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Abstract

In this paper, frontal variations and surface area changes for each of the years 2017-2023 are
assessed for 277 Swedish glaciers, of which the majority is contained within the Randolph Glacier
Inventory 7.0. Mapping of all Swedish glaciers became possible by combining Sentinel-2 imagery,
semi-automated mapping procedures and the open-source Margin Change Quantification Tool
(MaQiT). In addition, manual mapping was performed at a subset of 22 glaciers historically asso-
ciated with the Swedish Front Variation Program. At four of those, mapping accuracy was assessed
by contrasting Sentinel-2 mapped fronts to fronts mapped in situ using Global Navigation Satellite
System (GNSS), a total station and an uncrewed aerial vehicle. Results show widespread retreat of
all Swedish glaciers, with cumulative frontal variation amounting on average to —55.6 m during
2017-2023 or 9.3 m a™!. Swedish glaciers had a total area of ~237 km? in 2017 and of 210 km?
in 2023. The reduction by ~27 km? corresponds to a loss of 11% with respect to the areal extent
in the year 2017 but varies across regions. It is also almost as large as the combined area loss of
Swedish glaciers in the preceding 15 years (~31 km?, 2002-2017).

1. Introduction

Global warming implies melting of the world’s more than 200 000 glaciers outside the Greenland
and Antarctic ice sheet (RGI Consortium, 2023), which amounted to 0.74 + 0.04 mm sea level
equivalent (SLE) per year during 2000-2019 (Hugonnet and others, 2021). Under future warm-
ing scenarios of 1.5°C and 4°C (corresponding approximately to Representative Concentration
Pathways RCP2.6 and RCP8.5), estimates for SLE by the year 2100 and relative to 2015 range
from 1.06 + 0.3 mm a~! to 1.81 + 0.52 mm a~!' (Rounce and others, 2023), with similar val-
ues reported by Marzeion and others (2020). Such warmer futures may imply the complete
disappearance of many glaciers in all regions. Recently, the Global Land Ice Measurements
from Space (GLIMS) initiative has started highlighting already extinct glaciers (glims.org/
MapsAndDocs/extinct_glaciers_guide.html), with first entries from central Europe, Canada
and North America.

Measurements of front variations were among the first metrics employed to characterize
glacier change (Forel, 1895; Kasser, 1967) and continue to be highly relevant (Thorsteinsson
and others, 2023). Firstly, because of the legacy in glacier length change, typically measured
along a central flowline and ending at a glacier terminus. Such measurements comprise the
main body of glacier change data collected since the initial phases of coordinated interna-
tional glacier observations. Moreover, the temporal extensiveness and continuation of these
datasets enable assessments of the representativeness of individual glacier mass-balance pro-
grams (Nussbaumer and others, 2017). Secondly, because remotely sensed glacier mass balance
is not yet available at all regional or sub-regional to local scales. Thirdly, because frontal vari-
ation, displaying either glacier length change or more specific aspects of frontal changes, or
both, is a concept that is intuitively comprehensible. When visualized, imagery of frontal varia-
tion can play a pivotal role in raising awareness among broad audiences for glaciers as sensitive
climate indicators potentially facing widespread extinction and also for mountain regions and
their ecosystems. Perhaps most importantly, however, is that assessing frontal variation using
the approach by Paul and others (2002, 2013) adopted here also renders glacier outlines from
which glacier area can be derived straightforwardly.

This provides a twofold opportunity: On the one hand, to continue and extend on tra-
ditional front variation investigations. Indeed, in Sweden, reports of glacier front variation
date back to the work of Hamberg (1901, 1908, 1910) in the Sarek massif, at Mihkajiegna
and Suottasjiegna. By 1951, investigations had broadened to include further seven glaciers in
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the Sarek and Kebnekaise massifs, as well as Salajiegna in
the Sulitelma massif (thus with a total of ten glaciers in the
Swedish Front Variation Program, FVP). In the early 1960s, the
International Commission on Snow and Ice issued a call encour-
aging every glacierized country of the world to increase glacier
observations in both number and frequency (Ward, 1961; 1962;
Glen, 1963; Schytt and others, 1963). In Sweden, this led to the ini-
tiation of front observations at additional ten glaciers by 1971, and
later at Moarhmmaglacidren (in 1991) and at Kebnepakteglacidren
(in 2022). Thus, 22 glaciers in total are now measured within the
FVP (cf. Table 1), where measurements over time have been, and
continue to be, conducted, by staff of Tarfala Research Station at
Stockholm University. This provides motivation to determine the
frontal variation of Swedish glaciers for the period 2017-2023. The
starting year was chosen because of the release, in October 2016,
of atmospherically corrected Sentinel-2 products, most suitable
for the semi-automated procedure employed later in our analysis.
Frontal variation was derived from combining Sentinel-2 imagery
with the semi-automated mapping algorithm by Paul and others
(2002, 2013) and the Margin Change Quantification Tool (MaQiT)
(Lea, 2018). For the 22 FVP glaciers, manual mapping was also
performed, allowing for a comparison to the semi-automated map-
ping tool. Furthermore, frontal mapping accuracy was investigated
by contrasting Sentinel-2-mapped fronts to fronts mapped in situ
using Global Navigation Satellite System (GNSS), a total station
(TS) and an uncrewed aerial vehicle (UAV) at four glaciers.

On the other hand, the frontal variation analysis presented the
opportunity to provide updated glacier areas to existing databases.
For instance, the Randolph Glacier Inventory (RGI) 7.0 (RGI
Consortium, 2023) provides a comprehensive dataset of glacier
outlines and derived glacier area with reference to their state
around the year 2000. Specifically, it contains 3410 glacier outlines
in its Scandinavia section (Section 08 in RGI 7.0 terminology), of
which 270 are located entirely or partly in Sweden. However, the
number of Swedish glaciers differs across inventories. The World
Glacier Inventory (WGI) (WGMS and National Snow and Ice Data
Centre, 2012) reports 303 glacier locations (identified at the lat-
est in the year 2003), while 278 Swedish glacier locations can
be sourced from WGMS (2024). There is a need for an updated
national inventory of the current state of Swedish glaciers. In this
study, we use Sentinel images to assess changes in glacier area and
length, complementing recent similar work for Norwegian glaciers
(Andreassen and others, 2020, 2022).

2. Regional setting

Swedish glaciers are located along the mountain chain spanning
across the Swedish-Norwegian border (Fig. 1). Sweden’s two north-
ernmost glaciers are located in the Riksgransen (Fig. le) area—
Beaivvecohkka (at 68°32' N, 18°19 E) and Cunujokel (at 68°34' N,
18°26 E). Sweden’s southernmost glacier (Helagsglaciren) is
located at 62°54 N, 12°27" E (Fig. 1h). The 22 FVP glaciers are
located in northern Sweden: Seven glaciers are located in the
Sarek region, thirteen in the wider Kebnekaise region, one in the
Sulitelma region and one in the Riksgrinsen-Abisko region (Fig. 1,
Table 1).

Glaciers investigated in the framework of the FVP were revis-
ited with varying frequency (Table 1). Measurement frequency has
increased at Gorsajiekna, Reaidda-, Vastra Bossos-, Moarhmma-
and Kebnepakteglacidren, where frontal variation was assessed
based on ground surveys and airborne photogrammetry at one
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or several instances during 2016-2023. With the launch of
European Space Agency (ESA’s) multispectral Sentinel-2 mission
in 2015 which provides satellite images at 10 m spatial resolu-
tion, glacier front observation is rendered comparatively easy as
compared to previous in situ, ground-based investigations. The
frontal positions of Storglacidren, Kebnepakteglacidren, Sydostra
Kaskasatjakkaglacidren and Moarhmmaglacidren were mapped
during the summer of 2022.

Over time, different methods were used to assess frontal varia-
tion (Schytt and others, 1963; Schytt, 1964; Klingbjer, 2002), with
measurements of the FVP glaciers reported to the Permanent
Service on the Fluctuation of Glaciers, later embodied in the World
Glacier Monitoring Service (wgms.ch) in Switzerland (Kasser,
1967). Including the most recent results from 2023, cumula-
tive frontal variation for the Swedish FVP glaciers is visualized
in Figure 2, sourced from WGMS (2024). Similarly, different meth-
ods were used over time to establish various Swedish glacier inven-
tories, and with it, numbers of glaciers and glacierized area varied.
For instance, Schytt (1959) reports 237 Swedish glaciers with a
combined area of 310 km? based on aerial photography; Vilborg
(1962) mentions 287 glaciers in Sweden during 1959-1961, with
a combined area of 329 km?; @strem and others (1973) specify
294 glaciers with a combined area of 314 km?. The RGI 7.0 (RGI
Consortium, 2023) reports—as of the year 2002—270 Swedish
glaciers with a combined area of ~274 km?, while the study by
Hamré (2015) concludes at 265 Swedish glaciers as of the year 2008,
with a combined area of 247 km?. The WGI and WGMS inventories
(WGMS and National Snow and Ice Data Centre, 2012; WGMS,
2024) of Swedish glaciers (303 and 278 in number, respectively) do
not provide glacier area.

3. Materials and methods

3.1. Glacier inventories and glacier front variation data until
and including 2023

The first source to turn to for identification of Swedish glaciers was
the Scandinavia-section of the RGI 7.0 (RGI Consortium, 2023).
In this version, previously erroneous spatial referencing of some
glacier outlines (cf. specifically submission 812') in the Kebnekaise
area is corrected (Maussion and others, 2023). Counting glaciers
located within (entirely or partly) Sweden, 270 glaciers (includ-
ing the 22 FVP glaciers) were identified as Swedish by manual
inspection from RGI 7.0 (RGI Consortium, 2023). However, an
unnamed glacier in RGI Consortium (2023) (RGI2000-v7.0-G-
08-00705, referred to as Ostra Kallaktjakka in Swedish) has split
into two glaciers, rendering an updated number of 271 glaciers to
be considered based on RGI Consortium (2023). Another glacier,
Kuototjakkaglacidren (one of the FVP glaciers, Table 1) is likely to
split in the foreseeable future; however, currently, it is assessed to
still be connected through debris-covered frontal ice (Fig. Al).
Furthermore, the WGI and WGMS inventories (WGMS and
National Snow and Ice Data Centre, 2012; WGMS, 2024) were
investigated with a focus on Swedish glaciers. Combining these
inventories, a total of 60 Swedish glacier locations was identi-
fied which are not contained in RGI 7.0 (RGI Consortium, 2023).
These 60 glacier locations were then inspected manually using
satellite imagery provided by Google Earth (earth.google.com)
and Lantmiteriet (lantmateriet.se). Among these locations, several
were discarded as doublettes (multiple points on the same glacier),

'www.glims.org/rgi_user_guide/regions/rgi08.html.
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Figure 1. (a) Location of Swedish glaciers. Map section corresponds to blue area on wider map of Sweden. Black squares labelled (b-h) indicate regions detailed in (b-h).
The villages of Abisko, Hemavan, Kiruna and Ostersund, as well as the location of Tarfala Research Station (TRS), are indicated for orientation (in yellow and orange text,
respectively). (b-h) Details of the studied regions: (b) Kaitum, (c) Kebnekaise, (d) Sarek, (e) Riksgransen-Abisko, (f) Sulitelma, (g) Vindelfjallen, (h) Helagsfjallet. Glaciers are
indicated as filled shapes. White shapes indicate semi-automatically sensed glaciers listed in RGI 7.0 (RGI Consortium, 2023), pink ones (in panels, b, c, f) those that were
mapped in the same way but sourced from other inventories. Light blue shapes with IDs as in Zemp and others (2023) indicate glaciers from the FVP that were also manually
mapped, dark blue shapes with these IDs indicate glaciers that were also observed in situ in the framework of this study. Background images for all panels from Google
Earth, and DEM (50 m resolution) used for topography illustration and hillshading is from Lantmateriet, geographical coordinates are WGS84 (ESPG:4326). Note that ‘north’
(indicated by a white arrow) and therefore also, coordinate markers, vary between panels.

while others were discarded because the feature was not regarded
a glacier any more based either on visual inspection of the satel-
lite imagery or from in situ observations in the field (Fig. A2). At
two locations, glaciers listed in the WGI and WGMS inventories
(WGMS and National Snow and Ice Data Centre, 2012; WGMS,
2024) had split, rendering new glaciers to consider. In summary, at
six locations, the features were assessed as representing glaciers and
hence amended to the group of 271 glaciers from the RGI 7.0 (RGI
Consortium, 2023), rendering a total of 277 glaciers to be analysed
here (Table S1, Supplementary material).

Frontal variation data for Swedish FVP glaciers (Table 1) were
retrieved from WGMS (2024). Data were visualized using Matlab
R2024a and QGIS (qgis.org).
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3.2. Sentinel-2 imagery and orthoimages

True colour, red (band 4), and shortwave infrared (SWIR, band
11) images from ESA’s Sentinel-2 mission, available at 10 m spatial
resolution (except for band 11, available at 20 m spatial resolu-
tion), were manually downloaded from ESA (apps/sentinel-hub.
co/eo-browser). For 2017-2023, and for each glacier, one image
was chosen that fulfilled the following criteria: no cloud cover,
minimum snow cover at the glacier terminus, image acquisition
as late as possible during the melt season. Images from years
where the glacier margins were partially snow covered were not
excluded from the analysis, because a systematic approach was fol-
lowed to handle glacier outlines mapped for these years (see below,
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Table 1. Swedish glaciers included in the Front Variation Program (FVP). A superscript R to the left of a glacier name indicates a reference-glacier, according to

WGMS (2024). See Figure 1 for location

Name as in First reported Number and Frequency of? Observations

WGMS WGMS (2024)/as on variation; Since start

ID Swedish maps reference year (reference year) Since 19677 2016-2023

326 Tarfalaglaciaeren/ 1910; 1897 5;0.04 0; 0.0 0; 0.0
Darfalglaciaren

327 Partejekna/Barddejiegna 1970; 1967 29; 0.51 29; 0.51 3;0.38

328 Kuototjakkaglaciaeren/ 1971; 1970 5; 0.09 5; 0.09 0;0
Goduglacidren

329 Kaskasatj SE/ 1951; 1950 36; 0.49 26; 0.46 3;0.38
Sydodstra Kaskasatjakka-
glacidren

330 Karsojietna/Gorsajokel 1909; 1908 56; 0.49 26; 0.46 5; 0.63
(or Gorsajiekna)

331 Passusjietna E/ 1969; 1968 22;0.4 22;0.4 3; 0.38
Ostra Bossosglacidren

332 RStorglaciaeren/Storglacidren 1908; 1897 68; 0.56 41, 0.72 4;0.5

333 Isfallsglaciaeren/ 1910; 1897 58; 0.46 39; 0.72 4;0.5
Isfallsglacidren

334 RRabots Glaciaer/ 1933; 1910 40; 0.35 34; 0.60 3;0.38
Rabots glaciar

335 Stour Raeitaglaciaeren/ 1971; 1970 15; 0.28 15; 0.28 3;0.38
Reaiddaglacidren

336 Suottasjekna/Suottasjiegna 1901; 1896 25; 0.20 23; 0.46 2;0.25

337 Ruotesjekna/ 1967; 1965 27; 0.46 27; 0.46 2;0.25
Oarjep Ruohtesjiegna

338 Mikkajekna/Mihkajiegna 1899; 1897 63; 0.50 34; 0.60 3; 0.38

339 Vartasjekna/Vardasjiegna 1968; 1967 21;0.38 21;0.38 2;0.25

340 Ruopsokjekna/ 1967; 1965 23;0.39 23;0.39 2;0.25
Ruopsokjiegna

341 Salajekna/Salajiegna 1908; 1898 32;0.25 31;0.54 4;0.5

342 RRiukojietna /Rivgojiehkki 1968; 1963 24; 0.40 24; 0.40 3;0.38

343 Unna Raeitaglaciaeren/ 1951; 1949 20; 0.27 19; 0.33 2;0.25
Reaiddaglacidren

344 Hyllglaciaeren/(unnamed) 1968; 1967 22;0.39 22;0.39 2;0.25

345 Passusjietna W/ 1969; 1968 17; 0.30 17; 0.30 3;0.38
Véastra Bossosglacidren

1461 RMarmaglaciaeren/ 1991, 1978 8; 0.17 8;0.17 3;0.38
Moarhmmaglaciéren

19448 Kebnepakteglaciaeren/ 2022; 2022 11 0; 0.0 1;0.13

Kebnepakteglaciaren

“Measurement/year; total number of measurements divided by the number of years since the reference year.

bSince 1967 or start year, if after 1967.

Semi-automated and manual glacier centre line and glacier front
delineation). Once longer time series of front and area variation
emerge, this approach may be revised though without risking the
dataset to become too sparse. The images were used to delineate
glacier outlines and multi-centre lines and, eventually, frontal vari-
ation using MaQiT (cf. below). High-resolution orthophotos (0.48
m ground resolution, lantmateriet.se) acquired on 28 and 29 July
2018 (Table S2, Supplementary material) covering the FVP glaciers
were used in analyses of mapping accuracy and planning of field
surveys.

3.3. Semi-automated and manual glacier centre line and
glacier front and outline delineation

Glacier centre lines were retrieved from the RGI 7.0 (RGI
Consortium, 2023) and corrected manually when their inspection
against Sentinel-2 true colour imagery for the years 2017-2023
suggested that modifications were necessary. For the seven addi-
tional Swedish glaciers included in this study, centre lines were not
available and were thus digitized manually based on interpreta-
tion of orthophotos and digital elevation models (lantmateriet.se).
The following approach was chosen to achieve as consistent and
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nonsubjective as possible delineations of glacier fronts across the
large number of glaciers analysed here:

First, glacier outlines of all 277 Swedish glaciers were derived in
the semi-automated process developed by Paul and others (2002,
2013), based on Sentinel-2 images for each year between and
including 2017 and 2023 (Fig. A3). From the red (band 4, equiv-
alent to Landsat TM band 3 used in Paul and others (2013)) and
SWIR (band 11, equivalent to Landsat TM band 5 used in Paul
and others (2013)) Sentinel-2 images, a raster file was generated in
which each pixel was assigned the ratio of the corresponding red
band pixel value to the SWIR band pixel value if this ratio was above
a threshold value set to 1.8 (Paul and others, 2013) and left blank
otherwise. For Norwegian glaciers, this method has been applied
using both Landsat (30 m resolution) and Sentinel images (10 m
resolution) revealing uncertainties within 3% for overall glacier
inventory, but for the smallest glaciers relative uncertainties can
be larger (e.g. Andreassen and others (2008, 2022)). This raster
file was then converted into a shape file turning all pixel swarms
into polygons. The polygons were then compared against glacier
outlines in RGI 7.0 (Fig. A4, and RGI Consortium (2023)) which
allowed the discriminating of polygons representing snow and ice
surfaces that are not glaciers. This required some care with regard
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Figure 2. Cumulative frontal variation until and including 2023. Top: Glaciers in the Sarek area, and three additional glaciers with IDs 330, 341, 342 (WGMS, 2024). Bottom:
Glaciers in the Kebnekaise area. Glacier names as in WGMS (2024), cf. also Table 1. Note that Kebnepakteglacidren is not included, as it only became part of the Swedish FVP

in 2022.

Figure 3. Example from Storglaciéren, illustrating processing
steps in the derivation of glacier outlines for selected years.
Background image is from Sentinel-2 in all panels. (a) and (d) are
‘easy’ derivation, (b) and (e) are ‘moderately difficult derivation’,
(c) and (f) are ‘difficult derivation’.

to snow surfaces adjacent to a glacier, especially in its accumula-
tion area and in years where no snow-free images were available.
Therefore, an outline was manually delineated following the sur-
face of the first year with snow free images available (2017 or 2018,
depending on the glaciers), but with an outward buffer of ca 10 m

https://doi.org/10.1017/jog.2025.10057 Published online by Cambridge University Press
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to avoid potential biasing towards too small glaciers surfaces. This
outline was then used to crop the glacier polygons of the follow-
ing years (Fig. 3). Moreover, water-terminating and debris-covered
fronts were inspected manually and corrected based on true colour
images in cases where water surfaces were incorrectly considered as
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Figure 4. (a) Schematic illustration of the multi-centreline method. Centre line (black, long dashed) and multi-centre lines (grey, solid) at Storglaciaren, and change (here:
retreat, yellow) of (dark red) frontal position f (with centreline position f0 and lateral margin positions f- and f+) to new (blue) frontal position g. Background is a 2018
airborne orthoimage of the Storglacidren terminus from the Land Survey of Sweden (lantmateriet.se). (b) Simplified illustration of Storglacidren’s 2018 front as manually
digitized from the orthoimage (front labelled ‘0’) and the Sentinel-2 image (front labelled ‘S’), with ‘0, -, +’ denoting centre and margins as in (a). Stippled line is centre line,
thin solid lines are multi-centre lines. (c) Example illustrating frontal mapping accuracy at Storglacidren, between front position as digitized from orthoimage (front ‘O’ in
panel (b) and from the Sentinel-2 image (front ‘S’ in panel b), and along the front (from O- via 00 to O+, and S- via SO to S+, respectively). Top panel: Directional mapping
accuracy (overshooting or undershooting) with respect to the reference frontline ‘O’, at each multi-centre line, from MaQiT. Middle panel: As in top panel, but with outliers
removed. Bottom panel: Mapping accuracy based on filtered data, of which then absolute (nondirectional, only containing information about magnitude) values are taken

instead of directional accuracy.

glacier surfaces and debris-covered areas were incorrectly not con-
sidered as glacier surfaces. The so-derived glacier polygons were
then converted in glacier outlines, from which glacier fronts were
delineated manually in QGIS (qgis.org).

In addition, the 22 FVP glacier fronts were delineated manu-
ally for each year between and including 2017 and 2023 in QGIS
(qgis.org), based on true colour images. This was done to conduct a
comparison between the semi-automated process and the manual
process for a subset of all Swedish glaciers.

3.4. Frontal variation calculations with the MaQiT

MaQiT (Lea, 2018) was used to calculate frontal variation between
successive years. MaQiT requires shape-files of the glacier fronts
for each year, as well as a shapefile for the glacier’s centre line and
n > 1 additional parallel lines to compute the variation (distance)
between margins in successive years. Here, multi-centre lines were
created (Fig. 4) based on the modified (see above) RGI 7.0 cen-
tre lines (RGI Consortium, 2023). The spacing of the multi-centre
lines was set in MaQiT to 10 m, starting at the centre line and
extending across the glacier width. The final number of multi-
centre lines resulted from the decision (made by visual inspection
of true colour Sentinel-2 imagery) which of the multi-centre lines
is the last, on either side of the centre line, to be located on the
glacier front.

Frontal variation was computed in two different ways. When
frontal variation was assessed over time, then, for each year, the
arithmetic mean of the (directional) variation Ac along the centre
line, and the # lines parallel to it (Ai,i = 1,...,n) was com-
puted, thus accounting for the possibility that parts of a front may
have receded along a flowline (negative change) while others have
advanced (positive change). Frontal variation is hence given by
= (Ac+ Y Ai)/(n+ 1), where summing is fromi = 1, ..., n.
When mapping accuracy (cf. below) was to be assessed, then, for
a given year, an arithmetic mean of the absolute values of the
variation, rather than the directional ones, was used, in order to
better reflect the magnitude of the change: (|Ac| + > |Ai])/(n+
1),i = 1, ..., n. Note that before applying either one, data outliers
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(values larger than 1.5 times the interquartile range) were removed
(Fig. A5).

3.5. Field mapping techniques

3.5.1. Handheld GNSS mapping

The glacier front was mapped using GNSS while walking along
the glacier front (Table 2), recording positions every 10 m where
the glacier front showed little variation, and every 1 m where the
front was very variable. A Trimble Geo7X GNSS rover was used
in the field, combined with a Zephyr 2 antenna, which allowed
for decimetre to centimetre accuracy with regard to position mea-
surements (Trimble, 2013). The measurements were postprocessed
using corrections from the network RTK (Real-Time Kinematics)
service provided by the Land Survey of Sweden (swepos.lant-
materiet.se). Postprocessing was conducted using the Trimble
Pathfinder Office software. Where parts of the glacier front could
not be accessed, linear interpolations were made between nearest
available points along the front.

3.5.2. TS mapping

TS surveys were performed in the field (Table 2) using a Trimble
Total Station S7 and a TSC3 controller, rendering millimetre mea-
surement precision (Trimble, 2024). For each glacier, TS measure-
ments of individual points along the glacier front were made from
two relatively elevated (with respect to the surroundings) locations
that together offered an unobstructed view of as large parts of the
glacier front as possible. These locations were identified from the
0.48 m spatial resolution orthophotos and a 1 m spatial resolution
Digital Elevation Model (DEM) from the Land Survey of Sweden
(lantmateriet.se) prior to the survey. When the suitability of the
locations was confirmed in the field, the TS was set up there and
georeferenced using three GNSS measured, temporary reference
points (see above).

3.5.3. UAV mapping
UAV georeferenced imaging surveys were conducted in the
field (Table 2) using a four-propeller 3DR Solo drone equipped
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Table 2. Glacier front mapping techniques applied in situ during 2022, to determine frontal mapping accuracy. Bold rendered entries indicate measurement and
technology regarded to render the true glacier front position, against which mapping accuracy of the other methods is evaluated

Glacier name and WGMS ID Sentinel-2

Syddstra Kaskasatjakkaglacidren (329)
Storglacidren (332)
Moarhmmaglaciédren (1461)
Kebnepakteglacidren (19448)

9 September
9 September
4 September
9 September

GNSS Total station Uncrewed aerial vehicle
11 September 27 August 11 September

24-25 August 26 August 9 September

— — 8 September

20 August 26 August 10 September

with an unstabilized Parrot sequoia multispectral camera. Ground
control points (GCPs) were laid out and georeferenced (using
GNSS, see above) in advance to ensure accurate georeferencing
of the UAV derived mapping. UAV missions operated at flight
speed of 6 m/s and at flight heights of 40-120 m above ground,
along paths determined with the help of the 0.48 m spatial reso-
lution orthoimages and using the open-source software Mission
Planner (ardupilot.org). Images were acquired every other second
during flighttime and later postprocessed with Agisoft Metashape
v5 (agisoft.com), following Agisoft’s standard procedure for ortho-
mosaic generation. This involved an automatic alignment of the
images, based on identifying common features across images,
before the georeferenced GCPs were identified manually in every
image they appear. Then, a re-calibration of the image alignment
was carried out, based on the GCPs. After that, a 3-D mesh was gen-
erated, onto which the images were projected adopting a zenithal
view. The orthomosaics have a spatial resolution in the centime-
tre range (0.02-0.04 m, depending on survey), from which glacier
front positions were delineated manually.

3.6. Frontal mapping accuracy

Here, accuracy refers to how much a mapped glacier front differs
from its true (or: reference) position in the field. Mapping accuracy
thus depends on the mapping method and on knowing (or assum-
ing) the true frontal position. To investigate this, two approaches
were employed:

First, the termini of Storglacidren, Moarhmma-, Kebnepakte-
and Sydostra Kaskasatjakkaglacidren were surveyed in situ during
2022 using all or some of the following techniques (see below):
handheld GNSS, TS, UAV. Then, the distance between glacier
fronts as delineated in the field and as derived from the Sentinel-2
imagery was calculated using MaQiT’s modified (absolute vari-
ation values, see above) multi-centreline method. Generally, a
frontal position as established by handheld GNSS mapping was
regarded as the most accurate, because measurements were taken
closest possible to the front, and allowed for its in situ determi-
nation even when there was some (thin) debris cover. Moreover,
UAV and TS mapping rely on the GNSS referencing of the GCPs
and are hence not considered more accurate than GNSS. A frontal
position mapped by handheld GNSS served hence as a reference
position against which accuracy of the other methods was assessed.
An exception was Moarhmmaglacidren, where neither a hand-
held GNSS nor a TS survey could be performed and where the
UAV mapped front served as reference to assess mapping accuracy
(Table 2).

Second, the (near) time synchronous frontal positions of all 22
FVP glaciers except Salajiegna, (Table 1) were mapped for the year
2018, as both Sentinel-2 and high-resolution orthoimages were
available. While the orthophotos were taken on 28 and 29 July 2018,
the Sentinel-2 imagery closest in time to these dates is from August
and September 2018 (Table S2, Supplementary material). Glacier
fronts delineated using the high resolution spatial orthophotos
were used as a reference to assess the mapping accuracy.
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4. Results
4.1. Glacier front mapping accuracy

When assessing mapping accuracy, fronts mapped by a hand-
held GNSS device were considered most accurate (see Section 3).
Comparison with the other field techniques, UAV and TS, reveals
that all three methods render comparable results, while they dif-
fer from those obtained by Sentinel-2 based mapping (Fig. 5).
However, the difference between frontal positions mapped by
GNSS and UAV was so small that UAV mapped fronts could
likewise be considered the most accurate during future mapping
campaigns.

At Storglacidren, the 2022 glacier terminus position was
mapped with four different techniques, within a period of 16
days (Table 2, Fig. 5a). While all frontal positions mapped
in the field match closely, the Sentinel-2 mapped front dif-
fers by 3 m (Fig. 5a,c). Similar is observed at Moarhmma-,
Kebnepakte- and Sydostra Kaskasatjakkaglacidren (Figs A6 and
A7); however, the Sentinel-2 mapped fronts differ by +10 m at
Moarhmmaglacidren and by £18-20 m at Sydostra Kaskasatjakka-
and Kebnepakteglacidren (Fig. 5c). On average, frontal map-
ping accuracy, and its standard deviation, is as follows (Fig. 5c,
Table 2): Sentinel-2 mapped fronts are located 11.7 + 0.6 m apart
from their reference locations. TS mapped fronts are located
2.4 + 0.3 m apart from their reference positions, while UAV
mapped fronts are located 1.1 + 0.1 m apart from their reference
positions.

Extending the analysis to all 22 FVP glaciers except Salajiegna
(Table 1) shows that glacier front positions as mapped in 2018
based on Sentinel-2 differ on average by 18.8 + 0.5 m from their
reference positions as mapped from orthoimages taken during the
summer (Fig. 5d, Table S2, Supplementary material). The uncer-
tainty derived for the four field glaciers and the 22 FVP glaciers
except Sélajiegna needs to be assumed as an educated guess for the
mapping uncertainty of all Swedish glaciers.

4.2. Glacier front variations and area changes, 2017-2023,
from semi-automated mapping

Annual and cumulative front variation as obtained from semi-
automated mapping of all Swedish glaciers is presented with a
country-wide, regional, individual and FVP focus (Fig. 6a-m).
Since mapping frontal variation also rendered glacier area, glaciers
were grouped according to their size into the following categories:
Glacier surface area < 0.1km’® or contained in either of the
intervals [0.1km?; 0.2 km?), [0.2km®; 0.5 km?), [0.5km?; 1 km?),
[1km?*; 5km?) or > 5km”. Figure 6n-s show annual and cumula-
tive frontal variation for each size-category of glaciers. There, the
size of each glacier in the year 2023 determines to which class it
is assigned, while mapping its area change in consecutive years.
Note that over time, a glacier can move from one size-category to
another (Fig. 6t, Table 3).

The country-wide average cumulative frontal variation is
-55.6m (Fig. 6m), obtained from the regionally weighted
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Figure 5. FVP glacier front delineation. (a) Storglacidren (332) with centre line and multi-centre lines, and frontal positions as mapped from handheld GNSS, TS, UAV
photogrammetry and Sentinel-2 in 2022. (b) Storglacidren’s frontal position as mapped from Sentinel-2 and orthophotographs by Lantmaéteriet (lantmateriet.se) in 2018.
Multi-centre lines as in (a). (c) Glacier specific and averaged (over all four glaciers studied in situ in the field) frontal mapping accuracy. Top: Sentinel-2 vs reference; Middle: TS
vs reference; Bottom: UAV vs reference. Reference position is from GNSS except for Moarhmmaglacidren (1461) where it is from UAV, cf. Table 2. Glaciers are labelled using their
WGMS IDs (Table 1). (d) Glacier specific and averaged (over all 22 FVP glaciers except Salajiegna for which no orthophoto from 2018 is available) frontal mapping accuracy,
for Sentinel-2 vs orthophoto front 2018. Glaciers are labelled using their WGMS IDs (Table 1).

(Fig. 6a-g, with weights corresponding to the number of glaciers
in the regions) variations. The largest cumulative frontal varia-
tion during 2017-2023 occurs in the Sarek area (—75.2 m, Fig. 6e)
and the smallest one in the Riksgrinsen-Abisko area (—24.8 m,
Fig. 6d). Average cumulative frontal variation of the FVP glaciers
is —58.1 m (Fig. 6h), while it ranges between —8.6 m and —60.8 m
for the four in situ investigated glaciers (Fig. 6i-1). Across glacier-
size categories, average cumulative frontal variation is in the range
of ~ —50 m for all glaciers with surface areas up to 1 km? but
increases to ~ —80 m for larger glaciers (Fig. 6n-s).

Glacier area of the 277 Swedish glaciers reduces from ~237 km?
in 2017 to 210 km? in 2023. This corresponds to a loss of ~27 km?
or ~11% of their 2017 area (Fig. 6m, Table 3). Compared to the area
of Swedish glaciers as in 2002, the RGI 7.0 (RGI Consortium, 2023)
has only 270 glaciers, which have an area of ~262 km?. These 270
glaciers have an area of ~231 km? in 2017 (reduction of 31 km? or
12% since 2002) and an area of 205 km? in 2023 (reduction of 26
km? or 11% since 2017) (Table 3).

Regional area losses are nominally smallest in Helagsfjallet
(two glaciers, combined loss 0.02 km?) and largest in Sarek (126
glaciers, combined loss 16.88 km?). Relative losses are smallest in
Helagsfjallet (4.9%) and largest in Vindelfjéllen (9 glaciers, 23.8%)
(Fig. 6a—g). FVP glacier area in 2017 is 69.7 km? and reduced with
4.5 km? to 65.2 km? in 2023, which corresponds to a relative area
loss of ~6% (Fig. 6h). At the four glaciers studied in the field, nom-
inal glacier area loss ranges between 0.03 and 0.19 km?, or 0-0.2%,
during 2017-2023 (Fig. 6i-1, Table 3).

The group of smallest glaciers (size < 0.1km”) exhibits
the largest relative area loss (36.9%) between 2017 and 2023
(Fig. 6n, Table 3). With increasing glacier size, relative area losses

https://doi.org/10.1017/jog.2025.10057 Published online by Cambridge University Press

become increasingly smaller, e.g. 17.8% or a total reduction of
5.4 km? between 2017 and 2023, for the glaciers in size group
[0.2km®; 0.5 km?). Even smaller numbers are obtained for the six
glaciers that are larger than 5 km?: 6.5% reduction in size (corre-
sponding to a loss of 3.3 km?) during 2017-2023 (Fig. 60-s). The
total area loss of ~27 km? is dominated by losses from glaciers in
the size class [1km?; 5km”) which contribute with a nominal loss
of 10.5 km? between 2017 and 2023, corresponding to a reduction
of ~10% compared to their 2017 area (Fig. 6t, Table 3).

4.3. FVP glacier front variations and area changes, 2017-2023,
from semi-automated and manual mapping

From 2017 to 2023, all FVP glacier fronts experience a cumu-
lative retreat, irrespective of whether manual or semi-automated
mapping was performed (Fig. 7). However, the amount of cumula-
tive retreat varies across glaciers, and also depending on whether
they were assessed based on purely manual mapping or semi-
automated mapping: Based on manual mapping, the smallest and
largest cumulative frontal retreats between 2017 and 2023 are
derived for Hyllglacidren (ID 344, —37.4 m) and Ruopsokjekna
(ID 340, —-156.7 m). For semi-automated mapping, the small-
est and largest cumulative frontal variations are seen at Sydostra
Kaskasatjdkkaglacidren (-8.6 m) and Barddejiegna (—130.6 m).
Across the FVP glaciers, the averaged cumulative frontal variation
is —=58.1 m (semi-automated mapping) and -79.5 m (manual
mapping). The widespread retreat is also seen in other front
variation records (WGMS, 2024) and ranges from being within
what is assessed here (e.g. for Reaiddéglacidren, WGMS ID 343),
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Figure 6. Frontal (blue) and area (orange) variation of the Swedish glaciers. Blue solid lines: Linearly interpolated (between years, with annual, noncumulative error bars
for measurements) frontal variation. Blue numbers at right panel margins: Cumulative frontal retreat in metres, see blue axis at left panel margin. Orange solid lines: Area
variation in per cent (%) of the area in 2017, see orange axis at right panel margin. Orange numbers at right panel margins: nominal and relative area loss. (a-g) Regional
change, with regions as in Figure 1. (h) Change at the 22 FVP glaciers. (i-1) Change at four in situ observed glaciers. (m) Change at all Swedish glaciers. (n-s) Change for
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specific size-categories.
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Table 3. Area change for Swedish glaciers. Column 1: Glacier size category. Columns 2-4: Number (n) of glaciers in the particular size category as per 2023, and
their combined area, in 2002, 2017 and 2023, respectively. Column 5: Variation of n over time (see Figure 6t). Column 6: Area change 2017-2023. Column 7: FVP
glacier with WGMS ID, rendered bold if studied in situ during 2022. Columns 8 and 9: Area of the FVP glaciers in 2017 and 2023, respectively

Area Area

2002 2017 2023 Change Change 2017-2023 FVP (in situ) 2017 2023

Glacier size n, km? n, km? n, km? 2002/17/23, n km? WGMS ID km? km?
<0.1 46;7.1 48; 4.4 48;2.8 10/28/48 -16 /- /- /-
[0.1;0.2) 57; 14.0 57;11.0 57; 8.6 45/54/57 -2.4 /- /- /-
[0.2;0.5) 76;35.3 78;30.3 78; 24.9 94/87/78 -5.4 329 0.41 0.38
0.5;1) 39; 34.4 40; 31.4 40; 28.0 56/50/40 34 326 0.91 0.76
330 0.79 0.69
331 0.84 0.77
19448 0.68 0.65
[1;5) 46; 116.5 48; 108.8 48; 98.3 57/52/48 -10.5 328 2.03 1.88
332 3.04 2.93
333 1.27 1.20
334 3.21 3.12

335 1.6 1.53

337 4.83 4.29

339 4.68 4.47

340 3.08 2.84

342 2.97 2.81

343 1.43 1.32

344 1.23 1.10

345 1.27 1.19

1461 3.52 3.34

>5 6; 54.7 6; 50.7 6, 47.4 8/6/6 -3.3 327 9.53 8.76
336 7.03 6.73

338 6.41 6.00

341 8.9 8.48

All 277; 236.6 277; 210.0 -26.6 All FVP 69.7 65.2

RGI 7.0 270; 262.0 270; 231.2 270; 205.4 -25.8

to overshooting it (e.g. for Rivgojiehkki, WGMS ID 342) and to
undershooting it (e.g. for Vistra Bossosglacidren, WGMS ID 345).
For example, a retreat of 13 m is reported (WGMS, 2024) in 2022
with respect to the year 2018 at Reaiddédglacidren. This retreat is
shown in Figure 7 (panel 343 Unna Raeitaglaciaeren) by the red cir-
cle and the blue star, the positions of which are obtained by adding
the reported retreat of 13 m to the accumulated retreat as of the
year 2018 as obtained here from the manual and semi-automated
mapping, respectively. Similarly, a retreat of 35 m is reported at
Rivgojiehkki in 2022 with respect to the year 2020, followed by
a retreat of 137 m in 2023 with respect to 2022. This is shown in
the Figure 7 (panel 342 Riukojietna), by the red circles and blue
stars in 2022 and 2023, the 2022 positions of which are obtained
by subtracting them from the 2020 cumulative frontal retreat as
mapped by the manual and the semi-automated approach, respec-
tively. The 2023 positions are obtained likewise, but with respect
to 2022.

5. Discussion

5.1. Inventories, semi-automated mapping, centreline spacing
and outliers in MaQiT

A challenge with glacier inventories is that glaciers are dynamic
over time (they can shrink and/or split) and that decision-making
in the mapping process can be subjective. An example of the latter
is when a glacier comprising of different sectors is considered as
one glacier in one inventory, but two or more in another, or when
sectors of a glacier are included in one inventory, but excluded
in another (Figs Al and A2). Mapping usually relies on remote
sensing products and possibilities for ground truthing are few,
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implying that there remains uncertainty as to whether the features
observed and mapped from remote sensing are correctly mapped
and classified.

With a growing number of small glaciers (Fig. 6t), with glaciers
starting to split (Fig. A1) and hence the associated challenges of
mapping those glaciers (Fig. A4), the use of the semi-automated
mapping procedure, and standardized approaches such as MaQiT,
is advocated. It allows for a higher degree of consistency during
mapping, eliminates possible errors induced by subjective assess-
ments during manual mapping and facilitates the processing of
a larger number of glaciers than possible with manual mapping.
Semi-automated mapping based on satellite imagery should, how-
ever, continue to be complemented by some direct measurements,
as these are indispensable for validation as well as evaluation of
emerging new methods (Nussbaumer and others, 2017). In MaQiT,
we chose a multi-centreline spacing of 10 m across each glacier.
This number was used because it is considered to render a suffi-
ciently dense spacing. A systematic analysis focusing on how sen-
sitive frontal variation results are to multi-centreline spacing could
be performed in the future but is not carried out here where the
focus is instead on accessing mapping accuracy by comparing to in
situ measurements (at four selected glaciers) and high-resolution
orthophotos (for all 22 FVP glaciers except Salajiegna). Similarly,
when removing outliers from the raw frontal variation data, it
could be investigated systematically what impact the multiple (here
chosen as 1.5, cf. Fig. A5) of the interquartile range has on the
final assessment of frontal variation. As data show very different
characteristics across glaciers (some have few outliers, some have
many), it is suggested that glaciers with many outliers are investi-
gated in more detail first with the aim to find possible explanations
for the large number of outliers. Such a study could provide useful
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Figure 7. Frontal variation at of each of the 22 FVP glaciers (cf. Table 1) during 2017-2023, from manual mapping (red) and semi-automated mapping (blue). Stars and circles
denote frontal variation as reported in WGMS (2024), and where the first values are with reference to frontal positions as mapped by the semi-automated (blue star) and
manual (red circle) method, for various years as follows (format: WGMS ID—reference year, cf. also Figure 2): 327—2018; 329—2018; 330—2017; 331—2020; 332—2018; 333—2018;
334—2018; 335—2018; 336—2018; 337—2020; 338—2018; 339—2020; 340—2020; 341—2018; 342—2020; 343—2018; 344—2018; 345—2020; 1461—2017. Frontal variation is plotted
for each year linearly interpolated between measurements and complemented by error bars indicating its standard deviation. Cumulative frontal variation by 2023 is given
as numbers at the right panel margins.

information regarding individual glacier behaviour and perhaps  5.2. Frontalvariation mapping accuracy

also methodological insights regarding potential limitations of the

MaQiT tool (Lea, 2018). Yet, it is not expected to change the over-  If glacier fronts are to be investigated regularly for all of Sweden’s
all picture of country-wide glacier retreat that emerged from the  glaciers, it will have to rely on remote sensing products and semi-
analysis presented here. automated processes described above. It is thus important to be
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aware of the accuracy of results obtained by such an approach.
Frontal mapping of large numbers of glaciers based on Sentinel-2
imagery is likely providing the best temporal and spatial cover-
age although the averaged deviation is in the range of 11.7 + 0.6
m to 18.8 £ 0.5 m as compared to what is regarded as the true
glacier front. This translates to an accuracy of 2 pixels in a Sentinel-
2 image, and a standard deviation of less than 1 pixel. Based on
the results obtained here, it is suggested that frontal mapping using
either GNSS or UAV can be regarded as yielding true glacier fronts
(Fig. 5).

In the assessment of mapping accuracy, temporally syn-
chronous measurements are desirable but pose a challenge: for
instance, the 2018 Sentinel-2 images for the 22 FVP glaciers except
Sélajiegna are from a 1-2 month later time than the orthophotos
they are compared to (Table S2, Supplementary material), which
implies that glacier dynamics will likely affect the frontal position
and therefore impact the stated mapping accuracy (Fig. 5). Also,
mapping accuracy may be impacted when no satellite images are
available on which the entire glacier margin is snow-free. Here,
we have proposed a systematic approach to deal with this issue
(Fig. A3), rather than excluding these images and potentially ren-
dering the dataset too sparse and adding uncertainty related to data
gaps. However, with the possibility of future regular updates of the
inventory, the exclusion of snow-covered imagery from the analy-
sis should be re-evaluated. An updated future inventory of glacier
front variation will also allow to study whether mapping accuracy
can be related to glacier size. Currently, no pattern is identified that
would hint at whether mapping accuracy is better for larger glaciers
than for smaller ones (Fig. 5¢,d, Table 1).

The semi-automated procedure results in slightly less pro-
nounced mapped glacier front retreat as compared to manual
mapping (Fig. 7). It is thus suggested that the results from the
semi-automated mapping may be regarded as conservative when
compared to results from manual mapping, and that the added
value of ground truthing at selected locations in time and space
should not be underestimated (Fig. A7).

5.3. Frontal variation of Swedish glaciers during 2017-2023

Cumulative frontal retreat across all 277 Swedish glaciers assessed
with the semi-automated mapping methods amounts to 56 m,
between and including 2017 and 2023. Regional deviation is up to
~50% (25 m cumulative retreat in the Riksgrdnsen-Abisko region
and 75 m in the Sarek region). For the subset of the 22 FVP
glaciers, the cumulative frontal retreat is with 58 m comparable to
the country-wide average. However, when assessed from manual
mapping, cumulative frontal retreat at the FVP glaciers is about
30% larger (80 m) than country-wide average (Figs 6 and 7). This
indicates that the 22 FVP glaciers may still be representative of all
277 Swedish glaciers in the context of the semi-automated mapping
approach, but also, that the semi-automated mapping approach
may underestimate the actual general retreat. All FVP glaciers are
currently larger than 0.2 km?, implying that the two smallest glacier
categories, < 0.1 km? and [0.1 km?; 0.2 km?), are not represented
among the FVP glaciers. Because 38% (105 of 277) of all Swedish
glaciers are currently in these two categories (which also have the
highest relative area losses, Fig. 6, and may partly be threatened
by extinction (Table S2, Supplementary material)), future expan-
sions of the FVP should include a representative glacier with area
less than 0.2 km?, especially since Sentinel-2 images have here been
demonstrated to be a valuable source to monitor area and frontal
changes of these smallest glaciers.
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On the level of individual glaciers, a complex picture emerges
as the following examples show (Fig. 7): Both mapping methods
can yield very similar cumulative frontal variations (such as at
Barddejiegna and Reaiddéglaciden where the differences are less
than 1 m), but also slightly different ones (such as at Rivgojiehkki,
where the difference is 11 m), and also very different ones (such
as at Sydostra Kaskasatjakkaglacidren where the difference is 31 m,
and at Gorsajiekna where the difference is 78 m).

A further comparison focuses on front variation data sourced
from WGMS (2024), where the majority of the frontal variation
observations for the FVP glaciers comprise of tG/aP> (WGMS
terminology for: terrestrial-ground/airborne-photogrammetry)
observations, all reported with an uncertainty of 1 m. At
Barddejiegna and Reaiddaglaciden, cumulative retreat sourced
from WGMS (2024) amounts to 111 m and 34 m, respectively,
since 2018. This fits well with the cumulative frontal retreat of
¢. 130 m and 53 m, respectively, derived here for 2017-2023. At
Rivgojiehkki, however, retreat sourced from WGMS (2024) since
2020 amounts to 172 m, which is more than threefold compared
to cumulative retreats derived here, and with respect to a shorter
time span. At Sydostra Kaskasatjakkaglacidren, cumulative retreat
sourced from WGMS (2024) is 39 m since 2018, which fits well
with its counterpart derived here from manual mapping (37 m,
during 2017-2023 though) but not with results obtained from
semi-automated mapping (9 m). Similarly, at Gorsajiekna, cumu-
lative frontal retreat sourced from WGMS (2024) is 69 m as per
2017. This implies a 23 m offset to the manually mapped cumu-
lative frontal variation during the same time span and a 56 m
offset to the semi-automatically mapped cumulative frontal varia-
tion (Fig. 7). The observed differences in cumulative frontal retreat
raise questions concerning their attribution: Are the differences
related to the object of study per se—such as a glacier’s size, mor-
phology, location and immediate environment? Or are they related
to the mapping method applied—is the semi-automated method
challenged by certain types of glaciers, and/or is an individual
conducting the manual mapping challenged by certain (same or
different?) types of glaciers? However, disentangling the relation
between cause and effect is beyond the scope of the work presented
here and could—now that all relevant mapping methodology is in
place—be an interesting subject of further future studies.

5.4. Surface area loss of Swedish glaciers during 2017-2023

The pervasive frontal retreat of Swedish glaciers during 2017-2023
goes along with widespread surface area loss (Fig. 6, Table 3), irre-
spective of geographical location or size of the glaciers. Area loss
for all Swedish glaciers by 2023 amounts to 11% with respect to
the year 2017 or 1.8% a!. This rate is more than the fourfold
compared to the area loss of Swedish glaciers during the period
1960-2002 (0.4% a™!, based Vilborg (1962) and RGI Consortium
(2023)). It is also almost twice the rate compared to 2002-2017
(ca. 1%, Table 3). There will always be challenges in comparing
inventories due to difference in snow conditions, human inter-
pretations and sources used. We noted examples that the glacier
area in RGI 7.0 (RGI Consortium, 2023) may both be slightly
underestimated for some glaciers (Fig. A2) and likely overesti-
mated for other glaciers (Fig. A4). Notably, area loss at the 22
Swedish FVP glaciers (1% a™!) appears to underestimate glacier
area loss across all Swedish glaciers (1.8% a™') over the period
2017-2023. It should be noted that none of the 22 FVP glaciers
are in the two smallest glacier size categories which show the
largest relative area losses and contain an increasing number of
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glaciers (Table 3, Fig. 6n,0,t). Our findings emphasize the impor-
tance of repeat mapping of all glaciers to assess the overall absolute
and relative changes in glacier area. Our study reveals 20 glaciers
including Sydostra Kaskasapakteglacidren (RGI2000-v7-0-G438
08-00754) and Sydvistra Kaskasatjakkaglacidren (RGI2000-v7-0-
G-08- 00755) in the Tarfala Valley and 18 glaciers in other regions
that have shrunk in size below the < 0.1km” threshold during
2017-2023 (Table S1, Supplementary material).

Comparing surface area loss of Swedish glaciers over the period
2017-2023 to losses observed in other geographical regions is
challenged by the lack of time-synchronous data. According to
Andreassen and others (2012, 2022), Norwegian glaciers reduced
in surface area at a rate of ca. 1% a™' between 1999/2006 and
2018/2019. Based on our findings for area loss at large Swedish
glaciers (smallest relative area losses among all glacier size cate-
gories, Fig. 6s,t), we speculate that the lower Norwegian glacier area
retreat rate may be related to a greater number of large glaciers
in Norway as compared to Sweden. The loss of 20 Norwegian
glaciers between 1999/2006 and 2018/2019 is important to notice
(Andreassen, 2022) but since they were small, they were likely
not affecting the country-wide averaged glacier area reduction rate
noticeably.

Glacier frontal variation appears to be a good indicator for
area change at the 118 glaciers in the size categories [0.2 km?,
0.5 km?) and [0.5 km?, 1.0 km?) (Fig. 6p,q). This is in contrast
to small and large glaciers (Fig. 6n,0,s,t) and confirmed by obser-
vations at individual glaciers (Fig. 6i-k); however, exceptions are
noted (Fig. 61). This may explain challenges with relating frontal
retreat and area loss to geographical regions, where glaciers of dif-
ferent size are encountered. It needs to remain a task for future
investigations to establish a more quantitative description, if pos-
sible, of the relation between frontal variation and area change
at Swedish glaciers. Likewise, it remains to entangle how accu-
racy in frontal variation mapping propagates to accuracy in area
mapping. This is because currently, accuracy assessment is based
on the absolute values of the variation, rather than directional
ones, implying that area could be overestimated or underestimated.
However, we argue that area could be underestimated. We reason
that the semi-automated mapping of frontal variation renders a
cumulative retreat of all FVP glaciers of ~58 m, while the man-
ually mapped variation gives a retreat of ~79 m. The difference of
~20 m is very close to the assessed accuracy of semi-automated
mapping (after comparing results to high resolution orthophotos,
Fig. 5). This seems to indicate that the semi-automated mapping in
combination with the Sentinel-2 images is conservative and as such
underestimates frontal variation. If this is the case, it is plausible to
assume that this underestimation transgresses into the assessment
of area loss. With larger amounts of data emerging from possi-
ble future updates of the here presented record, grounds would be
laid for a more in-depth statistical analysis of this matter. However,
until then, it is suggested that a +3% overall uncertainty regarding
the here reported total glacier area of 2017 and 2023 is assumed, in
line with Andreassen and others (2008, 2022).

6. Conclusions

Results were presented concerning frontal variation, and surface
area change, of 277 Swedish glaciers during 2017-2023. Among
them is a subset of 22 glaciers included in the Swedish FVP.
The analysis of all 277 Swedish glaciers is possible by combin-
ing Sentinel-2 imagery, a semi-automated glacier outline mapping
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procedure (Paul and others, 2002, 2013) and the MaQiT tool (Lea,
2018). The main findings are as follows:

« Six glaciers identified as Swedish were added to the 270 Swedish
glaciers in RGI 7.0 (RGI Consortium, 2023), of which one is con-
firmed to have split in two. This renders a total number of 277
Swedish glaciers as of 2023.

o A widespread retreat of all Swedish glaciers is observed:
Cumulative frontal variation across all Swedish glaciers is —56
m during 2017-2023, corresponding to an average retreat of 9.3
ma™!, as derived from the semi-automated mapping method.

 The cumulative frontal variation at the 22 FVP glaciers amounts
to =58 m (semi-automated mapping, translating to an average
retreat of 9.7 m a™!) and —80 m (manual mapping, translat-
ing to an average retreat of 13.3 m a™!) during 2017-2023. Our
results suggest that the semi-automated mapping underestimates
overall glacier retreat.

o Widespread surface area loss is observed across all 277 Swedish
glaciers during 2017-2023. The total area loss amounts to ~27
km?, or 11%, from 2017 to 2023. The subset of the 270 glaciers
contained in RGI Consortium (2023) reduced from an area of
262 km? in 2002 to an area of 205 km? in 2023, corresponding to
aloss of 22%. Glacier area change rates vary across geographical
regions and across glacier size categories and may underestimate
actual area reduction.

« The number of glaciers with a surface area less than 0.1km’
has increased from 10 in 2002 to 26 in 2017 and to 46 in 2023.
Glaciers with areas below this threshold are considered to be
threatened by extinction in a foreseeable future.

 Ground truthing measurements were used to assess the accuracy
of frontal variation as mapped by remote-sensing and semi-
automated approaches. Four Swedish glacier fronts were mapped
in situ in 2022, by means of a handheld GNSS devices, a TS and
orthophoto from UAV. The results revealed that glacier fronts
as mapped from Sentinel-2 of 10 m resolution were located
~12 m apart from their (considered true) GNSS mapped posi-
tions. When GNSS mapped positions were not available, glacier
fronts mapped from Sentinel-2 were located ~19 m from their
positions as mapped from high-resolution orthoimages.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/j0g.2025.10057.

Data availability statement. Data are currently prepared for publica-
tion in the Bolin Centre Database (bolin.su.se/data). A link to the published
dataset will be made available as soon as possible. Likewise, submission of
the glacier outlines to GLIMS (https://www.glims.org/) is in preparation. Until
then, requests for data can be addressed to the corresponding author.

Acknowledgements. Financial support for field work and manuscript writ-
ing was provided to MH by the Dept. of Physical Geography at Stockholm
University, and by Tarfala Research Station, and is gratefully acknowledged. The
constructive feedback of A. Rabatel and two anonymous reviewers as well as the
scientific editor L.M. Andreassen and associate chief editor H. Jiskoot helped to
improve the manuscript and is gratefully acknowledged.

Competing interests. The authors declare none.

References

Andreassen L (2022) Breer og fonner i Norge. NVE Report 3, 2022. https://
publikasjoner.nve.no/rapport/2022/rapport2022_03.pdf

Andreassen L, Elvehoy H, Kjollmoen B and Belart J (2020) Glacier change
in Norway since the 1960s — An overview of mass balance, area, length


https://doi.org/10.1017/jog.2025.10057
https://www.glims.org/
https://publikasjoner.nve.no/rapport/2022/rapport2022_03.pdf
https://publikasjoner.nve.no/rapport/2022/rapport2022_03.pdf
https://doi.org/10.1017/jog.2025.10057

14

and surface elevation changes. Journal of Glaciology 66(256), 313-328.
doi: 10.1017/jog.2020.10

Andreassen L, Nagy T, Kjollmoen B and Leigh J (2022) An inventory of
Norway’s glaciers and ice-marginal lakes from 2018-19 Sentinel-2 data.
Journal of Glaciology 68(272), 1085-1106. doi: 10.1017/j0g.2022.20

Andreassen L, Paul F, Kddb A and Hausberg J (2008) Landsat-derived glacier
inventory for Jotunheimen, Norway, and deduced glacier changes since the
1930s. The Cryosphere 2, 131-145. doi: 10.5194/tc-2-131-2008

Andreassen L, Winsvold S, Paul F and Hausberg J (2012) Inventory of
Norwegian glaciers. NVE Report 28, 236. https://publikasjoner.nve.no/
rapport/2012/rapport2012_38.pdf

Forel F (1895) Les variations periodiques des glaciers. Discours prelimi-
naire. Archives des sciences physiques et naturelles 34, 209-229. wgms.
ch/downloads/published/former_data_reports/Forel_1895_VPDG_Dis
coursPreliminaire.pdf

Glen J (1963) Variations of the regime of existing glaciers. Journal of Glaciology
4(34), 485-488. doi: 10.3189/50022143000027933

Hamberg A (1901) Sarjekfjallen. En geografisk undersokning. Ymer 2,
145-204.

Hamberg A (1908) Uber die Methoden der Bestimmung der Gletscherenden
und die Schwankungen der Sareker Gletscher in Schwedisch-Lappland.
Zeitschrift fiir Gletscherkunde 3, 44-51.

Hamberg A (1910) Die Gletscher des Sarekgebirges und ihre Untersuchung.
Eine kurze Ubersicht. In Die Gletscher Schwedens im Jahre 1908. Sveriges
Geologiska Undersokning.

Hamré M (2015) Mapping glacier change in Sweden between the end of ‘Little
Ice Age’ and 2008 with orthophotos and a Digital Elevation Model. Msc
thesis, Dept. of Physical Geography, Stockholm University, Retrieved from
https://urn.kb.se/resolve?urn=urn:nbn:se:su:diva-176268

Hugonnet R and 10 others (2021) Accelerated global glacier mass loss in the
early twenty-first century. Nature 592, 726-731. doi: 10.1038/s41586-021-
03436-z

Kasser P (1967) Fluctuations of Glaciers 1959-1965. Paris: International
Commission of Snow and Ice of the International Association of Scientific
Hydrology/UNESCO, Vol. I. wgms.ch/products_fog

Klingbjer P (2002) Tarfala Research Station annual report 1999-2000
and 2000-2001. Reports from Department of Physical Geography and
Quaternary Geology, Stockholm University.

Lea J (2018) The Google Earth Engine Digitisation Tool (GEEDiT) and
the Margin Change Quantification Tool (MaQiT) - Simple tools for the
rapid mapping and quantification of changing Earth surface margins. Earth
Surface Dynamics (ESurf) 6, 551-561. doi: 10.5194/esurf-6-551-2018

Marzeion B and 16 others (2020) Partitioning the uncertainty of ensemble
projections of global glacier mass change. Earth’s Future 8, e2019EF001470.
doi: 10.1029/2019EF001470

Maussion F and 11 others (2023) The Randolph Glacier Inventory Version 7.0
User Guide v1.0. doi: 10.5281/zenodo.8362857

Nussbaumer S, Hoelzle M, Hiisler F, Huggel C, Salzmann N and Zemp M
(2017) Glacier monitoring and capacity building: Important ingredients for
sustainable mountain development. Mountain Research and Development
37(1), 141-152. www.jstor.org/stable/90001389

@Ostrem G, Haakense N and Melander O (1973) Atlas over breer i Nord-
Skandinavia [Atlas of glaciers in northern Scandinavia]: Meddelelse nr.

https://doi.org/10.1017/jog.2025.10057 Published online by Cambridge University Press

Martin Houssais et al.

22 fra Hydrologisk avdeling, Norges Vassdrags-og elektrisitetsvesen; also
published as Meddelande nr. 46 fran Naturgeografiska Institutionen, p. 315.
In Norwegian, Swedish, and English: Stockholms universitet.

Paul F and 19 others (2013) On the accuracy of glacier outlines derived from
remote-sensing data. Annals of Glaciology 54(63), 171-182. doi: 10.3189/
2013A0G63A296

Paul F, Kdib A, Maisch M, Kellenberger T and Haeberli W (2002) The
new remote-sensing-derived Swiss glacier inventory: I. Methods. Annals of
Glaciology 34, 355-361. doi: 10.3189/172756402781817941

RGI Consortium (2023) Randolph Glacier Inventory — A Dataset of Global
Glacier Outlines, Version 7.0. Boulder, Colorado USA. NSIDC: National
Snow and Ice Data Center. doi: 10.5067/f6jmovy5navz

Rounce D and 12 others (2023) Global glacier change in the 21st cen-
tury: Every increase in temperature matters. Science 379(6627), 78-83.
doi: 10.1126/science.abo1324

Schytt V (1959) The glaciers of the Kebnekajse-Massif. Geografiska Annaler
41(4), 213-227. jstor.org/stable/4626804

Schytt V (1964) Notes on glaciological activities in Kebnekaise, Sweden, during
1964. Geografiska Annaler 47(A), 165-175. doi: 10.2307/520737

Schytt V, Jonsson S and Cederstrand P (1963) Notes on glaciological activities
in Kebnekaise, Sweden. Geografiska Annaler 45(4), 291-304. doi: 10.2307/
520124

Thorsteinsson T, Abermann J, Andreassen LM, Fierz C and Huss M (2023)
The measurement of glaciers, Chapter 3 of Volume II Measurement of
cryosphere variables of publication WMO No-8. Guide to Instruments
and Methods of Observations. World Meteorological Organization. https://
library.wmo.int/viewer/68660/download?file=8_II-2023_en.pdf&type=
pdf&navigator=1

Trimble (2013) Trimble Geo 7X handheld, user guide. Version 1.00, Revision
A https://www.neigps.com/wp-content/uploads/2013/12/Geo7Series_
UserGuide.pdf (accessed November 2013).

Trimble (2024) Trimble S7 total station. trl.trimble.com/docushare/dsweb/
Get/Document-751940/022516-154H_TrimbleS7_DS_USL_0121_LRsec.
pdf

Vilborg L (1962) The recent glaciation in Sweden: Some contributions to the
knowledge of glacier distribution. Geografiska Annaler 44(3/4), 405-406.
doi: 10.2307/520322

Ward W (1961) The meeting of the International Commission on Snow and
Ice, Helsinki, 1960. Journal of Glaciology 3(29), 802-803. doi: 10.3189/
$0022143000027167

Ward W (1962) International Union of Geodesy and Geophysics, International
Association of Scientific Hydrology, Commission of Snow and Ice:
Symposium of Obergurgl; variations of the regime of existing glaciers.
International Association of Scientific Hydrology Publication No. 5.

WGMS (2024) Fluctuations of Glaciers Database. World Glacier Monitoring
Service, Zurich, Switzerland. doi: 10.5904/wgms-fog-2024-01

WGMS and National Snow and Ice Data Centre (2012) World Glacier
Inventory, Version 2. Boulder, Colorado USA: National Snow and Ice Data
Center. doi: 10.7265/N5/NSIDC-WGI-2012-02

Zemp M, Girtner-Roer I, Nussbaumer S, Welty E, Dussaillant I and
Bannwart J (2023) Global Glacier Change Bulletin No. 5 2020-2021. Zurich,
Switzerland:  ISC(WDS)/IUGG(IACS)/UNEP/UNESCO/WMO, World
Glacier Monitoring Service. doi: 10.5904/wgms-fog-2023-09.


https://doi.org/10.1017/jog.2020.10
https://doi.org/10.1017/jog.2022.20
https://doi.org/10.5194/tc-2-131-2008
https://publikasjoner.nve.no/rapport/2012/rapport2012_38.pdf
https://publikasjoner.nve.no/rapport/2012/rapport2012_38.pdf
https://wgms.ch/downloads/published/former_data_reports/Forel_1895_VPDG_DiscoursPreliminaire.pdf
https://wgms.ch/downloads/published/former_data_reports/Forel_1895_VPDG_DiscoursPreliminaire.pdf
https://wgms.ch/downloads/published/former_data_reports/Forel_1895_VPDG_DiscoursPreliminaire.pdf
https://doi.org/10.3189/S0022143000027933
https://urn.kb.se/resolve?urn=urn:nbn:se:su:diva-176268
https://doi.org/10.1038/s41586-021-03436-z
https://doi.org/10.1038/s41586-021-03436-z
https://wgms.ch/products_fog
https://doi.org/10.5194/esurf-6-551-2018
https://doi.org/10.1029/2019EF001470
https://doi.org/10.5281/zenodo.8362857
https://www.jstor.org/stable/90001389
https://doi.org/10.3189/2013AoG63A296
https://doi.org/10.3189/2013AoG63A296
https://doi.org/10.3189/172756402781817941
https://doi.org/10.5067/f6jmovy5navz
https://doi.org/10.1126/science.abo1324
https://jstor.org/stable/4626804
https://doi.org/10.2307/520737
https://doi.org/10.2307/520124
https://doi.org/10.2307/520124
https://library.wmo.int/viewer/68660/download?file=8_II-2023_en.pdf%26type=pdf%26navigator=1
https://library.wmo.int/viewer/68660/download?file=8_II-2023_en.pdf%26type=pdf%26navigator=1
https://library.wmo.int/viewer/68660/download?file=8_II-2023_en.pdf%26type=pdf%26navigator=1
https://www.neigps.com/wp-content/uploads/2013/12/Geo7Series_UserGuide.pdf
https://www.neigps.com/wp-content/uploads/2013/12/Geo7Series_UserGuide.pdf
https://trl.trimble.com/docushare/dsweb/Get/Document-751940/022516-154H_TrimbleS7_DS_USL_0121_LRsec.pdf
https://trl.trimble.com/docushare/dsweb/Get/Document-751940/022516-154H_TrimbleS7_DS_USL_0121_LRsec.pdf
https://trl.trimble.com/docushare/dsweb/Get/Document-751940/022516-154H_TrimbleS7_DS_USL_0121_LRsec.pdf
https://doi.org/10.2307/520322
https://doi.org/10.3189/S0022143000027167
https://doi.org/10.3189/S0022143000027167
https://doi.org/10.5904/wgms-fog-2024-01
https://doi.org/10.7265/N5/NSIDC-WGI-2012-02
https://doi.org/10.5904/wgms-fog-2023-09
https://doi.org/10.1017/jog.2025.10057

Journal of Glaciology 15

Appendix.
This appendix contains Figures A1-A7.

RG|200q~V7.0‘G‘08-OP708 - Lantmateriet.se 2024 * "‘*\ RGI2000-v7.0-G-08-0% Lantmateriet.se.2024

Figure Al. Glaciers RGI2000-v7.0-G-08-00708 (‘Ostra Kallaktjdkka’ in Swedish but unnamed in RGI 7.0 (RGI Consortium, 2023)) and RGI2000-v7.0-G-08-01653
(Kuototjakkaglaciaren, FVP glacier, WGMS ID 328) from RGI 7.0, the semi-automated mapping presented here for the years 2017-2023, and from orthoimages (lantmateriet.se,
2024). (a) Ostra Kallaktjakka. Brown shape—glacier outline as in RGI 7.0. Red shapes-outlines from the mapping performed here. (b) Ostra Kallaktjdkka from Lantméteriets
2024 orthoimage. The glacier has split into what is suggested to be referred to as ‘Ostra Kallaktjdkka North’ and ‘Ostra Kallaktjékka South’. (c) Kuototjakka. Brown shape—
glacier outline as in RGI 7.0. Red shapes—outlines from the mapping performed here. (d) Kuototjakka from Lantméteriets 2024 orthoimage. The glacier front is still connected
by what is assessed a debris-covered ice mass but is likely to split in a foreseeable future.

Figure A2. Differences between Swedish Glacier inventories, exemplified for the Kebnekaise region (Figure 1). Inventories are from: RGI 7.0, WGl and WGMS (WGMS and
National Snow and Ice Data Centre, 2012; RGI Consortium, 2023; WGMS, 2024), images are from Google Earth. (a) Brown shapes: Glacier outlines from RGI 7.0. Red dots:
Glacier locations reported in both RGI 7.0 and WGI and/or WGMS. Yellow dots: Glacier locations not reported in RGI 7.0 but in WGI and/or WGMS. Coloured boxes refer to
areas displayed in (b-e). The location of Tarfala Research Station (TRS) is given as additional spatial reference. (b) Rivgojiehhki is contained in RGI 7.0 (brown shape) and also
in WGl and WGMS (yellow and red dots, though with doublettes). (c) Sydtoppen is not contained in RGI 7.0 but in WGI (yellow dot). Sydtoppen is not considered a glacier,
although it is referred to as ‘toppglaciar’ (peak glacier) in common Swedish. (d) Unnamed location where WGl indicates a glacier not contained in RGI 7.0. As in RGI 7.0, this
feature is not considered a glacier. () Unnamed location where WGI indicates as glacier not contained in RGI 7.0. Although small, this feature is considered a glacier and
hence included in the list of Swedish glaciers (Table S1, Supplementary material).
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Figure A3. Sequence of Sentinel-2 images for the years 2017-2023, overlain by glacier outlines (here centred on Storglacidren and surrounding glaciers, cf. Figure 1c),
illustrating frontal variation. (a-g) show individual years, while (h) displays a synoptic summary of glacier outline variation by overlaying outlines from 2017 to 2023.
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Figure A4. Example of glacier outlines mapped for a small glacier (RGI12000-v7.0-6-08-01636) for the years 2017-2023 with the semi-automated process (red shape in each
panel, amended by year and area) compared to the outline of the same glacier as in RGI 7.0 (brown shape, lower right panel, note the difference in scale) with area as of 2002
(note the difference in scale).
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Figure A5. Box plots of the directional frontal variation (in metres, at vertical axes), exemplified for the 22 FVP glaciers (cf. Table 1). Lower and upper edges of the blue boxes
indicate the 25th and 75th percentiles. Within the blue box, the mean of the data is indicated by a red line. The difference of the 75th and 25th percentile, the interquartile
range, is multiplied by a factor of 1.5 to render the whiskers (black marks). Data points outside the range defined by the upper and lower whiskers are considered outliers

(marked as red crosses).
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Figure A6. Glacier front mapping in 2022. Frontal positions, centre- and multi-centre flowlines are colour-coded according to method used and stated in the legend-panel.
Top row (a-c): Background images are from UAV surveys during 2022. Bottom row: Background images are from 2018 orthoimages (d-f) and from a Sentinel-2 image (g),
for comparison with Figure 5b. (a) Syddstra Kaskasatjdkkaglacidren (mapped between 27 August and 11 September 2022). (b) Moarhmmaglacidren (mapped on 4 and 8
September 2022). (c) Kebnepakteglacidren (mapped between 20 August and 10 September 2022). (d) Sydostra Kaskasatjakkaglaciaren with 2018 fronts as from orthoimage
and Sentinel-2. (e) Moarhmmaglacidren with 2018 fronts as from orthoimage and Sentinel-2. (f) Kebnepakteglacidren with 2018 fronts as from orthoimage and Sentinel-2.
(g) Kebnepakteglacidren with 2018 fronts as from on orthoimage and Sentinel-2, but against a Sentinel-2 image.
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Figure A7. Challenges of glacier front delineation. (a) Image
taken during UAV survey, detailing (b) of Figure A6. The surface
of the glacier’s frontal region (at the bottom of the picture) is
almost of the same colour as the glacier forefield (at the top of
the picture). Because of debris cover, glacier and forefield can
have exactly the same colour (to the right in the picture). Red
stippled line: glacier front as mapped during the UAV survey.
White stippled line: Glacier front as mapped from the Sentinel-2
image. (b) Sentinel-2 (true colour) image of the same area shown
in (a). The comparatively low spatial resolution prohibits clear
distinction of regions based on colour. (c) UAV image of the heli-
copter, parked at the glacier front in the centre of (a). Due to a
malfunctioning camera stabilizer, wind can affect the quality of
the acquired images, as illustrated by the apparent distortion of
the rotor blades.
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