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Abstract

The presented study aims to apply a method for monitoring the retreat of mountain glaciers
in the Alpine region of the Swiss Alps, which consists of using optical satellite imagery and their
spectral capabilities to observe snow and ice objects on the earth’s surface. Satellite imagery with its
big legacy archive dating back to 1972 for Landsat imagery, can be of big help to track and monitor
the alpine glaciers retreat for long periods and serve as a database for modelling and predicting the
glaciers retreat in the future. By combining different satellite data processing approaches, results
have been obtained on the spatial distribution and dynamics of the Morteratsch Glacier over a period
of 51 years. The focus of the study is to track the changes that have occurred along the positions of
the ice front (terminus) in the glacier’s ablation zone to obtain information about the glacier’s
dynamics during the study period.

Introduction

The negative effects of climate change and global warming are rapidly
increasing every year worldwide, including natural phenomena such as heat waves,
droughts, extreme rainfalls, floods, rockfalls, etc. These consequences of Climate
Change are happening twice as fast, especially in the Alpine region [1], where
events such as glacier recession, reduction of snow cover, and rockfalls (driven by
the permafrost thaw) are observed.

The retreat of glaciers is well documented and is one of the major
negative effects of climate change. It provides evidence for the rise in global
temperatures since the late 19th century. Glacier retreat impacts the availability of
freshwater supplies for irrigation and domestic use, river runoffs, mountain
recreation, and animals and plants depending on glacier melt [2].

Because of the long history of optical satellite imagery of the Earth,
satellite remote sensing offers a wide variety of opportunities for mapping glacier
recession. With repeated images over time satellite remote sensing allows for the
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regular monitoring of glacier surface elevation, velocity, area, length, equilibrium
line altitude, terminus position, and more [3].

Area of interest

The Morteratsch Glacier [Fig. 1] is the largest glacier by area situated in
the Bernina Range of the Biindner Alps, Switzerland, at an altitude starting from
2040 m and reaching up to 4048 m of Piz Bernina peak. It is located in the strongly
glaciated Bernina Range on the border with Italy [4]. Morteratsch is a typical
valley glacier with a distinct terminus and its accumulation zone lies between the
peaks of Morteratsch, Bernina, Zupo, and Bellavista. Yearly length change
measurements have been recorded since 1878, when its maximum length was
8,63 km, while in 2023, it was 5,59 km [5, 6].

Morteratsch glacier study area map
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Fig. 1. Area of interest

Method and processing steps

The proposed approach in the present study involves processing of
collected optical cloudless satellite datasets within the selected time frame of
several missions: Landsat 1-2 MSS [8], Landsat 5 TM[8], Landsat 8 OLI [8] and
Sentinel-2 MSI [9]; creating RGB pseudo-composites [10] by using the Green, NIR
and MIR bands of each satellite image (except Landsat 1-2); applying of
Normalized Differential Snow Index (NDSI) as reference and measurements,
through GIS techniques, focused on the changes that occurred in the terminus
position of Morteratsch glacier over the period of 51 years. Additionally,
the changes that occurred in the size, length, and width of its ablation zone are
calculated using GIS tools. Tracking the change in the location of a glacier
terminus is a proof method of monitoring a glacier's movement based on the
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differences in positions of the terminus measured from fixed positions at different

time intervals [7].

Data use

All the temporal points of the chosen temporal period are collected during
the late-summer time around the last decade of August and the first two decades of
September, with the exception of the year 1972. The criteria for this selection of
the year are due to the past maximum solar radiation and new and fresh snowfall
typical of this altitude, which is yet to come. All the collected satellite images
within the timeframe (Table 1) are processed in a GIS environment.

Table 1. Satellite datasets for the time frame of the study

Satellite, sensor

Acquisition date

Spectral bands

Resolution (m)

Landsat 1-2 MSS

07.10.1972
13.09.1975
04.09.1980

visible, NIR

60x60

Landsat5 TM

20.08.1985
12.09.1990
16.08.1995
22.08.2000
05.09.2005
25.08.2010

NIR, SWIR,
Green

30x30

Landsat 8 OLI

10.08.2013

NIR, SWIR,
Green

30x30

Sentinel-2 MSI

26.08.2015
09.09.2016
30.08.2017
09.09.2018
04.09.2019
08.09.2020
13.09.2021
24.09.2022
08.09.2023

NIR, SWIR,
Green

10x10
20x20
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Results

Landsat 1-2 MSS RGB pseudo-composite 3D maps with a combination of
NIR-NIR-Green bands delineating the glacier territory are shown in Fig. 2, where
the temporal point of 1972 year serves as a starting point (and as fixed position of
subsequent measurements) on the selected study period. The retreat of the glacier
ice terminus for the 1972-1980 period is estimated at about 258 m.
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Fig. 2. Landsat 1-2 MSS RGB composites from 1972, 1975 and 1980 year

Landsat 5 TM RGB pseudo-composites 3D maps with band combination
SWIR-NIR-Green for the 1990-2000 period are shown in Fig.3. The change of the
glacier terminus of the period 1980-1990 is estimated approximately at 128 m and
for the 1990-2000 period at 146 m, respectively.

Fig. 3. Landsat 5 TM RGB composites from 1990, 1995 and 2000 year

Landsat 5 TM and Landsat 8 OLI RGB pseudo-composites 3D maps with
band combination SWIR-NIR-Green (2005-2013) are shown in Fig. 4. The change
of the glacier terminus for the decade 2000-2010 is estimated at 459 m, with a
maximum loss of 260 m for the period 2005-2010.
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Fig. 4. Landsat 5 TM RGB composites from 2005, 2010 and Landsat 8 OLI - 2013 year

Sentinel-2 MSI RGB pseudo-composites 3D maps with band combination
SWIR-NIR-Green for the years 2015, 2016, 2017, 2018, 2019, 2020, 2021, 2022,
and 2023 are shown in Fig. 5, 6, 7.

Fig. 6. Sentinel 2 MSI RGB composites from 2018, 2019 and 2020 year

The retreat of the glacier ice front for the period 2010-2015 is estimated at
385 m, for the period 2015-2019 is 240 m, and for the period 2019-2023 is 109 m.
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Fig. 7. Sentinel 2 MSI RGB composites from 2021, 2022 and 2023 year

Fig. 8 marks and graphically presents the positions of the glacier terminus
and the changes that occurred in the length of Morteratsch from 1972 to 2023.
The major retreat at a distance of about 844 m between 2000 and 2015 is easily
visible.

The total change length of the Morteratsch terminus during the study
period was approximately 1704 m. In addition, the width of the glacier measured in
conjunction with Pers glacier has decreased by 582 m, and the area of the ablation
zone (measured below the altitude line of 2600 m near the equilibrium line) of the
glacier has seized approximately 2,37 km?.
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Fig. 8. Glacier terminus positions during the period 1972-2023 and graphic of its length
change inm

The area size of the glacier ablation zone that decreased throughout the
study period according to the processed data is presented as follows in Table 2.
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Table 2. Changes in the area of the Morteratsch ablation zone during the study period

Year of the study period Area in km?
1972 3,41
1990 2,16
2000 1,62
2010 1,11
2020 1,06
2023 1,04
Conclusion

During the entire study, the temporal trend of the glacier dynamics was
negative, with a change length of -1704 m. Until the year 1980, the retreat of the
terminus was 258 m, showing a high melting rate, while for 1980-1990, the rate
was slowing to 128 m per decade. For the period 1990-2000, the dynamics of the
retreat were still keeping a slow movement of 146 m per decade. During the decade
2000-2010, the dynamics had a huge movement of 459 m, and the negative trend
increased to nearly 630 m for the decade 2010-2020. Of the total length of 1704 m
of the Morteratsch terminus retreat in a period of 51 years, nearly 1200 m of it has
melted in the last 23 years, showing a trend of 52 m per year on average and
around 550 m per decade.
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NPUJTOXKEHUE HA CATEJIMTHA JAHHHU 3A MOHATOPHHI
HA IIVIAHUHCKUSA JJEJHUK MORTERATSCH, LIBEMLHTAPCKHA
AJIIIA, 3A IEPUOJ OT 51 TOAUHHU

A. Cmosanoe

Pe3rome

[IpencraBeHOTO M3CICABaHEe MMa 3a 1SN Ja MPUIOKH METOJ 3a HaOJo-
JICHE Ha HaMaJIiBaHEe TEPUTOPHUATA HA IJIAHWHCKY JIEIHUK B AMMAACKHAA PETHOH Ha
[IBeiinapckute Annu, KOUTO €€ ChCTOM B HU3IOJI3BAHE HA ONTHYHU CATEIUTHU
I/I306pa)KeHI/I$1 U TCXHUTC CHCKTpaJ'IHI/I BB3MOXHOCTH 3a Ha6JHOI[CHI/IC Ha CHC)XXHU U
JeAeHn OOEKTH Ha 3eMHaTa MOBBPXHOCT. CaTeNUTHHUTE W300paKeHHS ChC CBOS
TOJISIM HATpyIIaH apXuB, Aatupail oT 1972 r. 3a n3obpaxkennsara ot Landsat, morat
Ja ObJaT OT TOJIsIMa IMOMOII] 33 MPOCJICASBaHe U HAOJIIO/ICHUE Ha HAMAJIIBAHETO Ha
IMANACKUTE JICAHWIM 3a JIBJTH MEPHOAM W Ja CIyXaT Karo 0a3a JaHHU 3a
MOJeTMpaHe W MPOTHO3WpaHEe Ha JWHAMUKaTa Ha JemHuiuTe B Obumeme. Upes
KOMOMHHMpaHEe Ha pa3jMuYHU IOAXOJIM 3a 00pa0OTKa Ha CATCIIMTHU JaHHH ca
TIOJIYdCHH PE3YJITaTH 3a MPOCTPAHCTBEHOTO paslpeneiieHne W JUHAMHKATa Ha
nexaanka Morteratsch 3a mepuoz ot 51 roguan. @OKyCHT Ha U3CIEIBAHETO € JIa Ce
MPOCIENAT MPOMEHUTE, KOUTO Ca HACTBIIIN IO TIPOTEKEHHNE HA JIAHUKOBUS €3HK
B 30HaTa Ha monexwe Ha JICAHHMKA, 3a Jia ce Npuaooue uH(OpMAaIUs OTHOCHO
TUHAMHKATA Ha JIEAHUKA 32 U3CJIeIBAHUS TIEPUO]I.
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