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Abstract

The Jostedalsbreen is the largest ice cap in Norway and mainland Europe. Rapid
retreat of many of its outlet glaciers since the 2000s has led to the formation of sev-
eral glacial lakes. Processes causing the formation and expansion of glacial lakes and
their interaction with a glacier and terminal moraine have not been widely addressed
yet. In this study, we investigate the degradation of the front of the southeast-facing
outlet glacier Austerdalsbreen. Based on a variety of remotely sensed data (UAV-
based and airborne orthophotos and DEMs, satellite images), we analyze the coinci-
dent glacial and proglacial changes of Austerdalsbreen and quantify the evolution of
this transition zone during the last decades. In particular, we focus on the short-term
evolution of the glacial lake since 2010, we examine the context of a glacier advance
in the 1990s, and we report long-term changes by utilizing 1960s imagery. We dis-
cuss the evolution and conditions of Austerdalsbreen compared to other outlet gla-
ciers of Jostedalsbreen. Overall, the glacier terminus has experienced a recession in
the last decades. The 1990s terminus advance was more restricted than at other
nearby outlet glaciers due to glacier surface debris cover, which is a critical factor for
the glacier and lake evolution. However, in the most recent period, since 2012, a dis-
tinct expansion of a glacial lake is quantifiable. Since the rates of glacier surface low-
ering also considerably increased since approximately 2017 and the glacier retreated
since the beginning of the 2000s with a clear maximum length decrease in 2015, we

interpret the recently formed glacial lake as a contributory factor of glacial changes.
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1 | INTRODUCTION

Worldwide retreat and mass loss of glaciers (Hugonnet et al., 2021;
Zemp et al., 2015; Zemp et al., 2020) are indicative of climate change
(Thomson et al., 2021). However, while climate change is the dominant
driver of glacier mass loss, its spatio-temporal diversity needs to be
attributed to local factors. For example, in the European Alps glacier
thickness changes vary greatly (Sommer et al., 2020) and those variations
can be related to local topography such as elevation and aspect
(DeBeer & Sharp, 2009), and to a lesser degree to differences in regional
climatic evolution (Abermann et al., 2011). The presence of debris cover
and its thickness affects ablation as empirically observed (@strem, 1959)
and described in a theoretical model of glacial melting (Evatt et al., 2015).
Due to the water contact of the glacier ice and the related thermally-
driven circulation of water in the proglacial water bodies, ice-marginal
lakes can be important for glacier ablation and ice dynamics (Carrivick
et al., 2022b, 2022c; Carrivick & Tweed, 2013; Truffer & Motyka, 2016).

A precondition for quantifying glacier changes is the use of
high-quality and high-resolution data, such as those resulting from
photogrammetric surveys (terrestrial, airborne, unoccupied aerial
vehicle-based, and archival; for example, Kaufmann & Seier, 2016;
Seier et al., 2017; Abermann et al., 2020; Robson et al., 2022), terres-
trial and airborne laser scanning (e.g., Abermann et al., 2010), as well
as Earth observation satellite data (e.g., Kaufmann et al., 2008) or a
combination of techniques (e.g., Fugazza et al, 2018; Seier
et al., 2018). The various techniques outlined above emerged at differ-
ent points in time (e.g., Bhardwaj et al., 2016) and enabled a variety of
analyses, for example, compiling glacier inventories and estimating gla-
cier volumes (Andreassen et al., 2015, 2022). Despite pros and cons of
each of the techniques, using unoccupied aerial vehicles (UAVs) in
protected areas could be critical from a nature conservation perspec-
tive, and needs thorough planning (Seier et al., 2021). Recently, high-
resolution thermal infrared (TIR) has become increasingly used in glaci-
ology (Tarca & Guglielmin, 2022).

Glaciomorphological features result from various processes, and
the characterization of these features is a prerequisite for understand-
ing glacial landforms (Yde et al., 2019). The transformation from
glacier-covered to ice-free, proglacial areas is often associated with
changes in the glacier surface properties such as debris cover extent
and thickness (Fyffe et al., 2020) and supra-glacial lake evolution
(e.g., Stefaniak et al., 2021). The presence of thin or thick debris on
the glacier surface is the primary factor influencing ablation. Thin
debris-covered ice in this context is understood as ice with a supragla-
cial debris thickness less than a “critical thickness” where surface abla-
tion increases compared to the ablation of clean ice, and is also called
“dirty ice” as partially debris-covered ice (Fyffe et al., 2020). Thick
debris on the glacier surface exceeds this “critical thickness” and
decreases ablation (@strem, 1959). Debris cover also impacts the
structure and seasonal evolution of the glacial drainage system (Fyffe
et al., 2019). However, knowledge about debris-covered glacier sur-
faces over short timescales is limited (Westoby et al., 2020).

Proglacial systems are considered among the most rapidly chang-
ing landscapes related to paraglacial processes (Ballantyne, 2002;
Carrivick & Heckmann, 2017). The expansion of a glacial lake can

increase ablation rates due to, for example, an increase in the englacial
water table, an increase in subglacial water pressure, an increase in the
ice surface gradient, favored ice margin flotation, and favored calving
(Carrivick & Tweed, 2013). Lake-terminating glaciers show
glacier dynamics that is found to be different from land-terminating gla-
ciers (Pronk et al., 2021). This is due to the intensive thermal exchange
between lake water and ice, which directly impacts the proglacial evolu-
tion (Falatkova et al., 2019). As a result of the current overall mass loss
and glacier retreat, the number of ice-marginal lakes is expected to
increase (e.g., Carrivick, et al., 2022b). However, ice-marginal lakes are
often not explicitly accounted for in studies related to ice loss and gla-
cier dynamics (Carrivick, et al., 2022b; Sutherland et al., 2020).

In Norway, the total glacier area has decreased by ~14% between
the former observation period 1999-2006 and the latest inventory of
2018-2019, while the number of glacial lakes has increased
(Andreassen et al., 2022). Coincident with glacier area decrease, glacial
lakes across Jostedalsbreen have increased in number and size
(Laute & Beylich, 2021), and the proportions of glacier loss are compa-
rable to those of other glaciers and ice caps in Norway (Carrivick,
Andreassen, et al., 2022a). Almost half of the 68 glacial lakes of the
Jostedalsbreen ice cap are ice-contact lakes (Laute & Beylich, 2021).
At Austerdalsbreen, which is part of the Jostedalsbreen ice cap, the
glacier terminus is characterized by both, overall distinct recession
and decay in recent decades interrupted by a short period of advance
in the 1990s (Andreassen et al., 2005; Winkler, 2021). The latter
period is known as the “Briksdalsbre event” (Nesje &
Matthews, 2011), describing the regional glacier advance culminating
during the late 1990s in the Jostedalsbreen region. From a long-term
perspective, the behavior of Austerdalsbreen is in line with the overall
retreat of Norwegian glaciers in the 20th century and the observed
temporary advances (Andreassen et al., 2005, 2020). However, in the
last decade, a glacial lake formed at Austerdalsbreen that converted
the land-terminating into a lake-terminating glacier. In the near future,
local bedrock topography will lead to the glacier tongue detaching
from the lake, provided that retreat continues at Austerdalsbreen.

The aim of this study is to quantify changes in the proglacial area
of rapidly changing Austerdalsbreen. We investigate the thinning
of the glacier terminus at Austerdalsbreen and the overall evolution of
the glacier. Furthermore, we determine the development and subse-
quent expansion of a recently formed glacial lake and the changes in

the glacial-proglacial transition zone in general.

2 | STUDY AREA

Austerdalsbreen is a southeast-facing outlet glacier of Jostedalsbreen,
the largest ice cap in mainland Europe (Figure 1). The Jostedalsbreen is
part of the Jostedalsbreen National Park in western Norway. Auster-
dalsbreen drains from the high plateau of Jostedalsbreen (1914 m a.s.l.)
through two ice falls (Odinsbreen and Thorsbreen) toward the glacier
terminus located at 383 m a.s.l. covering a total area of 19.38 km? and a
total length of ~8.44 km (Andreassen et al., 2022). The river Austerdal-
selvi runs along the valley Austerdalen bringing melt water from Auster-
dalsbreen downstream toward Lake Veitastrondsvatnet.
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FIGURE 1 Location map of the study
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area, the lower part of Austerdalsbreen.
The blue outline shows the glacier outline
in September 2021 and the
orthophotomosaic shows results from a
UAV-based survey during 3-5 September
- 2021. The dashed line approximately
shows the area covered by annual
terrestrial photography since 1991
(approximate photographer's position:
black dot). [Colour figure can be viewed at
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Previous work in the area characterized and described 15 moraine
sequences deposited since the Little Ice Age (LIA) until the 1930s in
front of Austerdalsbreen (Bickerton & Matthews, 1993). The outer-
most moraine sequence located ~3.2 km down valley represents the
LIAs maximum in AD 1786 whereas the AD 1930s moraine sequence
lies ~1.5km from the present glacier snout (Bickerton &
Matthews, 1993; Erikstad & Sollid, 1986; King, 1959).

3 | DATA AND METHODS

The analysis is mainly based on airborne and UAV-based photogram-
metric surveys but also comprises data from airborne laser scanning,
satellites, and terrestrial photography (Table 1).

i

In photogrammetric surveys, signalized objects, for example,
target marks used to visualize ground control points (GCPs), that
are viewed from a restricted range of angles cause precisions
that are significantly reduced along the viewing axis
(e.g., Kraus, 1993; Luhmann, 2000). The achievable precision in
the viewing direction, o, can be estimated by (Kraus, 1993;
Luhmann, 2000).

—2
0:= pgoi ®

where D is the mean object distance, o; is the precision of image mea-
surements (assumed to be a half pixel), b is the distance between the
camera centers (i.e., the stereo base), and d is the principal distance of
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TABLE 1
distance = GSD.
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Characteristics of the air- and UAV-borne data acquisition along with theoretical precision estimates. Ground sampling

Flying height (m), Sensor, focal Image size (pixel), GSD, oy,
Acquisition date Acquired by Aircraft, camera/scanner  number of images length (mm) pixel size (um) oz (m)
19./21.07.1966° Widerge Unknown, Wild ~5800, 7 Photographic -,94x94 0.36, 0.54,
RC5/RC8 film, 152.51 1.30
14.08.1986° Fjellanger Unknown, Wild RC10 ~4600, 3 Photographic -,93 x93 0.28,0.42,
Widerge film, 152.00 0.81
25.08.1997% Fjellanger Unknown, Zeiss RMK ~4600, 6 Photographic -,44 x 44 0.13, 0.20,
Widerge Top 15 film, 153.603 0.37
26.09.2010° Blom Unknown, UltraCam Xp ~4800, 9 CCD, 100.5 17,310 11,310, 0.29, 043,
Geomatics 6.0 x 6.0 0.46
AS
25.09.2017° Terratec Unknown, UltraCam ~3800, 17 CCD, 100.5 13,080 x 20,010, 0.22, 0.30,
Eagle 52 x 52 0.47
18.08.2020° Terratec Piper PA-31 Navajo, Unknown, — - - 0.50, —, —
Riegl VQ — 1560ii
03./04./05.09.2021  JOSTICE DJI Matrice 200, 142, 4084 1/1.7” CMOS, 4000 x 3000, 0.03, 0.05,
(UAV) Zenmuse XT2 8.00 19 x 1.9 0.12
04.09.2021 JOSTICE Twinfold hexacopter, 158, 351 APS-C CMOS, 6000 x 4000, 0.04, 0.06,
(UAV) Sony alpha ILCE-6000 16.00 4.1 x 4.1 0.12

#Manned aircraft.
PManned aircraft and airborne laser scanning.

the camera. According to Luhmann (2000), the achievable object pre-

cision parallel to the image plane, o4 (=5,), can be estimated by

Oox — Myoj, (2)

where m,, is the image scale number (calculated by %). Considering the
intersecting geometry of the imaging configuration, this object preci-
sion can be weighted by introducing a design factor g (Fraser, 1996),
which can be up to a value of 3 for weak imaging configurations
(Luhmann, 2000). In addition to the main survey characteristics,
Table 1 also shows the according theoretical precision estimates. Both
the survey characteristics and theoretical precision estimates enable
to assess of the survey planning and to compare the different data,
which shows that the ground sampling distance (GSD) and theoretical
estimates of the airborne data are in a similar range, whereas the
UAV-based results show lower values by one order of magnitude indi-

cating higher resolution and quality (Table 1).

3.1 | Airborne photogrammetry

Three datasets of historical aerial photographs were used in this
study. A survey from 1966 was processed by Terratec
(Terratec, 2021). Photogrammetric processing was done based on a
bundle block adjustment (BBA). In the first step, a relative orientation
was solved using tie points visible in overlapping images. Absolute ori-
entation was implemented using details on stable terrain visible in
both the 1966 and 2017 aerial photos. Most parts of the images had
good contrast and image matching worked well, thus, only minor man-
ual editing was needed.

The two photographs from 1986 and 1997 were processed
within the software Catalyst Professional. The interior orientations
were known from calibration reports. The relative and exterior orien-
tations were solved using 108 and 167 tie points and 5 and 4 GCPs
for the 1986 and 1997 imagery, respectively. Epipolar images were
generated prior to extracting the digital elevation models (DEMs) at
5-m postings using a semi-global matching algorithm, which has been
shown to outperform normalized cross-correlation and thereby pro-
duce outlier-reduced DEMs (Hirschmiiller, 2008).

Linear co-registration biases were removed following the methods
presented by Nuth and K&ib (2011) implemented through the dem-
coreg python module (https://github.com/dshean/demcoreg; Shean
et al., 2016) which minimizes the root mean square slope normalized
elevation biases over stable terrain. The process was iterated until the
standard deviation over stable terrain changed by less than 2%. Upon
examining the elevation biases over stable terrain, no non-linear co-
registration biases were observed. The DEMs were filtered following
the work of Gardelle et al. (2013) where outliers are identified and
removed using a threshold of 3 standard deviations of the elevation
change over stable terrain per 50-m altitudinal band.

In order to account for hypsometry, the vertical error (EAv;) can
be calculated based on the standard error (EAh;) (in m) per 50 m altitu-
dinal band, multiplied by the area of each altitudinal band (4;) follow-
ing Bolch et al. (2011) and Gardelle et al. (2013)

EAvi=>"'EAh x A, (3)
where EAh; is derived from the standard deviation over stable ground

(ostavle), divided by the effective number of observations (N) (Bolch
etal, 2011)
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Ostable
EAhj=—=, 4
=N 4

where N is calculated using the number of pixels (N in the DEM
differencing, the pixel size (PS), and the distance of spatial autocorrec-
tion, d, which we assume to be 20 pixels following Gardelle
et al. (2013)

- Ntot x PS

N 2d

(5)

The airborne photographs of 2010 and 2017 were photogramme-
trically processed using structure-from-motion and multi-view stereo
(SfM-MVS) approaches. The principle of SfM (Ullman, 1979)
photogrammetry is that photographs are captured from different per-
spectives and are subsequently assembled to point clouds using
image-matching techniques. The corresponding matching process is
based on the identification of interest points and uses the scale-
invariant feature transform algorithm (Lowe, 2004). Combined with
multi-view stereo techniques, SfM-MVS photogrammetry makes it
possible to simultaneously reconstruct dense 3D models, camera posi-
tions, and orientations (Brown & Lowe, 2005). The SfM-
MVS-photogrammetric approach was implemented using the software
Agisoft Metashape (v. 1.5.3). In the first step, data were processed by
generating a sparse point cloud followed by a BBA. Finally, a dense
point cloud was generated that also included depth filtering. Since the
images of frame cameras were used, the interior camera parameters
such as focal length, principal point offsets (cx and cy), and distortion
were fixed according to the calibration protocol. The dense point
clouds were exported to orthophotos and DEMs with GSDs of ~0.2-
0.4 m, depending on the respective survey characteristics.

3.2 | Airborne laser scanning

Airborne laser scanning (ALS) was performed on 18 August 2020 as
part of establishing the national digital terrain model (DTM) of
Norway by the Norwegian mapping authorities. The scanning and
data processing was carried out by Terratec AS (Terratec, 2020). As
the scanning is performed over several days snow and ice melting
may cause differences in surface elevation within the same resulting
scene. The scanning was performed at a resolution of a minimum of
2 points/m? with a Riegl VQ-1560ii instrument and resulted in a DTM
with 0.5 m GSD (Table 1).

3.3 | UAV-based photogrammetry

3.3.1 | UAV-based survey 2021

UAV-based surveys at Austerdalsbreen were conducted between

3 and 5 September 2021 using two different multirotor solutions

(Table 1). It required 10 flights to cover the entire area of interest
resulting in ~4400 photographs that were captured in the visible
spectrum using user-grade cameras (Table 1). In terms of georeferen-
cing, both, direct and indirect approaches were used, which is why sig-
nalized objects were geodetically measured using the Global
Navigation Satellite System (GNSS). The weather conditions were
favorable to the flights throughout the three survey days with low

wind speeds and good visibility.

3.3.2 | Processing and analysis of
orthophotomosaics, DEM, and thermal imagery

The processing of the UAV-based photographs in the visible spectrum
was implemented using the SfM-MVS photogrammetry approach out-
lined in Section 3.1. However, since in this case, amateur cameras
were used, a Sony alpha 6000 and a DJI Zenmuse XT2, the camera
parameters such as focal length, principal point offsets (cx and cy),
and radial distortion were set to adjustable in the process of camera
self-calibration. The georeferencing was implemented using an inte-
grated approach, combining GCP measurements with post-processing
kinematics-based direct measurements of sensor positions. The dense
point clouds were exported to an orthophotomosaic with a GSD of
0.05 m and to a DEM with a GSD of 0.09 m.

In addition, one of the cameras used (the DJI Zenmuse XT2) also
includes a thermal sensor, a Forward Looking Infrared, which is sensi-
tive in the long-wave infrared (7.5-13.5 um). The TIR images were
acquired on 5 September 2021. Considering the emission of the tar-
get object (E,y), the emission of the surroundings, reflected by the
object (E ), and the emission of the atmosphere (Eatm), the radiation
received by a camera (W) can be described using the following
equation (Herreid, 2021; Usamentiaga et al., 2014):

Wiot = €ob; " Tatm 6" (Tm/)4 + (1 —€otj) "Tatm ™" (Tren)* + (1 — Tatm) “&* (Tarm)*,

(6)

where ¢, is the emissivity of the object, 7,4, is the transmittance of
the atmosphere, T, (K) is the reflected temperature, Ty, (K) is the
temperature of the atmosphere, o is the Stefan-Boltzmann constant
(5.67 x 1078 Wm~2 K%, and Topj (K) is the surface temperature of an
object. The surface temperature can thus be calculated following Usa-
mentiaga et al. (2014):

* .
Tob/‘ = Wiot — (1 - Sobj)*Tatm*G*(Treﬂ)ét - (1 _Tatm)*(ﬁ(Tatm)4 8ob/‘*’fatm¥0-

@)

Accordingly, the TIR images were used to deduce surface temper-
atures. Apart from o, none of these quantities are constant. The emis-
sivity used in the calculation for debris and debris-covered ice
followed the suggestions and practice of Aubry-Wake et al. (2015),
Kraaijenbrink et al. (2018), and Herreid (2021) and was set to 0.94, to

0.97 for clean ice, and to 0.98 for water.
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3.4 | Time-series analysis of the lake extent

To assess the evolution of the glacial lake, a series of satellite images
(Sentinel-2, Landsat 5, Landsat 7, Landsat 8, and ASTER) acquired dur-
ing the months of July or August (since 2010) were used. In the first
step, the lake area was determined manually using the Google Earth
Engine Digitisation Tool (GEEDIT) (Lea, 2018). In a second step, lake
area changes were calculated between each of the consecutive years
using the function “symmetric difference” in QGIS. The time range of
the acquisition varied within the summer months throughout the dif-
ferent satellite-based products (see Section 5.2). In addition, we used
orthophotosmosaics of airborne and UAV-based surveys in 2010,
2017, and 2021 (Table 1) for delineating the lake area.

3.5 | Terrestrial photography

During the early 1990s and in the context of various research activi-
ties, one of the authors, Stefan Winkler, started a still ongoing visual
glacier front monitoring at multiple outlet glaciers of Jostedalsbreen.
Standard Single-Lens Reflex cameras were used to annually (partly bi-
annually) obtain photographs from almost identical positions on the
selected glacier forelands (Winkler, 2008; see also: glacier.nve.no/
viewer/GPP/no; Figure 1). Although Austerdalsbreen could not be vis-
ited every year, it is worth mentioning that especially the period of
advance in the 1990s has been covered very well (see Section 4.2).
Images taken on conventional color slide film roll have meanwhile

been scanned.

4 | GLACIER CHANGES

4.1 | Post-LIA changes

Despite a lack of direct historical evidence allowing precise dating,
Austerdalsbreen had its maximum LIA extent during the mid- or late-
18th century CE, that is, synchronous to other outlets of Jostedalsb-
reen (Nesje et al., 2008). The most reliable date for the LIA maximum
is 1761-95, presented by Bickerton and Matthews (1993) using
detailed lichenometric studies (Figure 2a). The high number of termi-
nal moraines representing short-term re-advances on the foreland of
Austerdalsbreen shows that the subsequent retreat from the LIA max-
imum position was interrupted by short-term frontal oscillations.
Some of these moraines may potentially be linked to seasonal
advances during periods of stationary or slowly retreating glacier mar-
gins (King, 1959; Winkler, 2021). The flat and broad outer part of the
glacier foreland is to a large extent dominated by glaciofluvial
deposits, and the abovementioned moraine ridges are intersected by
the river. The changes in the river channels do not necessarily show a
chronological connection to nearby moraine ridges as Maizels and
Petch (1985) and Petch and Whittaker (1997) demonstrated in their
lichenometric studies. After the 1930s, the glacier front receded

through an area where the valley bends from a N-S to a NW-SE

orientation, and a bedrock riegel causes a narrowing of the glacial
river plain. This may have led to a lack of distinct moraine ridges
between the 1930s and 2000.

Front variation has been measured on Austerdalsbreen since
1905 from fixed landmarks to the glacier terminus in a defined direc-
tion to be representative for glacier length changes (Kjgllmoen
et al., 2022; Rekstad, 1906). Typically, one data point has been used
to measure the front variation and length change each year. Figure 2b
shows a small advance in the first years, a continuous retreat from the
1930s to the 1960s, and then a small advance in the mid-1970s and a
larger advance in the 1990s before the glacier started to retreat from
the 2000s (NVE, 2022; Rekstad, 1906). The net retreat from 1905 to
2022 is 1.9 km (NVE, 2022).

4.2 | The glacier advance in the 1990s
Austerdalsbreen advanced in the 1990s during the so-called “Briks-
dalsbre event.” With a total length change of +82 m between 1991
and 2000 (NVE, 2022) this advance was, however, considerably less
than at other Jostedalsbreen outlet glaciers (Andreassen et al., 2005;
Winkler et al., 2009). Around Jostedalsbreen, the “Briksdalbre event”
resulted in the formation of terminal moraines on the inner glacier
forelands with ice pushing and bulldozing of unconsolidated proglacial
sediments by the advancing glaciers as the dominant process (for
details see Winkler & Nesje, 1999; Winkler & Matthews, 2010;
Winkler, 2021). Geomorphological processes related to the glacier
advance at Austerdalsbreen were different and more complex due to
the specific conditions at its lowermost glacier tongue at this time
responsible for those minor total length changes.

At the onset of the “Briksdalbre event” in 1991-1992 (Figure 3a),
the geomorphological situation at the terminus of Austerdalsbreen
was characterized by a large, extensively debris-covered complex of
stagnant ice (Figure 4a). It was physically still connected to the active
lower glacier tongue but otherwise initially showed similarities with
ablation moraines as, for example, described by Bennett and Glasser
(2009). This debris-ice complex showed several ice-disintegration fea-
tures and was surrounded by a proglacial pond that was covered by
the advance in the early 1990s (Figure 4b,d). At the terminus of Aus-
terdalsbreen the active part of the lower glacier tongue was advancing
into this stagnant debris-ice complex and exhibiting considerable pres-
sure on it (Figure 3). In turn, the static, motionless debris-ice complex
acted as an obstacle for any expansion of the active part of the glacier
tongue. As a consequence, the debris-ice complex clearly shrank
already by 1995 and was completely modified (practically overridden
and integrated into the active tongue) in the course of the advance. In
around 2000, the active glacier front was in a similar position as the
debris-ice complex had around 1990 (Figure 4f).

Likely due to tensions caused by the debris-ice complex acting as
an obstacle for the expanding and faster-moving advancing active gla-
cier tongue, prominent shear planes were observed at its southwest-
ern latero-frontal section where the glacier surface had risen and

exhibited a typical convex shape (e.g., Figure 3c). These shear planes
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FIGURE 2 (a) Hillshade (Airborne
laser scanning data from 2020;
hoydedata.no) of the glacier foreland of
Austerdalsbreen with lichenometrically
dated marginal moraines denoted A-O
(adapted from Bickerton &

Matthews, 1993). The marginal moraine P,
formed in 2000 CE, is also marked.

(b) Cumulative frontal variations of
Austerdalsbreen 1905-2022 CE (data
from NVE, 2022). [Colour figure can be
viewed at wileyonlinelibrary.com]
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could easily be visually traced and considerable quantities of englacial
debris were melting out at some of them. Below, those shear plane
deposition of that englacial and supraglacial debris caused the forma-
tion of a few ice-scree fans along the latero-frontal glacier margin
(Figure 4c). Those were, however, short-lived as ongoing latero-frontal
expansion during the second half of the 1990s modified and subse-
quently destroyed these features as well as small latero-frontal
moraine ridges that had been formed before the advance (Figure 4e).
First, in 1996, a small moraine ridge encircling the remaining down-
valley part of the debris-ice complex gave evidence that the active
glacier tongue finally had exerted control over the former (Figure 3d).
This moraine ridge consisted of predominately sandy sediment of gla-

ciofluvial origin deposited in the former glacial lake and its feeding

marginal meltwater streams. Genetically, it was a typical push moraine
similar to contemporary moraines at other glaciers in the region (see
above), but already since 2001, this sandy moraine deteriorated
quickly as a consequence of further advances and its less compact,

unstable sedimentological properties (Figure 4f).

4.3 | Austerdalsbreen in the 2000s

The advance ceased by the end of the 1990s and left Austerdalsb-
reen with a debris-covered front. In the following years, down-
wasting and back-wasting processes (Kriiger & Kjar, 2000) domi-

nated the melting of the debris-covered front, while glacier ice

85UB17 SUOWILIOD BAIER.D 3 |qed! dde 8y A pauenoh a.e sajolle YO (38N JO s3I 10j Areiq1 8ulUO 8|1 UO (SUONIPUOD-PUE-SLLB)LLIY" A3 | 1M Alelq 1[I IUO//SANY) SUOIIPUOD PLE WS L 34} 885 *[7202/T0/92] uo ARiqiauliuo A81iMm 191 Aq €261 1P1/200T OT/I0p/wod A8 | 1w Afe.q 1 puluo//Sdny Wwoi) papeojumoq ‘T ‘%7202 ‘XGyT660T


http://wileyonlinelibrary.com

SEIER ET AL.

FIGURE 3 View of the central lower glacier tongue of Austerdalsbreen: (a) 31.08.1991; (b) 12.08.1993; (c) 24.08.1995; (d) 21.08.1996;
(e) 17.08.1997; and (f) 03.09.1998. The advance of Austerdalsbreen during this period resulted in a visible thickening of the debris-covered
glacier tongue and final disappearance of the proglacial lake in 1996. Photographs: Stefan Winkler. [Colour figure can be viewed at

wileyonlinelibrary.com]

exposed up-glacier of the uppermost debris-rich shear band melted
at a faster rate than the debris-covered front (Figure 5). This albedo-
induced deviation in melt rates caused lateral retreat of the near-
vertical ice slope behind the uppermost shear band, forming a
depression between the debris-covered front and the cleaner glacier
ice. As shown in the time series in Figure 5, this depression became
progressively dirtier as sediment from both the debris-covered front
and the medial moraine was washed into the depression. It is also
worth noting that through the 2000s, the terminal part of the debris-

covered front was only affected by limited down-wasting and
became more stable because of increasing debris cover and less
exposure of its ice core. This is evident by the light grey color of the
debris cover in Figure 5.

The difficulties in distinguishing between stagnant debris-covered
ice at the front and active glacier ice further up-glacier caused chal-
lenges in objectively defining the location of the active glacier termi-
nus and thus to measure glacier recession. Also, the lateral parts of
the front melted faster than the central part (Figure 5). The glacier
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FIGURE 4 Morphological processes at the terminus of Austerdalsbreen during the recent advance in the 1990s: (a) Active lower glacier
tongue (right) and static down-valley complex of stagnant ice and debris (left), 31.08.1991; (b) Debris-ice complex on 11.08.1992; (c) Prominent
shear planes and ice-scree fans along the latero-frontal margin, 08.08.1994; (d) Debris-ice complex on 12.08.1993—note the development of ice-
disintegration features and local expansion of a glacial pond in comparison to (b); (€) Ice overriding remnants of ice-scree fans and (subsequently)
older latero-frontal moraines, 21.08.1996; and (f) View of the frontal glacier margin showing the final stage of development of the former debris-
ice complex when the advance ceased, 29.08.2001 (note that photos (c) and (e) are taken from lower positions slightly up-glacier. Photographs:
Stefan Winkler. [Colour figure can be viewed at wileyonlinelibrary.com]

front record (Figure 2b) shows that from autumn 2000 to autumn 44 | Recession and thinning of Austerdalsbreen
2001 Austerdalsbreen retreated 20 m, the first retreat on record since after 2010

the 1980s. A 5 m advance was recorded the year after, but from 2003

to 2010 the terminus position retreated 92 m. However, the central Austerdalsbreen continued to thin and retreat after 2010. The first
part of the stagnant debris-covered front only retreated 10-20 m dur- observation of periodic flooding within the extent of the 1990s
ing this decade. advance was in 2011 (Figure 6a) where a small outwash plain had
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FIGURE 5 View of the central lower glacier tongue of Austerdalsbreen in the 2000s: (a) 29.08.2001; (b) 26.06.2003; (c) 19.08.2005;

(d) 22.08.2007; (e) 24.08.2008; and (f) 01.07.2010. The glacier front thinned significantly during this period. Debris that originally derived from the
medial moraine or the most distal shear band spread over a larger area of the former clean ice glacier surface as a consequence of higher ablation of
the clean ice and back-wasting of the debris-covered front. Photographs: Stefan Winkler. [Colour figure can be viewed at wileyonlinelibrary.com]

formed along the southern part of the front. This area was not inun-
dated in 2012 and 2013 (Figure 6b,c). In 2014-2015, the stagnant
debris-covered front was largely detached from the active glacier ice
above surface level, and several ponds and lakes became permanent,
although very dynamic, landform features (Figure 6d.,e). Below the
surface, the debris-covered front was still attached to active glacier

ice. Thus, the ponds and lakes should be characterized as supraglacial

features. In the following years (Figure 6e,f; Figure 7), the degradation

of the debris-covered front continued, and ponds and lakes merged

into large units and the total lake area increased.

From autumn 2010 to autumn 2020, the total retreat recorded was
327 m (Figure 2b). The largest single-year retreat was from autumn 2014
to autumn 2015 with a retreat of 225 m due to the superficial detach-
ment of the debris-covered front. The measurements after 2015 were
then continued for the front of the active glacier ice. A large annual
retreat was also recorded from autumn 2020 to autumn 2021 with a
retreat of 130 m. However, these glacier recession rates should be con-
sidered as very rough estimates, as terminus measurements were chal-
lenging in these years due to the uneven terminus, which can result in

highly variable results depending on the chosen line of sight or flowline.
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FIGURE 6 Degradation of the glacier front of Austerdalsbreen 2011-2016: (a) 28.07.2011; (b) 08.08.2012; (c) 29.08.2013; (d) 09.08.2014;
(e) 17.09.2015; and (f) 24.09.2016. The first signs of formation of a new glacial lake started to show during this period. In 2014-2015, the frontal
ice-cored moraine was detached from the active glacier ice. Photographs: (d) Per Solnes, all other photographs by Jacob C. Yde. [Colour figure can

be viewed at wileyonlinelibrary.com]

5 | RESULTS

5.1 | Glacier surface lowering and glacier
change rates
5.1.1 | Quality assessment

When using GCPs, the quality of photogrammetric reconstruction is

in the range of a few centimeters for the UAV-based survey, a few

decimeters for recent airborne surveys and amounts to ~1 m for
archival airborne photographs, taking root-mean-square errors
(RMSEs) into consideration, irrespective of the survey characteristics
(Table 2). This applies to both the planimetric (XY) and elevation (2)
values. Besides photogrammetric processing, independent check
points (ICPs) enable us to assess the vertical quality of the 2021 DEM
based on standard deviation (SD), which is in the range of a few deci-
meters, and based on a mean value of 0.36 m (Table 2). The SDs and

RMSEs of the ICPs are in the same range and thus independently
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FIGURE 7

confirm the high quality of the 2021 DEM. From a methodological
point of view, we would in this case (2021 DEM) expect elevation dif-
ferences in the range of a few centimeters. Nevertheless, comparison
to GNSS measurements mounted on a backpack is only to a limited
extent useful for validation as the approach itself holds an inherent
uncertainty in the range of a few decimeters.

Other than that, in traditional photogrammetry, it is good practice
to relate the theoretical estimate o, to the survey range, which results
in relative precision ratios. In our case, these ratios are comparable to
those usually achieved (~1:1000) in both SfM-MVS-based and

Formation of a new glacial lake at Austerdalsbreen 2017-2022: (a) 08.10.2017; (b) 23.08.2018; (c) 22.08.2019; (d) 20.08.2020;
(e) 27.09.2021; and (f) 24.08.2022. Ponds and small lakes gradually merged into a larger glacial lake with debris-covered “ice-cored” islands.
Photographs: (a) Per Solnes, (b) Marthe Gjerde, (c-f) Jacob C. Yde. [Colour figure can be viewed at wileyonlinelibrary.com]

traditional photogrammetry (James & Robson, 2012) and vary
between 1:1140-1:12300 (Table 2). The accuracy ratios, which result
from relating the RMSEs to the survey range, vary between 1:1800
and 1:14600 (Table 2) and are indicative of similar or even better
qualities than we would expect from other SfM-MVS-based studies
(Smith & Vericat, 2015). Our results can therefore be considered pre-
cise and accurate.

Considering the different data used, the vertical error (see
Section 3.1) of DEMs assessed at stable ground was in a range of a

few centimeters per year (Table 3).
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TABLE 2 Quality of the photogrammetric processing and DEMs based on ground control points (GCPs) and independent checkpoints (ICPs),

as well as relative precision ratios and accuracy ratios.

GCP XY GCPZ Vertical Vertical Vertical Relative

RMSE RMSE GCP image plain  quality, ICP quality, ICP quality, ICP precision Accuracy
Acquisition date (m)? (m)? RMSE (px)? SD (m)° RMSE (m)° mean (m)® ratio® ratio?
19./21.07.1966 0.55(38) 0.52(38) Not reported - - - ~1:4500 ~1:10500
14.08.1986 0.66(23) 0.19 (23) 1.57(23) - - - ~1:5700 ~1:7000
25.08.1997 2.61(4) 0.48 (4) 1.15 (4) - - - ~1:12300 ~1:1800
26.09.2010 0.36 (6) 0.08 (6) 0.4 (6) - - = ~1:10400 ~1:13000
25.09.2017 0.26 (6) 0.24 (6) 0.7 (6) - - - ~1:8000 ~1:14600
03./04./05.09.2021  0.05 (27) 0.07 (27) 1.6(10) 0.31(12445) 0.48 (12445) 0.36 (12445) ~1:1140 ~1:1800

Abbreviations: px, pixel; RMSE, root means square error; SD, standard deviation.

?Based on GCPs, number of points in parentheses.
bBased on ICPs, number of points in parentheses.
“The ratio of the theoretical estimate s, to D.
9The ratio of the RMSE to D.

TABLE 3 Vertical error of DEMs assessed at stable ground.

Period of time Vertical error (ma™?%)

1966-1986 0.03
1986-1997 0.02
1997-2010 0.03
2010-2017 0.04
2017-2020 0.05
2020-2021 -2

#Not enough stable ground covered in the respective DEMs to perform a
calculation.

5.1.2 | Elevation differences and glacier
change rates

Our data reveal that the glacier tongue of Austerdalsbreen has
thinned in the observation period 1966-2021 (Figures 8 and 9).
Throughout the six subperiods, the glacier surface lowering is marked
by increased change rates (Figure 8, Table 4; note that the time inter-
vals and the areas used in the calculations differ), with some minor
exceptions in the upper, that is, north-western section of the glacier
tongue. Most notably, the glacier terminus has been lowering at an
accelerated rate since the 1960s amounting to up to ~—20m a1 in
the period 2020-2021 (Figure 10, Table 4). While the change rates of
the glacier tongue are spatially heterogeneous throughout the periods
1966-2010, in the periods since 2010 the change rates are rather
spatially homogeneous at an increasing rate. By comparing the mean
glacier elevation change rates of the subperiod 2010-2021 with those
of the entire period 1966-2021 (Table 4), the onset of increased sur-
face lowering since 2010 is deducible. Increased rates of glacier
surface lowering especially affecting the glacier front have been rec-
ognizable since 2010 (Figure 10). Similarly, the glacier volume has
decreased throughout the observation period at an increased rate
since 2010 (Table 4).

5.2 | Formation of the lake and areal changes

The glacial lake formed as a permanent landform in 2014, although
smaller ponds and inundated outwash plains were observed in previ-
ous years. Between 2010 and 2021, the total area of the lake at Aus-
terdalsbreen increased from ~0.008 km? in 2010 to ~0.1 km? in
2021 (Figure 11). The increase in the glacial lake's area appears almost
linear irrespective of the data used and developed from 2012 and
2013 with a water-covered area of ~0.01 and ~0.02 km?, respec-

tively (Figure 11).

6 | DISCUSSION

6.1 | Surface temperature conditions during the
2021 UAV-based survey

From a TIR measurement, we found that the water temperature of the
glacial lake is a constant source of heat energy compared to the clean
ice (Figures 12 and 13). The ice surface characteristics play a vital role
here too, which is expressed in the clearly higher surface temperatures
of debris-covered ice compared to clean ice (Figure 13), even though a
clear differentiation of surface temperatures of dirty ice and thick
debris-covered ice is not possible. Debris-covered land, however,
shows by far the highest surface temperatures. During the TIR survey
(on 5 September 2021) partly cloudy conditions prevailed, which is why

insolation likely did not impact the measurement significantly.

6.2 | Interaction between ice ablation rates, lake
formation, damming by the terminal moraine, and
debris-covered glacier ice

The foreland of Austerdalsbreen, between its LIA maximum position

and the inner bedrock sill, which is the glacier margin position during
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FIGURE 8 Maps showing elevation differences throughout the observation period at Austerdalsbreen. Note that the presented elevation
differences are based on different time intervals. The glacier outline of September 2021 is shown in all images (blue line). The upper limit of the
area compared is based on the extent of the data acquisition in 2021 (dashed line in (f)). The straight grey line in (a) shows the location of the
cross-sectional profile presented in Figure 9. [Colour figure can be viewed at wileyonlinelibrary.com]

the mid-20th century position (Figure 2a), is very similar to those of
other outlet glaciers of Jostedalsbreen, for example, Nigardsbreen
(see Winkler, 2021). The rather flat terrain contains numerous
moraine ridges of small dimension representing short-term interrup-
tions during the general retreat from the LIA maximum position. The
moraines are commonly intersected due to glaciofluvial erosion and
large areas of the flat foreland covered by glaciofluvial deposits.
Therefore, neither chronologically (Bickerton & Matthews, 1993) nor
geomorphologically do the outer forelands provide any indication that

Austerdalsbreen's supraglacial debris cover had impacted its length

changes and morphodynamic processes until it retreated into its con-
fined inner valley. Because thick and widespread supraglacial debris
cover generally delays response of the glacier terminus to climate
warming due to its isolating effect, Austerdalsbreen would not have
experienced parallel advance and retreat periods as other (debris-free)
Jostedalsbreen outlets. Furthermore, the formation of ablation
moraines typical for heavily debris-covered glaciers would have
resulted in related hummocky terrain rather than defined moraine
ridges and the widespread outwash present in Austerdalsbreen's

outer foreland. Considerable supraglacial debris on its lower glacier
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TABLE 4 Glacier change rates related to surface elevation (Ah)
and volume (AV). For the respective areas, see Figure 8.

Period of time Ah(ma?) AV(Mm3a?)
1966-1986 -14+0.6 ~-3.1
1986-1997 -1.2+1.0 ~—2.6
1997-2010 -1.6+0.8 ~-3.5
2010-2017 —26+14 ~—5.3
2017-2020 -3.9+1.6 ~—7.1
2020-2021 —-10.7 £ 3.0 ~—17.5
2010-2021 -36+1.1 ~-5.9
1966-2021 -1.3+04 ~—29

tongue is specific to Austerdalsbreen compared to other outlet gla-
ciers of Jostedalsbreen, which has caused a complex of stagnant ice
and debris that has favored the forming of the lake and impacted the
overall frontal dynamics during the past decades including the 1990s
advance.

The formation of Austerdalsbreen's lake started later than other
outlet glaciers of Jostedalsbreen. Several outlet glaciers had glacial
lake development that occurred within 20 years after a last short re-
advance culminating around 1930 (e.g., Briksdalsbreen, Bgdalsbreen,
Bgyabreen, Erdalsbreen, and Nigardsbreen; www.nve.no; Laute &
Beylich, 2021; Winkler, 2021). Those lakes are partly bound by
terminal moraines but mainly occupy pre-existing basins that became
ice-free by the glacier retreating upvalley. But, by contrast to Auster-
dalsbreen, all those glaciers are free of supraglacial debris and tempo-
rary may have developed a calving front. But, at no stage, any
comparable heavily debris-covered stagnant/dead ice complex was
involved. Whereas the lakes at Briksdalsbreen and Erdalsbreen are
also located in relatively narrow valleys, the lakes at Bgdalsbreen,
Bgyabreen, and Nigardsbreen occupy central parts within broad fore-
land terrain. The situation at the lower glacier tongue of Austerdalsb-

reen is unique for this region.

NE FIGURE 9 Glacier surface elevation
along a cross-sectional profile at the
central part of Austerdalsbreen (see
Figure 8a) at different points in time and
adjacent sections of ice-free terrain.
Vertical exaggeration is 1.5. [Colour figure
can be viewed at wileyonlinelibrary.com]
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Both, the rates of glacier surface lowering and the size of the lake
of Austerdalsbreen increased after 2010. Notably, the glacial lake's
area increased constantly since 2012 (period 2010-2021), whereas
the rates of glacier surface lowering were rather constant for decades
(since the 1960s) and only increased in recent years, with a slight
increase in surface lowering in the period 2010-2017 and a clear
increase since 2017 culminating in the last observation period 2020-
2021 (Section 5.1.2, Figure 8). Likewise, the glacier volume loss has
increased since 2010, whereas the periods before were characterized
by rather constant volume loss rates. Another study reveals that three
other outlet glaciers of Jostedalsbreen (Nigardsbreen, Tunsbergs-
dalsbreen, and Austdalsbreen) had varied surface elevation changes
during a similar period from the mid-1960s to ~2010 (Andreassen
et al., 2020). Surface mass balance also varied between Austdalsbreen
and Nigardsbreen for the joint period of observations from 1988
(Andreassen et al., 2020; Andreassen et al., Under review). A compari-
son of surface elevation changes from 1966 to 2020 for 50 of the
outlet glaciers, covering 34 of the total glacier area of Jostedalsbreen,
shows that Austdalsbreen has a less negative mean elevation change
(—0.11 m) than the overall studied part of the ice cap (—0.19 m). This
study also finds large inter-variability, for example, Nigardsbreen
(—0.06 m), Tunsbergdalsbreen (—0.45m), and Austdalsbreen
(—0.36 m) (Andreassen et al., under review). The increased rates of
glacier surface lowering cannot be directly attributed to the recent
formation of the glacial lake, however, lake water is seen to favor gla-
cier frontal ablation even though specific local conditions can attenu-
ate or intensify this effect (Truffer & Motyka, 2016). In this regard,
relevant factors are thermally induced melting together with thermal
undercutting and ponded meltwater beneath and within a glacier
(Carrivick & Tweed, 2013; Truffer & Motyka, 2016). This could result
in accelerated glacier motion and mass loss, as well as dynamic thin-
ning (Trissel et al., 2013; Tsutaki et al., 2019), which could
introduce positive feedback of increased basal ice motion, reduced
effective pressure, and increased flow velocity (Carrivick et al., 2020;

Sugiyama et al., 2011).
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FIGURE 10 Map showing elevation differences and front recession throughout the observation period at the terminus of Austerdalsbreen.

[Colour figure can be viewed at wileyonlinelibrary.com]

The constant glacier retreat uncovered the area between the
2021 glacier outline and the moraine ridge of 2000. This moraine
ridge is the geomorphic precondition for the formation of the glacial
lake, however, it is noticeable that a clear formation and evolution of
this lake began 11 years (2012) after the onset of the recession from
the moraine ridge but still before the distinct retreat in 2015. As long
as this moraine ridge is not affected by erosion due to changing melt-
water channels and as long as the glacier retreats, we expect a further
increase in the glacial lake. The spatially almost homogeneous glacier
surface lowering in the period 2020-2021 at a high level compared to

the periods before is an indication of conditions favoring the increase

of the glacial lake. Bedrock conditions below the lowest part of the
current margin will determine (and limit) future lake expansion.

7 | CONCLUSIONS

Our results show that the glacier surface at the lower section of Aus-
terdalsbreen has thinned since 1966. The rates of surface lowering
have been measured over six subperiods starting in 1966 and
increased for each period since the period 1986-1997, with a maxi-

1

mum change rate of ~—10.7+3.0m a * occurring in the last
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FIGURE 12 UAV-based data acquisition of the frontal part of Austerdalsbreen and its foreland, 05.09.2021 between 16:36 and 16:56 local
time: (a) orthophotomosaic and (b) TIR-based surface temperature. [Colour figure can be viewed at wileyonlinelibrary.com]

observation period 2020-2021. While the surface lowering was spa-
tially heterogeneous until 2010, a homogenous lowering appeared in
the most recent periods. Favored by a complex of stagnant ice and
debris a glacial lake formed that affected the overall frontal dynamics

during the past decades. Since 2012, the area of this moraine-
dammed lake considerably increased along the retreating terminus
amounting to ~0.1 km? in 2021, which likely favors glacier melting
and retreat. However, a quantification as to which proportion of the
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increased glacier surface lowering and glacier length retreat is attrib-
utable to the presence of the recently formed glacial lake is difficult to
determine as we showed with the complex interplay of factors during
the 1990s advance of the glacier. We found that supraglacial debris
on the lower glacier tongue of Austerdalsbreen is specific compared
to other outlet glaciers of Jostedalsbreen, which contributed to the
evolution observed. An in-depth comparison with recent climate
trends and the retreat rates of other outlet glaciers of Jostedalsbreen

could add to our knowledge of the drivers of the observed changes.
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