each lake in our area of interest was assigned an identification
number. Tracking specific lakes is possible since the surface depressions where lakes form are directly influenced by bedrock
topography (Gudmundsson, 2003; Lampkin and Vanderberg, 2011), and thus stay in the same location. In this study, we
tracked the development of the lakes at a near daily rate over the 2016 to 2022 summer melt seasons (roughly June to
September) using the visible bands from Sentinel-2 L2A imagery, as developed in Lutz et al. (2023). With this time series,
individual lakes were semi-automatically reviewed for sudden drops in area and were subsequently manually checked using
Sentinel-2 imagery to verify the occurrence of a rapid drainage. Due to a lack of daily cloud-free imagery, it was often difficult
to determine the exact date of the drainage, so the drainage date was calculated as the day on which the lake first appeared to
be drained in available imagery. In consistency with other researchers (Das et al., 2008; Doyle et al., 2013; Tedesco et al.,
2013; Williamson et al., 2018), we define the timeframe of a rapid drainage as observed through remote sensing methods to
be two days or less. However, during periods lacking cloud-free imagery, this threshold was extended to encompass the entire
data-free period, with a maximum gap of ten days. Almost all drainages, however, were determined based on images less than
five days apart. In order to accommodate partial rapid drainages (Chudley et al., 2019), we implemented a low volume loss

threshold of 50% and manually checked to remove any false positives.

To assess the amount of water lost through each rapid drainage, a reflectance-depth algorithm developed in Lutz et al. (2024)
was used, where a depth value is calculated for each lake pixel in the green band of a Sentinel-2 L2A image. This equation is
described as

z = 14.9572e+262%% 1 05242 | 1)

where z is depth and x is green reflectance.

Furthermore, to investigate potential influencing factors for rapid drainages, we acquired ice velocity, elevation and
temperature data for the region. The ice sheet velocity was downloaded from the National Ice and Snow Data Center’s
MEaSUREs Greenland Monthly Ice Sheet Velocity Mosaics from SAR and Landsat program (https://nsidc.org/data/nsidc-
0731/versions/5). In this study, the velocity data used was calculated over the month of July 2019 using Landsat mosaics. Each
lake was assigned the ice sheet velocity at its center; however, if velocity data directly over the lake was unavailable, the
nearest available velocity point was used. From this velocity data, the principal strain rates of the ice was calculated. For this,

the first and second invariants of the strain rate tensor was determined in both the x- and y-directions,

2 2
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where €, , is the first and second principal strain rates, €,, is the strain rate tensor in the x-direction, €,,,, is the strain rate

tensor in the y-direction, and €,,,, is the shear strain rate.

Additionally, the 100 m resolution data from ArcticDEM (https://www.pgc.umn.edu/data/arcticdem/) was similarly used to
assign an elevation to the center of each lake. Finally, the temperature data was taken from two automatic weather stations that
are part of the PROMICE program: KPC-L and KPC-U (How et al., 2022). The locations of these weather stations are roughly
100 km northwest of the main area of interest, as shown in Fig. 1a. In this study, the monthly surface temperatures for June,

July, and August are averaged for each year to provide a yearly summer average for each station.

4 Results
4.1 Spatial and temporal distribution of rapid drainages

The spatial distribution of rapidly draining lakes can be seen in Fig. 1, where the size and color of the marker indicates how
many years out of seven each specific lake drained. Additionally, lakes that filled at least one of the years but never rapidly
drained are marked with an ‘x’. In total, 864 lakes within our area of interest filled up at least once in the seven year period,
152 of which rapidly drained at least once. Most drainages tend to be found at lower elevations; only two rapidly draining

lakes are found above 900 m. When only considering elevations below 900 m, 32.1% of lakes have undergone rapid drainage.

The temporal variations found within each lake and spatially across the region are shown in Fig. 2. Here, each lake is
represented by a wheel, within which each segment is colored to represent the week in which the lake drained for each year.
Additionally, if the lake never filled up in a certain year, it is marked with an ‘x” to highlight the fact that the lake did not drain
that year because there was nothing to drain in contrast to a lake not draining due to other factors. In Fig. 2, a few general
tendencies can be seen, albeit there are exceptions to these statements. Firstly, lakes tend to drain a bit later in the season at
higher elevations and earlier at lower elevations, particularly on Zacharig Isstram. Excluding 2018, drainages above 400 m
occur on average 10.66 days later than drainages below 400 m in the same melt season (see Fig. Al). This pattern is supported
by the fact that lakes at higher elevations only tend to develop later in the melt season, thus limiting the possibility of drainages
to after having filled, as supported by previous studies (Doyle et al., 2013; Fitzpatrick et al., 2013). Additionally, there was
only one drainage recorded above elevations of 400 m in 2018, which was a particularly cold and dry year, compared to the
45 drainages that occurred above 400 m in 2019. Further, out of the 26 drainages in 2018, only six of those lakes had also
drained in 2017, implying that the majority of the drainages in 2018 had accumulated water from both melt seasons before
draining. Another remark can be made about lakes that often do not fill up for one or more years after a drainage. Out of the

seven investigated years, a few small clusters of lakes follow this pattern by not filling with meltwater for several years,
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examples of which are highlighted in Fig. 3f and g. Although these lakes are dispersed across slow and fast moving areas, this
implies some sort of underlying mechanism keeping the drainage channels in these areas open.
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Figure 2: The spatial and temporal distribution of rapid drainages in Northeast Greenland. Each rapidly draining lake is identified
with a wheel, where each segment represents one of the seven years over the 2016 - 2022 summer melt seasons. Each segment is filled
with a color corresponding to the week in which it drained that specific year. If a segment is empty, the lake filled but did not drain.
If a segment is marked with an ‘x’, the lake never filled that year.

Another aspect to be noted is the temporal variability within each individual lake. While many lakes tend to drain within a
relatively consistent time span (roughly within the same three weeks), others have a seemingly random drainage pattern (see
Fig. A2). Furthermore, there are clusters of lakes that follow similar drainage patterns and timings. Figure 3b, d and e show
groups of lakes that all tend to drain within the same few days in years when they do drain. For example, the group of lakes in
Fig. 3d tends to drain quite early in the year, roughly within the last week of June, while the lakes in Fig. 3e drain within the

same week near the end of July.

Additionally, it can be seen that neighboring lakes will occasionally drain simultaneously in chain events. Fig. 3¢ shows an
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extensive chain drainage event in which eight lakes within roughly 17 km of each other drained on the same day in 2019, along
with a couple lakes draining within days of this event. Several lakes in Fig. 3b also drain simultaneously, where chain drainages
are seen over a few different years. However, not all six lakes drain simultaneously each time. For example, the three lakes on
the left drain together in 2016, but the lake directly to the right of them only drains during the chain drainages in 2019 and
2020. Additionally, the two lakes on the far right drain several more times than the other lakes, without triggering drainages
in them.
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Figure 3: Detailed subsets from Fig. 2. (a) An overview of the subsets from the area of interest. (b) A group of lakes that undergo
chain drainages in three different years: 2016, 2019, and 2020. The three lakes that drained simultaneously in 2016 are marked with
arrows and the day of year (DOY). The four lakes that drained simultaneously in 2020 are similarly marked. The six lakes that
drained nearly simultaneously in 2019 are circled with either red (for DOY 212) or orange (for DOY 214). (c) A chain drainage of
several lakes on DOY 192 in 2019, marked by blue circles. Three lakes that drained within a few days of this chain drainage are

individually marked on the map. (d) and () Groups of lakes that exhibit similar drainage timing. The average DOY and standard
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deviation (SD) for all drainages in each subset, except the lake crossed out, is shown. (f) and (g) Groups of lakes that often do not
refill, the years for which are marked by ‘x’. The background for all subsets is a Sentinel-2 image from 3 August 2020.

4.2 Potential factors contributing to rapid drainages

Several factors were investigated to determine if one or more environmental conditions or lake characteristics would trigger a
rapid drainage after a certain threshold or under certain conditions. An idea that has often been modeled (Alley et al., 2005;
Arnold et al., 2014; Banwell et al., 2013; Banwell et al., 2016; Koziol et al., 2017; Tsai and Rice, 2010; van der Veen, 2007)
but also recently contradicted by observations (Fitzpatrick et al., 2013; Williamson et al., 2018) is the idea that each lake has
a specific volume limit, above which the pressure from the water causes a hydrofracture-induced drainage. In Fig. 4, we
investigated nine often-draining lakes to see at which volumes they drained and what the maximum volume was that they
reached in seasons when they did not drain. It can be seen that oftentimes the lakes drained at relatively low volumes, while
having reached larger volumes in years where it did not drain, exemplarily seen with Lake 577. There are, however, a couple
lakes where the lowest volume occurred in a year in which the lake did not drain (e.g. Lake 562). These low volumes occurred
in 2018, which was a remarkably low melt year. This pattern, however, is not substantiated since Lake 548 also had low
volumes that year but also did not drain on another year in which it reached its maximum volume. Furthermore, the volumes
of the rapid drainages vary substantially throughout the years, with drainage volumes, for example, for Lake 381 ranging from

0.0032 km3 to 0.0267 km3. These findings thus imply that each lake does not drain based solely on a volume threshold alone.
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Figure 4: The volume of water lost through rapid drainages for the nine most frequently draining lakes over the 2016 - 2022 summer
melt seasons. The size of the circle indicates the amount of water volume lost in the rapid drainage (orange). For years where the
lake did not rapidly drain, the maximum volume reached is recorded (blue). For lakes that did not fill up the entire melt season, no

circle is present that year.

Furthermore, the parameter of ice strain rate at the center of each lake was explored for potential influence on drainage
frequency. The first and second principal ice strain rates are mapped in Fig. 5a and d, respectively. The ice strain rates are
generally low except for a few distinct regions. Figures 5b, c, e, and f show detailed panels of these high strain areas, where
the location of all investigated lakes and how often they have rapidly drained are denoted. In Fig. 5¢c and f, two regions of high
strain rate can be seen running parallel to the northern and southern edges of Zacharia Isstram, where the northern edge is
predominantly first principal strain and the southern edge is predominantly second principal strain. In these areas, there are
several regularly rapidly draining lakes, but also many lakes that have not rapidly drained in the observed time frame. Similarly,
there are two distinct lines of high strain parallel to the flow direction on 79N Glacier, along the eastern and western edges,
highlighted in Fig. 5b and e. The first principal strain rate dominates along the eastern edge, where there is only one rapidly
draining lake with several non-rapidly draining lakes. Both the first and second principal strain rates are found along the
western edge, with the largest second principal strain rates concentrated in a line in the northern part of the subset. While there
are several rapidly draining lakes in this region, there are even more non-rapidly draining lakes, and no distinct patterns are
found on the areas of most concentrated strain rates. Generally, there does not appear to be a correlation between high strain

rate and a high occurrence of rapid drainages.

This trend is further emphasized in Fig. 5g and h, where first and second principal ice strain rates and a drain-to-fill ratio are
compared, respectively. This ratio was calculated for each lake, consisting of the number of drainages observed over the
number of seasons the lake filled with water. This gives a more accurate sense of how often a lake drains given the opportunity,
since there are often years where the drainage channel remains open, not allowing water to accumulate. To compare the strain
data to temporally correlated drainages, the lakes that drained in the 2019 melt season are highlighted in red. The lakes that
drained in the 2019 melt season are highlighted in red to more directly look at the drainages temporally correlated with the
strain data, which was acquired in July 2019. Firstly, it can be seen that lakes that never rapidly drain (with a drain-to-fill ratio
of zero) are found across ice with a wide range of strain rates. These lakes are found even in the areas with the highest strain
rates. Furthermore, there is no distinct trend among the rapidly draining lakes in relation to strain rate. The majority of rapidly
draining lakes are located in low strain rate regions, with an average first principal strain rate of 0.0047 year™ (SD = 0.0090
year) and an average second principal strain rate of -0.0060 year (SD = 0.0092 year). The non-rapidly draining lakes have
a similar strain rate distribution with an average of 0.0038 year (SD = 0.0079 year) for the first principal strain rate and an

average of -0.0039 year* (SD = 0.0080 year) for the second principal strain rate.
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Figure 5: (a) The first principal strain rate over the area of interest. (b) and (c) show subsets of (a) with the number of rapid drainages
that each supraglacial lake underwent, with the lakes that have filled but not rapidly drained marked with an ‘x’. (d), (e), and (f)
mirror (a), (b), and (c) but show the second principal strain rate. (g) and (h) show the drain-to-fill ratio plotted against the first and
second principal strain rates, respectively. This ratio is calculated as the number of times the lake has rapidly drained over the
number of times the lake has filled over the 2016 - 2022 period, i.e. a lake that has drained only half of the times that it has filled has
a ratio of 0.5. Lakes with a drain-to-fill ratio of zero never rapidly drain. The drainages that took place over the 2019 melt season

are highlighted in red, since the strain data is derived from velocity data from July 2019.

Finally, we investigated the impact of overall melt trends on drainage patterns. The average summer surface temperature (June,
July and August) for the AWS stations KPC-L and KPC-U is plotted in Fig. 6 for each year. Additionally, Fig. 6 shows the
filling and drainage status of all lakes that have undergone a rapid drainage at least once in the 2016 - 2022 period, totaling to
152 lakes. These lakes are categorized by whether they underwent a rapid drainage, filled but did not rapidly drain, or did not
fill at all that melt season. Here, a general tendency of more rapid drainage occurrences in warmer years can be seen; however,

they are not always correlated. For example, the warm year of 2019 and the remarkably cold year of 2018 show the most and
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the fewest rapid drainages, respectively. However, despite being also relatively warm years, there were comparatively not as
many rapid drainages in 2020 and 2021. In 2021, a larger number of lakes did not fill up at all, implying these drainage channels
remained open throughout the melt season. This could contribute to the lower number of rapid drainages, but does not apply
to the 2020 melt season, where roughly half as many lakes did not fill at all compared to 2021.
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Figure 6: On the left axis, the cumulative number of lakes that have drained at least once over the 2016 - 2022 period are categorically
plotted in the bar graphs for each year, totaling 152 lakes. The lower category shows the number of lakes that underwent a rapid
drainage that melt season. The middle category shows the number of lakes that filled with water but did not rapidly drain that melt
season. The upper category shows the number of lakes that did not fill up at all that melt season. On the right axis, the surface
temperature averaged over June, July and August for each year is plotted for both the KPC-L (dark gray line) and KPC-U (light
gray line) weather stations.

5 Discussion

Through this analysis, some patterns seen in other studies have been reaffirmed. Firstly, the correlation of drainage timing to
elevation is apparent, where drainages tend to happen later at higher elevations (Doyle et al., 2013; Fitzpatrick et al., 2013;
Miles et al., 2017). Here, it can be seen that the timing is dependent on the year and the specific melt development of the
season, meaning general drainage timings cannot be made based on altitude alone, but the relative timing shift between lower
elevation and higher elevation drainages can be seen within each year (see Fig. Al). Elevation alone, however, does not
influence whether a lake will rapidly drain or not. In our study, both rapidly and non-rapidly draining lakes were found to be
rather evenly distributed up to an elevation of 850 m, above which lakes rarely drained rapidly. Similar results were found by
Williamson et al. (2018), where the correlation between elevation and rapidly or non-rapidly draining lakes was

indistinguishable. Furthermore, the investigation into ice strain rate resulted in no correlation between rapidly draining lakes

11



250

255

260

265

270

275

280

https://doi.org/10.5194/egusphere-2024-3056
Preprint. Discussion started: 30 October 2024 EG U h
© Author(s) 2024. CC BY 4.0 License. spnere

and their location in regions of high or low ice strain rate for either the first or second principal strain rate. Williamson et al.
(2018) also found no connection between whether a lake is rapidly draining or not and the principal strain rate or the von Mises
yield criterion of the ice. In our study, there are also no clear patterns of rapidly draining lakes being located downstream of
areas of high ice strain rate. Additionally, despite warmer melt seasons directly corresponding to greater lake extent (Lutz et
al., 2023; Turton et al., 2021), warmer temperatures did not consistently cause an increase in rapid drainages, even though the
most rapid drainages were seen in the warmest year (2019). This conclusion was also reached by Fitzpatrick et al. (2013) when
conducting a decadal investigation of the Russell glacier catchment in western Greenland, despite also seeing the most rapid
drainages in the peak melt year. In their study on the Sermeq Avangnardleq ice shed in western Greenland, Morriss et al.

(2013) conclude that warmer temperatures cause more inconsistent rapid drainage behavior.

Furthermore, the importance of the spatial proximity of SGLs in the context of rapid drainages has been highlighted in this
study through the occurrence of so-called chain drainages. Such chain drainages events have been noted by other researchers
(Christoffersen et al., 2018; Chudley et al., 2019; Fitzpatrick et al., 2013), who hypothesize that the tensile stresses in the
surrounding ice increase due to the increase in basal water from one drainage, which then triggers further drainages. Through
remote sensing observations, it is difficult to assess the precise order of drainages in a chain drainage, since the drainages can
occur over the span of hours and there is generally only one satellite image available for the day. Thus, our study cannot
confirm or deny the concept of trigger lakes and response lakes, as found in Chudley et al. (2019), but our findings do further
emphasize the occurrence of many spatially close drainages within a short period of time. Additionally, through observing
drainage patterns over several years, our study shows that the same combination of lakes in a region are not necessarily
involved in a chain drainage every time one occurs (see Fig. 3b). This implies that either the ice stresses vary considerably
year to year, and thus the increase in stress from one lake drainage does not create enough increased stress to cause other

fractures to occur, or that there are other conditions needed for the neighboring lakes to participate in a chain drainage.

One important factor that could cause irregularities in drainage patterns is the presence of crevasses within the lake boundary.
As many areas of these glaciers have high ice velocities (see Fig. A3), a pre-existing crevasse could be quickly moved into
and then out of a lake’s boundaries, as seen in Chudley et al. (2019). For areas with lower ice strain rates, it could be difficult
for a crevasse to form through ice fracture over the lake itself and would thus only drain if a pre-existing crevasse were to
move into the lake while other conditions are fulfilled, e.g. high lake volume or increase in ice strain due to nearby drainage.
Furthermore, for lakes in high strain areas, a crevasse formed in the center of the lake could theoretically be refractured the
next melt season, given that the ice velocity is slow enough that the crevasse remains within the lake boundaries. Upon
investigating this region, the half-width of many lakes in high strain regions is smaller than the distance the ice would move
within a year, implying drainage by a refracture would be difficult. Many of the frequently draining lakes have a half-width

large enough that a crevasse could remain within the lake boundaries the following melt season. As there are also other lakes
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with such large widths in the flow direction that do not drain frequently, a more detailed analysis of crevasse formation and
flow would be necessary. For this, the use of widespread very high resolution imagery over one or more melt seasons would

be helpful in assessing the influence of crevasse presence in combination with other environmental factors.

6 Conclusions and outlook

In our study, rapid drainage patterns for supraglacial lakes in Northeast Greenland were investigated for the summer melt
seasons of 2016 to 2022. While some trends were seen, many of the analyzed environmental and geographical parameters were
found to be uncorrelated. Some clusters of lakes tend to have regular or consistent drainage patterns, but overall such lakes
were in the minority. One noticeable trend is that rapid drainages tend to occur later at higher elevations, as these lakes only
tend to fill up later in the season. However, no correlation was found between elevation and whether a lake rapidly drained or
not. Furthermore, no correlation was found between rapid drainages and ice strain rate, seasonal surface temperature, or a lake
volume threshold. Despite no direct influence of individual parameters on rapid drainage occurrence being found, the observed
phenomenon of chain drainages implies a concrete trigger with influence over a larger spatial region. We would presume that
a rapid drainage is triggered by the combination of several factors, most importantly including the presence of a crevasse

within the lake boundary.

In order to further investigate the topic, higher resolution remote sensing data or multi-annual in situ data would be beneficial.
With higher resolution remote sensing data, the presence of crevasses could more easily be tracked, allowing for a better
assessment of the lack of drainages due to the absence of a drainage pathway. Additionally, with more detailed multi-annual
in situ studies on several lakes, the influence of ice strain and other environmental conditions on rapid drainage could be better
understood. Overall, this study shows the variability of rapid drainage occurrence within individual lakes, among small lake

clusters and across the entire region with no clear influence from the investigated factors individually.
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Figure Al: The day of year (DOY) of each rapid drainage vs. the elevation of the center of the lake. These drainages are categorized

by color based on their year of drainage. The drainages are divided into elevation categories (above or below 400 m a.s.l.) by the

horizontal black line. For each year, the DOY of all lakes below and above 400 m are averaged separately and demarcated with an

‘X, representing the average DOY for that year and elevation span. The average elevation for lakes below or above 400 m are

labeled and marked with a central horizontal dashed line. There is no average for 2018 above 400 m since only one drainage occurred

above that elevation that melt season.
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Figure A2: Nine of the most frequently draining lakes in the area of interest. For each lake, the average day of the year (DOY) that
it drained as well as the standard deviation among the days are noted. Years in which the lake did not fill with water are marked

with an ‘x’.
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Figure A3: The ice velocity magnitude data from MEaSURES from July 2019. Lakes marked with an ‘x’ have not rapidly drained
and those marked with a star show the number of times they have drained over the 2016 - 2022 summer melt seasons.
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PANGAEA database.

Author contributions: KL and MB were responsible for conceptualization. KL curated the data, developed the methodology
and conducted the formal analysis. KL and IT were responsible for the development of necessary code. All co-authors were
involved in assessment of the results. KL was responsible for data visualization and preparation of the original draft. MB was
responsible for funding acquisition, project administration, and supervision. All co-authors contributed to reviewing and
editing the manuscript.

Competing interests: The authors declare that they have no conflict of interest.
Acknowledgements: We would like to thank ESA for providing Sentinel-2 data free of charge. The study was funded by the
Bavarian State Ministry of Science and the Arts within the Elitenetwork Bavaria International Doctoral Programme “MOCCA

- Measuring and Modelling Mountain Glaciers and Ice Caps in a Changing Climate”. We also acknowledge financial support

16



330

335

340

345

350

355

360

https://doi.org/10.5194/egusphere-2024-3056
Preprint. Discussion started: 30 October 2024 EG U h
© Author(s) 2024. CC BY 4.0 License. spnere

by the Deutsche Forschungsgemeinschaft and the Friedrich-Alexander-Universitit Erlangen-Nurnberg within the funding

program “Open Access Publication Funding.”

References

Alley, R. B., Dupont, T. K., Parizek, B. R. and Anandakrishnan, S.: Access of surface meltwater to beds of sub-freezing
glaciers: preliminary insights, Ann. Glaciol., 40, 8-14, doi: 10.3189/172756405781813483, 2005.

Andrews, L. C., Hoffman, M. J., Neumann, T. A,, Catania, G. A., Luthi, M. P., Hawley, R. L., Schild, K. M., Ryser, C. and
Morriss, B. F.: Seasonal Evolution of the Subglacial Hydrologic System Modified by Supraglacial Lake Drainage in
Western Greenland, JGR Earth Surface, 123, 1479-1496, doi: 10.1029/2017JF004585, 2018.

Arnold, N. S., Banwell, A. F. and Willis, I. C.: High-resolution modelling of the seasonal evolution of surface water storage
on the Greenland Ice Sheet, Cryosphere, 8, 1149-1160, doi: 10.5194/tc-8-1149-2014, 2014.

Banwell, A., Hewitt, I., Willis, I. and Arnold, N.: Moulin density controls drainage development beneath the Greenland ice
sheet, JGR Earth Surface, 121, 2248-2269, doi: 10.1002/2015JF003801, 2016.

Banwell, A. F., Willis, I. C. and Arnold, N. S.: Modeling subglacial water routing at Paakitsoq, W Greenland, Journal of
Geophysical Research: Earth Surface, 118, 1282-1295, doi: 10.1002/jgrf.20093, 2013.

Christoffersen, P., Bougamont, M., Hubbard, A., Doyle, S. H., Grigsby, S. and Pettersson, R.: Cascading lake drainage on
the Greenland Ice Sheet triggered by tensile shock and fracture, Nature Communications 2015 6:1, 9, 1064, doi:
10.1038/s41467-018-03420-8, 2018.

Chudley, T. R., Christoffersen, P., Dayle, S. H., Bougamont, M., Schoonman, C. M., Hubbard, B. and James, M. R.:
Supraglacial lake drainage at a fast-flowing Greenlandic outlet glacier, Proceedings of the National Academy of
Sciences, 116, 25468-25477, doi: 10.1073/pnas.1913685116, 2019.

Das, S. B., Joughin, 1., Behn, M. D., Howat, I. M., King, M. A,, Lizarralde, D. and Bhatia, M. P.: Fracture Propagation to the
Base of the Greenland Ice Sheet During Supraglacial Lake Drainage, Science, 320, 778-781, doi:
10.1126/SCIENCE.1153360, 2008.

Dow, C. F., Kulessa, B., Rutt, I. C., Tsai, V. C., Pimentel, S., Doyle, S. H., van As, D., Lindback, K., Pettersson, R., Jones,
G. A. and Hubbard, A.: Modeling of subglacial hydrological development following rapid supraglacial lake drainage,
Journal of Geophysical Research, doi: 10.1002/2014JF003333, 2015.

Doyle, S. H., Hubbard, A. L., Dow, C. F., Jones, G. A., Fitzpatrick, A., Gusmeroli, A., Kulessa, B., Lindback, K., Pettersson,
R. and Box, J. E.: Ice tectonic deformation during the rapid in situ drainage of a supraglacial lake on the Greenland Ice
Sheet, Cryosphere, 7, 129-140, doi: 10.5194/TC-7-129-2013, 2013.

Fitzpatrick, A. A. W., Hubbard, A. L., Box, J. E., Quincey, D. J., van As, D., Mikkelsen, A. P. B., Doyle, S. H., Dow, C. F.,
Hasholt, B. and Jones, G. A.: A decade of supraglacial lake volume estimates across a land-terminating margin of the
Greenland Ice Sheet, The Cryosphere Discussions, 7, 1383-1414, doi: 10.5194/tcd-7-1383-2013, 2013.

17



365

370

375

380

385

390

395

https://doi.org/10.5194/egusphere-2024-3056
Preprint. Discussion started: 30 October 2024 EG U h
© Author(s) 2024. CC BY 4.0 License. spnere

Gudmundsson, G. Hilmar: Transmission of basal variability to a glacier surface, J. Geophys. Res., 108, doi:
10.1029/2002JB002107, 2003.

Hochreuther, P., Neckel, N., Reimann, N., Humbert, A. and Braun, M.: Fully automated detection of supraglacial lake area
for northeast greenland using sentinel-2 time-series, Remote Sensing, 13, 1-24, doi: 10.3390/rs13020205, 2021.

Ignéczi, A., Sole, A. J., Livingstone, S. J., Leeson, A. A., Fettweis, X., Selmes, N., Gourmelen, N. and Briggs, K.: Northeast
sector of the Greenland Ice Sheet to undergo the greatest inland expansion of supraglacial lakes during the 21st century,
Geophysical Research Letters, 43, 9729-9738, doi: 10.1002/2016GL070338, 2016.

Joughin, 1., Das, S. B., Flowers, G. E., Behn, M. D., Alley, R. B., King, M. A., Smith, B. E., Bamber, J. L., van den Broeke,
M. R. and van Angelen, J. H.: Influence of ice-sheet geometry and supraglacial lakes on seasonal ice-flow variability,
Cryosphere, 7, 1185-1192, doi: 10.5194/tc-7-1185-2013, 2013.

Khan, S. A., Choi, Y., Morlighem, M., Rignot, E., Helm, V., Humbert, A., Mouginot, J., Millan, R., Kjer, K. H. and Bjark,
A. A.: Extensive inland thinning and speed-up of Northeast Greenland Ice Stream, Nature, 611, 727-732, doi:
10.1038/s41586-022-05301-z, 2022.

Koziol, C., Arnold, N., Pope, A. and Colgan, W.: Quantifying supraglacial meltwater pathways in the Paakitsoq region, West
Greenland, J. Glaciol., 63, 464-476, doi: 10.1017/jog.2017.5, 2017.

Lampkin, D. J. and Vanderberg, J.: A preliminary investigation of the influence of basal and surface topography on
supraglacial lake distribution near Jakobshavn Isbrae, western Greenland, Hydrological Processes, 25, 3347-3355, doi:
10.1002/HYP.8170, 2011.

Liang, Y. Li, Colgan, W., Lv, Q., Steffen, K., Abdalati, W., Stroeve, J., Gallaher, D. and Bayou, N.: A decadal investigation
of supraglacial lakes in West Greenland using a fully automatic detection and tracking algorithm, Remote Sensing of
Environment, 123, 127-138, doi: 10.1016/j.rse.2012.03.020, 2012.

Lutz, K., Bahrami, Z. and Braun, M.: Supraglacial Lake Evolution over Northeast Greenland Using Deep Learning Methods,
Remote Sensing, 15, 4360, doi: 10.3390/rs15174360, 2023.

Lutz, K., Bever, L., Sommer, C., Humbert, A., Scheinert, M. and Braun, M.: Assessing supraglacial lake depth using
ICESat-2, Sentinel-2, TanDEM-X, and in situ sonar measurements over Northeast Greenland, EGUsphere [preprint], doi:
10.5194/egusphere-2024-1244, 2024.

Maier, N., Andersen, J. Kvist, Mouginot, J., Gimbert, F. and Gagliardini, O.: Wintertime Supraglacial Lake Drainage
Cascade Triggers Large-Scale Ice Flow Response in Greenland, Geophys. Res. Lett., 50, doi: 10.1029/2022GL102251,
2023.

Miles, K. E., Willis, 1. C., Benedek, C. L., Williamson, A. G. and Tedesco, M.: Toward Monitoring Surface and Subsurface
Lakes on the Greenland Ice Sheet Using Sentinel-1 SAR and Landsat-8 OLI Imagery, Frontiers in Earth Science, 0, 58,
doi: 10.3389/FEART.2017.00058, 2017.

Morlighem, M., Rignot, E., Mouginot, J., Seroussi, H. and Larour, E.: Deeply incised submarine glacial valleys beneath the
Greenland ice sheet, Nature Geosci, 7, 418-422, doi: 10.1038/nge02167, 2014.

18



400

405

410

415

420

425

https://doi.org/10.5194/egusphere-2024-3056
Preprint. Discussion started: 30 October 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

Morriss, B. F., Hawley, R. L., Chipman, J. W., Andrews, L. C., Catania, G. A., Hoffman, M. J., Lithi, M. P. and Neumann,
T. A.: The Cryosphere A ten-year record of supraglacial lake evolution and rapid drainage in West Greenland using an
automated processing algorithm for multispectral imagery, The Cryosphere, 7, 1869-1877, doi: 10.5194/tc-7-1869-2013,
2013.

Mouginot, J., Rignot, E., Scheuchl, B., Fenty, I., Khazendar, A., Morlighem, M., Buzzi, A. and Paden, J.: Fast retreat of
Zacharie Isstrgm, northeast Greenland, Science, 350, 1357-1361, doi: 10.1126/science.aac7111, 2015.

Neckel, N., Zeising, O., Steinhage, D., Helm, V. and Humbert, A.: Seasonal Observations at 79°N Glacier (Greenland) From
Remote Sensing and in situ Measurements, Frontiers in Earth Science, 0, 142, doi: 10.3389/FEART.2020.00142, 2020.

PROMICE and GC-Net automated weather station data in Greenland:
https://dataverse.geus.dk/dataset.xhtml?persistentld=doi:10.22008/FK2/IW73UU, last access: 29 August 2024.

Rignot, E. and Mouginot, J.: Ice flow in Greenland for the International Polar Year 2008-2009, Geophys. Res. Lett., 39, n/a-
n/a, doi: 10.1029/2012GL 051634, 2012.

Stevens, L. A., Behn, M. D., McGuire, J. J., Das, S. B., Joughin, I., Herring, T., Shean, D. E. and King, M. A.: Greenland
supraglacial lake drainages triggered by hydrologically induced basal slip, Nature, 522, 73-76, doi: 10.1038/nature14480,
2015.

Stevens, L. A., Nettles, M., Davis, J. L., Creyts, T. T., Kingslake, J., Hewitt, I. J. and Stubblefield, A.: Tidewater-glacier
response to supraglacial lake drainage, Nat Commun, 13, 6065, doi: 10.1038/s41467-022-33763-2, 2022.

Tedesco, M., Willis, I. C., Hoffman, M. J., Banwell, A. F., Alexander, P. and Arnold, N. S.: Ice dynamic response to two
modes of surface lake drainage on the Greenland ice sheet, Environ. Res. Lett., 8, 34007, doi: 10.1088/1748-
9326/8/3/034007, 2013.

Tsai, V. C. and Rice, J. R.: A model for turbulent hydraulic fracture and application to crack propagation at glacier beds, J.
Geophys. Res., 115, doi: 10.1029/2009JF001474, 2010.

Turton, J., Hochreuther, P., Reimann, N. and Blau, M.: The distribution and evolution of supraglacial lakes on the 79° N
Glacier (northeast Greenland) and interannual climatic controls, The Cryosphere Discussions, 1-24, doi: 10.5194/tc-
2021-45, 2021.

van der Veen, C. J.: Fracture propagation as means of rapidly transferring surface meltwater to the base of glaciers, Geophys.
Res. Lett., 34, doi: 10.1029/2006GL028385, 2007.

Williamson, A. G., Willis, I. C., Arnold, N. S. and Banwell, A. F.: Controls on rapid supraglacial lake drainage in West
Greenland: an Exploratory Data Analysis approach, doi: 10.1017/jog.2018.8, 2018.

19



