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Abstract

Dan Zhur (Donjek) Glacier is a surge-type glacier that undergoes cyclical periods of rapid advance over ~1-2 years, followed
by retreat for ~10years. Since the 1990s, the advances have caused the formation of ice-dammed Dan Zhur Lake, which has
filled and drained in summers following a surge event. Here, we report how these drainages initially occur through a subglacial
channel under the glacier terminus, which then typically closes the following winter, enabling another lake to form and drain
the next summer. However, our remote sensing and field observations indicate that after several drainage events, a subaerial
ice canyon is formed through the glacier terminus, which prevents another lake from forming until after the glacier surges
again. We predict that the next surge of Dan Zhur Glacier will occur around the mid-2020s, causing the formation of a larger
Dan Zhur Lake during the following quiescent phase because, despite periodic advances, a long-term trend of glacier recession
is exposing a larger basin for the lake to form in. However, each subsequent surge is causing less terminus advance than the
previous one, until ultimately the surges will be insufficient to dam Dan Zhur Cht’ (Donjek River), and lakes will cease to form.

Key words: glacier surge, glacier lake outburst flood, ice-dammed lake, ice hazard

1. Introduction

Glacier-dammed lakes form when a glacier or moraine
blocks the flow of water. Glacial lake outburst floods (GLOFs)
can occur when the dam fails, leading to the sudden re-
lease of water and flash flooding (Clague and O’Connor
2015). These lakes can occur anywhere glaciers are present,
and these floods are one of the most common glacier haz-
ards (Hock et al. 2019). A recent global assessment of haz-
ards posed by GLOFs indicates that the number and area
of glacial lakes has grown rapidly since 1990 (Taylor et al.
2023), with these trends expected to continue in the com-
ing decades to century as glaciers recede in a warming cli-
mate (Harrison et al. 2018; Hock et al. 2019). In Alaska and
NW Canada, Rick et al. (2022) report that the total area of
ice marginal lakes grew by 59% (483 km?) between 1984-1988
and 2016-2019, although there was a marked difference be-
tween a reduction in area of ice-dammed lakes (—40%) and
increase in area of moraine-dammed lakes (+87%) over this
period.

There are many trigger mechanisms that cause a glacier
or moraine dam to fail, some of which can cause sudden
drainage events. Overspilling occurs when the water level ex-
ceeds the height of the dam and is more common for cold-
based glaciers that are frozen to the bed (Maag 1972), or
when a rockslide, avalanche, or ice fall hits the lake (Somos-
Valenzuela et al. 2016). Flotation of a glacier dam can occur
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when the lake water column reaches a height of ~90% of the
adjacent ice thickness (Knight and Russell 1993; Bjérnsson
2009). Dam flotation can be a cyclical event, with water drain-
ing during flotation and then becoming dammed again once
the lake reaches a lower level (Iturrizaga 2011). Subaerial
breach-widening occurs when there is a sudden rupture or
detachment of the glacier or moraine dam (Walder and Costa
1996). Volcanic and seismic activity can also trigger a GLOF,
which is common in locations such as Iceland (Bjérnsson
1992; J6hannesson 2002).

A common process that can lead to the formation of a
glacier-dammed lake is when an advancing glacier enters a
river valley. Given that nearly all glaciers globally are retreat-
ing (Zemp et al. 2015), surging is one of the few mechanisms
by which glaciers currently advance. Southwest Yukon and
Alaska are home to numerous surge-type glaciers (Sevestre
and Benn 2015), many of which intersect river valleys at an-
gles conducive to damming. Several ice-dammed lakes have
been previously formed, and subsequently drained, at the ter-
mini of surge-type glaciers in Yukon. For example, Natuddy
(Lowell) Glacier repeatedly blocked the Alsek River during
surges prior to the late 1800s (Clague and Rampton 1982),
creating an ice-dammed lake up to 200m deep, altering
salmon migration routes, and resulting in death and destruc-
tion in downstream communities when the ice dam broke
(Cruikshank 2001). Repeated surges of Steele Glacier created
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Hazard Lake, which has rapidly drained subglacially several
times in the past decades (Clarke 1982).

At Dan Zhur (Donjek) Glacier, ice-dammed lakes have been
formed and drained numerous times during at least the last
thousand years (Perchanok 1980). Kochtitzky et al. (2019) re-
ported that Dan Zhur Glacier has surged eight times since
the 1930s, with recent surges resulting in the full or partial
damming of Dan Zhur Chit’ (Donjek River), the formation of
an ice marginal lake, and most lakes draining through an
outburst flood (Kochtitzky et al. 2020). However, little is cur-
rently known about the processes that control the outburst
floods at Dan Zhur Glacier, whether they are changing over
time, and whether they have resulted in significant risk or
disturbance to downstream areas. Examining these issues is
relevant not only for Dan Zhur Glacier, but also for other
glaciers in the region that either currently have temporally
varying glacial lakes or may form them in the future. Here,
we document the patterns and mechanisms of the drainage
of ice-dammed Dan Zhur Lake, with a focus on the most re-
cent drainage event in 2019 when we have field observations
to complement the satellite remote sensing record to exam-
ine how the lake drains and the implications of this event for
downstream regions.

2. Study area

Dan Zhur Glacier (61°12’40N, 139°30'50"W) flows from
the eastern side of the St. Elias Mountains, southwest Yukon,
Canada (Fig. 1). The glacier is 65 km long and covered an area
of 448 km? in 2010, with the terminus at ~1000 m above sea
level (a.s.l) and the accumulation area extending to >3000 m
a.s.l. (Kochtitzky et al. 2020). Dan Zhur Glacier has surged
approximately every 12 years since at least the 1930s, with
eight documented surge events in ~1935, ~1947, late 1950s,
~1969, 1977-79, 1988-1990, 2000-2002, and 2012-2014 (Abe
et al. 2016; Kochtitzky et al. 2019). Since the Little Ice Age,
Dan Zhur Glacier has retreated by an average of ~2.5km,
with each surge typically reaching a lesser extent than the
one before it (Kochtitzky et al. 2019; Fig. 1).

Dan Zhur Chu’ valley has received significant attention in
recent decades as the location of potential flooding risk be-
cause Dan Zhur Glacier enters the main valley approximately
perpendicularly. This orientation creates a mechanism for
damming the river and creating an ice marginal lake (or
lakes) during or after a surge, which can drain catastrophi-
cally when the glacier retreats. We refer to such lakes as Dan
Zhur Lake, with Kochtitzky et al. (2020) finding that their area
has been increasing since 2001, and that their drainage is
occurring sooner after surge termination than those before.
This recent increase in lake size has occurred because the
retreating glacier has left behind a basin of increasing size
between the terminus and a Neoglacial terminal moraine in
which ice-dammed lakes are able to form.

As we describe in detail in the following sections, Dan Zhur
Lake has drained either partially or fully at least seven times
since the 1990s, many of which have caused an outburst flood
(Kochtitzky et al. 2020). Surges of Dan Zhur Glacier between
the 1930s and 1980s were more extensive, but there is lit-
tle evidence that large ice marginal lakes occurred during

this time due to the lack of a basin for them to form in
(Kochtitzky et al. 2020). However, geomorphological evidence
suggests that ice-dammed lakes have been present at the ter-
minus of Dan Zhur Glacier as early as 1270, with numerous
drainage events over the centuries (Perchanok 1980). The oc-
currence of historical flood events is supported by modelling
by Clarke and Mathews (1981), which suggests that a large
blockage of the river during past centuries could create a lake
with a volume of 0.234 km?, with a potential maximum peak
discharge rate of 5968 m®s~! during drainage. While such a
large event is unlikely to occur given the recent retreat of Dan
Zhur Glacier (Kochtitzky et al. 2019), future surge events can
still create ice-dammed lakes.

Past drainage events have impacted the people inhabit-
ing the region, with Chief Albert Isaac describing an inci-
dent downstream of Dan Zhur Glacier that occurred dur-
ing his lifetime where one man was killed by an “explo-
sion of ice” while crossing the river (Cruikshank 2005). The
area surrounding Dan Zhur Glacier is sparsely populated,
but the Alaska Highway crosses the Dan Zhur Cht’ ~50 km
downstream and is well traveled year-round by residents and
tourists as it is the only road in the region linking many com-
munities.

3. Materials and methods

We used field, airborne, and satellite remote sensing obser-
vations to determine the causes, patterns, and mechanisms
of the drainage of Dan Zhur Lake over the last three surge
cycles since 1988, with a particular focus on events since the
termination of the most recent surge in 2014. We use these
data to examine temporal changes in glacier and lake extent
and volume, and their connection to glacier surging, along
with the causes and routing of past lake drainage events and
how they are changing in a warming climate.

3.1. Satellite imagery

For the three surge-quiescent periods since 1988, we ac-
quired satellite scenes from Landsat 5, 7, and 8 (15-30m
resolution), ASTER (15m), Sentinel-2A (10 m), and Planet (3-
5m). The imagery was preferentially acquired during snow-
free months (May-September) and during periods of lake for-
mation and drainage. The Planet images were sourced from
https:/[planet.com under their Education and Research Pro-
gram (Planet Team 2017), while all others were sourced from
the United States Geological Survey Earth Explorer (https://ea
rthexplorer.usgs.gov). The terminus position at its maximum
surge extent in 1988-1990, 2000-2002, and 2012-2014, and
subsequent minimum quiescent extent were mapped in QGIS
using Landsat 5, Landsat 7, and Planet imagery (Fig. 1). Planet
satellites were the main source for imagery since 2014 due to
their higher spatial and temporal resolution than Landsat.

We mapped all of the lake drainage routes using Planet
and Landsat imagery for the past three surge-quiescent cy-
cles since 1988 by comparing scenes as close in time as pos-
sible, typically within days before and after each drainage
event (e.g., Figs. 2 and 3). For most lake drainage events, the
routing of the river was clear in after-drainage images, either
through, under, or around the glacier terminus. A second in-
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Fig. 1. Inset: location of Dan Zhur Glacier, southwest Yukon, Canada. Main panel: surge extent (solid lines) and quiescent
extent (dashed lines) over the last three surge cycles, and locations of the pressure sensor, timelapse (TL) camera, and ablation
pole. Base image: 6 July 2019 (Planet). Projection: WGS84, UTM zone 7N (EPSG: 32607).
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dication of drainage location was the gathering of icebergs in
one part of the lake prior to drainage, due to currents draw-
ing them to that spot.

The extent of Dan Zhur Lake on 7 July 2017, 18 August 2018,
and 6 July 2019, derived from Planet images acquired shortly
before drainage each year, was manually outlined in QGIS3.4.
Lake area was then calculated in QGIS, based on the number
of digital elevation model (DEM) pixels within each lake out-
line (see next section for DEM details). We assume that the
lakebed remained stable between these dates due to limited
time for erosional processes.

3.2. Airborne measurements

Before and after the most recent drainage event of Dan
Zhur Lake in summer 2019, we undertook aerial photogram-
metry surveys across the glacier to create orthomosaics and
DEMs. We surveyed lakebed and downstream areas on 30
June 2019 (437 photos, prior to lake drainage) and 6 Septem-
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ber 2019 (533 photos, after lake drainage). These surveys used
a Nikon D850 45-megapixel camera with a 24 mm lens, which
captured nadir photographs every 3s. We took the pho-
tographs through a port in the underside of a Helio Courier
aircraft operated from Silver City Airfield, 60 km southeast of
Dan Zhur Glacier. Global navigation satellite system (GNSS)
observations were recorded at 10 Hz with a Trimble R7 dual
frequency global positioning system receiver and an Antcom
antenna (model 42GNSSA-XT-1). The positions of the pho-
tographs were recorded by using an electrical impulse trig-
gered by the camera flash mount to place a marker in the
GNSS record.

We processed the GNSS data collected during each sur-
vey with the Precise Point Positioning service of Natural
Resources Canada (https://[webapp.geod.nrcan.gc.ca/geod/too
Is-outils/ppp.php), which enables reconstruction of the posi-
tion of the GNSS antenna to an accuracy of up to a decimeter
or less from precise orbital information that is released ap-
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Fig. 2. (a) Maximum lake extent at Dan Zhur Glacier during each quiescent period (25 September 1997, 27 June 2008, and 6
July 2019), and location of subaerial ice canyons that formed after each lake drainage event. Base image: 30 June 2019 (Planet).
White box indicates extent of (b), (c), and (d), showing the ice canyon on (b) 28 September 1998 (Landsat 5), (c) 15 August 2008
(Landsat 5), and (d) 26 July 2019 (Planet). Projection: WGS84, UTM zone 7N (EPSG: 32607).

778 _/. ~

Max lake 1997 2008 2019
extent I
Canyon % 2008 2019 |+ =

7 I3 _ iw

proximately 12 days after data acquisition. We then used a
custom Python script (available at https://github.com/willkoc
htitzky/photostodem), which uses a linear interpolation be-
tween known locations, to find the position of the photo-
graph relative to a given event marker in the GNSS record.

The photographs captured during the aerial photo sur-
veys were loaded into Agisoft Metashape Professional version
1.6.3, together with their location determined from the GNSS
observations. After inspection, any unnecessary images were
deleted, such as photographs where the aircraft was turning
and photographs from locations outside the area of interest.
We then processed the remaining photographs and their po-
sitions to produce a sparse point cloud, which is a 3D rep-
resentation of the tie-point data, involving feature detection
and matching procedures (Agisoft 2020). We then exported
DEMs with a resolution of 2 m, and orthomosaics with a reso-
lution of 0.5 m. We co-registered the DEMs by minimizing ver-
tical displacement over stable ground using a Python script
from Shean et al. (2016).

The lake volume was calculated in ArcMap 10.6.1 using the
2019 DEMs and lake area derived from satellite images and
air photos taken in 2017, 2018, and 2019. The lake level in
each year was set to 1090 m a.s.l., as this is the elevation of
a river that flows through a bedrock outlet at the northeast
end of the lake (“slow drainage route” in Fig. 3a), which limits
the maximum elevation that the lake can reach. This lake sur-

face elevation was compared to the 6 September 2019 DEM
of the lakebed, which was cropped to the extent of the lake
before it drained in each respective year. Once these steps
were complete, the resulting datasets included both a lake
surface elevation value and a lakebed DEM for the respective
year. With these values, we calculated the lake volume for
2017, 2018, and 2019 in ArcMap using the surface volume
tool.

3.3. Field measurements

We installed an Onset HOBO U20-001-01 water level pres-
sure logger near the edge of Dan Zhur Lake on 12 July 2019,
which captured the drainage event that summer (Fig. 1). The
logger was placed on the lake bed in a water depth of approx-
imately 8 m, although due to safety constraints and not al-
ready having a map of lake bathymetry, this was not the deep-
est part of the lake, which reached >50 m in places. Absolute
pressure measurements were taken every 30 min and con-
verted to water head assuming water density of 1000 kgm™3,
with the logger having a typical error of +0.05cm for wa-
ter level. The pressure logger data were used to determine a
rate of water depth change by subtracting each value from
the value recorded 30 min previously. The pressure logger
was settled on a ledge above the bottom of the lake, so cap-
tured the onset of the 2019 drainage until it was exposed
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Fig. 3. (a, b, and ) Extent and drainage routes of Dan Zhur Lake before and after the 2017 drainage event, and (d, e, and f)
2018 drainage event. Solid white outlines indicate full lake extent for that year, thick white arrows show inlet and outlet of
subglacial channel, and dashed white outlines indicate intense crevassing above subglacial channel. Slow drainage route refers
to river outflow over bedrock, which occurs at an elevation of 1090 m a.s.l. when lake is full. Black box indicates extent of (c)
and (f). Base images from Planet: (a) 7 August 2017; (b and ¢) 1 October 2017; (d) 18 August 2018; and (e and f) 30 August 2018.

Projection: WGS84, UTM zone 7N (EPSG: 32607).
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around 12:00 local time (Pacific Standard Time (PST)) on 13
July 2019. Using the water depth change during this time,
along with the September 2019 DEM, we calculated the lake
drainage rate and volume change while the transducer was
submerged.

We also captured the 2019 drainage event using a SpyPoint
solar trail camera, which was installed on 12 July 2019 on a
small tripod securely mounted on bedrock, and recorded im-
ages hourly. The camera overlooked the lake and terminus of
Dan Zhur Glacier (Figs. 1 and 4), including the location where
the lake drained.

An ablation pole was drilled into the ice on the lower termi-
nus of Dan Zhur Glacier on 12 July 2019 (Fig. 1). Ablation rates
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were determined from the melting out of stripes marked on
the pole every 5 cm with coloured tape, as recorded in hourly
photos from a SpyPoint solar trail camera pointed at the pole.

3.4. Flotation calculations

We determined which areas of the glacier terminus were
likely to float at the maximum lake depth in 2019 based on
the difference in density between ice (917 kg m~3; Shumskiy
1960) and water (1000 kg m~3), with flotation assumed to oc-
cur when lake depth exceeds 0.917 times the ice thickness.
We used the 2019 DEMs to extract elevation values for the
glacier surface, lake surface (June 2019 DEM), and empty
lakebed (September 2019 DEM). We then calculated ice thick-
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Fig. 4. Images from the timelapse camera (see viewshed in
Fig. 1) showing before, during, and after 2019 lake drainage:
(@) July 12, 15:30; (b) July 13, 23:30; and (c) July 15, 17:30. All
times are in local Pacific Standard Time (PST) (GMT-8). For
scale, it is approximately 1 km from the camera to the edge
of the glacier.

a) 07/12/2019, 15:30

b) 07/13/2019, 23:30

ness by subtracting the ice elevation at the top of the calving
face with the lakebed elevation at the bottom of the calving
face. We also calculated the water level by subtracting the
lakebed elevation from the lake surface elevation along the
calving face. Some uncertainty in the flotation calculation oc-
curs due to use of the density value for pure ice, given that
density can vary depending on factors such as crevassing and

the mass of debris within the ice. However, its effect is likely
minor given the large changes in lake depth that occurred.

4. Results

4.1. Drainage events since 1988-1990 surge

After the 1988-1990 surge event, several small lakes
formed at the glacier terminus between 1991 and 1993, each
less than 0.1km? in area. A larger lake began to develop in
a basin at the southeast side of the terminus in 1994, which
gradually expanded to reach 0.65 km? by 1996 (Kochtitzky et
al. 2020). Subsequently, a new lake formed to the north of
the terminus, and then drained into the lake that was already
present, creating an even larger southern lake with an area
of ~0.9km? in August 1997 (Fig. 2). In fall 1997, a portion
of this lake drained, reducing its area to 0.32 km?. In spring
1998, the remainder of the lake drained through a subglacial
channel, which eventually collapsed to form a subaerial ice
canyon through the entire thickness of the glacier terminus
(Fig. 2b), preventing the lake from forming again until after
the next surge event.

4.2. Drainage events since 2000-2002 surge

The next surge started in winter 2000 and ended in fall
2002, resulting in the formation of several small lakes at the
terminus as the advancing glacier began to block Dan Zhur
Chu. By September 2002, another lake began to form, which
grew to an area of 0.68 km? (Kochtitzky et al. 2020). The lakes
grew to reach about 1.17 km? in summer 2003, and then per-
sisted through 2004 and 2005, with some small fluctuations
in size. By 23 June 2006, there was a northern lake and a
southern lake that together totalled 1.12 km? in area, but by
the end of that month it appears they drained subglacially
through the glacier terminus, close to where the ice canyon
formed during the 1998 drainage. This channel closed during
the following winter of 2006 and 2007, and both the south-
ern and northern lakes began to reform. The northern lake
drained before the end of summer 2007, but the southern
lake persisted until summer 2008 (Fig. 2), when a subaerial
ice canyon was formed through the terminus (Fig. 2c), which
prevented any further lakes from forming until after the next
surge.

4.3. Drainage events since 2012-2014 surge
After the 2012-2014 surge event, the largest lake in at
least the past century formed. In 2017, the lake drained sub-
glacially but left a small lake behind (Figs. 3a and 3b). The sub-
glacial drainage channel caused a depression in the overlying
ice, leading to cracking and crevassing on the surface (Fig. 3c¢).
The subglacial channel closed that winter, causing the lake to
reform, and in August 2018, the lake drained again, through
the same subglacial channel as used during the 2017 drainage
event (Figs. 3d and 3e). The August 2018 drainage resulted in
the roof of the now larger subglacial channel to further sub-
side. This subsidence made it more pronounced on the glacier
surface, and was accompanied by a larger area of surface
crevassing that followed the route of the subglacial channel
(Fig. 3f). Dah Zhur Chu’ then flowed through this subglacial
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channel during the remainder of 2018, as it had done in late
2017, until the channel closed again that winter.

4.3.1. 2019 drainage event

The timelapse camera and pressure transducer provide a
detailed timeline of lake levels during the 2019 lake drainage
event (Figs. 4 and 5). These instruments show that drainage
started at 17:30 PST on 12 July 2019 and continued until about
noon on 15 July 2019.

The pressure logger recorded an initial lake level change
rate of less than —0.10 mh~! from 17:30 PST until 23:30 PST
on 12 July, after which the lake began to drain faster (Fig. 5a).
The lowering rate continued to accelerate until ~09:30 PST
on 13 July when there was a reduction in the rate of change
until 11:00. Lake drainage then accelerated rapidly to reach
a peak lake level change of —1.76 mh~! at 12:00, equating
to a drainage rate of almost 200m?s~! (Fig. 5b). Soon there-
after the sensor was exposed to the atmosphere, but the lake
continued to drain as the transducer was not at the bottom
of the lake. The timelapse camera shows that the lake was
completely drained by 12:00 PST on 15 July 2019.

The location of the 2019 drainage differed from that in
2017 and 2018. Although the prominent subglacial chan-
nel where the previous two drainage events occurred is vis-
ible in the satellite imagery (Fig. 6), the water did not drain
through the same route in 2019. Instead, a new channel de-
veloped under the ice at the north end of the lake, very close
to the boundary between the glacier terminus and adjacent
bedrock. The channel first developed subglacially, with the
roof eventually collapsing to form a subaerial ice canyon,
which extended through the entire thickness of the glacier
terminus. This new channel cut through the terminus to con-
nect with the downstream portion of the old drainage chan-
nel (Fig. 6b).

Satellite imagery and the timelapse camera show that on
16 July 2019, the roof of the new channel was still present. On
18 July, some subsidence and collapse of the roof occurred
near the channel entrance (Figs. 7a and 7b), as indicated by
expanding crevasses on either side. The canyon continued to
grow over the following days (Figs. 7c, 7d, and 7e), until the
roof completely collapsed on 23 July (Fig. 7f).

To better understand the mechanisms that could cause
drainage, we calculated the likelihood of flotation at the ter-
minus of Dan Zhur Glacier when the lake was at its maximum
levelin July 2019, just prior to the drainage (Fig. 6b). Two areas
at the glacier terminus are most likely to float: the northwest
corner of the lake, where the 2019 canyon formed, and to the
east of the 2017 and 2018 drainage outlet. At the northwest
site the ice cliff was ~68 m high, while the mean lake depth
at that location was ~56 m. At the eastern site the ice cliff was
~40 m high, while the mean water depth was ~32m.

4.4. Lake area and volume changes

Lake area and volume, calculated using our September
2019 DEM and satellite imagery from 7 July 2017, 18 August
2018, and 6 July 2019 (when the lake was close to its annual
maximum extent), both increased in size each year between
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2017 and 2019, with the greatest increase between 2018 and
2019 (Fig. 8). Between 2017 and 2018, the lake area grew from
1.49 to 1.90 km? and reached its maximum extent of 2.45 km?
in 2019. During the same period, the lake volume increased
from 0.0361 km? in 2017 to 0.0493 km? in 2018, and reached
a maximum of 0.0603 km? in 2019.

5. Discussion

5.1. Mechanism of Dan Zhur Lake drainage

events

Satellite imagery indicates several similarities in the
drainage mechanisms that occurred during each quiescent
period, with all drainage events first occurring subglacially
through a channel under the terminus of the glacier. During
the first two or three drainage events of each quiescent pe-
riod the roof of the subglacial channel remained intact, but
in the final drainage of each period the roof collapsed to form
a canyon through the entire glacier thickness, thus prevent-
ing future lake formation until the next surge and associated
advance of the glacier (Fig. 2).

During a surge, there is sufficient deformation of the ice
to close the ice canyon and any previous subglacial channels
over a matter of months. For example, the maximum veloc-
ity of the terminus of Dan Zhur Glacier during the 2012-2014
surge was 1150 myear—! (Kochtitzky et al. 2019), so final ice
canyon widths of ~100-400 m over the previous three qui-
escent phases would have taken approximately 1-4 months
to completely close once the next surge began. The ability of
Dan Zhur Glacier to advance and close these channels dur-
ing future surges will dictate whether future lakes are able
to form at the terminus.

Subglacial channels within a single quiescent period did
not always occur in the same location, as exemplified by the
difference in location of the channels in 2017/2018 versus
2019 (Fig. 6b). However, the location of the final drainage
channel in each quiescent period, which becomes subaerial,
has been in a nearly identical location for each of the past
three periods (Fig. 2). The location of this final drainage chan-
nel is near where the glacier pushes up against a bedrock cliff,
and in 2019 was one of the locations where ice surface eleva-
tions were lowest (elevation data are unavailable for earlier
periods).

5.2. 2017-2019 drainage events

Only the lower portion of the subglacial channel from the
2017 and 2018 drainage events was reoccupied during the
2019 drainage (Fig. 6b). The 2019 lake was the largest ob-
served since at least the 1930s, measuring 2.45km? on 6
July 2019 (Kochtitzky et al. 2020). The 2019 drainage chan-
nel formed further north than the 2017/2018 channel, close
to the northern margin of the glacier. The location of the
2019 channel occurred in one of the thinnest and lowest el-
evation areas along the terminus, making it the first region
to approach flotation when the lake was at maximum depth
(Fig. 6a). The 2019 channel also occupied the most direct path
from the lake to the lower elevation areas downstream of the
glacier terminus.
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Fig. 5. (a) Pressure transducer record showing water depth and hourly rate of change at the start of the drainage of Dah Zhur
Lake, 13 July 2019. (b) Volume and drainage rate of Dan Zhur Lake, computed from the pressure transducer record and the
empty lake DEM from September 2019. All times are local PST (GMT-8).
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Based on the rapid drainage of the entire lake shortly after
reaching maximum depth, and potentially flotation, we can
make some inferences about the processes that must have
occurred at the glacier bed. In a stable situation, it might be
expected that the glacier terminus would stop floating as the
water level drops in the adjacent lake, resulting in the shut-
ting down of the subglacial outflow (Liestpl 1956; Bjérnsson
2010). However, the continued drainage of Dan Zhur Lake
during each event indicates that channel volume growth oc-
curred faster than ice deformation could close it, due to fric-
tional heating from drainage of the lake water, providing an
efficient conduit for continued water discharge (Nye 1976;
Clarke 1982).

The highest lake level is controlled by the elevation of the
northeast bedrock outlet at ~1090 m a.s.l. (Fig. 3a). This out-
let does not, however, limit the maximum area of the lake
because as the glacier retreats, it exposes a larger, and poten-
tially deeper, lake basin. This increase in available basin size
explains why Dan Zhur Lake has been getting larger toward
the present day (Figs. 1 and 8).

The full lake drainage took ~66.5h between the evening
of 12 July and mid-day on 15 July. Based on our calculations
from the pressure transducer and the September 2019 DEM,
the lake drainage rate increased to 84 m®s~! ~10h after the
main drainage began (i.e., around 09.30 on 13 July; Fig. 5b).
The drainage rate then dropped to 50m?>s~! over a period of
1.5 h, before rapidly increasing to a maximum of 187 m?s~!
until the pressure transducer was exposed. Over this period,

0.0016 km? (16 000 000 m?) of lake volume was drained down-
stream (Fig. 5b). The reduction in drainage rate during this
period may be linked to growth of the subglacial channel
and (or) change in the efficiency of the subglacial flow as
the lake level dropped back to below ice flotation level. We
are unable to calculate the temporal change in drainage rate
once the pressure transducer was exposed, but based on a re-
maining drainage time of 47.5h and remaining lake volume
of 0.0589 km?, the average drainage rate for the rest of lake
emptying was ~345m?>s~1.

5.3. Implications of flooding downstream

One of the main concerns about GLOFs around the world
is downstream hazards as water drains rapidly from the lake
(Haeberli and Whiteman 2015; Hock et al. 2019). Modelling
undertaken by Clarke and Mathews (1981) suggested that a
large lake caused by a full blockage of Dani Zhur valley could
lead to significant damage to downstream infrastructure if
it were to rapidly drain, but a full blockage of the valley is
very unlikely to occur today due to the overall retreat of the
glacier since the 1930s (Kochtitzky et al. 2019). In the case of
recent drainages of Dan Zhur Lake, the main potential risks
are to recreational users of the area and the Alaska Highway
bridge that crosses Dan Zhur Chu’ about 50 km downstream
of the terminus.

The area on the eastern bank downstream of Dan Zhur
Glacier is frequented by hikers and pack rafters, with an av-
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Fig. 6. Drainage routes at the terminus of Dan Zhur Glacier before (a) and after (b) 2019 drainage event in Planet imagery. (a)
30 June 2019, white outline indicates full lake extent, colours show flotation potential, red is most likely to float (>1), blue is
least likely (<1). (b) July 26, 2019, white outline indicates full lake extent from (a), arrows show location of ice canyons where
lake drained in 2017 and 2018 (black), and 2019 (white). Projection: WGS84, UTM zone 7N (EPSG: 32607).
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erage of 72 visitors per year between 2017 and 2021 (pers.
comm., Carmen Wong, Parks Canada, 2023). The Dan Zhur
hiking route includes a section ~15km long, which passes
near the glacier, and for a section ~6 km long from the bot-
tom of Hoge Creek to the glacier terminus, there is a risk
of flooding during a rapid drainage of Dafn Zhur Lake. While
there is no defined trail, Parks Canada recommends hiking
in the valley bottom, alongside the river, if possible. On 15
July 2019, just a day after the lake had finished draining, a
hiker reported large volumes of wet mud deposited in trees
between Hoge Creek and the terminus of the glacier, with
some small streams of water running through the vegetation

Arctic Science 00: 1-13 (2023) | dx.doi.org/10.1139/as-2023-0001

(CBC 2019). This mud was likely deposited by flooding due to
the lake drainage and demonstrates the potential hazard to
recreational users if they hike or camp near the river during
an outburst flood.

The Alaska Highway Bridge, ~50 km downstream of Dan
Zhur Glacier, was most recently replaced in 2007 and is about
270 m long and intended to last 75years (Whitehorse Daily
Star 2007). While this is the only known permanent infras-
tructure in the path of outburst floods from Dan Zhur Glacier,
this area also includes traditional hunting grounds of mem-
bers of Kluane First Nation, who sometimes erect seasonal
infrastructure. The bridge is part of the primary access route
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Fig. 7. Timelapse camera photos of the development of the ice canyon at the terminus after the 2019 drainage event. Red box

indicates canyon location. All times are local PST (GMT-8).

(a) 07/18/2019, 09:05

between the US and Yukon, and sees a lot of local, tourist, and
commercial travel, especially during the summer months
when outburst floods occur. However, previous floods have
not caused any known damage to the bridge, and no hydro-
graphic stations exist nearby to monitor how the water levels
changed here during past outburst floods.

5.4. Future evolution of GLOFs at Dan Zhur

Glacier
Before the next surge of Dan Zhur Glacier, which can be
expected to begin in the mid-2020s if past surge cycle trends
continue, there is little to no risk of a GLOF as it is highly un-
likely that the lake will form due to the size of the ice canyon
created in 2019 (Fig. 2d), and which continues to exist today

10

b) 07/18/2019, 16:46

(summer 2022). After the next surge, and potentially for the
next few decades, an ice-dammed lake is likely to form again
as the advancing glacier terminus blocks Dan Zhur Chw’, as
it has done during the previous three surge events. During
this next quiescent phase, it is possible that larger lakes will
occur than in 2017, 2018, and 2019, due to the increasing size
of the basin at the terminus of the glacier as the ice continues
to recede.

In the long term, it is likely that the risk of GLOFs at Dan
Zhur Glacier will ultimately disappear as the glacier contin-
ues to recede, as every surge event reaches a less advanced
extent than the previous one. Eventually, one of these surges
will not extend far enough into the valley to dam Dan Zhur
Chw’, and no ice-dammed lake will form. This long-term re-
duction in ice extent is similar to what occurred at Natudiy

Arctic Science 00: 1-13 (2023) | dx.doi.org/10.1139/as-2023-0001
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Fig. 8. Dan Zhur lake extent (dashed lines) and terminus positions (solid lines) for 2017, 2018, and 2019. Base image: 30 June

2019 (Planet). Projection: WGS84, UTM zone 7N (EPSG: 32607).
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Glacier, which dammed the Alsek River multiple times dur-
ing the 19th century and before (Clague and Rampton 1982),
but has not blocked it over at least the past century as each
recent surge of Natudiy has been less extensive than the pre-
vious (Bevington and Copland 2014). It is not possible to pro-
vide a precise prediction for when surges of Dan Zhur Glacier
will no longer block Dan Zhur Chu’, but it will likely be at
least several decades from now. Future work to better map
the bedrock elevation beneath the glacier terminus would
help illuminate if and how Dan Zhur Glacier could dam the
river in the future.

6. Conclusions

Surges of Dan Zhur Glacier result in the blockage of
Dan Zhur Cht’ and the associated formation of a large ice-
dammed lake. We document that the growth of channels
through the ice after the past three surge events played a
key role in drainage of the lake. We also show that the
first drainage event after a surge does not occupy the same
channel as the final drainage event of each quiescent phase,

Arctic Science 00: 1-13 (2023) | dx.doi.org/10.1139/as-2023-0001

demonstrating evolution of the drainage mechanisms influ-
enced by ice terminus thickness and relative lake depth as
the glacier retreats. The last lake to form after each surge cy-
cle resulted in an ice canyon that first forms subglacially and
is then exposed subaerially, which prevents lake formation
until the next surge advance. The 2019 drainage event was
the largest on record, with air photo derived DEMs indicat-
ing a total lake volume of 0.0603 km?. This lake took ~66.5 h
to fully drain, with a mean discharge rate of ~345m?s~! for
the final 47.5 h.

In the short term (after the next surge cycle, and poten-
tially up to a few decades from now), it is possible that the
ice-dammed lake, and associated floods, will be larger due
to the increasingly large basin created by glacier recession.
However, in the longer term, lake formation is likely to cease
altogether due to the changing geometry of the glacier termi-
nus, as each surge is causing a smaller advance of the glacier
than the previous one, resulting in a reduced ability to block
Dan Zhur Chur’. Because the draining and filling of this lake is
semi-predictable, future research in this area could enhance
our understanding of ice-dammed lake and subglacial pro-
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cesses, which are important in keeping communities around
the world safe from GLOFs.

The floods caused by drainage events from Dan Zhur Lake
are a potential risk to people and infrastructure downstream.
The area close to the glacier is frequented by hikers and pack
rafters who could be on or nearby Dan Zhur Chuo’ at the time
of a drainage event. During the next surge and subsequent
quiescent phase, it would be beneficial to monitor the size of
the ice-dammed lake and thickness of the glacier terminus to
help predict the drainage event. Regular monitoring of satel-
lite imagery and associated glacier velocity mapping should
also occur to enable detection of the next surge of Dan Zhur
Glacier. Having this information would diminish the risk to
recreational users in downstream areas of Dan Zhur Chu’.
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