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Abstract

Glacier outburst floods, (GLOFs), especially those in the arctic, can deliver exceptionally high
volumes of sediment and solutes to fjords and shallow-marine settings, in comparison to
typical seasonal river flows. These sediments and solutes strongly affect coastal
geomorphology and aquatic ecosystems, yet are rarely observed. In this study, we have
quantified the short-term geomorphological response of the most distal part of the Zackenberg
River, where it enters Young Sund, to a glacier lake outburst flood (GLOF) that occurred on
August 6" 2017 in the Zackenberg River, north-east Greenland. The main aims were to: (1)
quantify riverbank and floodplain geomorphology changes that occurred as a consequence of
the flood; (2) analyse the spatial patterns of those geomorphological changes and suggest the
key controls on them. We used a time-series of very high-resolution UAV-generated images
taken on the 5%, 6™ and 8™ of August, which enabled us to compare pre- and post-flood fluvial
geomorphology. The GLOF induced intense and widespread geomorphological changes,
which was surprising because several floods of a similar magnitude have occurred along this
river. Approximately 30 % of the area of interest experienced changes that were larger than
the minimum level of detection (0.15 m). Lateral erosion reached almost 10 m in some places.
The total volume loss from bank erosion was at least 26,561 m® (+/- 14 %), whereas the
deposition was at least 7745 m? (+/- 39 %). Such an intensive geomorphological response
resulted from a combination of factors; namely: (1) bank geometry; (2) composition of bank
material; (3) time of occurrence of the event; (4) presence of permafrost; (6) channel
geometry; and (7) multitude and diversity of geomorphological processes. We speculate the
severity of the geomorphological impact relative to that from previous floods could have been

due to warming air temperatures that provided sediment from thawed permafrost, and to an
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aggrading delta that raised the river base level. Overall, we contend that climate warming will
not only make outburst floods from glaciers more likely but that those floods will achieve
more geomorphological work with mechanical erosion of permafrost. Erosion and
gravitational failures during future flood events will perhaps become even more widespread

and intense.

Keywords: geomorphology; remote sensing; glacier outburst flood; drone; Arctic; hydrology

1. Introduction
Understanding the physical processes that affect river channel morphology and functioning is
especially important where rivers are rapidly responding to changing climate and water
sources. In the arctic, where climate change is proceeding at some of the fastest rates on
Earth, and where glacier meltwater fluxes are supplemented by those from snowmelt and
permafrost or groundwater, fluvial geomorphological processes can be divided into: (1) low-
magnitude, high-frequency sets of processes (i.e. equilibrium or near-threshold changes); and
(2) high-magnitude, low-frequency events (i.e. extreme, catastrophic changes). The latter
events are typically difficult to predict and so quantification of geomorphological changes
related to them remains very limited compared to the “normal” sets of processes (Tweed and
Russell, 1999; Carrivick and Rushmer, 2006, 2009; Tamminga et al., 2015b). Nonetheless,
quantification of the geomorphological response of river geomorphology to “extreme” events
is key to understanding both its historical evolution (cf. Staines et al., 2015) and for river
modelling and monitoring (Tamminga et al., 2015a; Tamminga et al., 2015b) of future water,
sediment and solute fluxes (Eybergen and Imeson, 1989; Fryirs, 2013; Magilligan et al., 2015;

Naylor et al., 2017; Keesstra et al., 2018).

A geomorphological response to high-magnitude floods can include both erosion of

riverbanks and the riverbed, and deposition of sediments. In both cases, river planform and
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river channel morphology changes, as illustrated in many different geographical settings (e.g.
Gardner, 1977; Heritage et al., 2004; Russell et al., 2007; Bucata, 2010; Narama et al., 2010;
Wierzbicki et al., 2013; Bangen et al., 2014; Skolasinska et al., 2014; Death et al., 2015;
Hajdukiewicz et al., 2015; Nardi and Rinaldi, 2015; Rickenmann et al., 2016; Rinaldi et al.,
2016; Wyzga et al., 2016; Emmer, 2017; Naylor et al., 2017; Righini et al., 2017; Cook et al.,
2018). Both erosion and deposition affect subsequent river hydraulics, perhaps most
importantly channel conveyance and capacity (e.g. Guan et al., 2015; Staines and Carrivick,

2015).

A wide range of techniques have been used to measure bank erosion and channel morphology
modifications using different spatial scales with different precision, including erosion metal or
electronic pins, bank profilers, planimetric or cross-section topographic survey, as well as
GIS-based investigations of historical maps and aerial photographs, (cf. Lawler, 1993;
Couper, 2004). However, only recently did advances in the development of portable
Unmanned Aerial Vehicles (UAVs or drones) as well as terrestrial and airborne light
detection and ranging (LiDAR) systems supported by increasing computational power and
structure-from-motion photogrammetry provide us with new tools to be able to monitor and
quantify the geomorphological impacts of floods in a rapid, flexible, and detailed manner
(Smith et al, 2014; Mifijovsky and Langhammer, 2015; Tamminga et al., 2015b;
Langhammer and Vackovd, 2018; Carrivick and Smith, 2019). These advances expand our
ability to infer particular geomorphological processes and their quantity/magnitude

responsible for incision, lateral erosion and sedimentation.

The aims of this study are to:
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1) Quantify the immediate geomorphological response to a high-magnitude flood event in an
arctic river;

2) Investigate the spatial patterns of those geomorphological changes and suggest the key
controls on them.

This study achieves these aims through use of high-resolution remote sensing imagery that

was collected using a small Unmanned Aerial Vehicle (UAV).

2. Study Area

The study was carried out in the Zackenberg Valley in the high-Arctic setting of northeast
Greenland (78°28'12"N; 20°34'23"W) (Figure 1A). Geologically, the region is situated in a
north-south orientated fault zone running through Zackenberg and Lindemans valleys, which
constitutes the boundary between the Caledonian crystalline basement complexes
(Paleoproterozoic gneisses and granitoid rocks with interbedded supracrustal rocks) to the
west and Cretaceous sandstones to the east (Henriksen, 2003). More resistant crystalline rocks
form high and steep mountain ridges with peaks rising to 1,472 m a.s.l., whereas sandstones

build gentle slopes.

The landscape was shaped by glacial, fluvial, marine, and periglacial processes (Gilbert et al.,
2017). There are wide U-shaped post-glacial valleys (Lindemansdalen, Zackenbergdalen,
Slettedalen, and Store Sgdal), deep fiords (Tyrolerfjord and Young Sund) (Figure 1B, C),
moraine ridges, and raised delta terraces. Nowadays, the area is not connected with the
Greenland Ice Sheet but it was glaciated several times during the Quaternary period (Bennike
et al., 2008). Valley glaciers and small ice caps advanced several times during the Holocene

but since the Little Ice Age terminus recession, ice surface lowering and consequently ice
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volume loss has accelerated in recent decades (Carrivick et al., 2019). Permafrost is
continuous in the region with an estimated thickness of 200 m to 300 m at the floor of the
Zackenberg Valley and 300 m to 500 m in the mountains (Christiansen et al., 2008). The
maximum active layer thickness varies spatially from about 0.44 to 0.83 m based on data from

the 1997-2014 period (Skov et al., 2017).

From 1996 to 2005, the mean annual air temperature was approximately -9.5°C, with the
monthly average temperature ranging from -22.4°C (February) to 5.8°C (July) (Hansen et al.,
2008). The mean annual precipitation, falling mostly as snow, was about 260 mm. The
vegetation represents white arctic bell-heather (Cassiope tetragona), heaths mixed with arctic
willow (Salix arctica) snow-beds, grasslands, fens, and arctic blueberry (Vaccinium
uliginosum) (Elberling et al., 2008). Vegetation distribution and density pattern differ

according to the altitude, degree of moisture, type of bedrock, and soil properties.

The Zackenberg River catchment covers approximately 514 km?, roughly 20 % of which is
glaciated. Water in the Zackenberg river usually flows from June to October, emanating from
the melting of snow, thawing of the upper soil layer, and melting of glacier (Sgndergaard et
al., 2015). In addition, glacial lake outburst floods (GLOFs), rapid snowmelt, and extreme
rain events contribute episodic, sudden-onset and short-lived high-magnitude flows (Kroon et
al., 2017). These high-magnitude flows constitute a significant part of the discharge and
sediment transport (up to 50 % of the annual sediment discharge - for details, see Hasholt et
al. (2008); Se¢ndergaard et al. (2015)). The GLOFs are triggered by drainage of a glacier-
dammed lake near the A.P. Olsen Glacier (Figure 1C), which usually occur in July—August
(Sgndergaard et al., 2015). During GLOFs, water discharge can dramatically increase at up to

400 m® s (5 % to 10 % of the total annual water discharges), whereas normal discharge in
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summer usually ranged from 10 m* s™! to 60 m* s™! according to data for the period between

2009 and 2013 (Sgndergaard et al., 2015).

The distal part of the river, where it enters Young Sund, is situated near the mouth of the
Zackenberg Valley, next to the Zackenberg Research Station (ZERO). It covers a ~ 2.1 km-
long reach where the river cuts through moraines and a raised palaco-delta ranging in
lithology from a diamicton to silts, sands, and gravels (Gilbert et al., 2017). A mixture of
sand, gravel and boulders covers the riverbed. The flow pattern is typically turbulent even
during relatively small discharges, while the river bed slope (measured at the bridge 2.1 km

upstream) is quite steep (1:60) (Ladegaard-Pedersen et al., 2017).

On August 6%, 2017, a glacial lake outburst flood occurred (Figure 2) and the water level in
the studied section of the river raised of least 1.6 m in four hours. The flood event lasted
approximately 24 h. Although the size of the flood was not very large compared to previous
GLOFs, it caused significant changes to the riverscape morphology. Detailed
geomorphological maps showing the spatial pattern of the river’s immediate

geomorphological response to this flood are presented in Tomczyk and Ewertowski (2020).
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155  Figure 1. Context maps of the study area: (A) Map of Greenland area with the location of
156  Young Sund region in northeast Greenland highlighted; (B) Map of Young Sund region, with
157  the vicinity of Zackenberg area highlighted; (C) Map of the vicinity of Zackenberg area, with

158  the studied section and glacier-dammed lake highlighted.
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(A) 05.08.2017 - immediate before the flood

(B) 06.08.2017 - during the flood

Figure 2. An example of low (A and C) and high (B) water levels of the Zackenberg River. In
the foreground, it is possible to see a fragment of a bar which was flooded and rebuilt during
the flood. In the background, there is an example of the development of debris flow as a result
of the riverbank having been undercut by water and permafrost melting. The development of

debris flows can threaten the functioning of ZERO station buildings in the long term.
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3. Methods

3.1. UAV surveys

To understand the geomorphological response of the Zackenberg river to an extreme flood
event, we used time-series of UAV-generated imagery captured immediately before
(August 5 - pre-flood dataset), during (August 6" - during-flood dataset), and after (August
8" - post-flood dataset) the 2017 flood. We used a small, lightweight, consumer-grade
quadcopter DJI Phantom 4 Pro. The orientation of the models was established using control
points (CPs) generated from earlier UAV images from 2014 (COWI, 2015). The UAV
surveys and data processing closely followed an operational framework outlined by
Ewertowski et al. (2019). Images were processed in Agisoft Metashape 1.5.2 using structure-
from-motion photogrammetry, and orthomosaics with a ground sampling distance (GSD) of
1.8 cm to 2.8 cm, and DEMs with GSD of 3.6 to 5.6 cm were produced. Further details about

UAV surveys and data processing are presented in Supporting Information.

3.2. Geomorphological Mapping and Geomorphic Change Detection

Geomorphological features were mapped on-screen in ArcMap 10.7. Ground truthing was
performed during field works, and the available datasets (e.g. geological and
geomorphological maps) were consulted during mapping to ensure proper interpretation of

landforms.



189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

A change detection analysis was performed to assess and quantify the efficiency of erosion
and deposition. A Geomorphic Change Detection Plugin (Wheaton et al., 2010; Schaffrath et
al., 2015) was used in ESRI ArcGIS to construct DEMs of Differences (DoDs), i.e. the values
obtained by subtraction of co-registered DEM grid cells. Histograms of elevation differences
taken for stable surfaces showed a normal distribution of errors, indicating the non-existence
of systematic errors. Based on these histograms, we used a minimum level of detection
(minLoD) value of 0.15 m for subsequent DoD analysis, i.e., we assumed spatially uniform

errors over the whole DoDs and regarded values below the minLoD as no change.

4. Results

4.1. Results of UAV processing: UAV-generated products and associated challenges

Using a budget ready-to-fly quadcopter, we were able to obtain valuable data and generate
high-quality products: digital elevation models and orthomosaics, depicting the situation
immediately before (August 5, 2017), during (August 6™, 2017), and after (August 8™, 2017)
the flood. The quality of data was sufficient to investigate the changes in morphology of the

river floor and riverbanks.

Despite good overall co-registration, detailed inspection of the DoD revealed that some areas
exhibited unexpected values (Figure 3C). Investigation of point clouds and hillshade models
indicated that these areas contain height artefacts related to noise in the dense point clouds.
All models were therefore manually inspected to identify such artefacts, which were

subsequently masked and excluded from further analysis. Other artefacts were related to the
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water surface which, due to the high turbulence and rapid flow, was not resolved properly

through the structure-from-motion (Figure 3D).

DEMs and orthomosaics properly reproduced straight and gentle slopes of the riverbanks.
However, overhanging banks posed another problem for monitoring of the flood event’s
erosional consequences. Despite having taken oblique images, the most severely undercut
sections were not represented properly in the digital elevation models nor orthomosaics
(Figure 3A, B); therefore, volume of the sediment removed from under these overhung
sections were not included in further analysis. In addition, even if visible in orthomosaics, the
thickness of the deposition was often relatively low (tens of cm — Figure 6B) and was not
included in the volume of detectable changes. Therefore, the volumetric calculations
presented in section 4.3 represent minimal values, i.e. they underestimate the full extent of

erosion and deposition.

11
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Figure 3. Challenges associated with implementation of UAV surveys for flood monitoring: A,
B - Comparison of ground view (A) and aerial view (B) of the undercut riverbanks; C — DEM
of Differences showing unexpected deposition (left image), Digital elevation model of
corresponding area (central image), mesh of the corresponding are showing artefacts
resulting from improper reconstruction of 3D surface (right image); D — orthomosaic of
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turbulent section of the river (left image); Digital elevation model (central image) and dense
point cloud (right image) of corresponding area showing artefacts caused by water

movement.

4.2. Quantification of landscape changes along the river channel as the immediate

response to the flood

We studied the 2,155 m reach of the distal Zackenberg River (Figure 4). It is a braided river
with one or two main channels split around many bars with sediment particle sizes ranging
from fine sands to gravels. The general planform of the river in the studied section is
meandering. In the examined section, the river cut through a raised palaco-delta, which
resulted in the development of high (up to 17 m) and steep (43°) slopes and cliffs along the

riverbanks.

As the primary focus of this study is to quantify flood-related impacts on the river
morphology, we assessed elevation changes within the direct vicinity of the river: bars and
riverbanks — this area of interest (AOI) equalled 151,363 m”. Between the 5% and 8" of
August 2017, substantial volume changes were recorded on bars (Section 4.3.) and riverbanks
(Section 4.4.). Differentiating DEMs for the whole AOI for this time interval recorded
detectable changes (i.e. changes larger than the minimum level of detection: 0.15 m) on
45,243 m? (30 % of the AOI). Elevation changes ranged from -11 m to 1.5 m. The area over
which surface lowering was recorded equalled 25,333 m? The total volume of surface
lowering was 26,561 m? (+/-14 %), with an average depth of surface lowering at 1.05 m. The
total volume of deposition was 7745 m? (+/-39 %), with an average thickness of surface rising

at 0.4 m. The total net volume difference was -18,816 m® (+/-26 %), indicating that erosion
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was more important than deposition for the studied section of the river. Seventy percent of the
AOI data showed no detectable changes — these areas were located on more distant parts of
bars and inactive sections of the riverbanks. As mentioned in Section 4.1, the changes
presented here are underestimated, mainly due to three reasons: (1) UAV-surveys were not
able to capture the undercut sections of sediments; (2) as the water was very turbulent, the
structure-from-motion algorithm was not able to properly resolve the level of the water
surface; (3) as the suspended sediment concentration was large, the water was not transparent,
which unable to estimate the riverbed topography; therefore, our calculation did not include

underwater erosion and deposition.

To illustrate the process-form response to the flood, we now present a separate analysis for

bars (Section 4.3.) and active bank failures (Section 4.4.).

4.3. Changes to channel and bars morphology

During the flood, the area covered by water (191,207 m?) more than doubled compared to
condition before the flood (87,795 m?). As a result, most of the mid-channel bars and some of
the lateral bars were covered by floodwater. When the river returned to its “normal” discharge
after the flood, water covered 96,073 m>. The width of the river varied before the flood from
16.0 to 97.4 m, during the flood from 46.0 m to 167.8 m, and after the flood from 20.5 to
101.2 m. The average width (measured as active channel area divided by length) changed
from 40.74 m before the flood to 88.73 m during the flood, and then to 44.58 m after the

flood, which may suggest that the average depth of the channel had decreased.
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Figure 4. Planform morphology of the Zackenberg River channels before, during, and after

the flood

Data showed that between the 5" and 8" of August 2017, the main channel slightly shifted in
response to lateral erosion and some bedload deposits became part of the bars by lateral
accretion on the inner sides of the channel. Moreover, the surfaces of some larger bars were
vertically modified, and new gravel bars developed in the mid-channel positions, indicating
areas of higher water flow concentration (Figure 5). The number of individual patches (bars)
more than doubled, from 173 before the flood to 373 after the flood, with small, secondary
channels appearing between them. Overflow across the bar surfaces left a veneer of fine
materials and sands forming ripplemarks (Figure 6). UAV-generated orthomosaics clearly

indicate that while sands and fines transport and deposition over the lateral bars were
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observed, the larger gravel particles remained in the same position despite being underwater
during the flood (Figure 6F, G, H). We assumed that most of the eroded material were

transported further down the river toward the Zackenberg Bay.
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Figure 5. Changes in the shape of bars and floodplains. A, B — examples of mid-channel bars’
accretion in both directions: up-river and downriver; C, D — examples of mid-channel bars’

migration downriver and edge trimming of lateral bars.
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Based on visual analysis of the orthoimages, fresh fluvial material was deposited on 93,702

m?2. This deposition occurred mostly on: (1) existing mid-channel and lateral bars which were

already covered by modern fluvial deposits, i.e. on non-vegetated fines, sands, and gravels;

(2) freshly created surfaces which developed as a result of the bars’ migration (Figures 5 and

6). In addition, a small area of previously vegetated terrain (1,410 m?) was damaged and then

covered by fresh fluvial deposits. In most cases, however, the fresh deposits’ veneer was thin

(< 0.15 m). As this was lower than the level of detection, most of the deposition was not taken

into account in the DoD analysis. The three most important processes of bar transformations

are:

1)

2)

3)

Edge trimming (Erosion of bars). Edge trimming was responsible for the degradation
of 9,907 m? area covered by bars; on 75 % of this area, erosion was greater than the
level of detection (0.15 m). The total volume of eroded material was 3,960 m?® (+/-
28 %), with an average erosion thickness of 0.54 m. These numbers only accounted
for material eroded from the top of the bar surface to the water level (i.e. it did not
include any underwater changes).

Deposition of new bars and bar accretion. As a result of the flood, 8,689 m? of new
bars were created; on 77 % of this area, deposition was greater than the level of
detection (0.15 m). The total volume of recorded deposition was 2,895 m® (+/-33 %),
with an average deposition thickness of 0.45 m. Similar to the edge trimming, the
amount of deposition included only changes from the pre-flood level of the water
surface to the post-flood top of the bars.

Remodelling the surfaces of bars existing in both Saturday and Tuesday images. On
the bars which existed in both pre- and post-flood landscape, the total area of

detectable changes was 20,655 m? (17 % of the total bars’ area). Surface lowering was

17
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recorded on 7,385 m? of the total bars’ area, and the volume of material loss was 2,422
m? (+/- 46 %), with an average depth of lowering that equalled 0.33 m. Deposition on
the bars was recorded on 13,270 m?. The volume of deposition equalled 4,793 m? (+/-
42 %), while the mean thickness of deposition was 0.36 m. The total net volume
difference for preserved bars was 2,372 m® (+/-96 %). Such high uncertainty was
related to the small values of surface lowering or rising, which were close to the level

of detection.

5 August 2017

Figure 6. An example of fine-grained flood deposits. Before the flood, this section was
covered by fines, sands and gravels (A). During the flood, this area was covered by
floodwater (D), which deposited a relatively thin veneer of sediments (A, B, E). The new

deposits are clearly visible in the UAV image (E) as well as from the ground (A, C). Note that
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the thickness of the fresh deposits was less than 0.2 m (C). Some of the larger clasts did not

change their position despite being covered by floodwater during the flood (F, H, G).

4.4. Character and quantification of riverbank erosion

The studied section of the river cut through moraines and elevated late Weichselian delta
terraces. Such geomorphological settings have resulted in a steep river profile (0.97 %), the
development of steep riverbanks (further enhanced by the presence of permafrost), and
domination of lateral erosion of riverbanks. Before the flood, the total length of actively
eroded riverbanks (i.e. active mass failures) was 1,729 m (36 % of the total length of both
riverbanks which equalled 4,785 m). After the flood, the total length of riverbanks was
reduced to 4,659 m, and the active riverbanks to 1,657 m (which was still 36 % of the total
after-the-flood length of both riverbanks). This decrease in the banks’ length was related to
the fact that some sections were straightened as a result of the erosion. Between the 5 and 8"
of August 2017, substantial riverbank retreat and volume loss were recorded (Figures 7 and 8)
as an immediate response of the riverscape to the flood. The most serious mass failures were

observed in six riverbank sections (Figures 7 and 8):

4.4.1 Section 1

The bank of Section 1 (Figure 7A) was composed of diamicton, and while its lower
part was frozen, its upper part was an active layer. Dense tundra vegetated the top
surface of the bank but its slope was bare. The bank was wet at the top. The bank
height before the flood was between 3.3 and 6.4 m, and the slope of this active section
was between 16 and 25°. The width of the channel before the flood was about 30 m,

which increased during the flood to 50 m. During the flood, the bank was undercut,
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the riverbed was degraded, and the base of the bank was almost completely cleaned
out. The thermo-karst erosion of the riverbank was the most important process
contributing to bank degradation. Before the flood, debris flows and debris falls were
noticed on the slope. As a result of the flood, and in addition to these processes, debris
slides (slumping) were also observed. After the flood, the length of the active bank
failure increased from 155 to 180 m. After the flood, the bank’s height was similar to
that in pre-flood (3.5 — 6.8 m); however, in some places the slope exceeded 90° due to
the development of undercut fragments. The top of the bank retreated by up to 9.7 m,
and as the deeply undercut section developed, further retreat of the top may be
expected. The volume of sediments that eroded from this section was equal to at least
3,587 m® (+/-8 %). The maximum lowering of the surface was 4.5 m, while the

average lowering was 1.87 m.

4.4.2. Section 2

The bank of Section 2 (Figure 7B) was composed of diamicton (lower part was frozen;
upper part an active layer). Sparse tundra vegetated the top of the bank, whereas its
slope was bare. The bank’s height before the flood ranged from 6.5 to 11 m, while the
section slope was between 19 and 43°. The channel width before the flood was about
25 m, which increased during the flood to 142 m, with most basal debris removed.
This section comprised two river channels. The main current flowed along the outer
channel undercutting the frozen bank. Before the flood debris’ sliding (slump), debris
flows and debris falls were noticed in the section, with some failure material lying at
the toe of the slope. During the flood, lateral erosion (thermo-karst erosion) resulted in
the development of an undercut bank. Moreover, debris falls, slides and block falls

also occurred. The latter led to the collapse of large blocks (20 m in length) of frozen
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sediments, which remained at the bottom of the slope after the flood. There were many
tension cracks visible at the top surface of the bank, but after the flood, many new
cracks appeared, indicating that further collapse of block may yet happen. After the
flood, the length of the active section (396 m) and its height (7 — 11 m) were similar to
the pre-flood situation. However, the bank slope seriously steepened and, in some
places, exceeded 90° due to the presence of undercut fragments. The volume of
sediments eroded from this section equalled at least 10,802 m? (+/-6 %), as the bank
retreated at up to 4.7 m. The maximum depth of lowering was 11 m, while the average

lowering was 2.4 m.

4.4.3. Section 3

Section 3 (Figure 7C) was built of diamicton (lower part was frozen; upper part an
active layer). Sparse tundra vegetated the top of the bank, whereas the slope was bare.
The bank’s moisture condition was locally wet. In this part of the river, there were
sandy-gravelly bars between three channels of the river. The main channel, situated
along the outer bank, was 33 m wide before the flood but increased to 128 m during
the flood (as water covered whole bars linking channels). Before the flood, debris
slides (slumping) and debris flows were observed on the slope, and a certain amount
of failure material was lying at the bank’s toe. During the flood, thermo-karst erosion
resulted in bank undercutting. Moreover, debris slides, debris falls and debris flows
also contributed to bank modification. Locally, some deposits were lying along the toe
of the riverbank after the flood. Some tension cracks were visible at the top of the
bank; however, no additional tension cracks appeared after the flood. The total length
of active failure was the same before and after the flood (221 m). The bank’s height

was between 3.5 and 7 m before the flood and remained similar after the flood. On the
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other hand, the bank’s slope seriously steepened after the flood. Before the flood, the
slope of Section 3 was between 24 and 36°, which then in some places exceeded 90°
due to the presence of undercut fragments. The top of the riverbank retreated at up to
4.9 m, while the total volume of sediments removed was 2,699 m> (+/-8 %). The

maximum depth of surface lowering was 6.5 m, with an average lowering of 2 m.

4.4.4. Section 4

Section 4 (Figure 7D) was built of diamicton (lower part was frozen; upper part an
active layer). The section was almost completely bare, and its moisture condition was
wet. Some tension cracks were visible at the top of the bank, and a small number of
additional cracks appeared after the flood. The main river current flowed close to the
right bank. The channel’s width ranged from 33 to 50 m before the flood, which
widened to between 12 and 64 m after the flood. On August 5% 2017, two prominent
debris flows and some debris falls were observed on the bank. Moreover, at the bank’s
toe, there were debris-flow deposits in the form of debris lobes, some of which were
delivered directly to the water (as indicated by dark brown traces in the water visible
in the orthomosaic). The maximum height of the bank before the flood was between
10 and 12.5 m with a moderate slope between 18 and 29°, characteristics that did not
change significantly as a result of the flood even though the riverbank retreated by 1.6
m. The total length of the active bank failure was diminished from 404 m to 251 m
due to section transformation during the flood by bank undercutting, bed degradation
and basal cleanout along with the melting of permafrost and rill erosion. Furthermore,
among the six sections described, only this section did not develop any underhanging

bank. The total volume of erosion was at least 439 m> (+/-28 %), with most of the
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material deposited at the bank’s toe removed. The maximum lowering was 2 m, while

the average lowering was 0.53 m.

4.4.5. Section 5

The bank of Section 5 (Figure 7E) was built of stratified sediments: at the bottom was
a diamicton, whereas the upper part consisted of silts, sands and gravels. The top of
both the bank and slope was bare, while the moisture condition was locally wet. Some
tension cracks were observed at the top of the bank while a few new cracks were
created during the flood. On August 5%, 2017, the main current flowed for some
distance from the riverbank, having been separated by lateral sand and gravel bar.
Before the flood, the bank was then modified by debris falls and debris flows. During
the flood, as the water level increased, the river current moved toward the bank,
causing bank undercutting, bed degradation and basal cleanout. Thermo-karst, snow
melting and rill erosion were the most important processes observed in this section.
After the flood, some deposits appeared at the bank’s toe. Before the flood, the height
of the bank ranged from 7 to 12 m, and its slope varied significantly from 10 to 39°.
The after-flood morphometry of the bank changed slightly, but remained in a similar
range of height and slope values. The length of the active mass failures marginally
increased from 487 m (August 5%, 2017) to 493 m (August 8", 2017), with the
dominant processes remaining the same. The bank’s retreat was not very high but
visible (2.9 m), and some overhanging fragments developed. The volume of removed
material was 394 m® (+/-25 %), the maximum depth of lowering was 2 m, and the

mean lowering was 0.61 m.

23



461

462

463

464

74°28'30"N 20°33'30"W

M.OE.EE.02

2073507 74°2830°N

20°35'30"W

— Cross-profile (1-6)
= Pedestrian bridge

Lack of data
[ River (on 5 August 2017)
[ | River (on 8 August 2017)

§ D Zoomed area

Elevation change (m) |
> I <-6.00 [ -0.69--0.60 [10.16-0.20
H -5.99--3.00 [ -0.59--0.50 [__10.21-0.30

I 2,99 --2.00 [ -0.49--0.40 [0 0.31-0.40

I -1.99--1.00 []-0.39--0.30 [0 0.41-0.50

I 0.99--0.90 []-0.29--0.20 [N 0.51-0.60

I -0.89--0.80 [1-0.19--0.16 [N >0.60

I -0.79--0.70 [__1-0.15-0.15

Figure 7. DEM of differences showing the spatial pattern of elevation change distribution

along the Zackenberg River. Pink boxes indicate locations of the zoomed area presented in A-

F. Black lines mark the locations of cross-profiles presented in Figure 8.
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4.4.6. Section 6

The bank of Section 6 (Figure 7F) was stratified: diamicton dominated in the bottom
part which was overlain by silts, sand and gravels belonging to the elevated palaeo-
delta. Sparse tundra vegetated the top of the bank, whereas the slope was bare. The
moisture condition was locally wet. Some tension cracks were visible at the top of the
riverbank. Before the flood, the river consisted of 2-3 channels, with sandy and
gravelly mid-channel bars separating them. The channel flowing close to the bank was
relatively narrow (2.2 — 11.7 m) before the flood. Then, as the water level increased,
the channel widened to 79 — 159 m. After the flood, it attained a width of 3 to 58 m.
On August 5", 2017, the bank failure included a length of 68 m which increased as a
result of the flood to 116 m. There were debris falls and debris flows that developed
due to melting of permafrost and snow patches on the riverbank, and there were
deposits lying at the bank’s toe before the flood. During the flood, the bank was
undercut by lateral erosion, in addition to the occurrence of bed degradation and local
basal cleanout. This part of the riverbank was high (from 8 to 17 m), and steep (from
24 to 27°), characteristics that remained similar despite the flood (after the flood, the
height ranged from 7.5 to 17 m, and the slope was between 24 and 30°). However, the
bank was severely undercut, and as a result, the overhanging section developed which
could result in cantilever failures. The bank’s retreat was up to 5.3 m, with erosion
equalling at least 2180 m® of material. The maximum thickness of the surface

lowering was 6 m, while the mean surface lowering amounted to 1.94 m.
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is shown in Figure 7.
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4.5. A comparison of long-term and short-term riverbank changes

We used our UAV-generated data from 2017 (presented in this study) and UAV-generated
data from 2014 (COWI, 2015) to compare longer-term changes (2014-2017) with the short-
term (2-days 6™ August — 8" August 2017) immediate morphological response to a single
flood event (Figure 8, Table 1). Elevation changes were investigated in profiles calculated for
each of the sections described in 4.4. Our data indicate that, in most sections, the one-day
flood in 2017 caused a larger bank erosion than changes in the 2014-2017 period. This
situation came about despite the fact that in 2014, 2015 and 2016 the flood had regularly
occurred in late summer (July—August) and that the maximum discharges of the Zackenberg

River were then higher than during the 2017 flood (Tomczyk and Ewertowski, 2020).

The profile for Section 1 demonstrated that only the bottom part of the slope was modified in
the period from 2014 to August 5%, 2017, while the top of the bank remained in the same
position. Changes related to the flood being studied (from August 5" to August 8", 2017)
were much larger as the bank retreated even up to 9.7 m (Table 2). A slightly different
situation was observed for Sections 2 and 3, where substantial changes between 2014 and
August 5%, 2017 were observed - riverbanks retreated at up to 11.6 and 21.6 m, respectively
(Figure 8, Table 2). For these sections, the bank’s response to the flood in 2017 was also
large, equalling 4.7 m and 4.9 m, respectively. Section 4 has been transformed at the bottom
and in the middle part of the slope (profile 4) between 2014 and 2017, mainly as a result of
debris flow development, which caused retreat of up to 10.2 m between 2014 and August 5%,
2017. The upper part has remained stable. The flood being investigated affected only the

bank’s toe, which retreated at up to 1.6 m. Profiles in Sections 5 and 6 experienced a

27



515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

moderate retreat between 2014 and August 5% 2017 (about 6 m), and moderate to relatively
small retreat as a result of the flood under investigation (2.9 m and 5.3 m, respectively), which

affected mostly the bank’s toe.

Table 1. The maximum retreat of the banks in the studied section of the Zackenberg River as
an immediate impact of the 2017 flood (two-day changes) compared with previous data from

2014 (COWI, 2015) (three-year changes). Location of the studied profiles is shown in Figure

7.
Maximum retreat during the observation period (meters)
Section Two days (6/08/2017 - 8/08/2017) - | e years (2014 - 2017) - based on
this study previous drone imagery (COWI,

2015)

Section 1 9.7 0

Section 2 4.7 11.6

Section 3 4.9 21.6

Section 4 1.6 10.2

Section 5 2.9 6.1

Section 6 53 6.6

5. Discussion

5.1. Factors facilitating bank erosion

Our study has shown changes in the Zackenberg River that were an immediate result of
flooding. Even though the size of the 2017 flood was not large compared to long-term trend
(Sgndergaard et al., 2015), this single event caused some serious changes to the riverbanks
and floodplain, with a maximum lateral erosion of almost 10 m, which in some sections was
similar to or larger than the previous 3-year bank’s retreat (Figure 8, Table 2). Such intensive

response was probably the result of a combination of these factors: (1) bank geometry; (2)
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composition of bank material; (3) time of occurrence of the event; (4) presence of permafrost;

(6) channel geometry; and (7) multitude and diversity of the geomorphological processes:

a)

b)

)

Bank geometry and geomorphology - The high (up to 17.0 m before the flood) and
steep (up to 43° before the flood) slopes and cliffs along the river facilitated
widespread erosion and banks’ failures. The steep character of the banks was a
consequence of the river cutting through elevated palaco-delta (which raised about 30
m above the present sea level). The delta consists of a series of terraces, as during sea-
level decline in Holocene the river eroded rapidly, to a point where the river is
currently cutting the lowest terrace. The delta was built up in the bottom of the valley
in the period from the late Weichselian to Holocene (Gilbert et al., 2017).

The composition of bank material — The riverbanks were composite, including
mainly glacial, periglacial and glaciofluvial deposits. The lower riverbanks (up to 2-6
m) comprised of diamicton (sandy, matrix-supported diamicton with clast-supported
portions) (Gilbert et al., 2017). Frozen diamicton (linked to the presence of
permafrost) was susceptible to undercutting by warmer water causing the retreat of the
inundated part of the banks. It could result in overhangs that produce cantilever
failures (Luppi et al., 2009). Above the diamicton, there were more resistant silts (up
to 1 m thick) and then sands and gravels (Gilbert et al., 2017). Sands and gravels had a
loose character and were less resistant. As a result, erosion in the upper part tended to
occur grain-by-grain and/or rapidly by mass movements, depending on permafrost
occurrence and soil-moisture conditions.

Time of occurrence of the event and the presence of permafrost - Glacial lake
outburst floods in Zackenberg have generally occurred in late summer at the time of
maximum soil thaw depth when the bank material is soft, wet and easily eroded. The

flood being investigated happened on August 6", 2017, preceded by an almost two-
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week period of high air temperatures. As a result, more material was available to
erosion and/or mechanical failures under the force of gravity, which led to a
significant destabilisation of riverbanks and retreat by large ones. Most probably, this
was the reason for significant changes to the riverbanks even though the size of the
2017 flood was not large. Possibly, the pre-GLOF soil conditions produced by
thawing permafrost were more important than the magnitude of the GLOF itself.
Channel geometry - The examined fragment of the river had a meandering character.
The erosion was observed along the outer banks of the channel bends, where the flow
velocity and shear stress are typically higher.

Multitude and diversity of geomorphological processes — These processes can be
divided into two main groups. The first is entrainment fluvial processes, among which
the most important was fluvial thermal erosion, as water warmer than the temperature
of the riverbanks came in contact with frozen banks, thereby contributing to a thawing
of the frozen sediment and thus facilitating erosion. As a result, the bank material
impacted by the thermal processes was subsequently washed away by river currents.
This led to the undercutting of the impacted layer of material and could induce
cantilever type failures, which typically occur after periods of flood entrainment
(Luppi et al., 2009). Other processes of fluvial entrainment included riverbed
degradation, incision, and basal cleanout. The second group is gravitational mass
failure processes which detach sediment from banks, making it available for further
fluvial transport. They comprised debris flow, debris slide (slump), debris fall, and
block fall. These two groups of processes were linked, as fluvial entrainment
processes (mainly by undercutting riverbank) caused gravitationally induced failures
which were also responsible for transporting debris produced by gravitational failures

into the river channel. In addition, the creation and widening of pre-existing tension
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cracks can also contribute to bank erosion due to weakening of the overall stability of
slopes at some distance further back from the banks’ top. Similar to Grove et al.
(2013), Croke et al. (2013) and Thompson et al. (2013), we have noticed that those
mass failures, in addition to the fluvial entrainment, significantly impacted the

intensity of erosion processes and the volume of sediment supply.

5.2. Impact of GLOF magnitude on geomorphological impacts

Despite there having been at least 14 flood events with peak discharge > 100 m?/s, which is >
five times higher than the long-term mean (summer) discharge, in the Zackenberg river
between 1996 and 2018 (Figure 9; Greenland Ecosystem Monitoring Programme:
https://data.g-e-m.dk/), the short-term geomorphic response of the 2017 flood was significant
(Table 1, Figure 8). For example, in some cases bank erosion was more extensive than during
the three years (2014 to 2017). This significant geomorphic impact is perhaps surprising

because the severity of flood impacts could be expected to be correlate with flood magnitude.

We can only speculate herein on reasons for this surprising severity of the geomorphological
impact of the 2017 flood. We know that there is no temporal pattern in peak discharge (Figure
9), but evaluating whether these floods conform to a flood cycle (Clague and Evan’s, 2000) is
difficult given the distal position of the river gauge and the likely modification of the flood
hydrograph along the flood routeway (c.f. Carrivick et al., 2013). We do not have information
about flood volume (at source) or flood duration, so cannot evaluate flood magnitude from
either of those metrics. However, outburst flood impacts are not just due to hydraulics, but
also to sediment (Carrivick et al., 2004, 2011, 2013; Carrivick, 2007a, b; Carrivick and

Rushmer, 2009; Cook et al., 2018). However, modelling of the geomorphological impact of
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GLOFs is complex and requires the implementation of hydrodynamic models with integrated
sediment transport (Carrivick, 2007a, b; Guan et al., 2015; Staines and Carrivick, 2015).
Carrivick et al., 2011). The 2017 flood occurred after a two-week period of unusually warm
air temperatures, so meltwater into the ice-dammed lake would have increased and the ice
dam itself could have thinned, thereby producing the outburst flood (c.f. Carrivick et al.,
2017). However, the warming air temperatures could also have thawed permafrost and
destabilised river banks, enabling more geomorphic work to be accomplished than if the
ground remained frozen (c.f. Lotsari et al., 2020). Furthermore, it might be considered that the
majority of Greenland deltas are aggrading (Bendixen et al. 2017) due to enhanced meltwater
generation and sediment mobilisation. It’s therefore reasonable to assume that these base level
changes are causing rivers across Greenland channels to also be aggrading. Overall, these
speculations contend that despite a similar magnitude flood down a river water levels of
subsequent floods will become higher, thereby exacerbating geomorphological impact and

perhaps also permafrost losses.
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Figure 9. Zackenberg river runoff record of the timing and magnitude of flood event peak
discharges compared to the long-term average discharge (1996-2018) (dotted line). Note: the
flood in 2012 was so large that it destroyed the hydrological station; therefore, the provided

discharge is underestimated. (Figure reproduced from Tomczyk and Ewertowski, 2020).

In comparison to the only other gauged river in Greenland, the maximum water discharges
during GLOFs at Zackenberg are generally smaller (from 100 to 400 m® s™!) (Kroon et al.,
2017) than at Watson River (Kangerlussuaq) where the recorded discharges were from 270 to
1430 m® s! (Russell et al., 2011; Mikkelsen et al., 2012; Carrivick et al., 2013). However,
GLOFs at Zackenberg have peak discharges that constitute between 5 % to 10 % of the total
annual water discharges and 25 % to 50 % the annual sediment discharge (Sgndergaard et al.,
2015), whereas in Watson River only 0.1 % to 0.7 % of the annual water discharge and from
0.2 % to 1.2 % of the annual sediment and solute discharge (Mikkelsen et al., 2012; Yde et
al., 2016; Anderson et al., 2017). Such high disproportion between the average water flow and
GLOF discharge in case of the distal part of Zackenberg River might contribute to the severity

of the geomorphological response.

5.3. Potential future scenarios

Global climate is getting warmer, especially in the arctic, and as a result permafrost in
Greenland is thawing (Anderson et al., 2017). Ongoing global climate warming, which is
especially pronounced in the arctic, will probably cause the intensification of GLOF events in

terms of both frequency and magnitude (cf. Nardi and Rinaldi, 2015; Carrivick and Tweed,
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2016; Harrison et al., 2018). In the period 1991-2005, there was a rise of 2.25 °C in the annual

mean air temperature of the Zackenberg region, and an increase in annual precipitation by 1.9

mm w.eq./year for the period 1958-2005 was estimated (Hansen et al., 2008). The active layer

has deepened by more than 1 cm yr! based on data from the period 1997-2008 (Elberling et

al., 2013). Consequently, in the future, there will be more readily available/exposed and

unfrozen soil as well as mineral material prone to erosion and/or mechanical, gravitational

failures.

Based on our observation, we proposed a model of riverbank erosion on the basis of

differences in the four most common situations (Figure 10):

1)

2)

3)

Steep slope, strong current, high efficiency of thermal erosion (Figure 10B) — in this
situation, highly effective thermal erosion results in the development of overhanging
sections. Strong current will likely remove most of the material which fall/slump into
a river. Only larger blocks of deposits will be present in a river channel after a flood
(Sections 1, 2, 3).

Steep slope, moderate current, low efficiency of thermal erosion (Figure 10A) — when
slopes are steep, but the efficiency of lateral erosion is lower than in example 1, debris
falls and debris slides develop as a result of lateral erosion. Debris may be delivered to
a bank’s toe, and depending on the strength of the current, they may be removed
(section 4) or deposited at a bank’s toe (Section 5). If the amount of deposits is large,
it may cause an increase in the relative water level.

Gentle slope, strong current (Figure 10D) — when pre-flood banks were gentle or flat
(usually previous flood deposits and lateral bars), a strong river current would remove
the material, sometimes destroying pre-existing vegetation cover as well, but due to

the lack of steep topography, no gravitational failures were observed. Examples of this
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situation are found in a section of the river next to the bridge at the beginning of
Section 1 (Figure 7A) or at the end of Section 4 (Figure 7D).

4) Gentle slope, moderate and weak current (Figure 10C) — in this case, moderate erosion
occurred as temporary channels appeared during the flood like at the beginning of
Section 5 (Figure 7E). When the flow competence was not sufficient to move larger
clasts, these may remain in the same place after the flood (Figure 6) while deposition

of fine-grained sediments may occur (Figure 6).

pre-flood flood post-flood pre-flood flood post-flood
aA A B
@
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Figure 10. Model of riverbanks’ erosion as a consequence of interplay between slope

steepens and strength of river current. Further explanation in the text

In addition, the exposure of permafrost as a result of erosion can have two consequences: (1)
if the slopes are moderate, debris flow can develop due to increase in the available water on

account of the exposed permafrost melts (Section 4); (2) in the case of overhanging slopes,
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the melting of permafrost will likely result in the falls of sediments and potential collapse of
larger blocks. Indeed, the latter situation occurred in Section 2 around late August 2017

(Westergaard-Nielsen et al., 2018).

Future GLOFs and erosion associated with them may have a negative impact on the
functioning of the Zackenberg Research Station. The 2017 GLOF damaged that part of the
stone banks put up to enforce the bridge (Figure 7). In addition, the development of debris
flows in Section 4 might directly threaten station buildings, as further erosion is very likely in

the foreseeable future.

6. Conclusions

This study has quantified geomorphological changes to the 2.1 km stretch of the arctic
Zackenberg River due to a glacial lake outburst flood (GLOF). We performed surveys
immediately before the flood (August 5%, 2017), during the flood (August 6%, 2017), and after
the river had returned to its “normal” water level (August 8, 2017). Such an approach was
facilitated by using a UAV platform to obtain high-resolution imagery and the Structure-
from-Motion MVS workflow (cf. Carrivick et al., 2016; Smith et al., 2016) to extract
extremely detailed topographic data. The short-term geomorphological response was severe;
i.e. both intense and extensive, with lateral erosion of ~ 10 m in some places. Approximately
30 % of the area of interest experienced changes that were larger than the minimum level of
detection (0.15 m). The total volume loss from bank erosion and edge trimming was at least
26,561 m* (+/-14 %), whereas the deposition was at least 7745 m® (+/-39 %). Due to

limitations described in Section 4.1, such as the presence of overhanging riverbanks and
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turbulent water flow, the volume of erosion and deposition area was at minimal values, which

are more than likely underestimated.

Knowledge about the immediate geomorphological impacts of floods plays a key role in
supporting predictive capacity (Tamminga et al., 2015b), understanding the risk of flooding
(Cenderelli and Wohl, 2003; Thompson and Croke, 2013), management in terms of warning
and protecting society against floods (Hudson et al., 2008; Carrivick and Tweed, 2016). This
is especially important when the infrastructure or riverbanks are no longer directly accessible
due to flood- or terrain-related hazards. Using a UAV survey for rapid assessment can be
beneficial compared to other methods like high-resolution satellite imagery, terrestrial laser

scanning (cf. Carrivick et al., 2016; Smith et al., 2016).

Based on our observations, we suggested that the main controls of the response of the
riverbanks to the flood event were: channel and bank characteristics (geometry, composition);
warm weather condition coupled with the presence of permafrost; and diversity of
geomorphological processes contributing to bank erosion. We proposed a conceptual model
of the riverbanks’ response depending on the steepness of the slope and efficiency of thermal

and mechanical erosion of the floodwater.

Future climate changes can cause the intensification of flood events and associated impacts,
including delivery of large quantities of freshwater, sediments and solutes into the marine
environment (Reynolds, 1998; Harrison et al., 2006; Watanabe et al., 2009; Nardi and Rinaldi,
2015; Carrivick and Tweed, 2016; Harrison et al., 2018). We contend that the geomorphic
impact of GLOFs in the arctic is amplified by permafrost (thermal) degradation, and that

GLOFs themselves contribute to the mechanical loss of that permafrost. Therefore,
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documenting the geomorphological records of GLOF events is crucial for the prediction and

management of future transformations in the context of upcoming climate changes.
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