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« The period between drainage events
has shortened from 10 to 5 years,
coinciding with thinning of the
damming glacier since the late 1990s

«+ Within 7 days, 1.83 £0.17 km® of water
was released subglacially to a nearby
fjord, leading to speedup of the
damming glacier

« Rapid drainage caused 18.6 + 0.1 mm
of instantaneous elastic bedrock uplift
in agreement with GPS data recorded
adjacent to the lake
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Museum of Denmark, University of Copenhagen, Copenhagen, Denmark, *Department of Geodesy, DTU Space, National
Space Institute, Technical University of Denmark, Kongens Lyngby, Denmark, “Department of Earth System Science,
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Abstract ice-dammed lakes drain frequently in Greenland, but the impacts of these events differ between
sites. Here we study the quasi-cyclic behavior of the ~40 km? Lake Tininnilik in west Greenland and its
impact on ice flow and crustal deformation. Data reveal rapid drainage of 1.83 + 0.17 km? of water in less than
7 days in 2010, leading to a speedup of the damming glacier, and an instantaneous modeled elastic bedrock
uplift of 18.6 £ 0.1 mm confirmed by an independent lakeside GPS record. Since ice-dammed lakes are
common on Greenland, our results highlight the importance of including other sources of surface loading in
addition to ice mass change, when assessing glacial isostatic adjustment or elastic rebound using geodetic
data. Moreover, the results illustrates a linkage between subglacial discharge and ice surface velocity,
important for assessing ice flux, and thus mass balance, in a future warming climate.

1. Introduction

Ice-dammed lakes are abundant along the entire periphery of the Greenland Ice Sheet and by storing water
they act as a buffer between the ice sheet runoff and the surrounding ocean. The drainage rate varies con-
siderably, ranging from gradual discharge to sudden catastrophic flood events, independent of the terminal
regime of the damming glacier [Russell, 1989; Russell et al., 2011; Weidick and Citterio, 2011; Kjeldsen et al.,
2014]. These events can have implications on the fjord circulation because they push large volumes of
buoyant, subglacial freshwater to the ocean surface [Kjeldsen et al., 2014]. They can also rework the morphol-
ogy of proglacial outwash plains [Russell et al., 2011] and can cause bedrock displacements, detectable from
remote sensing data [Furuya and Wahr, 2005].

In this study we examined the changes during the period from 1997 to 2016 of Lake Tininnilik, an ~ 40 km?
ice-dammed lake in central west Greenland (Figure 1a). The lake is located about 50 km from Jakobshavn
Isbree and is dammed by the Sargardliup Sermia outlet glacier, which has remained largely stable during
the past 150 years [Weidick, 1994], with limited mass loss during the twentieth century [Kjeldsen et al.,
2015]. Fifteen historic observations reveal that during 1942-1983, Lake Tininnilik drained approximately once
every tenth year [Braithwaite and Thomsen, 1984]. This trend continued until 2003, with drainage events in
1993 and 2003 causing estimated water level changes of ~75 m and a volume reduction of ~2.3 km?
[Furuya and Wahr, 2005].

We assessed water level changes during the study period, using airborne and spaceborne altimetry data,
digital elevation models (DEMs), and optical satellite data. Aerial photographs were used to generate a
high-resolution DEM, from which we computed lake volume changes. We also assessed surface changes of
the damming ice over the same period, examined the impact on ice flow, and estimated the elastic deforma-
tion of the crust. These estimates were consistent with changes in vertical land motion measured indepen-
dently from a lakeside GPS station.

2. Data and Methods
2.1. Aerial Photographs and DEM

In August 2011 we collected 235 oblique aerial photographs from a helicopter flying at an altitude of
1-1.5 km (Figure 1). From these, we created a 0.5 m orthophoto and a 2 m high-resolution DEM
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(Figures 1b and 1c) using Agisoft
version 1.1. In order to coregister
the DEM to the WGS84 ellipsoid,
we used 11 ground control
points and measured the coordi-
nates in aerotriangulated vertical
stereo photogrammetric imagery
[Korsgaard et al., 2016]. Lake extent
was digitized on the derived
orthophoto, and the water level

(192.7 m) was obtained by continu-
ing the interpolation between
two altimetry recordings obtained
3 weeks earlier. To improve the
bathymetry, lake extent was digi-
tized on optical satellite imagery
during low water levels in 2010
and 2015, as close in time as possi-
ble to altimetry recordings. We
assessed the uncertainty of the
DEM using all available data from
NASA’s  Airborne  Topographic
Mapper (ATM) on solid bedrock
and excluded data on slopes
greater than 20° to account for
the impact of slope-induced error
- [Korsgaard et al., 2016]. After filter-
Kilometers ” ing for slope the DEM has a mean
bias of 0.5 m and standard devia-

Figure 1. (a) Overview map of Lake Tininnilik and the surrounding area, tion of 4.1 m, based on 1637 data
including the location of the GNET-GPS-receiver in red crosses, (b) ortho- points distributed across the DEM.
photo and digital elevation model (c) of the lake based on 235 oblique

photos and 11 ground-control points. Also illustrated in Figure 1c is the

lake extent digitized from optical satellite imagery close in time to alti- .
metry observations, the 1985 ice margin, and the location of a lakeside Elevation Changes, and Ice Flow
GPS receiver.

~ Flight path
AGround Control Point
A lLake-side GPS

2.2. Remote Sensing Data,

To assess lake water level and ice
surface changes between 1997
and 2016, we used ICESat GLA12
Release 34 data [Zwally et al., 2011], with a crossover standard deviation of 0.2 m [Howat et al., 2008;
Pritchard et al., 2009] and NASA’s ATM and Land, Vegetation and Ice Sensor (LVIS) flight lines [Blair and
Hofton, 2013; Krabill, 2014], both of which have an uncertainty of 0.1 m. Moreover, we obtained lake level ele-
vations from CryoSat-2, based on the ESA baseline C level 1b product, using the methodology outlined by
Jiang et al. [2017]. Observations were also extracted from AeroDEM (August 1985) [Korsgaard et al., 2016]
and ArcticDEM (April 2013 and August 2015; http://pgc.umn.edu/arcticdem) [Noh and Howat, 2015], and
we used Landsat, Sentinel-2, Advanced Spaceborne Thermal Emission and Reflection (ASTER), and
Moderate Resolution Imaging Spectroradiometer (MODIS) archive satellite imagery (http://earthexplorer.
usgs.gov), to provide a qualitative assessment of lake changes, for instance, to determine whether the lake
had drained or not.

For the water level time series, we combined all data that intersect the lake at a given time stamp and
discard obvious outliers as these reflect smaller icebergs. We used the standard deviation or the reported
uncertainty, depending on which was larger, as a measure of uncertainty of the water level. Over ice we
defined locations where the ATM, LVIS, and ICESat tracks overlap. Within a 100 m radius around these
locations, we extracted the evolution of the mean elevation (including DEMs) and used the standard
deviation as uncertainty.
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2.3. Observed and Modeled
Elastic Rebound
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We examined vertical land motion
from a lakeside GPS station
(Figure 1) that recorded data dur-
ing 190 and 109 days in 2010 and
2012, respectively. The GPS data
were processed using the GIPSY
OASIS v6.4 software package fol-
lowing the procedure outlined by
Khan et al. [2010]. The elastic

n
o
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Ice surface elevation change (m)
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Time rebound was modeled using the
standard setup of the Regional
Figure 2. (a) Water level changes of Lake Tininnilik based on different sen- ElAstic Rebound (REAR) calculator

sors and lake level changes from Furuya and Wahr [2005]. The record

shows that the time between events was decreasing from every approxi- [Melini et al, 2015]. In order to

mately tenth year to ~5 years between the last two events and, moreover, compute surface rates of displace-
that the lake level prior to the drainage events has been decreasing during ments in response to a disc load
the past events. These multidecadal changes coincided with net thinning of of uniform thickness (Green

the damming .glacie.r. (b) Ice surface eI.evation change relative to the 1?85 ice Functions for vertical displace-
surface elevation. Since then the glacier has experienced a net thinning, ts). REAR load def

though at higher locations (Loc. 2-Loc. 4) there was a slight thickening ments), uses loa €rorma-
between 1985 and 1997. tion coefficients, based on

the seismological Earth model

STW105 [Kustowski et al., 2008].
Next changes in surface loading, i.e., changes in water level, are superimposed to model the elastic rebound.
We used a disc-shaped load function with a radius of approximately 11 m, equivalent to 400 m2. The uncer-
tainty of the modeled rebound was estimated by computing the elastic uplift due to a uniform 20 cm (equal
to the combined uncertainty of two altimetry recordings) load change over the largest lake extent.

3. Results and Discussion
3.1. Water Level Changes

Figure 2a shows the water level changes between 13 May 1997 and 3 July 2016 based on a compilation of
airborne and satellite altimetric data. Satellite imagery proved important as drainage events in 2003 and
2010 were bracketed in time by these observations. Visual inspection of the imagery was used to determine
whether the lake was full at a given point in time between altimetry observations. Importantly, we found that
the maximum water level prior to drainage in 2003 was ~250 m based on comparing lake extent on satellite
imagery to the DEM. In 2010 lake level prior to drainage was 239.8 m, while before the 2015 event minimum
water level was 230.9 m (Figure 2a). For the 2010 and 2015 events comparison between lake extent and the
DEM suggested a postevent water level lower than ~175 m, leading to a lowering of >65 m. Around the lake,
several shorelines mark previous high water levels with the most pronounced being found at 260 m at the
boundary between the continuous vegetation cover above and highest previous water level, which
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suggest a previous, more extensive ice damming, perhaps during the Little Ice Age. The detailed time series
of water level changes shows that the time interval between drainage events has decreased from 10 years
prior to 2003, to 6.8 years between the 2003 and 2010 events to 5.1 years between the 2010 and 2015 events.

To estimate lake volume change during drainage events, we used the high-resolution DEM (Figure 1c). The
aerial imagery was acquired in August 2011, a little more than a year after the previous drainage event, when
the water level was rising. To improve the DEM, lower levels were added by combining satellite-derived lake
extent and altimetry observation following drainage events. For the three events the water volume drained
from the lake ranged between 1.48 + 0.16 and 2.28 + 0.17 km®. These estimates agreed well with previous
studies, for instance using historical imagery and maps (1.69 km?) [Braithwaite and Thomsen, 1984] and satel-
lite interferometry, a simplified outline of the lake, and a coarser DEM (2.3 km?) [Furuya and Wahr, 2005].

For all three recent drainage events, and the 1993 event, water exited the lake in the northeastern corner and
flowed beneath the damming glacier. Assessment of the exact timing of the three events was limited by
cloud conditions and the available imagery, in particular, for the 2003 event; thus, we focused on the 2010
and 2015 events. Combining the altimetry, GPS, and satellite observations showed that the maximum dura-
tion of the 2003 drainage event was 48 days, the 2010 event 25 days, and that of the 2015 event 20 days. The
availability of a suite of different satellite data showed that the duration estimates found here were several
orders of magnitude shorter than what was proposed by Braithwaite and Thomsen [1984], who estimated
1.0-1.5 years of drainage before the lake started to refill during 1942-1983.

A better control on the rate of lake drainage was available for the 2010 event, when GPS data showed that
drainage started on 30 June/1 July (Figure 4). Combining the DEM and Landsat imagery showed considerable
drainage on 7 July, when the lake extent was roughly equivalent to that of the 175-177 m elevation level.
After this, the lake continued to drain until at least the 16 July, though by the 25 July changes were less cer-
tain; however, already on 10 August, the lake was starting to fill again. This meant that though the duration of
the 2010 event was 25 days, 1.83 + 0.17 km® of water was emptied within only 7 days.

3.2. Ice Surface Changes Since 1985

The lake is dammed by Sargardliup Sermia outlet glacier (Figure 1). The change of ice surface elevation at four
locations was assessed relative to the 1985 ice surface (Figure 2b). The lowermost location (Loc. 1) showed
net thinning during the entire timespan, with increased rates from March 2007 onward, resulting in a net
surface lowering of ~60 m. It should be noted that no data exist between August 1985 and May 2004. The
three locations at higher elevation showed net thinning, although less pronounced relative to Loc. 1, but
interestingly, also an ~ 7 m thickening of the glacier by May 1997. This was followed by a thinning that caused
a continually steepening of the ice surface profile toward the calving front and away from the lake. For Loc. 2
the net thinning was ~27 m, while that of Loc. 3 and Loc. 4 was ~15 m and ~16 m, respectively.

The changes in ice surface elevation coincided with changes in water level height prior to drainage and
changes in the volume capacity of the lake (Figure 2). Estimates of the changes related to the 1993 drai-
nage event were of similar magnitude to the 2003 event [Furuya and Wahr, 2005], suggesting a stable
maximum lake storage capacity between at least 1993 and 2003. Continuous and increased thinning after
1997 and 2010, respectively, coupled with continually lower and decreasing lake levels prior to drainage,
combined to produce continuously smaller drained volumes. This pattern underscores the direct relation
between the thickness of the damming glacier and the maximum water storage capacity of the ice-
dammed lake (Figure 2).

3.3. Glacial Speedup and Subglacial Drainage Path

Using high-resolution time series of ice velocity (Figure 3), extracted from two streams within Sarqardliup
Sermia, we assessed the impact of lake drainage on the damming ice and inferred the subglacial drainage
path. Both series clearly showed a seasonal pattern with velocities increasing from May, reaching peak values
in June that were about 2 times higher than the general annual level. Similar seasonal patterns have been
found elsewhere using GPS [e.g., Ahlstram et al., 2013], and remote sensing [e.g., Moon et al., 2014;
Mouginot et al., 2017]. Interestingly, at Loc. 5 (Figure 3a) velocities increase considerably in September
2015, which coincided with the lake drainage event. On the contrary, the velocity remained largely
unchanged at Loc. 6 during the same time (Figure 3b). Following this drainage-induced speedup at Loc. 5,
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Before / After except along a specific stretch of
2003 — the terminus, where localized
2010—— .

2015—— retreat was observed following
Plausible each of the three events (insert on

:irai.nage path Figure 3c). This stretch was located

downstream of Loc. 5 where a
speedup was detected.

25 m contours
below sea level

Ice surface
velocity (miyr) | The fact that water exited the lake
[ R at the northeast corner (red oval

circle on Figure 3c), coupled with
the speedup recorded at Loc. 5
and the retreat of the calving front
following drainage, suggested that
the lake drained through a specific
part of the subglacial drainage
network (Figure 3c).

0 2
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Figure 3. Velocity time series from (a) Loc. 5 and (b) Loc. 6. Both locations
show a clear seasonal cycle; however, in September 2015 Loc. 5 experi-
enced a speedup that coincided with the 2015 drainage event. (c) The dif-
ference in ice velocity between Loc. 5 and Loc. 6, the localized retreat of the 3.4. Observed and Modeled
glacier terminus (insert), and that water drained from the lake through the Rapid Elastic Rebound
northeastern corner (red oval circle) led to a plausible drainage path.

To assess the impact of lake drai-

nage on bedrock motion, we
exploited data from a GPS receiver located adjacent to Lake Tininnilik (Figure 4), and using the derived lake
volume change, we estimated the corresponding elastic response of the Earth’s crust. The GPS recorded the
response of the crust to elastic and viscoelastic displacement (GIA) from present-day mass changes and from
past ice changes since the last glacial maximum, respectively.

Figure 4b shows the GPS signal after the elastic uplift and GIA were removed, based on ice mass changes
during April 2009 to April 2012 [Khan et al., 2014] and the average GIA at the GNET-GPS stations [Khan
et al., 2016], which combined yielded 15.2 + 2.4 mm/yr. This produced a time series where changes due to
fluctuations in lake level (Figure 4a) were more directly apparent.

During 2010 the GPS recorded a considerable, short-lived uplift of 23.7 £ 7.0 mm within 3 days, followed by a
continual uplift, albeit at a decreasing rate. This excursion from the general pattern coincided with the 2010
drainage event. Part of uplift may be due to a day-to-day variability, which prior to the event was up to 7 mm,
leading to a standard deviation of 2.6 mm; thus, relative to the average level obtained during the preevent
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a 2609 ¢ period, this yielded an uplift of
€ b Lake level . .
= 240: change 17.1 £ 6.9 mm in 3 days. Following
3 220 pmom the drainage event the daily and sea-
g 200: sonal variability [Bevis et al., 2012]
3 4 again begins to be more pronounced
T 1807 in the signal, a trend that was also
b 168: evident in the 2012 record.

_10: Figure 4b shows the modeled elastic
€ A response due to lake changes during
£ 209 mid-2010 to late 2012. In 2010 water
2 30- level dropped from 2398 m to

1 ~175 m, resulting in a volume

407 Obs. GPS change of 1.83 + 0.17 km> within

— Mod. elastic
T

I 1) T 1 1 1
110 1A 112 1n3 7 days, possibly even slightly more
Time - Kilometers due to continual drainage. Using
REAR, this led to a modeled elastic
Figure 4. (a) Water level changes during 2010-2012. (b) GPS record and the uplift of 18.6 £ 0.1 mm. As drainage
associated uncertainty from the lakeside receiver, corrected for elastic continued for an additional 18 days
rebound due to ice sheet mass loss and GIA, and the modeled elastic . .
. : bedrock uplift would have continued

response due to changes in lake volume. In response to the 2010 drainage . .
event, the estimated elastic bedrock uplift is 18.6 + 0.1 mm, which agreed in response to water exiting the lake,
well with the recorded 17.1 + 6.9 mm uplift in 3 days. (c) Change in surface  although 25 days after the event
loading related to drainage events generated a distinct spatial pattern of the  water was beginning to fill the lake
elastic response that illustrated localized changes.

again. The elastic response was very
localized, yielding a distinct spatial
pattern, with changes of >40 mm occurring in the center of the lake basin, while ~5-7 km from the lake edge
the elastic response was 5 mm (Figure 4c). Following the drainage event the net effect of water filling from
175 m to 185.1 m on December 2 2010, which almost covered the 2010 GPS time series, was a modeled
elastic response of —1.8 £ 0.1 mm.

During the gap period the lake fills from 185.1 m to 211.1 m, interpolated between observations, causing an
modeled elastic uplift of —6.8 £ 0.1 mm, while overlapping the 2012 GPS time series water level changed
from 211.1 m to 212.9 m, yielding a modeled elastic uplift of —0.6 £ 0.1 mm.

Unraveling the bedrock motion due to continual drainage following the event in 2010 and the negative uplift
in response to lake filling proved difficult as the response to daily and seasonal atmospheric and ice mass
variability outweighs the signal from the lake. The difference between the elastic motion due to lake filling,
causing negative uplift, and the GPS time series, corrected for average April 2009 to April 2012 ice mass loss
and GIA, suggested that during 2012 there was an additional change in surface loading in the vicinity of the
lake. A possible explanation was the speedup and increased discharge of Jakobshavn Isbrae in 2012 relative
to previous years [Enderlin et al., 2014; Muresan et al., 2016]; however, a long time series after 2012 is needed
from the GPS receiver to properly assess the impact of such changes.

4, Conclusions

Drainage of ice-dammed lakes occur frequently in Greenland; however, the manner in which they drain var-
ies greatly leading to considerably different impact on their surroundings. Here we assessed the changes of
Lake Tininnilik using different remote sensing platforms and found that following a more stable behavior
since 1942 with drainages occurring approximately every tenth year, the last two events were ~5 years apart
with a 44% decrease in storage capacity from 2.28 + 0.17 km?> to 1.48 + 0.16 km?® between at least 2003 and
2015. These changes coincided with a 6-7 m thickening of the damming glacier between 1985 and 1997,
followed by thinning of the damming glacier since 1997, leading to ~60 m net surface lowering near the
glacier front and ~15-16 m net surface lowering closer to the ice-dammed lake.

Moreover, ice velocity clearly showed a localized speedup in relation to the 2015 event, followed by lower
velocities afterward. Combining the spatial velocity pattern and glacier terminus positions suggested that
the subglacial path, through which the water drained from the lake, was very localized.
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The change in surface loading during the 2010 drainage event led to a predicted 18.6 + 0.1 mm instanta-
neous elastic bedrock uplift at the lakeside GPS site, with a distinct spatial pattern due to the spatial charac-
teristics of the lake. This estimate was in good agreement with a time series from the lakeside GPS receiver
that recorded a 17.1 £ 6.9 mm uplift in 3 days, relative to the average vertical preevent position.

These results have multiple implications: first, assessing changes in the areal extent of ice-dammed lakes dur-
ing past century will allow long-term perspectives on the interaction between the damming ice and climate.
Second, the observed and modeled elastic rebound presented here underlines the importance of consider-
ing additional sources of surface loading in addition to ice mass change, when assessing GIA and elastic
rebound from geodetic data, important not only in Greenland but also elsewhere. Third, ice velocity measure-
ments reveal a characteristic annual cycle that locally becomes modulated due to large-scale injection of
water to the base of the glacier, causing a considerable speedup, and in this case, a subsequent decrease
in velocity, important for assessing ice flux, and thus mass balance, in a future warming climate.
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