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Abstract. Glacial lake outburst floods (GLOFs) or jokulh-
laups from ice-dammed lakes are frequent in Greenland and
can influence local ice dynamics and bedrock motion, cause
geomorphological changes, and pose flooding hazards. Mul-
tidecadal time series of lake drainage dates, volumes, and
flood outlets are extremely rare. However, they are essential
for determining the scale and frequency of future GLOFs, for
identifying drainage mechanisms, and for mitigating down-
stream flood effects. In this study, we use high-resolution dig-
ital elevation models (DEMs) and orthophotos (0.1 x 0.1 m)
generated from uncrewed-aerial-vehicle (UAV) field surveys,
in combination with optical satellite imagery. This allows us
to reconstruct robust lake volume changes associated with
14 GLOFs between 2007 and 2021 at Russell Glacier, West
Greenland. As a result, this is one of the most comprehen-
sive and longest records of ice-dammed lake drainages in
Greenland to date. Importantly, we find a mean difference of
~ 10 % between our lake drainage volumes when compared
with estimates derived from a gauged hydrograph 27 km
downstream. Due to thinning of the local ice dam, the po-
tential maximum drainage volume in 2021 is ~ 60 % smaller
than that estimated to have drained in 2007. Our time series
also reveals variations in the drainage dates ranging from late
May to mid-September and drainage volumes ranging be-
tween 0.9 and 37.7 Mm?>. We attribute these fluctuations be-
tween short periods of relatively high and low drainage vol-
umes to a weakening of the ice dam and an incomplete seal-
ing of the englacial tunnel following the large GLOFs. This
syphoning drainage mechanism is triggered by a reduction

in englacial meltwater, likely driven by late-season drainage
and sudden air temperature reductions, as well as annual vari-
ations in the glacial drainage system. Furthermore, we pro-
vide geomorphological evidence of an additional drainage
route first observed following the 2021 GLOF, with a sub-
glacial or englacial flow pathway, as well as supraglacial wa-
ter flow across the ice margin. It seems probable that the new
drainage route will become dominant in the future. This will
drive changes in the downstream geomorphology and raise
the risk of flooding-related hazards as the existing buffering
outlet lakes will be bypassed.

1 Introduction

Ice-dammed lakes can form either in supraglacial, subglacial,
or ice-marginal positions (Tweed and Russell, 1999). Glob-
ally, proglacial lakes (including ice-marginal lakes) contain
up to 0.43 mm of sea level equivalent (Shugar et al., 2020),
and recent studies show that ice-marginal lakes in Green-
land have increased in both number and size (Carrivick and
Quincey, 2014; Shugar et al., 2020). Currently, there are
more than 3300 ice-marginal lakes in Greenland. These are
predominately found around peripheral mountain glaciers
and ice caps (PGICs) as well as along the southwest Green-
land ice sheet (GrIS) margin (Carrivick et al., 2022; How et
al., 2021). The outflow of ice-dammed lakes can vary sub-
stantially from a gradual near-steady discharge to sudden
outburst floods called jokulhlaups or glacial lake outburst
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floods (GLOFs) (Tweed and Russell, 1999). Several mech-
anisms have been proposed for the rapid drainage of ice-
dammed lakes, and due to changes in lake inputs and topo-
graphic settings, drainages at the same lake may occur in re-
sponse to different trigger mechanisms (Tweed and Russell,
1999). Sudden drainage of water from ice-dammed lakes in
Greenland can have implications for fjord circulation (Kjeld-
sen et al., 2014), affect local ice dynamics (e.g. Kjeldsen et
al., 2017; Sugiyama et al., 2007), cause bedrock displace-
ments (Furuya and Wahr, 2005; Kjeldsen et al., 2017), alter
downstream geomorphology (Russell et al., 2011), and have
severe societal impacts (Carrivick and Tweed, 2016).

Carrivick and Tweed (2019) review the status of knowl-
edge on GLOFs and ice-dammed lake drainages in Green-
land and show that continuous multidecadal observations of
transient lake water levels (i.e. pre- and post-drainage), lake
drainage dates, and released flood volumes are extremely
rare. Nevertheless, such time series are important for reveal-
ing spatio-temporal patterns in lake drainage and the timing
and magnitude of flood events. Furthermore, long-term data
improve our understanding of drainage triggers and mecha-
nisms, provide important context for the scale and frequency
of current and future GLOFs, and aid in the mitigation of
downstream effects. The primary aim of this paper is to
(re)calculate and analyse the lake water level and drainage
volume of 14 historical GLOFs observed from 2007 to 2021.
Secondly, we investigate geomorphological changes support-
ing a shift in the proglacial GLOF drainage route observed
following the recent GLOF on 22 August 2021.

2 Study site

One of the most intensively monitored and widely studied
ice-dammed lakes in Greenland is located on the northern
flank of Russell Glacier in West Greenland (Fig. 1) (Car-
rivick et al., 2017; Lamsters et al., 2020; Mikkelsen et al.,
2013; Russell, 1989, 2007; Russell et al., 2011), and so it
is a key site for understanding GLOF behaviour. The lake is
~ 0.7 km? and drains through a ~ 600 to 1000 m glacial tun-
nel in the southwestern part of the lake transporting water and
sediment into two outlet lakes and further afield into the Wat-
son River (Carrivick et al., 2013, 2018; Mernild and Hasholt,
2009; Russell, 1989, 2007; Russell et al., 2011). Based on
aerial photographs, sedimentary data, and refill rates, the lake
drained every 2 to 3 years from the 1950s until 1987, where it
entered a 20-year stagnant period of stable water levels (Car-
rivick et al., 2018; Russell et al., 2011). On 31 August 2007,
a new GLOF occurred (Russell et al., 2011) and the lake en-
tered a new cycle of almost annual drainage events, with the
last documented event happening in 2015 (Carrivick et al.,
2017). Previous lake drainage events have been estimated
using a variety of methods such as downstream gauged hy-
drographs, pressure transducers within the lake, time-lapse
cameras, and differential GPS (dGPS) techniques to monitor
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water surface elevation (Carrivick et al., 2017; Mernild and
Hasholt, 2009; Mikkelsen et al., 2013; Russell et al., 2011).

3 Methods and data

Fieldwork at Russell Glacier was carried out between 3 and
6 September 2021, 2 weeks after a GLOF on 22 August 2021.
Two uncrewed-aerial-vehicle (UAV) missions were under-
taken to produce DEMs and orthophotos of the drained lake
basin topography as well as the flood drainage route (Fig. 1).
As the lake did not fully drain, we were unable to survey
the entire lake topography; however, a standing water level
of 408.8 m was surveyed in the lake, which is almost iden-
tical to the minimum lake levels observed after other previ-
ous GLOF events (Russell et al., 2011). Russell et al. (2011)
produced a DEM of the lake basin bathymetry from interpo-
lation of kinematic dGPS tracks surveyed in February 2008,
finding a minimum elevation of 410 m. In this study, our UAV
surveys enabled a highly accurate and high-resolution DEM
without surface interpolation. From this DEM, we are able
to precisely estimate the pre- and post-GLOF water level, the
lake area, and the likely drainage volume of both historical
and future events. All elevations are reported as height above
the WGS84 ellipsoid, unless otherwise stated.

3.1 Aerial surveys

The UAV flights were conducted on two different dates using
two different UAVs, due to the battery capacity and weather
conditions (Table 1, Fig. 1):

Both UAVs have direct georeferencing capabilities pro-
vided by an onboard GNSS receiver (Table 1), which records
the positional data of each image as it is captured. To achieve
centimetre-level accuracy in both the vertical and horizon-
tal direction of the camera positions, we kinematically post-
processed the positional data from the UAV GNSS receivers.
Compared to real-time-kinematic (RTK) correction, post-
processed-kinematic (PPK) positioning is considered more
accurate and does not depend on a reliable real-time connec-
tion to a GNSS base station (Chudley et al., 2019). The UAV
GNSS data were post-processed using WingtraHub (v. 2.2.0)
and KlauPPK (v. 7.17) software relative to the fixed Green-
land GPS Network (GNET) base station, located in Kanger-
lussuaq (KLSQ) approximately 30 km from the field site (Be-
vis et al., 2012). The processed camera position for both UAV
surveys had a vertical and horizontal accuracy of ~0.09 and
0.06 m, respectively (Table 1).

For the purpose of validating the accuracy of the produced
DEMs, we placed a combined total of 33, 0.3 x 0.3 m black
and white, ground control points (GCPs) and measured their
position using an Emlid Reach RS2 GNSS receiver (Table 1).
We post-processed the log files from the Emlid rover using
Emlid Studio (v. 1.3) software and the KLSQ base station
data. Due to poor satellite reception and cycle slips, we were
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Figure 1. (a) Study site location in Greenland. (b) Close-up of the study site with location of the gauging station and the PROMICE
(Programme for Monitoring of the Greenland Ice Sheet) weather station. (¢) UAV mission area I and II with location of GCPs overlaid on
a four-band Planet Team (2017) acquisition from 23 August 2021. The yellow triangles illustrate the only two reliable fix solution GCPs.
Due to image gaps at the western part of the lake, the produced UAV DEM is filled with elevation data from two ArcticDEMs acquired on

19 September 2014 and 2 August 2015.

Table 1. Overview of the two UAV missions.

UAV Flight date ~ UAV type Flight mode  Images captured Covered area Camera position Resolution Number of RMSE camera
mission (kmz) accuracy (m) (m) GCPs* location (m)
Vertical ~ Horizontal ‘ DEM  Orthophoto X Y z
MissionI ~ 03-09-2021  Fixed-wing, WingtraOne Automatic 1106, nadir 4.3 0.06 0.09 0.1 0.04 20(0) 0.01 0.01 0.02
with multi-frequency (60 % overlap)
L1/L2 GNSS receiver
Mission II  06-09-2021  Quadcopter, DJI Phantom 4 ~ Manual 563, oblique and 2.39 0.06 0.09 0.1 0.1 13(2) 028 032 0.14
Pro with KlauPPK 7700C nadir
GNSS receiver

* Parentheses indicate the number of GCPs with a fix GNSS solution.
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only able to retrieve reliable fix solution position results for
0/20 and 2/13 GCPs in Mission I and Mission II, respec-
tively (Table 1, Fig. 1).

3.2 Development and validation of DEMs and
orthophotos

The UAV images were processed using a structure-from-
motion (SfM) workflow in Agisoft Metashape Pro (v. 1.7.4).
We follow the general processing workflow described in the
official Agisoft guidelines (Agisoft LLC, 2020). The camera
calibration was set as “precalibrated”, and the calibration pa-
rameters were set according to the calibration report of the
camera used. Instead of GCPs, we used the post-processed,
geolocated camera positions to georeference the point cloud.
During the bundle adjustment, we performed a refined cam-
era calibration, which is recommended when other variables
are well constrained (Chudley et al., 2019). DEMs and or-
thomosaics for Mission I were then exported at resolutions
of 0.1 and 0.04 m, respectively, while for Mission II both
were exported at a resolution of 0.1 m (Table 1). The RMSE
of the X, Y, and Z camera location, as reported in Agisoft
Metashape after model generation, is 0.01, 0.01, and 0.02 m
for Mission I and 0.28, 0.32, and 0.14 m for Mission II (Ta-
ble 1). The large RMSE values of Mission II likely origi-
nate from strong wind conditions at the time of surveying,
which may have caused the UAV to tilt or move slightly dur-
ing image acquisition. In combination with the manual flight
mode, this may have resulted in decreased image quality and
a poor image overlap in specific regions, such as at the west-
ern part of the lake (Fig. 1). Furthermore, the majority of
the acquired images were captured from an oblique view-
ing angle, which makes them computationally challenging
to process compared to nadir images, due to geometric and
photometric deformations caused by varying perspective and
illumination conditions (Jiang et al., 2020).

Previous studies, using a similar setup and approach
(Chudley et al., 2019; Jouvet et al., 2019) reported horizontal
and vertical uncertainties in the range of 0.1-0.4 m, without
the use of GCPs. By measuring the horizontal and vertical
displacement between the two fix solution GCPs and their
observed location in the Mission II orthomosaic and DEM,
we estimated the accuracy to be 0.14 and 0.35 m, respec-
tively. Due to a lack of reliable GCPs, we applied an addi-
tional method for determining the uncertainty. Inspired by
similar studies (Chudley et al., 2019; Jouvet et al., 2019),
we estimated the uncertainty by calculating the relative off-
set between the Mission I and Mission II DEM over stable
bedrock, assuming no change in the topography. We applied
the Python module PyBob (McNabb, 2019) based on the
co-registration method developed by Nuth and Kéib (2011),
which determines the X, Y, and Z offset from elevation dif-
ference residuals as well as the terrain’s aspect and slope.
The co-registration was based on >8 million pixels extracted
from two areas of overlapping bedrock located on both the
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western and eastern part of lake. Using the Mission I DEM
as the reference, we found a relative offset of X = —0.43 m,
Y =0.11m, and Z = 0.53 m and adopted this as our main
measure of uncertainty. By applying this offset to the Mis-
sion II DEM, we were able to reduce the mean elevation dif-
ference and RMSE over stable bedrock from 0.39 to 0.00 m
and 0.42 to 0.17 m, respectively. Following co-registration,
we combined the Mission I and Mission II DEM into a mo-
saic.

Due to image gaps at the western part of the lake, we
were not able to produce a complete UAV-derived DEM of
the drained lake topography. Thus, the missing regions were
filled with elevation data from two ArcticDEM strips ac-
quired on 19 September 2014 and 2 August 2015, respec-
tively (Fig. 1). The ArcticDEM strips have a resolution of
2 x2m and are based on photogrammetric processing of
Worldview stereo-image pairs (Noh and Howat, 2015). At
the time of acquisition, both ArcticDEMs had a standing wa-
ter level of approximately 407 m. We predominately utilized
the 2015 DEM as it was produced using images acquired
only 5d after the 2015 drainage event; however, it also con-
tained several data gaps. Consequently, we filled these using
the 2014 DEM, which was produced using images acquired
47d after the 2014 drainage event. Prior to mosaicking, all
DEMs were resampled to 0.1 m resolution and co-registered
over solid bedrock using the Python module PyBob (McN-
abb, 2019).

Using the co-registered DEM mosaic, as well as the Mis-
sion II orthomosaic, we digitized lake area and extracted ele-
vation points every 5 m along the digitized eastern lake mar-
gin to estimate a water level of 408.8 m & 0.35 on 6 Septem-
ber 2021. Finally, all elevation data within the lake area were
changed to 408.8 m to avoid erroneous elevation estimates on
the water surface. From herein the final mosaicked and lake-
burned DEM will be referred to as the 2021 post-drainage
DEM. We validated the estimated water level by comparing
it to 33 ICESat2 data points from 19 September 2021 mea-
sured at the ice-free lake interior (Fig. 1). The ICESat2 points
have a mean water level of 408.70 m and a SD of 0.02 m.

3.3 Estimation of water level, lake area, and drainage
volume

To estimate the lake water level at different temporal intervals
we used satellite images from PlanetScope, Landsat 7 and 8,
and Sentinel-2. The satellite images were manually georef-
erenced to the high-resolution UAV orthophotos to adjust for
small offsets. Inspired by the approach of previous studies
(e.g. Carrivick and Tweed, 2019) the pre- and post-drainage
water level was determined by manually placing 30 points
along the ~ 600 m waterline on the eastern part of the lake
as observed on the satellite images. The points were placed
with an approximate spacing of 20 m; however, this varied
depending on the visibility of the waterline as well as to avoid
areas with apparent morphological changes. The eastern part

https://doi.org/10.5194/tc-17-1373-2023
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was chosen as it only contains high-resolution (0.1 x 0.1 m)
UAV-derived elevation pixels, as well as having a flat slope
compared to the steep terrain in the west (Fig. Al). For each
of the 30 points, we extracted the elevation from the 2021
post-drainage DEM and calculated the mean water level as
well as the standard deviation indicating the uncertainty of
the elevation estimate (Table 2). The mean water level was
used to estimate the lake outline and area by masking out pix-
els above the mean water level as well as removing depres-
sions not linked to the existing lake area. Using the estimated
lake area and the 2021 post-drainage DEM, we calculated the
pre- and post-drainage water volumes using Eq. (1):

n
Zizl(,uwl — Pelev;) X Puwidth; X Pheight; » )]

where n denotes all pixels within the lake area, uy, denotes
the mean water level, Pejey; denotes the elevation of the pixel,
and Pyigih; and Pheigh, denote the pixel resolution, which is
0.1 x 0.1 m. The total lake area change and water volume re-
lease of every GLOF was determined by extracting the pre-
and post-drainage estimates (Table 2). As area and volume
estimates were calculated relative to 6 September 2021 when
images for the 2021 post-drainage DEM were acquired, they
are sensitive to changes in the position of the ice margin.
From 2007 to 2011 we observed a gradual advance of the
margin, while from 2011 onwards it remained relatively sta-
ble, with only slight changes in frontal position observed
(Fig. A2). To accommodate for the influence of the observed
frontal advances from 2007 to 2011, we recalculated the lake
area and volume changes of those years. For each year, we
manually adjusted the lake area to match with the position of
the ice margin, as observed in the respective satellite image.
Finally, we recalculated the volume change of the adjusted
lake area based on the estimated pre- and post-drainage level.

All drainage estimates from 2017-2021 are based on
PlanetScope satellite images, whereas estimates of previous
events are based on mainly panchromatic images from Land-
sat 7 and 8 with a resolution of 15 m as well as RGB images
from Sentinel-2 with a resolution of 10 m (Table 2). In con-
trast to the relatively coarse (10 and 16 d) temporal coverage
of the Landsat and Sentinel images, Planet images have a
much finer spatial resolution of 3 m and a temporal resolu-
tion of approximately 1d (Planet Team, 2017). This enables
the detection of short-term changes in water level, albeit dur-
ing clear-sky conditions.

3.4 Drainage routes

Based on the Mission | DEM we determined the main surface
drainage routes for the 2021 GLOF event from the glacial
drainage outlet (i) to the outlet lakes and (ii) across the ice
margin. The drainages routes were calculated as the paths
of least resistance from the source (drainage outlet) to the
locations (i) and (ii), assuming that water is flowing to the
neighbouring pixel with the lowest elevation. The calcula-
tions were based on a 2 x 2 m resampled version of the DEM
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to limit local elevation maxima from small surface features
such as rocks and ice blocks that could potentially influence
water flow. Finally, we generated points every 2 m along both
of the estimated drainage routes and extracted the underlying
elevations to determine the maximum elevation of each route.

3.5 Hydrograph volume estimation

We estimated the drainage volume from a gauging station
deployed in Watson River at Kangerlussuaq, 27 km down-
stream of the lake (van As et al., 2017). Here, pressure trans-
ducers record changes in water pressure, which subsequently
is corrected for atmospheric pressure before being converted
into hourly averages in water level. Water discharge was then
obtained using a rating curve, based on discharge measure-
ments at various water levels (van As et al., 2017), and is as-
sociated with a conservative uncertainty value of 15 %. Due
to diurnal fluctuation in discharge, we estimated the daily
minima and maxima on the day of the drainage event by fit-
ting a linear trend through the equivalent low and high stage
values on the day before and after. This allowed estimates
of the baseflow and thus estimates of the volume associated
with lake drainage to be made.

3.6 Temperature data

Air temperature data were obtained from the KAN_L au-
tomatic weather station, part of the PROMICE automated
weather station (AWS) network, which is located on the ice
sheet at 670 ma.s.l,, 18.5km from the study site. We use
hourly average data that are based on measurements recorded
every 10 min (Fausto et al., 2021; GEUS Dataverse, 2022).
For each of the analysed periods, the air temperature data
contained no missing values.

4 Results
4.1 Drainage volumes

Figure 2 illustrates how lake volume and area change with
variations in water level, as calculated based on the 2021
post-drainage DEM. The lake has a theoretical maximum
water level of 433 m, after which water overspills the ice
dam, hereby indicating the elevation of the damming glacier.
The 2021 theoretical water level maximum produces a lake
surface area of 0.79km? and a maximum drainage volume
of 14.3 Mm?3, which is a 63 % decrease compared to the ac-
tual estimated drainage volume of the 2007 GLOF (Table 2).
Moreover, we compared the theoretical maximum water level
to the estimated 2007 pre-drainage water level of 453.1 m and
found an ice dam lowering of at least 20.1 m. We were able to
determine a theoretical maximum water level of 450 m from
the 2015 ArcticDEM, which was 17 m higher than the 2021
level. Based on the present configuration of the lake and ice

The Cryosphere, 17, 1373-1387, 2023
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Figure 2. Lake area (km2) and lake volume (Mm3) with changing
water level (m), calculated for every second metre, based on the
2021 post-drainage DEM. The lake has a maximum water level of
433 m, after which it overspills the damming glacier. The sharp in-
crease in lake area from ~ 420 to 422 m is due to a plateau at the
northeastern part of the lake (Fig. Al).

margin, the lake is not able to reach the 2007 maximum level
as it would drain through the glacial conduit at a lower level.

4.2 Drainage cycles

Since the lake entered its new drainage cycle in 2007, we
have observed annually reoccurring events, with the excep-
tion of 2009. The 2007 GLOF had the largest observed
drainage volume, with a value of 37.73 + 1.08 Mm? recorded
(Table 2 and Fig. 3), yet a year later in 2008 the volume re-
lease was 4 times lower, at 9.4+ 1.46 Mm?>. In contrast, in
2010 the drainage volume once again returned to a higher
level, with 26.08 & 2.54 Mm? recorded. Over the following
3 years (2011 to 2013) the drainage volume remained rela-
tively stable at between 7 and 9 Mm3, before decreasing to
~4Mm? in 2014 and 2015, after which a 3-fold increase to
12.5 Mm? was observed in 2016. In both 2017 and 2020, we
reconstructed small, partial drainage events of just 2.7 and
0.9 Mm?, respectively (Table 2 and Fig. 3). These two events
occurred earlier in the melt season in comparison to previous
drainage events, with the 2020 event occurring by 31 May. In
the years following the occurrence of these partial drainage,
i.e. in 2018 and 2021, the observed GLOFs occurred rela-
tively late in the melt season, with volumes of 8.5 and 9 Mm?3
recorded, respectively (Table 2 and Fig. 3). In general, the
lake seems to fluctuate between short periods of relatively
high and low drainage volumes, with the low-volume GLOFs
occurring earlier in the melt season. However, the later occur-
rence of these drainage events is not always equivalent to a
larger drainage volume, as evidenced in 2018 and 2019.

4.3 Geomorphology of the drainage area

Figure 4a and b illustrate the two main routes of drainage for
the GLOF event to exit the drainage outlet. Drainage route I
channels the water into an ephemeral river channel and into
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Figure 3. Pre-drainage water level, drainage volume, and drainage
day of year (DOY) for 14 GLOFs spanning 2007 to 2021. Pre-
drainage water levels (blue circles) are estimated using the 2021
post-drainage DEM. Drainage volumes are estimated using both
the 2021 post-drainage DEM (red triangles) and downstream hy-
drograph observations (green squares). The grey bars indicate the
day of year (DOY) of the drainage and refer to the leftmost yaxis.
No hydrograph data for the 2018 event.

two outlet lakes connected to the downstream river network.
In contrast, in drainage route II the water flows across the
ice margin and into an ice-marginal meltwater drainage sys-
tem before reaching the river network, thus bypassing the two
outlet lakes. There is a 0.4 m elevation difference between the
drainage threshold of drainage route I (390.2 m) and drainage
route I (390.6 m) (Fig. 4b).

The high resolution of the orthomosaic and DEM pro-
duced through UAV Mission I has enabled us to observe
a number of important geomorphologic features across the
drainage region which are not visible in the 3 m resolution
Planet imagery. For example, large blocks of ice up to Sm
in length are observed scattered across both drainage route I
and II (Fig. 4c and d). On the western part of the ice margin
we observe a ~ 100 m x 100 m area where the ice surface is
fractured and broken (Fig. 4f). The ice margin also contains
0.5 to 3 m wide, parallel fractures (Fig. 4g and h) that run up
to several hundred metres in an interrupted, circular pattern
(Fig. 4b) as well as five roughly circular and nearly vertical
holes with a diameter of ~ 10 m (Fig. 4e). Finally, observa-
tions of the ice margin and drainage outlet position in both
2015 and 2021 indicate a retreat of 30 and 60 m in this pe-
riod, respectively (Fig. 4b).
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Figure 4. (a) Overview of drainage route I and II overlaid on a hillshade of the ArcticDEM from 2 August 2015. Box indicates the region
illustrated in panel (b). (b) Hillshade of the post-drainage terrain, produced from the Mission I DEM, highlighting where the water exits
the glacial drainage outlet. The drainage thresholds indicate the highest elevation points along the drainage routes. The 2015 and 2021 ice
margins are digitized based on the ArcticDEM and Mission I DEM, respectively. (¢, d) Ice blocks deposited along the two drainage routes,
up to 5Sm in length. (e) Roughly circular and nearly vertical holes, ~ 10 m in diameter, with a total of five such features observed at the ice
margin. (f) Fractured ice due to supraglacial water flow. (g, h) Parallel fractures, reaching several hundred metres in length.

5 Discussion
5.1 Drainage volume estimates

For all GLOFs except 2014, the DEM- and hydrograph-
based methods produce volume estimates that are within
each other’s margins of error (Table 2, Fig. 3) with a total
mean difference of 10 %. This indicates that the two meth-
ods used to obtain drainage volumes can serve as indepen-
dent validation for one another. For the 2014 GLOF the hy-
drograph estimate is 2 times larger than the DEM-derived

The Cryosphere, 17, 1373-1387, 2023

volume. This could partly be because the cloud-free Land-
sat 8 image captured closest to the drainage date on 3 Au-
gust was acquired 13 d prior to the GLOF, on 21 July. Using
the max 2010-inflow rate of 1.3 m3 s™! (Russell et al., 2011),
the lake volume would increase by approximately 1.5 Mm?3,
which is still 3.2Mm?> lower than the hydrograph estimate.
However, based on a comparison between the 2010 and 2014
July temperature at KAN_L, the actual inflow rate is likely
smaller, leaving the discrepancy between the two estimates
even larger. It has been suggested that GLOFs can trigger ad-
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ditional release of meltwater from englacial storages or due
to frictional melting (Huss et al., 2007; Mernild and Hasholt,
2009). This would show as larger hydrograph estimates and
could explain the 2014 volume difference. However, as all
remaining GLOFs present no evidence of additional water
release, it is considered unlikely. Moreover, we find no ev-
idence that any of the other proglacial lakes in the system
have undergone a change in their area, which would indi-
cate changes in water storage, and therefore the 2014 event
remains unquantified. We observe no notable presence of
ice on the lake surface during any of the 14 GLOFs. This
is important as ice may limit the lake’s water storage ca-
pacity and influence the drainage timing and volume (Jen-
son et al., 2022). In years with an early drainage date and a
low drainage volume (2014, 2015, 2017, 2020), we checked
for additional late-season drainage events by manually going
through satellite images starting from the observed drainage
date to the end of the melt season.

When the lake drains below the 2021 post-drainage DEM
reference elevation of 408.8m (2007, 2008, 2011-2015,
2018, 2020, 2021), we underestimate the volume release, as
we cannot measure the precise post-drainage water level. As
annual differences in the post-drainage area are minimal (Ta-
ble 2), the changes in volume are also expected to be lim-
ited. Additionally, the total lake area during these instances
is at its minimum. Russell et al. (2011) reported the post-
drainage water level of the 2007 event to be 404.5 m, which
is 3.34 m lower than our 2021 reference minimum. Assuming
that the entire 2007 post-drain area (Table 2) is lowered by
an additional 3.34 m, it would give an extra volume release
of 1.59 Mm?, corresponding to a 4 % increase from 37.73 to
39.32 Mm?. Russell et al. (2011) estimated the volume of the
2007 event to be 39.1 Mm?>. Mernild and Hasholt (2009) and
Mikkelsen et al. (2013) find much lower drainage volumes
for the 2007 GLOF of 25.5 and 11.3 Mm?, respectively (Ta-
ble 2). However, these estimates are based on obsolete stage-
discharge relations (van As et al., 2017). A similar pattern of
matching and conflicting volume estimates is identified for
other previous GLOFs (i.e, 2008, 2010, 2012, 2014, and 2015
in Table 2), both in existing studies as well as when compared
to the reconstructed volumes presented in this study. This
highlights the challenges related to reconstructing drainage
volumes and stresses the need for consistent methodological
estimates to allow for better comparisons of annual variations
to be made.

5.2 Drainage trigger mechanisms and controls

With the documentation of seven new GLOFs and the re-
calculation of seven known GLOFs, we are now able to re-
evaluate the proposed drainage-triggering mechanisms. Pre-
vious studies have suggested several different mechanisms
that control GLOFs at Russell Glacier, such as flotation of
the ice dam (Carrivick et al., 2017), fluctuation in subglacial
meltwater (Russell and de Jong, 1988; Russell, 1989), in-
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complete resealing of the subglacial conduit (Russell et al.,
2011), and subglacial drainage through an incised bedrock-
walled Nye channel (Russell et al., 2011). Recent data from
ground-penetrating radar surveys, however, revealed no evi-
dence of a Nye channel incised into the bedrock but instead
found evidence of at least one englacial tunnel running par-
allel to the ice margin (Lamsters et al., 2020).

Had the lake been draining due to floatation of the ice dam,
we would expect to see a gradual decrease in the release vol-
ume and pre-drainage water level as less water is required to
float the thinning ice dam. We do observe a lower drainage
volume compared to the 2007 and 2010 maximum, but the
lake is still able to drain at both similar and higher water lev-
els than observed in 2008 (Fig. 3, Table 2). The two largest
GLOFs (i.e. 2007 and 2010) both occurred following a year
of no drainage, and they indicate that in order for the lake to
reach such a high-water level an additional (or multiple) melt
season is required. However, due to thinning of the damming
glacier the lake is unable to reach its previous peak drainage
water level and volume that was observed in 2007 and 2010.
As a result, and based on its current configuration, the lake
can only reach a maximum water level of 433 m, at which
point it overspills the ice dam.

Russell (1989) suggested the internal drainage network of
Russell Glacier and a possible reduction in (sub)glacial melt-
water as the main trigger for the 1984 and 1987 GLOFs. This
closely aligns with the majority of the observed GLOFs oc-
curring late in the melt season when subglacial and englacial
water pressure is lower. However, the partial drainage events
of 2014, 2015, 2017, and 2020 occur earlier in the melt sea-
son, indicating a different drainage mechanism or an addi-
tional means by which to lower the water pressure. The wa-
ter pressure can also be lowered as a consequence of a sud-
den reduction in meltwater production (Tweed and Russell,
1999; Russell et al., 2011). Russell et al. (2011) suggested a
link to an observed drop in air temperature prior to the 2007
and 2008 GLOFs. For 7 of the 12 GLOFs that occurred be-
tween 2010-2021 (2010-2011 and 2015-2019), we observe
a similar drop in mean air temperature (MAT) when compar-
ing the MAT of the 10d prior to the GLOF with the MAT
of the month prior (Fig. 5). The difference ranges from —1.1
to —4.5°C, with the largest drop observed in 2019. For the
five remaining GLOFs, the mean temperature changes are ei-
ther very moderate (—0.2 to —0.5°C) or increasing (0.3 to
1.1°C). However, when comparing the 10d MAT to the 5d
MAT prior to the drainage in both 2012 and 2013, we ob-
serve a 1.7 and 3 °C drop, respectively (Fig. 5). A drop in
temperature could influence the triggering of the GLOFs as
the subglacial and englacial water pressure falls in response
to the reduced ablation. This permits the lake water to escape
via hydraulic connection to the englacial conduit. The sy-
phoning mechanism may be triggered by a reduction in melt,
but as the timing and triggering threshold of the GLOF is
linked to the water pressure dynamics of the englacial hydro-
logical system, it also reflects annual variations in the glacial

The Cryosphere, 17, 1373-1387, 2023
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to drainage. The red circle denotes the start of the GLOF, and for the 2018 event the circle is larger due to uncertainty about the timing. All

plots share the same y axis range.

drainage system (Tweed and Russell, 1999; Russell et al.,
2011). As syphoning requires the draining lake to already be
connected to the glacial drainage network (Tweed and Rus-
sell, 1999), a different mechanism must have triggered the
2007 GLOF and caused it to produce the englacial tunnel,
which likely still acts as the main drainage passage for the
following annually reoccurring events.

The fluctuation between short periods of relatively high
and low drainage volumes (Fig. 3, Table 2) suggests other
factors may influence the triggering threshold. The partial
0.9 Mm? GLOF in 2020 drained just 0.3 m 0.5 m above the

The Cryosphere, 17, 1373-1387, 2023

post-drainage water level of the 11 Mm? 2019 GLOF. This
suggests that the ice dam did not seal during the 2019-2020
winter, allowing the lake to drain earlier at the beginning of
the ablation season in late May. We hypothesize that the large
GLOFs potentially weaken the ice dam, leading to an incom-
plete sealing of the englacial tunnel. This allows the follow-
ing event(s) to occur at much lower water level. A similar
theory is suggested by Russell et al. (2011) as an explanation
for the differences between the 2007 and 2008 events. After
a number of such small events, the drainage system likely
undergoes a change in configuration, resulting in the closure
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of the drainage outlet and allowing for the reoccurrence of a
larger GLOF the following year.

5.3 Evidence of changing drainage route

Previous observations of the lake drainage system (e.g. Car-
rivick et al., 2018; Mernild and Hasholt, 2009; Russell, 1989)
coincide with the estimated location of drainage route 1. In
this study, the scattered ice blocks and fractured ice surface
observed in Fig. 4c, d, and f indicate a considerable flow of
surface water along drainage route I, as well as the new route
IT during the 2021 GLOF. The roughly circular and nearly
vertical holes, exemplified in Fig. 4e, are likely created by
the collapse of the ice surface above an empty englacial or
subglacial cavity. They may also be a result of pressurized
englacial or subglacial water flow being forced upwards and
breaching the ice surface, causing a localized collapse. There
are multiple potential explanations for the parallel fractures
observed on the ice margin (Fig. 4g and h), such as a prop-
agation of basal crevasses towards the surface, stretching of
the ice surface from increased basal sliding, and a temporary
uplift and/or (subsequent) falling of the ice surface. In combi-
nation with the additional observed surface features, we con-
sider the latter hypothesis the most plausible; however, all
explanations can be linked to a subglacial or englacial flow
of drainage water.

From 3 m resolution Planet satellite images (Planet Team,
2017) captured immediately before and after the 2021 GLOF,
we also observe geomorphological changes along the ice-
marginal meltwater drainage system which channels the
GLOF drainage water from drainage route II into the down-
stream river network. As a results of this observation, we
reanalysed previous drainage events. The reanalysis showed
no evidence of geomorphic change along the ice-marginal
meltwater drainage system after the 2020 and 2019 events.
However, we did observe standing water on the ice margin
and changes in the ice colour (black to white) after the 2019
drainage, indicating water flow on the ice surface.

On the basis of these observations, we hypothesize that the
new drainage pattern is predominantly caused by the thin-
ning and retreat of the ice margin in the vicinity of the out-
let, allowing floodwater to more easily run over and into the
ice margin. The 0.4 m elevation difference between drainage
route I and II (Fig. 4b) suggests that route I is still the primary
path. However, as the ice margin gradually thins, drainage
route II will likely become the dominant path taken. This
shift is very profound, because it bypasses the two outlet
lakes (Fig. 1) that currently act as a buffer and slow the down-
stream flow of water. Thus, this shift will affect downstream
geomorphology and potentially cause hazards to local infras-
tructure. Therefore, we strongly suggest that a comprehen-
sive investigation of the potential downstream consequences
of GLOFs along the new route is undertaken.
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6 Conclusion

This study presents one of the longest and continuous known
records of GLOF drainage estimates in Greenland. We
(re)analyse 14 GLOFs spanning 2007 to 2021 to provide a
new evaluation and a greater understanding of the drainage
patterns and trigger mechanisms. Our time series reveal an-
nual GLOFs, with the exception of 2009, and considerable
variations in both the date of drainage, ranging from 31 May
to 15 September, and the overall volume, ranging from 0.9 to
37.7Mm?>. We compare our estimates of lake drained volume
produced through DEM analyses with flood volumes calcu-
lated from a downstream hydrograph. We find that the two
methods produce comparable results, with a mean volume
difference of 10 %. That difference is excluding the 2014
GLOF where the hydrograph estimate is double the DEM-
derived volume, which cannot be resolved with the avail-
able data. In general, we find that our reconstructed time
series demonstrates the need for consistent methodological
estimates when studying year-to-year variations. We illus-
trate that the 2021 theoretical maximum drainage volume is
14.3 Mm?, which is 63 % lower than the 37.7 Mm? estimated
for the 2007 GLOF. This decrease can likely be explained by
the observed thinning of the ice dam.

We hypothesize that when the ice-dammed lake episodi-
cally drains, it does so through an englacial tunnel created
by the 2007 GLOF. In contrast, the ensuing annual drainages
are likely caused by a syphoning drainage mechanism within
the pre-existing englacial conduit. This syphoning is likely
triggered by a reduction in meltwater, driven by late-season
drainage and sudden reductions in mean air temperature, as
well as annual variations in the configuration of the drainage
system of the damming glacier. The observed fluctuations be-
tween short periods of relatively high and low drainage vol-
umes suggest that the large GLOFs potentially weaken the
ice dam, causing it not to seal during winter and thus allow-
ing the following event(s) to drain at a lower water level.

This study also reports geomorphological evidence from
UAV and satellite data that reveals an altering of the
proglacial drainage route with a new subglacial or englacial
flow pathway, as well as the supraglacial flow of drainage wa-
ter across the ice margin. We suggest that the new drainage
route has developed as a result of thinning and retreat of
the ice margin and that further thinning will cause the new
drainage route to eventually become dominant. As the new
route bypasses the two buffering outlet lakes, the delivery of
drainage water to the downstream system will be faster and
less attenuated, with significant consequences for the sur-
rounding geomorphology and the potential risk of flooding
hazards.
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Appendix A
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Figure A1. Contour map with 5 m intervals based on the 2021 post-drainage DEM. Background is a four-band Planet Team (2017) acquisition
from 23 August 2021.
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Figure A2. Position of ice margin digitized from satellite images. Background is a four-band Planet Team (2017) acquisition from 23 Au-

gust 2021.
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