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ABSTRACT

We provide an overview of geodetic survey designs conducted on 43 rock glaciers (RG) in the European Alps,
embed these in an overview of the pioneering phase of monitoring RG movement, and compare our approaches
with other studies. Different in-situ geodetic approaches used for the annual survey of RG velocity (RGV) and RG
frontal advance (RGA) are examined. Geodetic-based RGV monitoring in the Alps started in 1918 and RGA in
1921. RGV is an associated parameter of the Essential Climate Variable “Permafrost” since 2022. Nowadays,
satellite-based positioning or classic measurements with a total station are used for in-situ geodetic surveys. The
total number of surveyed boulders at the 43 RGs varies from 1 to 206. In most cases, only a part of these points is
considered as “reference points” used to calculate the RGV value of RG units. The density of reference points for
RGV calculation ranges from 27.5 to 1143 pts./km2. For RGV monitoring using annual geodetic surveys, we
suggest: (a) selecting a RG where multi-decennial monitoring seems to be feasible, (b) distributing uniformly
observation points over the entire RG unit of interest along either profiles or well-distributed boulders, (c)
repeating measurements always at the same time of the year (September), (d) site-RGV-averaging using all data
points, (e) site-RGV-averaging using only the survey markers considered to be the most suitable for long-term
monitoring, (f) providing additional statistical information of these points and in particular of the central
flowline, and (g) securing long-term storage of original data, metadata and results.

1. Introduction

1.1. Rock glacier velocity

detectable in the landscape due to steep frontal and lateral slopes as well
as sometimes with ridge-and-furrow surface topography (RGIK, 2023a).
Active RGs creep downslope under the influence of gravity. The main
control of plastic deformation in ice-rich materials, such as RG, is its

Rock glaciers (RG) are defined as debris landforms generated by the temperature. The Glen ice flow law states that temperature and stress
former or current creep of frozen ground (permafrost) which are are the main drivers for creep (Haeberli et al., 2006). For RGs this is
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especially relevant when the ice content is high. The variability of the
creep rate is generally influenced by topoclimatic conditions and follows
permafrost temperature and related processes, especially temperature-
dependent viscosity and unfrozen water content (Cicoira et al., 2020).
This relationship is the argument that the velocity of these creeping
landforms is considered to be an associated parameter of the Essential
Climate Variable (ECV) “Permafrost” (RGIK, 2023b) within the Global
Climate Observing System (GCOS) since October 2022. In this context,
the RG velocity (RGV) is defined as a spatially averaged interannual
horizontal velocity time series related to a RG unit or a part of it (RGIK,
2023b). ARG unit, which could be simple or complex in structure, builds
a mono-unit RG system or is part or a multi-unit RG system (RGIK,
2023a; Kellerer-Pirklbauer et al., 2024). RGV is a climate indicator that
reflects impacts of climate change on cold, non-glacial, mountain
environments.

The surface displacement of RG is related to their creep behaviour
which combines both, internal deformation within the crystalline
structure of the frozen material (creep sensu stricto) and shearing in one
or several discrete layers at depth (Haeberli, 1985; Arenson et al., 2002;
Cicoira et al., 2020; RGIK, 2023b). RG velocity monitoring focusses
primarily on the surface movement. Subsurface data and the general
knowledge about the depth-velocity profile of a given RG is commonly
very limited. The question in this regard is, however, to know which part
of the movement is actually the contribution of the rock glacier creep (as
defined above) and not the one of the active layer. The question seems to
be crucial in particular for slow moving landforms where the active layer
deformation can be proportionally high (Saibene et al., 2025) or where
subsidence caused by the melt of massive ice at the permafrost table
occurs during the warm season (Gartner-Roer et al., 2022). Since
detailed profile motion data are usually very limited in time and space
(in terms of the number of instrumented RGs, but also in terms of the
number of boreholes per RG), velocity measurements of RGs are almost
solely based on pure surface data. Furthermore, shearing processes
might cause the destruction of borehole casing destroying the sensor
chains (e.g., temperature, inclinometer) inside (Kenner et al., 2017).

1.2. Rock glacier kinematics

To quantify the velocity of a RG unit in an optimal way, one needs (a)
to gather spatially distributed information on the kinematics (i.e., hor-
izontal and vertical change over time in terms of 3D displacement vec-
tors) of permafrost creep to account for surface deformation, (b) to use
spatially high-resolution techniques capable to measure even slow
movements, and (c) to accomplish long-term monitoring in order to
document temporal changes at an adequate (i.e., at least annual) level of
accuracy (Haeberli et al., 2006). Different in-situ and remote sensing
approaches have been applied in the past to quantify the kinematics of
permafrost creep (e.g., Barsch, 1996; Kaab, 2005; Haeberli et al., 2006;
Roer, 2007; RGIK, 2023b; WMO, 2024; Hu et al., 2025). RGIK (2023b)
and Hu et al. (2025) for instance distinguish between in-situ (total sta-
tion, Global Navigation Satellite Systems/GNSS), close-range remote
sensing (terrestrial laser scanning, terrestrial photogrammetry, terres-
trial radar interferometry, unmanned aerial vehicle(UAV)-borne
photogrammetry), and far-range remote sensing (airborne laser scan-
ning, airborne photogrammetry, spaceborne photogrammetry, space-
borne Interferometric Synthetic Aperture Radar/InSAR, spaceborne SAR
offset tracking) techniques. Two different reference frames are used to
describe RG movement — Eulerian and Lagrangian. In Eulerian specifi-
cation, the velocity of a RG as it passes an observation point fixed in
space is measured (e.g., InSAR). In the Lagrangian frame, a spatial co-
ordinate is fixed in the material (e.g., geodetic observation point) and
this material is tracked (e.g., GNSS).

From a spatial perspective, these methods can be divided into single-
site approaches and area-wide approaches. The advantage of area-wide
approaches such as airborne photogrammetry is given by the possibility
to capture the RG-wide velocity signal, including designation of flow-
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fields, in a uniform way (Kaab, 1997; Kaab, 2005; Kaufmann, 2012).
In contrast, the main advantage of single location-based approaches
such as GNSS is the high-positional accuracy of the technique capable of
resolving the slow displacement (Berthling et al., 1998; Kaufmann,
1998). This also applies to the use of permanent GNSS instruments,
whereby in this approach only 1 to 2 points per RG are normally
monitored (Cicoira et al., 2022). In case of terrestrial GNSS surveys,
further advantages are the general simplicity of the method and the high
number of points/boulders which can be measured after the (time-
consuming) initial establishment of a geodetic network. The latter
consists of points on stable terrain (non-moving) and observation points
(moving) on a landform of interest (Kaufmann, 1998). With optimal
topographical and weather conditions and for trained people, up to
100-200 points can be surveyed in one day (Lambiel and Delaloye,
2004). In recent times, GNSS-based UAV campaigns have become
significantly cheaper. This approach does not require the establishment
of an extensive geodetic network (although advisable for data quality
assessment), and it is not necessary to walk across the RG from one
survey marker to the next with the GNNS equipment. Nevertheless, you
still need to walk to the site and carry equipment and to regularly check
the geodetic survey network. And contrary to GNSS, an UAV survey is
definitely constrained by the weather (e.g., rain, fog) and surface (e.g.,
snow) conditions. Ultimately, the questions are whether one wants to
perform particle image velocimetry (Eulerian coordinates; e.g., photo-
grammetry) or particle tracking velocimetry (Lagrangian coordinates; e.
g., GNSS) at a RG and how to combine the results of the different ap-
proaches (Fey and Krainer, 2020; Kaufmann et al., 2021).

The monitoring of the surface displacement of RGs was initiated in
the European Alps (hereinafter referred to as “Alps”) already in the
1910s (Chaix, 1919). During the last more than 100 years, the moni-
toring of RG velocity (initially horizontal, later also vertical) and RG
frontal advance rates evolved substantially (Barsch, 1996). The results
obtained in the early period of RGV monitoring are still comparable with
and relevant for modern results (Munoz-Torrero Manchado et al., 2024).
Since the 1910s, landform monitoring evolved substantially applying
over the years all the above listed techniques in the Alps but also
elsewhere.

1.3. Aims

In this review, we focus on terrestrial geodetic in-situ methods, thus
on (in most cases) particle tracking approaches. The aims of this study
are: (a) to give an overview of the pioneering days of RGV monitoring
using point- or profile-based approaches; (b) to elaborate on the
different geodetic approaches and study designs for RGV monitoring at
43 RGs in the Alps based on annual survey campaigns, (c) to discuss on
challenges, problems and solutions in geodetic RGV monitoring
including studies from other parts of the world, and (d) to give sug-
gestions for future geodetic RGV work. This study can also serve as a
comprehensive complement to the chapter on RGV monitoring using
terrestrial geodetic surveys in the WMO guideline about instruments and
methods of observation of cryospheric variables (WMO, 2024). The
mentioned chapter in the WMO guideline is a very useful first step to-
wards standardizing RGV geodetic monitoring, but is very general and
contains few details. The present paper aims to provide deeper insights
into geodetic monitoring strategies, related results, challenges, and so-
lutions. Other methods for determining RGV are described, for example,
in the recent review article by Hu et al. (2025).

2. Pioneering phase of rock glacier movement monitoring
2.1. First rock glacier surface velocity measurements
Early research on monitoring RG movement was important for the

fundamental understanding of RG in general and their kinematics in
particular. These early measurements were also important for testing
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technical possibilities and study designs for this type of monitoring. First
observations and measurements of horizontal displacement at cross
profiles along active RG were initiated in 1918 by André Chaix (on the
advice of Prof. Emile Chaix) in the Swiss National Park at three glacier
forefield-connected RGs in the valleys Val Sassa, Val dell'Acqua (today,
Val da I'Acqua), and Valletta (Chaix, 1919), hereinafter referred to as
“Sassa”, “Acqua” and “Valletta” respectively. A further well-developed
RG in the Val Tantermozza was visited in 1921 and briefly described
in Chaix (1923). The measurements taken by Chaix in 1918, 1919 and
1921 at Sassa and Acqua were probably made using a theodolite
tachymeter (Munoz-Torrero Manchado et al., 2024; supplementary data
9) and are thus the oldest theodolite surveys in the Alps for the study of
RG movement. Theodolites were used much earlier to measure glacier
velocity (Schlagintweit and Schlagintweit, 1850). The historical RGV
data compiled by Chaix are still valuable today (Munoz-Torrero Man-
chado et al., 2024).

Chaix (1919) made a comparison of RGs in the Swiss National Park
with earlier descriptions of RGs from the Falkland Islands (by Johan
Gunnar Anderson), from Colorado, USA (by Whitman Cross and Ernest
Howe) and from Alaska (by Stephen Reid Capps Jr.). He concluded that
the three debris-ice systems at Sassa, Acqua, and Valletta are at their
lower parts RGs. Chaix mentioned that he placed landmarks (in French
“points de repere”) on the RG to verify the existence of this movement.
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The description is very limited in Chaix (1919). However, in Chaix
(1923), the methodological description is more detailed. There, he
wrote for Sassa that one of the observers positioned himself at one of the
clearly marked rocky reference points, located near the letter A on the
map (Fig. 1a). He then measured a reference point in the opposite rock
face towards point 2297 m asl with a plumb line. Under his guidance, the
second observer marked a specific number of boulders in red so that they
fell exactly in the line indicated by the plumb line. The errors encoun-
tered with this method were — according to Chaix (1923) — a maximum
of 10 to 15 cm. The alignments of 16 stones at the lower profile at Sassa
were revisited in the summer of 1919. An upper profile with a lateral
moraine (cf. Fig. 1 in Chaix, 1943) was also established at Sassa in 1919.
In the same year, brown colour was used to paint the boulders at Sassa
and Acqua. Two years later in 1921, yellow was chosen for painted
boulders along the profiles (Chaix, 1923). A similar approach with re-
painting lines (or placing painted rocks along a line) each year is also
in use for solifluction research (Matsuoka, 2001) or glacier velocity
measurements (Wakonigg, 1991; Kellerer-Pirklbauer, 2008). In 1942,
Chaix checked the RG profile lines one last time. RG surface velocity was
calculated on a total of 80 measurements of survey markers for Sassa
(lower profile: 1918, 1919, 1921 and 1942; upper profile: 1919 and
1942) and Acqua (two profiles in 1918, 1919, 1921 and 1942; Table in
Chaix, 1943). The results indicate that in the period 1918-1921, the

Fig. 1. Pioneering works of RG velocity measurements along profiles or points using terrestrial geodetic survey or terrestrial photogrammetry: (a) 1918-1942:
monitoring at the surface and the front at Val Sassa RG, Switzerland, by André and Emile Chaix in 1918, 1919, 1921, and 1942; (b) 1923-1953: monitoring at the
surface at Olgrube RG (nowadays ,.Innere Olgrube“), Austria, by Sebastian Finsterwalder (1923-1924) and Wolfgang Pillewizer (1938-1953) as well as more recent
measurements by Krainer and Mostler (2006); (c) 1938-1955: monitoring at the surface at AuBeres Hochebenkar RG (A06 in Table 1), Austria, by Wolfgang Pil-
lewizer (1938-1953-1955) and Leopold Vietoris (1951-ongoing), RG advance and the schematic position of the surveyed boulders in 2023 using GNSS are indicated;
(d) 1949-1957: monitoring at the surface and the front at Clear Creek RG (No. 51 in their inventory), Alaska, by Wahrhaftig and Cox during 1949, 1951, 1952 and
1957. Only the lower part of the RGs is drawn here. For details see text. Map sources: modified after (a) Munoz-Torrero Manchado et al. (2024), (b) Pillewizer (1957)
and Krainer and Mostler (2006), (c) Kaufmann (2012), and (d) Wahrhaftig and Cox (1959).
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central part of the RGs moved up to 1.35 m/a, whereas the margins
around 0.20 to 0.50 m/a (Chaix, 1943).

2.2. First rock glacier frontal advance measurements

André Chaix also initiated the first frontal advance measurements at
RGs in the Alps (Fig. 1a) at two of the three previously mentioned RGs
(Sassa, Acqua) with two reference points per landform (Chaix, 1943; see
also Fig. 7.1. in Barsch, 1996). This happened in summer 1921 and first
repeat measurements followed in 1942 (Chaix, 1923, 1943). The dis-
tance between the foot of the RG front slope and the reference point was
measured with a tape in the two different years (Barsch, 1996). Ad-
vances at both RGs ranged from 8.2 to 10.8 m (Chaix, 1943). Thus, the
annual advance rate was 0.39 m (Sassa) and 0.43 m (Acqua). These
values represent about one-third of the RG surface velocity. Later, Jackli
(1978) presented data of eight further surveys of frontal changes of
advance of Acqua RG between 1968 and 1979 measuring the distance
between a large, stable boulder and the RG front. Jackli concluded that
the front had moved down-valley by 26.55 m in the 58 years between
1921 and 1979 yielding an average rate of 0.46 m/a. Between 1941 and
1968 the front advance seemed to have slowed down (0.38 m/a) but
accelerated between 1968 and 1979 (0.55 m/a).

The described principle of monitoring the change of the lower end of
a landform is still used for instance in glacier length monitoring as e.g.,
described by Forel (1895) as a very pioneering work or by Lieb and
Kellerer-Pirklbauer (2022) for the long-term data series at Pasterze
Glacier initiated in 1879. In summary, the pioneering work in RG
research of Chaix comprised the first RG velocity (1918-1919) and the
first RG advance (1919-1942) monitoring and with this contributed to
the IUGS award “First 100 geosites” in 2022, when the Engadine RGs
were awarded regarding their importance for permafrost research.

2.3. Further important early studies

Sebastian Finsterwalder carried out two terrestrial photogrammetric
surveys to measure a velocity profile across Olgrube RG, Austria
(nowadays known as “Innere Olgrube RG”; e.g., Berger et al., 2004), in
1923 and 1924 (Finsterwalder, 1928; Fig. 1b). During that time,
terrestrial photogrammetry was the standard method for mapping high
mountain terrain but also to measure velocities at glaciers (Kaufmann,
2012). In contrast, aerial photogrammetry was applied for the very first
time in RG research at Weissmies RG (1958-1964) and Grosses Gufer RG
(1950-1962), both in Switzerland (Messerli and Zurbuchen, 1968;
Barsch, 1996). Finsterwalder noted that the profile at Olgrube RG was
established at an altitude of 2550 m asl (starting point) but the exact
position and course is unclear today. He obtained maximum velocities of
up to 0.50 m/a and was disappointed because he had expected higher
values (Finsterwalder, 1928; Pillewizer, 1957; Kaufmann, 2012). In
1938, Wolfgang Pillewizer installed terrestrial photogrammetric veloc-
ity profiles at Olgrube RG, at Rotschliffkar RG (with no further repeat
surveys), and at AuBeres Hochebenkar RG (monitoring ongoing; cf. AO6
in Table 1). At f)lgrube RG, he established two profiles (Fig. 1b). The
exact location of these profiles is still known based on a map created by
Finsterwalder (Kaufmann, 2012). The results of Pillewizer for
1938-1953 are in good agreement with those of Finsterwalder in
1923-1924 with maximum creep velocity of about 0.50 m/a.

The velocity profile of Pillewizer at AuBeres Hochebenkar RG/A06
(profile 3 A in Fig. 1c) was repeated by Pillewizer in 1953. At that time,
he extended this single profile by two additional profiles (profiles 1 A
and 2 A in Fig. 1c¢) used by Leopold Vietoris, who had started in 1951 his
own geodetic measurements at this RG using a theodolite (Vietoris,
1972). In 1955, Pillewizer remeasured his photogrammetric motion
profiles at AuBeres Hochebenkar and quantified maximum annual ve-
locity values of 3.47 m/a at the lowest of the three profiles for the time
period 1953-55 (Pillewizer, 1957). This RG has the worldwide longest
record of RGV data based on geodetic data (Schneider and Schneider,
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2001) although several major gaps exist. Nowadays four geodetic pro-
files with marked boulders exist at this RG (PO to P3). The time series is
longest for profile P2 (start in 1951-1952) although with many gaps
(1958, 1963-1969, 1971, 1973, 1975-1977, 1979-1980, 1982-1984,
1986-1989, 1991-1994, 1996, and 2005; Vietoris, 1972, Schneider and
Schneider, 2001; Hartl et al., 2016, 2023).

Early monitoring of RG movement has also been accomplished at the
Chambeyron massif in the Southern French Alps. Near the mountain
Brec de Chambeyron, reference marks were painted on boulders at
different periglacial landforms including one RG in 1947, 1963 and
1968 (Michaud and Cailleux, 1950). Their movement has been recorded
in 1949, 1963, 1968 and 1970 and results indicate that the Chambeyron
RG did not advance from 1947 to 1970, only isolated boulders moved
down the frontal slope (Michaud and Cailleux, 1950; Pissart, 1964,
1972).

As a last example of pioneering RGV monitoring, the study by
Wahrhaftig and Cox (1959) is discussed. These authors presented in
their 1959 benchmark publication, amongst other results, a compre-
hensive kinematic study on a RG by using a theodolite. The RG velocity
monitoring was accomplished at RG No 51 of their inventory (head of
Clear Creek, Alaska) over a period of 8 years (1949-1957). A base sta-
tion (“transit station”) was established on an outcrop on the concave side
of a bend of the RG (Fig. 1d). From this station, two cross profiles of
painted boulders (lower profile with four; upper profile with initially
five markers) were established, each aligned with a target painted on
bedrock on the opposite wall of the valley. The original survey was made
in 1949, three more followed in 1951, 1952 and 1957, each with new
painted lines of 4 or 5 boulders per profile. Their results indicated that
the surface of this RG moved faster at the lower profile (49.3-72.1 cm/a;
average 63.4 cm/a) compared to the upper profile (44.3-65.5 cm/a,
average 57.9 cm/a) between 1949 and 1957. The front advanced on
average 50.1 cm/a, which is about 80-86 % of the surface velocity
(Wahrhaftig and Cox, 1959; Barsch, 1996). RG monitoring using
theodolite surveying was accomplished at several other places in the
USA already in the 1960s, i.e., at Galena Creek RG, Wyoming (Potter,
1972; Potter et al., 1998), at Arapaho RG, Taylor, and Fair, all Colorado
(White, 1971; Benedict et al., 1986; Janke, 2005), as well as at Maroon
and Pyramid RGs, Colorado (Bryant, 1971). Very recently, Munroe and
Handwerger (2024) initiated geodetic monitoring at six RGs in Utah.
Other mountain areas where geodetic monitoring of RGs has been
applied outside the Alps are for instance the Carpathians (Onaca et al.,
2025), different mountain areas at the Iberian Peninsula (i.e., Pyrenees,
Cantabrian Range, Sierra Nevada: Serrano et al., 2006; de Sanjosé et al.,
2014) or Svalbard (Berthling et al., 1998, 2003).

In summary, these examples show the successful pioneering appli-
cation of RGV monitoring — both, along cross profiles but also at the RG
front — from many decades to even more than a century ago, starting in
the Alps but also with pioneering and ongoing research work in North
America and elsewhere. The general structure of the measuring net-
works and the implementation of the fieldwork at that time form the
basis for present day RGV monitoring. However, it must be remembered
that these pioneers worked without modern technology and without
comfortable access to the field site such as high mountain roads, cable
cars or helicopters.

3. Study areas
3.1. The periglacial domain in the Alps

The Alps extend from latitude 43°29'N to 48°21'N and longitude
4°55' to 16°36'E covering an area of 190,900 km? (Alpine Convention,
2020). The present-day periglacial elevation zone in this mountain
range is relevant for the occurrence of active RGs. Climatologically, this
zone is located between the potential treeline and the snowline
(Hollermann, 1985; Veit, 2002). Twelve percent of the Alps (23,000
km?) are above the potential treeline (Pecher et al., 2011; Kellerer-
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Table 1
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Summary of location, geodetic monitoring history and study design for each of the 43 RGs considered in this study including reference to the responsible institutions
and one key publication per site for further information. Codes of RGs identical to Kellerer-Pirklbauer et al. (2024): A = Austria, F=France, I=Italy, C=Switzerland, Re

= Region, AA = Austrian Alps, FA = French Alps, IA = Italian Alps, LV = Lower Valais, UV=Upper Valais, EN = Engadine, TI = Ticino.

Cod. Rock glacier/ Lat N (°) LongE(°)  Area Monit. Monit. Geodetic No. of pts. (n) Pt. density (n/ Res. Key publication
Region (km?) initi’ units method km?) inst.®
t)° -
(present) all * refer. all®  refer.
5 7
A03 Weissenkar/AA 46°57'29” 12°45'11” 0.125 1997 1 GNSS 18 18 144 144 1,8 Kellerer-
Pirklbauer and
Kaufmann,
2012
A04 Hinteres 46°59'11” 12°46/48” 0.168 1999 2 (U/L) GNSS 38 U9 226 89 1,8 Kellerer-
Langtalkar/AA L6 Pirklbauer and
Kaufmann,
2018
A05 Dosen/AA 46°59'11” 13°17'06” 0.194 1995 1 GNSS 34 11 175 57 1,8 Kellerer-
Pirklbauer et al.,
2022a
A06 AuBeres Hoch- 46°50'01” 11°00'36” 0.423 1938 1 GNss'? 46 39 109 92 12 Hartl et al.,
ebenkar/AA 2023
A08 Tschadinhorn/ 46°59'38”  12°4147”  0.061 2014 1 GNSS 14 14 230 230 1,8 Kaufmann et al.,
AA 2018
A09 Leibnitzkopf/AA  46°55'51”  12°42'43”  0.062 2010 1 GNSS 15 15 242 242 1,8 Kaufmann et al.,
2021
FO1 Laurichard/FA 45°01'00”  6°23'57” 0.084 1979 1 GNSS'? 35 5 417 60 2,13 Thibert and
Bodin, 2022
101 Lazaun/IA 46°44'43” 10°45'13” 0.175 2006 1 GNSS 52 39 297 223 9 Fey and Krainer,
2020
102 Gran Sometta/ 45°55'13” 7°40'13” 0.240 2012 2 (M/S) GNSS 62 M 16 196 76 3 Bearzot et al.,
A (M) D) S8 2022
0.077 2015 (S)
©®)
103 Napfen/IA 46°58'06” 12°07'42” 0.410 1992/93 1 laser dist., 95 5 232 12 6,9 Damm, 2007
GNSS (RGV) (RGA) (RGA);
Krainer et al.,
2015 (RGV)
104 Maroccaro/IA 46°1302”  10°34'28”  0.025 2001 1 total st.'" 25 23 1000 920 10 Seppi et al.,
2019
105 Amola/IA 46°1204  10°4243”  0.124 2001 1 total st.'" 25 24 202 194 10 Seppi et al.,
2019
co1’ Aget-Rogneux*/ 46°00'35” 7°14'24" 0.038 2001 1 GNSS 79 9 2079 237 3 Wee and
LV Delaloye, 2022
c02° Mont-Gelé B/LV 46°05'49” 7°17'22” 0.022 2000 1 GNSS 37 23 1682 1046 4 Delaloye et al.,
2010
co3’ Mont-Gelé C/LV 46°05'49” 7°17'13” 0.035 2000 1 GNSS 34 19 971 543 4 Delaloye et al.,
2010
co4° Tsarmine/LV 46°02'47” 7°30'31” 0.052 2004 2 (U/L) GNSS 53 U4 1019 135 3,4 Vivero et al.,
L3 2022
C05°  Becs-de-Bosson/  46°10'23”  7°30'41” 0.175 2004 2(Gl/L  GNss"? 206 G1/L 1177 377 3 Delaloye et al.,
LV G2/U) 45 2010
G2/U
21
C06°  Gemmi- 46°2423”  7°37'53” 0.027 1998 1 GNss'? 70 5 2593 185 3 Delaloye et al.,
Furggentélti/UV 2010
C07°  Hungerlitalli 1/ 46°11'14”  7°43'28” 0.049 2001 1 total st. 24 24 490 490 5 Delaloye et al.,
uv 2010
cos’ Hungerlitalli 3/ 46°11'11” 7°43'00” 0.048 2002 1 total st. 27 14 563 292 5 Delaloye et al.,
uv 2010
Co9 Biiz North/EN 46°32'00” 9°49'03” 0.017 1998 1 GNSS 13 4 765 235 7 Ikeda et al.,
2008
C10 Petit-Vélan/LV 45°54'51” 7°13'51” 0.078 2005 1 GNSS 52 5 667 64 3 Delaloye and
Morard, 2011
Cl11 Lac des Vaux B/ 46°05'58” 7°16'33” 0.007 2005 1 GNSS 31 8 4429 1143 4 Delaloye et al.,
LV 2010
Cl2 Lués Rares/LV 46°06'13”  7°17'45” 0.029 2006 1 GNSS 21 10 724 345 4 Delaloye et al.,
2010
C13 Les Cliosses/LV 46°08'40” 7°30'10” 0.038 2006 1 GNSS 33 24 868 632 4 Delaloye et al.,
2010
C14 Tsaté-Moiry 1/ 46°06'40” 7°33'15” 0.033 2005 1 GNSS 53 6 1606 182 4 Lambiel, 2011
LV
C15 Tsaté-Moiry 2/ 46°06'35” 7°33'20” 0.056 2005 1 GNSS 25 16 446 286 4 Lambiel, 2011
LV
C17 Grosse Grabe/ 46°09'03” 7°49'13” 0.064 2007 1 GNSS 12 3 188 47 3 Delaloye et al.,
uv 2013
C18  Gugla-Bielzug/ 46°0820"  7°4906”  0.095 2007 1 GNsSs1? 44 5 463 53 3 Delaloye et al.,
uv 2013

(continued on next page)
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Cod. Rock glacier/ Lat N (°) LongE(°)  Area Monit. Monit. Geodetic No. of pts. (n) Pt. density (n/ Res. Key publication
Region (km?)" initi’ units ? method km?) inst.®
(present) all * refer. all © refer.
5 7
C19 Dirru/UV 46°07'18”  7°49'04” 0.077 2007 2(U/L)  GNSS"? 75 u10 974 442 3 Delaloye et al.,
L24 2013
c21’ Grosses Gufer/ 46°25'31” 8°04'57” 0.176 2007 1 GNSS 65 16 369 91 3 Delaloye et al.,
uv 2010
Cc23°  Gruben/UV 46°1026”  7°57'57” 0.364 2012 1 GNss'” 43 10 118 28 3 Girtner-Roer
et al., 2022
C24°  Monte Prosa A/ 46°3352"  8°3446” 0.046 2009 1 GNss'? 34 16 739 348 3 Mari, 2014
TI
C25°  Monte ProsaB/  46°3346”  8°34'28” 0.025 2009 1 GNSS 24 2 960 80 3 Mari, 2014
TI
C26°  Stabbio di 46°28'40”  8°59'10” 0.116 2009 2(M/S)  GNss'? 33 M 21 285 216 11 Scapozza et al.,
Largario/TI S4 2014
C27°  Piancabella/TI 46°27'02”  9°00'10” 0.023 2009 1 GNSS 28 20 1217 870 11 Scapozza et al.,
2010
C29  Ganoni di 46°3320"  8°44'50” 0.067 2009 2(U/L)  GNSS 35 U3 522 269 11 Delaloye et al.,
Schenadiii/TI L15 2010
C30°  Muragl/EN 46 30247 9°55'42" 0.151 2009 1 total st.!” 20 20 133 133 5 Cicoira et al.,
2019
Cc31°  Murtel/EN 46°25'44”  9°49'19” 0.070 2009 1 total st.*”’ 11 11 157 157 5 Cicoira et al.,
2019
C32 Marmugnun/EN 46°25'417  9°49'09” 0.044 2009 1 total st. 9 9 205 205 5 Delaloye et al.,
2010
C33  Chastelets/EN 46°25'44”  9°48/48” 0.034 2009 1 total st. 5 5 147 147 5 Delaloye et al.,
2010
C34  Tsavolire/LV 46°09'57”  7°30'30” 0.034 2012 1 GNSSp 1 1 29 29 3 Delaloye and
Staub, 2016
C35°  Lapires/LV 46°06'00”  7°17'00” 0.005 2013 1 GNSS 11 4 2200 800 3 Mollaret et al.,
2019

! initiation of annual RG velocity monitoring - data gaps are not indicated.
2

group 2, mostly upper part.

number of monitored units - in case of two units: U = upper part; L = lower part, M = main unit, S = secondary unit, G1/L = group 1, mostly lower part, G2/U =

3 geodetic method: GNSS = annual GNSS campaign, laser dist. = laser distance measurement device, total st. = total station, GNSSp = permanent GNSS instrument.

# number of measurement points.

5 number of points to calculate the average value = reference points.
6 density per km? of all points at the RG.

7 density per km? of the reference points at the RG.

8 institution according to the affiliation list of the authors.

9 considered in PERMOS.
10

in addition GNSSp is applied at Becs-de-Bosson, Dirru, Gemmi-Furggentélti, Gruben, Gugla-Bielzug, Monte Prosa A, Muragl, Murtel, Stabbio di Largario (all CH),

Laurichard (FR) and AuBeres Hochebenkar (AT) according to Cicoira et al. (2022) and author's knowledge.

11 changed to GNSS after 2022.

Pirklbauer et al., 2022b), whereas only 0.95 % (1800 km?) of the Alps
are covered (in 2015-2017) by glaciers (Paul et al., 2020). Furthermore,
around 6220 km? of the Alps are underlain by permafrost based on the
Alpine Permafrost Index Map (APIM) and considering an index value of
>0.5 which is a realistic threshold for permafrost existence (Boeckli
et al., 2012). The APIM provides an index describing the spatial distri-
bution of permafrost.

3.2. Selected rock glaciers

To achieve our study aims, we used results and experiences from the
long-term monitoring activities at 43 RGs along the European Alps, in
Austria, France, Italy, and Switzerland. Their locations are depicted in
Fig. 2 and key parameters are listed in Table 1, including key references.
The selected landforms in Table 1 are identical with those used by
Kellerer-Pirklbauer et al. (2024) for a comparative study of RGV in the
Alps in the period 1995-2022. The present study can, thus, also be
considered as a technical complement to Kellerer-Pirklbauer et al.
(2024). This study does not claim to cover all RGs in the Alps where
geodetic measurements have ever been conducted in the past. However,
due to the large number of RGs covered here, our study can be consid-
ered representative for all previous RGV monitoring activities in the Alps
using geodetic approaches. The dataset compiled in Table 1 includes 1
RG in France, 31 in Switzerland, 5 in Italy and 6 in Austria. Almost all

the studied landforms are RGs as defined above. The only possible
exception is a glacial-permafrost composite landform 105/Amola (Seppi
et al., 2019). Some RGs are also located close to present glaciers. The
creep of such RGs may have been influenced by changes in glaciation (e.
8., C23/Gruben; Gartner-Roer et al., 2022, Haeberli et al., 2024). The 43
RGs extend across the entire Alps from 45°01'00“N to 46°59°38”N (c.
220 km) and 6°23'57“E to 13°17°06”E (c. 570 km; Fig. 2). With these
examples, we cover the most important methodological approaches and
findings based on (in most cases) annual geodetic measurements of RGs
in the Alps, particularly after 1995.

4. Results
4.1. Selecting a landform for monitoring

Choosing an appropriate site for long-term RGV monitoring is not a
straightforward issue. As mentioned in the WMO (2024) guidelines,
RGV monitoring must be accomplished at active or transitional RG units
whose deformation mechanism is dominantly related to permafrost
creep. Transitional RGs are those with slow movement or whose
movement is limited to areas of small extent (RGIK, 2023a). Monitored
RGs should dominantly move due to permafrost creep (as defined above)
and not by other processes such as ice melt-related subsidence or
possible deformation due to underlying slope instabilities (e.g., rock
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Fig. 2. Study sites: (a) Location of the 43 RGs in the Alps used in this study, differentiated according to four different geodetic methods used in 2022. Some additional
RGs mentioned in the text are indicated as well. Treeline as a proxy of the lower limit of presently active periglacial zone. Inset map (b) refers to south-western
Switzerland and north-western Italy. For RG-codes see Table 1. Data sources: ESA, 2021 (topography), Alpine Convention, 2020 (perimeter of Alps), Paul et al.,

2020 (glaciers in 2015), Pecher et al., 2011 (treeline).

slides or deep-seated gravitational slope deformations). However, this is
difficult to predict before the start of RGV measurements and over a
longer period of time. One possible solution is to conduct two surveys
per year for several years after the initial monitoring establishment, one
at the beginning of the summer season and one in autumn. This would
allow for the detection of potentially larger anomalies in summer surface
movement, e.g., subsidence due to ice melt at the permafrost boundary
or changes in flow direction due to specific movements in the active
layer. Finally, destabilization is an ongoing process at several RGs
studied here as for instance the lower part of the AuBeres Hochebenkar
RG/A06 where the two lower profiles are currently (in 2025) no longer
measurable due to the high movement rates and unstable surface
conditions.

The guidelines also indicate that monitoring for more than ten years
at the selected site must appear feasible from technical and logistical
perspectives. In this context it should be noted that many studies started
on a short-term research project and developed into a monitoring pro-
gram only later, after a successful start. The three necessary framework
conditions (a) active or transitional RG, (b) dominance of permafrost
creep, and (c) feasibility of long-term monitoring affect the landform
constraints but also practical limitations for RGV monitoring. Landform
constraints relate to the destabilization of the entire RG system, part of it
or single boulders, rock falls, or ground subsidence unrelated to RG

creep. Practical limitations on the other hand include aspects such as site
accessibility, fieldwork safety (people and equipment), and necessary
permits from the authorities or the landowner (WMO, 2024).

Taking into account the list of our selected RGs and the literature, the
following groups of site selection choices emerge: (a) selection based on
previous RG investigations: earlier research activities have been con-
ducted at a given RG and it is expected that resuming monitoring at this
site will provide additional insights; (b) project-based selection: some-
one — a municipality, a company, other financing organizations or the
principal investigator of a research project — is interested on a specific
RG (e.g., a RG was initially selected to monitor the RGV); (c) selection
based on other studies: a RG was selected because the landform seemed
interesting based on other research work or observations (e.g. regional-
scale inventory allowed to detect “interesting” — e.g., fast-moving —
RGs); (d) logistic-based selection: a chosen RG is easily accessible e.g. by
cable car or road or a hut/house is nearby providing easy access and/or
support during fieldwork; (e) legal-based selection: the owner of the
land property with a potential RG for monitoring permits research; this
is highly relevant for instance in national parks and other protected
areas; (f) event-based selection: for example a debris-flow started in the
frontal zone of a RG causing damage and afterwards a monitoring
network is needed. Either one of these reasons or more often a combi-
nation of several can be decisive for whether an RG is selected for (long-
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term) monitoring or not.
4.2. Selecting a measurement technique

The selection of a method or technique for geodetic RG monitoring is
related to technical and resource constraints (WMO, 2024). Technical
constraints are for instance technological developments as well as the
feasibility to accomplish measurements (i.e., is a landform and its sur-
roundings suitable for a specific method or not?). Regarding techno-
logical developments, the applied technique might change over time
adapting to more modern equipment. The AuBeres Hochebenkar RG
(A06), for instance, was initially studied by terrestrial photogrammetry
(which is not a geodetic method) since the 1930s. Since 1951, RGV has
been measured at this RG using terrestrial geodetic methods (tachy-
metry) and since 2008 by satellite-based GNSS geodetic surveying
(Vietoris, 1972; Schneider, 1999; Schneider and Schneider, 2001; Hartl
et al., 2016) as well as terrestrial (Kaufmann, 2012) and airborne
photogrammetry (UAV).

Resource constraints include the lack of funding for carrying on the
surveys. This might cause short data gaps (e.g., Dosen RG/A05, Mar-
occaro RG/104 and Amola RG/I05 in 2003; a probable velocity peak in
2003-2004 was missed at these three RGs) or even multi-annual data
gaps (e.g., Weissenkar RG/A03 in 2002, 2014, 2015, 2020-2022). Data
gaps can also arise from other factors related to the “resource” labour,
such as poor weather conditions (e.g., Maroccaro RG/104 in 2021), early
snowfall (e.g., Stabbio di Largario RG/C26 and Ganoni di Schenadiii
RG/C29 in 2020), COVID-19 restrictions (e.g., Maroccaro RG/104 and
Amola RG/I05 in 2020) and injury or illness of the investigator (e.g.,
Napfen RG/I03 in 2022). Resource constraints can also arise from
dependence on political decisions and the associated access to satellites
(e.g., access to the GLONAS system was suspended at the beginning of
the Ukraine war). Further resource constraints might be the unavail-
ability of survey devices or simply the lack in the expertise to handle a
specific device. At some RGs also the used device changed over time due
to availability or technology reasons. At the two RGs Maroccaro/104 and
Amola/I05, for instance, different types of total stations have been used:
model Sokkia PowerSet 3100 in 2001 and 2002, model Sokkia PowerSet
2030 R3 in 2004 and, since then, model Leica TCA 2003. Sometimes,
special training on the technical equipment for geodetic surveys was
required and appreciated. Therefore, it is not uncommon to find corre-
sponding acknowledgements in publications (e.g., Krainer and Mostler,
2006).

At many of the 43 RGs listed in Table 1, the geodetic monitoring
technique has changed over the course of history from traditional
geodetic surveying applying a classical theodolite, via a more modern
total station to a satellite-based geodetic surveying using GNSS tech-
nology. The technical change from a total station to GNSS occurred in
many cases between the mid-2000s and mid-2010s. Commonly, the real-
time kinematic/RTK GNSS approach is applied although the post-
processing kinematic/PPK approach can also be used. The GNSS
approach has also some significant drawbacks such as (a) shadowing
effects of GNSS signals due to topography (e.g., reducing the number of
available satellites to a critical minimum), (b) multipath effects or (c)
atmospheric signal delay caused by, e.g., solar storms. Therefore, some
members in the author group prefer to use a total station. Drawbacks in
total station-approach include, on the other hand, the need of suitable
visual conditions (free line of sight/LoS between the observer point and
the target point) during the survey (i.e., no fog or clouds) and the need to
access the fixed point overlooking the entire/most of the RG of interest
which is, in some cases, a climbing task in unstable terrain. Furthermore,
the accuracy of a total station can be reduced with distance from a target
point, whereas GNSS does not have this limitation. Thus, an optimal
reference point should be selected in the near-range of the RG, prefer-
ably visible from all survey points, limiting the number of necessary
reference points. At Amola RG/I05, for instance, there are visibility
problems between the measurement station and the RG because of the
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general topographic setting and the large distance. There, the operators
were forced to choose initially large boulders located close to the front
and on the two lateral ridges, and to exclude the hollow in the centre of
the landform that is poorly visible from the station (Fig. 3a). This had
implications on the distribution of the observation points and conse-
quently on the RGV.

GNSS was used for annual geodetic monitoring at 33 out of the 43
RGs (Fig. 2) in 2022 (Kellerer-Pirklbauer et al., 2024). At eight RGs, RGV
monitoring was accomplished with a total station, two in Italy (Fig. 3a-c)
and six in Switzerland (Fig. 3d-e). Since then, there has been a technical
change at the two RGs in Italy, where surveying is now also carried out
using GNSS technology. The change in technology from total station to
GNSS also implied the change from a local coordinate system to a global
one (in Austria for instance from MGI to WGS84, using the ETRS89
reference system and the conformal map projection UTM). Or, if one
wants to stay in the existing local coordinate system to continue mea-
surement RG data series based on the total station-surveys, one has to
convert from the global GNSS-based coordinates to the local ones. This
may cause issues with displacement calculations due to distortion in
distances in different projection systems that can reach several cm per
km, but are mostly negligible over short distances such as on a RG. The
correct solution to solve this problem is a 3D transformation (3 trans-
lations, 3 rotations, 1 scale) using identity points. This means, in the case
of Austria, the global ETRS89/UTM coordinates are transformed into the
existing local MGI coordinate system. This allows the existing mea-
surement series to be continued without recalculating the old epochs. If
one wants to switch from MGI to ETRS89/UTM coordinates, one would
have to convert all the “old” coordinates of the previous years to
ETRS89/UTM. In order to successfully resolve the transition, well-
distributed identification points in both systems would have to be
recorded in a coordinated survey campaign and a 3D transformation
would have to be calculated (Hofmann-Wellenhof et al., 1992).

We included in Table 1 one RG with a permanent GNSS instrument
(Tsavolire RG/C34). The reason for that was the comparison option with
the nearby, well-monitored Becs-de-Bosson RG/CO05 (Kellerer-Pirklba-
uer et al., 2024). The permanent GNSS stations send data every hour for
a new position calculation. The system comprises another station on
stable terrain next to the RG allowing for a differential positioning
calculation. Further RGs listed in Table 1 located in Switzerland (Dirru/
C19, Gemmi-Furggentalti/C06, Gruben/C23, Gugla-Bielzug/C18,
Monte Prosa A/C24, Muragl/C30, Murtel/C31, Stabbio di Largario/
€26) and Austria (AuBeres Hochebenkar/A06) are equipped with per-
manent GNSS instruments, but this aspect is not further considered in
this study. Finally, at one RG (Napfen/I03) a laser distance measurement
device is used to monitor RG frontal advance since 1992. At Napfen RG,
GNSS measurements for RGV monitoring were also carried out in 2006
(initial campaign) and repeated in 2007 (Krainer et al., 2015). Table 1
summarises the geodetic RGV monitoring backgrounds for all 43 RGs.

4.3. Selecting locations of survey markers — the theory

For traditional geodetic deformation analysis such as terrestrial
GNSS or total station, a geodetic observation network needs to be
established by setting up stable control points in the non-moving vicinity
of the RG and observation points at the RG surface (e.g., Kaufmann,
1998; Lambiel and Delaloye, 2004). One of the stable control points
serves commonly as a base point for RTK-GNSS measurements (Fig. 4a,
b) or the total station (Fig. 3a,d). The GNSS antenna at the base station
transmits in real time the correction signal to the mobile station (rover).
The locations of the control and observation points must be marked and
the stability of the former point group must be checked regularly. These
locations are commonly either engraved in the rock by means of chisel
and hammer or they are fixed with brass bolts driven into solid rock
(Kaufmann et al., 2006, Fig. 3c). The latter enables the reflector to be
placed directly on the bolt by means of an adapter or simply placing the
tip of the pole into the bolt (Fig. 3b,e). In both cases, colour is
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Fig. 3. Field impressions of surveys by total station or theodolite tachymeter: (a) total station at a fixed point overlooking a RG located in a cirque; (b) reflector pole
positioned atop of a measurement point of a RG stabilised by a tripod; (c) close-up image of a fixed-installed bolt with a reflector pole; (d) total station at a fixed point
in front of a RG located on the other valley side overlooking the entire RG; (e) surveying reflector screwed on directly on a fixed brass bolt during the survey (photos:

(a)-(c) Roberto Seppi, (d)-(e) Isabelle Gartner-Roer).

additionally used for faster retrieval of the point during the subsequent
repeat measurements (Fig. 4b). In some cases, survey points are marked
with a painted cross (Thibert and Bodin, 2022). Additionally, a 5-10 mm
deep hole can be engraved at the intersection point of the cross for better
positioning. If an internet connection and an official RTK-GNSS
correction service (via NTRIP/Networked Transport of RTCM over
Internet Protocol) are available at a surveyed RG, a dedicated base
station is not required. This also applies to permanently installed GNSS
instruments.

The spatial resolution of RG velocity monitoring is defined by RGIK
(2023b) as the set of measurement points or the measurement area used
to compute a RGV value. The spatial resolution has to be chosen ideally
in such a way that it characterizes a consistent flow field related to the
surface velocity of one RG unit or a part of it. Furthermore, it should be
consistent over time lacking missing data, which is, however, a major
challenge in long-term monitoring. In case of high spatial heterogeneity
of surface displacement across one RG unit (i.e., multiple detected
movement areas for the same unit), multiple RGVs can be calculated
separately for the same RG unit (RGIK, 2023b). The movements of the
frontal part, the lateral margins and the rooting zone are often slower to
even insignificant compared to the central part of the RG. However, the
velocity changes in relation to a reference period (i.e., relative velocity
change), are commonly spatially more homogeneous (e.g., Delaloye

et al., 2010).

The observation points should be distributed uniformly at the surface
of the RG considering most of the length of the landform, on blocks
embedded in the matrix of the active layer. Ideally, the blocks should
reach into the permafrost body, but this is usually not the case as the
active layer is commonly thicker as the blocks (Roer, 2007). Depending
on the size and characteristics of the studied RG, between 10 and 100
observations points should be selected. In this selection, the different
morphological areas of the RG (frontal and lateral margins, rooting
zone, and central part) should be accounted for as well as any
geomorphic features specific to the selected RGs such as secondary front,
subsidence areas or distinct velocity areas.

Often, these site-specific conditions cause the selection of a set of
observation points that are used to compute a site average, so-called
reference points (Table 2; PERMOS, 2022). The “reference points” are
defined amongst the observation points based on data quality and
completeness as well as on the representativeness of the measured dis-
placements for the entire RG or for a specific part/unit of the RG (e.g.;
for Hinteres Langtalkar/A04, upper slower part and lower faster part;
Kellerer-Pirklbauer and Kaufmann, 2012). In some cases, only parts of
the RG are geodetically monitored related to safety or other reasons. At
the two RGs Petit-Vélan/C10 and Grosse Grabe/C17, for instance, only
the upper parts are monitored by GNSS (at least since 2022), because the
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Fig. 4. Field impressions of surveys by GNSS, permanent GNSS or laser distance measurement device: (a) GNSS-RTK - base station at a fixed survey point and the
mobile station/rover on the ground, ready to start surveying; (b) GNSS-RTK - usage at a measurement point with the base station in the background; (c) and (d) laser
distance measurement device used for RGA monitoring by quantifying the distance to the painted target (target block) from a fixed survey point; (e) and (f) per-
manent GNSS-RTK system for continuous geodetic monitoring (Fotos: (a), (e) and (f) Andreas Kellerer-Pirklbauer, (b) Andreas Gschwentner, (c)-(d) Bodo Damm).

lower parts are unstable or disintegrated. Also at some RGs with mul-
tiple units, only a part of the system is monitored, such as Biiz North RG/
C09 with three overlapping units (only the observed upper and middle
units of this RG are indicated in Fig. 5). At this RG, the reference points
were selected only from the fast-moving upper unit. A more precise
definition of how a unit or part of it should be monitored is missing in
both guidelines (RGIK, 2023b; WMO, 2024). Explanations of the point
selection based on the 43 RGs supervised by the author team, which are
given in the next subsection, can help to find adequate answers to this
question.

4.4. Selecting locations of survey markers — the practice

Fig. 5 depicts for each of the 43 RGs a map with the extent of the
landform, central flow line, location of observation points and the
location of reference points used for site average RGV calculation (as
used in 2022; cf. Kellerer-Pirklbauer et al., 2024). In addition, Table 1
lists the number of observation and reference points per landform as
well as the point density calculated for both point groups. Fig. 6 sum-
marises these values in a graphical way jointly with the RG size.

The maps shown in Fig. 5 and numbers in Table 1 reveal that the area
of the 43 RGs varies substantially from only 0.005 km? (Lapires RG/C35)
to 0.423 km? (AuBeres Hochebenkar RG/A06) with a median of 0.061

10

km?. The number of observation points, the number of reference points
and the spatial distribution of these points on the various RGs also differ
considerably amongst the 43 landforms. The number of observation
points varied in 2022 between 206 (Becs-de-Bosson RG/C05) and only 1
(permanent GNSS instrument on Tsavolire RG/C34) with a median of
33. Furthermore, the number of reference points varied in the same year
between 66 and 1 (for the same two RGs) with a median of 14. Only at
nine of the 43 RGs, all observation points were used as reference points.
At 5 RGs, more than 75 % of the observation points have been taken to
calculate a reference value. For other percentage ranges the results are
as follows: 50- < 75%n=7;25-<50%n=11;10-<25n=7;<10%n
= 4). These values imply that at many of the considered RGs, point-
based results from the annual geodetic measurements are only used to
a limited extent. On average, only about 50 % of the gathered point data
were used (at least if using the year 2022 as a baseline) to calculate RG-
average values and thus RGV time series.

The number of points or their density are not crucial for investigating
annual velocity changes. What matters is whether the selected points
capture temporal variability, as Thibert and Bodin (2022) highlighted in
their statistical analyses of the Laurichard RG/FO1 time series. If,
instead, the goal is to investigate creep dynamics (central/steepest flow
line, edge effects), capturing spatial variability and the choice of the
survey point positions are crucial. Using data from the central flow line
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Distance to the nearest reference measurement point for each of the 42 RGs presented as cumulative percentages for different classes. In addition, the distance of 50 %
of each RG area to the nearest reference point is indicated in meter. For 103 the cumulative percentage values are valid for all GNSS measurement points (*). These
values are valid for the survey setups in 2022. For abbreviations and numbers of all and reference survey points for each RG see Table 1.

Cod. Rock glacier/

Distance to nearest reference point (m) and cumulative percentage value for each RG (%)

Distance of 50 % of the RG

Region area to a reference survey
<10 <20 <30 <40 <50 <75 <100 <150 <200 <300 <400 <600 <900 .
point (m)
A03 Weissenkar/AA 45 15.0 227 279 326 43.3 53.5 71.1 83.3 99.7  100.0 91.47
A04 Hinteres 3.1 10.0 17.5 24.6 315 47.6 62.0 83.8 96.5 100.0 79.22
Langtalkar/AA
A05 Dosen/AA 1.8 70 133 195 25.2 35.4 45.4 60.2 68.8 79.0 88.6  100.0 115.58
A06 AuBeres 2.9 88 141 194 247 37.3 47.0 58.4 64.4 76.3 86.1 96.6 100.0 113.22
Hochebenkar/AA
A08 Tschadinhorn/AA 69 198 29.0 351 385 46.8 55.7 69.2 80.9  100.0 84.12
A09 Leibnitzkopf/AA 8.0 24.2 36.2 43.6 49.3 61.5 72.7 91.2 100.0 51.51
FO1 Laurichard/FA 1.9 7.3 150 236 33.6 54.2 65.2 77.8 89.6 97.7  100.0 69.88
101 Lazaun/IA 6.5 17.7 267 331 372 42.8 46.5 54.4 62.4 79.0 91.1 100 122.34
102 Gran Sometta/IA 2.4 84 143 19.2 240 34.0 42.6 59.4 72.9 87.3 97.4 100 122.12
103 Napfen/IA* 6.9 15.5 19.8 22.9 25.2 29.3 33.0 40.6 48.9 62.2 72.2 89.5 100.0 208.27
104 Maroccaro/IA 264 664 855 932 97.0 100.0 15.91
105 Amola/IA 59 185 28,6 36.6 427 55.4 64.0 74.0 81.1 97.2  100.0 64.40
co1® Aget-Rogneux*/ 5.3 14.1 23.5 31.5 38.5 52.0 62.9 82.4 94.5 100.0 71.24
LV
C02°  Mont-Gelé B/LV 299 717 930 986 99.6 100.0 14.82
C03°  Mont-Gelé C/LV 16.4 428 585 682 749 85.7 93.5 99.8  100.0 24.60
co4° Tsarmine/LV 4.0 13.0 23.2 34.3 45.8 74.1 94.1 100.0 53.73
C05°  Becs-de-Bosson/ 9.4 244 357 449 523 65.7 73.9 88.3 97.5  100.0 46.91
Lv
co6° Gemmi- 5.7 18.2 30.2 38.8 46.5 63.5 76.5 96.2 100.0 55.12
Furggentalti/UV
C07°  Hungerlitilli 1/ 136 397 608 724 761 81.1 86.4 98.0 24.88
uv
cog?® Hungerlitalli 3/ 8.5 26.1 42.6 57.6 68.1 85.4 96.6 100.0 34.93
uv
C09 Biiz North/EN 7.3 219 382 569 718 91.9  100.0 36.32
C10 Petit-Vélan/LV 2.0 7.3 12.3 16.7 20.7 30.4 39.8 59.2 78.7 98.8 100.0 126.26
Cl1 Lacdes VauxB/LV. ~ 33.3 749 880 956 988 100.0 14.01
Cl12 Lués Rares/LV 108 336 487 57.9 629 74.5 86.4 99.4  100.0 31.38
C13 Les Cliosses/LV 19.6 59.8 82.1 89.3 93.3 98.7 100.0 17.56
Cl4 Tsaté-Moiry 1/LV 52 142 244 336 413 57.5 72.5 95.5  100.0 63.43
C15 Tsaté-Moiry 2/LV 80 223 31.8 377 433 55.4 64.1 78.2 92.0 100.0 63.83
C17 Grosse Grabe/UV 1.5 4.5 81 121 162 27.3 37.2 55.2 72.8 97.7  100.0 135.62
C18 Gugla-Bielzug/UV 1.4 4.0 6.4 8.7 11.0 16.9 22.5 29.1 34.0 46.0 59.5 86.7 100.0  329.91
C19 Dirru/Uv 133 411 641 769 83.0 87.6 90.3 93.9 96.2 99.1  100.0 23.89
C21°  Grosses Gufer/UV 2.7 7.6 11.6 140 16.4 21.7 26.7 34.5 44.4 65.6 84.7 99.5 100.0 226.55
C23°  Gruben/UV 0.9 3.2 5.8 82 10.6 16.4 21.9 31.5 38.8 50.4 60.5 79.9 1000  296.25
C24°  Monte Prosa A/TI 104 333 495 58.0 63.6 74.5 84.2 97.6  100.0 30.56
C25°  Monte Prosa B/TI 2.5 9.8 202 336 483 72.6 91.3  100.0 51.78
c26° Stabbio di 6.7 22.9 35.4 44.3 50.9 64.9 77.1 93.3 99.9 100.0 48.59
Largario/TI
C27°  Piancabella/TI 256 612 763 835 875 95.2 99.6  100.0 16.86
C29 Ganoni di 7.9 23.1 33.8 40.9 45.2 54.7 65.4 86.9 98.3 100.0 62.58
Schenadiii/TI
C30°  Muragl/EN 42 156 29.0 40.7 50.5 64.4 70.0 77.9 84.6 95.4  100.0 49.48
c31° Murtel/EN 4.7 14.2 23.8 33.3 42.9 66.2 81.9 97.4 100.0 57.64
C32 Marmugnun/EN 6.2 20.1 35.7 52.9 67.4 88.7 97.4 100.0 38.34
C33 Chastelets/EN 46 17.6 328 474 60.6 79.6 91.1  100.0 41.97
C34 Tsavolire/LV 0.9 3.7 82 135 194 38.1 56.0 74.2 90.7  100.0 91.64
c358 Lapires/LV 17.1 36.1 56.5 78.2 94.6 100.0 26.83

of this RG, Thibert and Bodin (2022) showed that the year-to-year ve-
locity changes are almost uniform at all survey marker locations. Annual
velocities of block versus positions along the longitudinal profile show a
bimodal pattern with higher rates at 150 m and 300 m from the front (cf.
Fig. 2 in their study). At least at Laurichard RG/F01 and in the period
1984-2020, homogeneous accelerations or decelerations are at work
throughout the entire landform.

The maps in Fig. 5 also show that the point distributions at the 43 RG
locations appear to have little in common. At some RGs the measure-
ment points are relatively evenly distributed over the entire landform (e.
g., Les Cliosses RG/C13, Mont-Gelé B RG/C02), at some only for part of
the landform (e.g., Weissenkar RG/A03, Leibnitzkopf RG/A09), at some
RGs the measurement points are aligned along distinct profiles — either
transverse-sections, longitudinal sections or both (e.g., Laurichard RG/
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FO1, AuBeres Hochebenkar RG/A06), and at some RGs the measurement
points are aligned along a zigzag route (e.g., Hungerlitalli 1/C07). There
are various reasons for the different point distribution patterns. At
AuBeres Hochebenkar RG/A06, for instance, the Profiles P1, P2 and P3
are all related to the early measurements in the 1950s (Fig. 1c), thus
have a traditional cause. As this RG advanced further downvalley over
time, a new transverse profile (P0O) as well as a longitudinal profile close
to the RG terminus was established in 1997 (Schneider and Schneider,
2001). In 2024, all four profiles were surveyed, but due to ongoing
comprehensive destabilization of the lower part of this RG, this was no
longer possible in 2025.

A similar historical justification of still used profile lines applies to
Laurichard RG/F01, where Francou and Reynaud (1992) initially
repeatedly measured seven profile lines (transverse and longitudinal)
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Fig. 5. Maps of the 43 RG considered in this study with location of observation points, number of all observation points, number of observation points used to
calculate site average RGV (reference points), and reference point density (reference points/km?) based on the depicted RG delineations. Location of observation
points, RG delineations and definition of central flow lines based on authors. Observations and reference points as used in Kellerer-Pirklbauer et al. (2024).
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Fig. 6. Geodetic survey points at the 43 RGs: (a) number of survey points differentiated between all locations and only the ones used to calculate a mean or reference
value; (b) point density for each RG based on RG surface area differentiated between the two survey point types (cf. Table 1).

with a theodolite. The surveys were carried out every two to three years
from 1979 to 1999, and subsequently every year (Bodin et al., 2009).
Seven lines were marked during the initial 1979-1984 period: three in
the middle and upper zones (A,B,C), three in the frontal zone (D,E,F),
and one in the longitudinal profile, which cuts the others (L). Only three
of the original lines of blocks are still being surveyed at present: an upper
transverse profile (Line A), a lower transverse profile (Line O) and a
longitudinal profile (Line L). In 2022, the average for the Laurichard
RG/F01 was calculated from five points located along the longitudinal
profile as they form the most consistent and longest time series (painted
blocks L2,4,6,8,11), and these points capture the variability of the
overall network at this RG (for a detailed map of survey positions at this
RG see Fig. 1 in Thibert and Bodin, 2022).

For some of the 43 RGs, the distribution of measurement points is
clearly recognizable as a route over the RG. Three such examples are
Lazaun RG/IO1 in Italy as well as the Gruben RG/C23 and the Murtél
RG/C31 in Switzerland. This pattern has a logistical reason and is
intended to enable faster data acquisition on site. In addition, the point
pattern at Gruben RG (a short longitudinal profile on the back-creeping
zone, and a long one on the main tongue) was intentionally designed
after Kaab et al. (1997) in order to make any longitudinal studies in
terms of compression/extension later feasible (S. Morard and R. Dela-
loye, pers. com.). Especially for RGs with numerous individual survey
points (e.g., Becs-de-Bosson RG/C05 with >200 points or Napfen RG/
103 with almost 100 points), rapid data collection is only possible with
good route guidance. In addition, it saves energy and time if the
surveying team has to overcome as few meters of altitude as possible
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during the surveying campaign. Efficient data collection can either mean
a route across the RG with measuring points on the ascent and a second
route on the descent, or—even better—all measuring points are
measured only during the descent. The many points at Becs-de-Bosson
RG have a historic reason. They combine an early network restricted
to the survey of boulders painted at the front edge in 1986, which were
still in place in 2001, an extended set of longitudinal and transversal
profiles marked in 2004, and a final network of points marked in
January 2005 on large boulders protruding from the snowpack to ensure
the feasibility of a winter survey. A cable car or chairlift may also
facilitate the ascent or the entire survey, as for instance at Grosses Gufer
RG/C21, Muragl/C30 or Murtel RG/C31.

The values presented in Fig. 6b show that the density of measure-
ment points (distinguishing between all points and only the reference
ones) varies substantially between the 43 RGs. When using all points, the
density varies between 4429 pts./km? (for the small Lac de Vaux RG/
C11) to 109 pts./km2 (for the large AuBeres Hochebenkar RG/A06)
excluding the RG with only one measurement point (Tsavolire RG/C34).
The arithmetic mean value for this density value is 750 whereas the
median only 463 pts./km?. By considering only the reference values and
combining these values with the size of the RG, the maximum, mini-
mum, arithmetic mean, and the median values for point density are (by
excluding Napfen RG/I03 where nowadays only the frontal advance is
monitored): 1143 (Lac de Vaux RG/C11), 27 (Gruben RG/C23), 296,
and 210 pts./km? In most cases small RG yield substantially higher
density values.

As a second way to investigate the distribution of measurement
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points for each RG, the distance of each point on the RG to the nearest
reference point was quantified using a buffer approach in GIS. This was
accomplished by computing the distance to the nearest reference point
within the mapping domain, which was the spatial extent of each RG
complex. The distance to the nearest reference point was quantified
using the following class boundaries: 10, 20, 30, 40, 50, 75, 100, 150,
200, 300, 400, 600, and 900 m. Calculations were accomplished in
ArcGIS using the spatial data shown in Fig. 5. Results of this classifica-
tion analysis are presented in Table 2. In addition, the distance of 50 %
of each RG area to a reference survey point (i.e., the minimum radius to
cover 50 % of each RG area using all reference points) is listed.

The following conclusions can be drawn from the use of this
approach to assess the spatial coverage of the point distribution: Small
RGs generally perform better if they have at least a few reference points
(except Tsavolire RG/C34 with only 1 point). The best spatial coverage
by the used reference points was determined for: Lac des Vaux B/C11,
Mont-Gelé B/C02, Maroccaro/I04, Piancabella/C27 and Les Cliosses/
C13 (distance value less than 20 m from 50 % of the RG area to a
reference point). The spatial distribution of the reference points is
slightly worse — but still very high — at Dirru/C19, Mont-Gelé C/C03,
Hungerlitalli 1/C07, and Lapires/C35 (50 % value between 20 and 30
m). The third group of RGs comprise Monte Prosa A/C24, Lués Rares/
C12, Hungerlitalli 3/C08, Biiz North/C09, and Marmugnun/C32 (50 %
value between 30 and 40 m). Nine RGs fall in the class of 40 to 60 m
distance of 50 % of the RG area to a reference survey point. Furthermore,
ten RGs fall in the class of 60 to 100 m distance of 50 % of the RG area to
a reference survey point. Near the bottom of this list are the six RGs
AuBeres Hochebenkar/A06, Dosen/A05, Gran Sometta/I02, Lazaun/
101, Petit-Vélan/C10, and Grosse Grabe/C17. In these cases, 50 % of the
RG area is between 100 and 150 m from the nearest reference survey
point. The four RGs Napfen/103, Grosses Gufer/C21, Gruben/C23, and
Gugla-Bielzug/C18 perform worst in this analysis, with 50 % distance
values between 200 and 330 m. The statistics presented in this para-
graph do not provide any information about the quality of the RGV
value. This must be assessed using approaches such as the analysis of the
spread of the individual point time series.

Summarizing the spatial pattern of the measurement points at the 43
RGs as illustrated in Fig. 5, it becomes clear that in most cases, no sys-
tematic selection of measurement points was made, but rather the se-
lection of measurement points for each RG was based on individual, RG-
site specific criteria. The focus was often on the faster lower part and to a
lesser extent on the slower upper part, including the rooting zone. The
goal of different responsible persons or teams was always to select the
measurement points in such a way that, taken as a whole, they could
capture the movement characteristics of the RG unit under study (i.e.,
the temporal changes and spatial pattern of surface velocities).

4.5. Selecting point locations for frontal advance monitoring - examples

The approach of measuring the distance between a large, stable
boulder and the RG front in multiple years was initiated in 1921 as
described in section 2.2. Nowadays, RG frontal changes are commonly
measured by close-range remote sensing (TLS, terrestrial or UAV-based
photogrammetry, e.g., Avian et al., 2009), far-range remote sensing or
mixed approaches (Kaufmann et al., 2021). In-situ geodetic measure-
ments of frontal changes using a total station, GNSS or other devices are
rarely used. One exception is the monitoring at the Napfen RG/I03 in
Italy. At this RG, a laser distance measurement device is applied (Fig. 4c,
d) where from specific points (i.e., stable flat bedrock outcrop, fixed bolt
with marking, where a tripod can be placed on) distance, azimuth, and
elevation (in terms of inclination) between the fixed point and the RG
front are measured on an annual basis. At Napfen RG/I103, the main RG
terminus is measured since 1992 at three points (points A, B, C). In 1993,
two more fixed points have been installed at the secondary RG front
(points D and E; cf. Fig. 5). Since then, the RG front has been measured
almost annually, except for years with restricted access (COVID-19) or
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years in which the person responsible was absent due to health prob-
lems. In addition to this long-term monitoring, the surface velocity at
this RG was measured for the period 2006 to 2007 using GNSS with five
fixed points outside the RG and 90 observations points at the RG.
However, no resurvey of the entire RG occurred after 2007 (Krainer
et al., 2015).

At none of the other 42 RGs discussed in this article is the advance of
the RG front explicitly monitored, although changes at the frontal area
are recorded of course during other measurements (e.g., UAV flight
campaigns), field observations or repeated terrestrial photographic
surveys (using historical images or webcam photographs).

4.6. Selecting the date of field survey

Ideally, the annual survey should always be carried out at the same
date. However, the question arises what the ideal date is? For surveys of
glacier changes in the Alps, the glaciological year (or hydrological year)
from October 1 to September 30 of the subsequent year is used as the
relevant timeframe (Benn and Evans, 2010). Both the mass balance and
glacier length change measurements should be conducted as close to the
end of September as possible. In contrast, beside following the same
meteorological rhythm, there is currently no generally applicable
regulation for RG surveys; rather, the dates for the annual surveys
depend on individual circumstances. However, it is recommended by
RGIK (2023b) that data collection should always take place at the same
time/period of the year.

Commonly, the second part of August to mid-September or even mid-
October are the main periods of the annual terrestrial geodetic RG
measurements. However, the geodetic surveys are not carried out on the
same date and vary across the entire Alps as well as for individual sites.
For instance, the geodetic surveys in 2022 at the 43 RGs of interest in
this review study took place between August 16 (Dosen/A05, Gemmi-
Furggentalti/C06) and October 13 (Tsaté-Moiry-1,/C14, Tsaté-Moiry-2/
C15, Lapires/C35) and, thus, over a period of 58 days. Using the
example of a single RG, such as Biiz North/C09, the survey dates in the
period 1998-2022 varied between July 17 and October 8, i.e., within a
time span of 83 days. To account for the different time periods between
two field surveys at a given RG, normalisation of the RGV data to one
monitoring year (365.25 days) is a reasonable approach to allow better
data comparison (Kellerer-Pirklbauer et al., 2024). With this approach,
one cannot account, however, for seasonal variations in rock glacier
creep (Delaloye et al., 2010) which might play for some RGs an
important role (Delaloye and Staub, 2016; Kenner et al., 2017; RGIK,
2023a).

In the study by Kellerer-Pirklbauer et al. (2024), a total of 735 survey
dates for all 43 RGs were considered during the observation period be-
tween 1995 and 2022. Fig. 7 provides a summary of these survey date
data in two different formats. As revealed by this comprehensive data
pool, the arithmetic mean date was September 14, whereas the median
the September 22. Fifty percent of all geodetic surveys have been con-
ducted between August 24 (first quartile) and October 4 (third quartile).
The first RG survey campaign in the period 1995-2022 was conducted
on July 10, the last on November 10. This results in a date difference of
123 days. The maximum is on 1 October, with 28 measurement cam-
paigns, six of which are, however, purely computational based on the
continuous GNSS measurements at Tsavolire RG/C34. Thus, 22 real
measurement campaigns took place on October 1, the same number as
on September 30. The end of September can also be considered optimal
for RG monitoring, as this also corresponds to the end of the glacio-
logical year in the Alpine region. However, logistical problems may arise
here, as nearby supply huts or cable cars may no longer be in operation
at this time of the year or access routes to the study area may already be
covered in snow.
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Fig. 7. Summary of the geodetic survey dates based on the data used in Kellerer-Pirklbauer et al. (2024): Day of the year when geodetic field surveys have been
accomplished between 1995 and 2022 (n = 735) at the RGs listed in Table 1: plotted as (a) day of the year vs. number of survey campaigns and (b) as a box plot

diagram. For details see text.

4.7. Selecting the data analysis approach

The processing steps for creating RGV data after initial data acqui-
sition are summarized by WMO (2024) as follows: (a) preparation of
original data including pre-processing and quality control; (b) conver-
sion of prepared original data into surface velocity data including
quality control of velocity data; (c) processing of RGV timeseries by
spatial and temporal aggregation of velocity data including (potential)
velocity data gap-filling, point data selection and point data aggrega-
tion; and (d) evaluation of RGV consistency. The uncertainty of the
provided RGV timeseries should be as low as possible. The uncertainty of
the data series results from uncertainties in data collection and data
analysis. The following section presents some more details on these
mentioned issues.

Delineating and classifying areas or units of rather homogenous
behaviour of a RG is not simple. First, a movement area must be iden-
tified on a RG and then a velocity class should be assigned to one or more
parts of the RG based on the geodetic (or other) kinematic data (RGIK,
2023a). RGIK (2023a) points out that the minimum extent of a move-
ment area depends on the spatial resolution of the data input, but also on
the size of the considered landforms. This is based on the operator's
judgment and thus exposed to subjectivity. A single point measurement
is not considered to be a movement area, but the information it provides
can be useful if it can be spatially related to any movement areas and it
changes over time. These issues make it clear that no universal solution
is offered here to extract RGV time series from geodetic RG data.
Furthermore, it becomes evident that a combination of geodetic and
remote sensing dataset is helpful to classify areas or units with rather
homogenous creep behaviour.

After data acquisition, some initial data preparation including
reference point selection must be performed before a RGV time series
can be calculated (RGIK, 2023b). The number of observation points and
reference points of the 43 RGs of interest in this study are listed in
Table 1. In most cases, the site-specific RGV value was calculated at
these 43 RGs in Kellerer-Pirklbauer et al. (2024) based on the arithmetic
mean of all reference points. This applies either to the entire RG system
or to the respective units, if the reference points have been divided into
two groups (or clusters) of rather homogenous behaviour (i.e., for
Hinteres Langtalkar RG/A04, Gran Sometta RG/I102, Tsarmine RG/C04,
Becs-de-Bosson RG/CO05, Dirru RG/C19, Stabbio di Largario RG/C26,
Ganoni di Schenadiii RG/C29). The number of reference points per RG
varied between 1 and 66 in 2022 (Table 1). Missing individual values (in
terms of non-measured reference points in some years) potentially skew
the RG average velocity up or down. However, as changes in velocity
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from year to year are commonly homogeneous at all observations points,
missing values can be very often determined mathematically through
comparative analyses (Thibert and Bodin, 2022) and thus gaps can be
filled. Fig. 8 illustrates in a schematic way the workflow to calculate
RGV values based on multi-annual geodetic data considering also the
problem of losing measurement points over time. Related to this, when
calculating a RGV time series for a RG unit, one can calculate a time
series that uses all observations points on the RG in a given year
(RGVaH), and another that uses only those considered representative
(reference points) for a RG unit for a longer period of time (RGVref).

Geodetic data processing may be limited by the availability of pro-
cessing tools, computing power and data properties. The goal is to
calculate 3D coordinates from the raw data recorded in the field. This
can be done either from the data of the total station (distance and angles
— azimuth and elevation angle/angular measurements — from the survey
point, or directly measured coordinates) or from the GNSS-based posi-
tioning data (local or global reference system). One new approach to
calculate robust RGV timeseries is currently under development by RGIK
and the ESA CCI Permafrost project including capabilities for data
exploration, data cleaning, data gap filling, and clustering. The latter
aspect intends to analysis the similarity of the behaviour of the relative
velocity time series on a site in order to extract the dominant RGV signal
independent of any a priori selection made by the operator. First tests of
this tool have been accomplished at e.g., AuBeres Hochebenkar RG/A06,
Weissenkar RG/A03, Dosen RG/AO05, Dirru RG/C19, Gemmi-Furg-
gentalti RG/C06, Becs-de-Bosson RG/C05, Mont-Gelé B RG/C02, and
Gugla-Bielzug RG/C18. The results so far are promising, but show that
the operator's decisions in the different processing steps play a crucial
role in the computation of the RGV time series. Thus, the problem to
select “suitable” reference points is not yet solved and may even change
over time.

One example regarding the effects of differences in the approaches
for computation of a RGV value for one RG and its change over time is
presented in this paragraph. Since 1997, five profiles are monitored
annually at AuBeres Hochenbekar RG/A06 (Schneider and Schneider,
2001) with a total of 46 observation points (Fig. 5). Only the data from
the four transverse profiles (with 39 reference points since 2017) are
used to calculate the RGV time series. The longitudinal profile lies near
the end of the RG and crosses the transverse profile PO (Fig. 5). This area
is moving very fast, and therefore, including the longitudinal profile in
the RGV computation would overweight this area. The average value for
RGV at this RG is nowadays calculated in a two-step approach: first the
four arithmetic mean values for each of the four transverse profiles (PO:
6 boulders; P1: 9 boulders — one lost since 2016; P2: 12 boulders; P3: 12
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Fig. 8. Schematic representation of the workflow for data acquisition based on two subsequent annual measurement campaigns, data gap filling and point selection
(data filtering and data clustering) with respect to the reference points used for velocity averaging and subsequent RGV calculation.

boulders; Fig. 1c, 5) are determined. Second, an average of the four
mean values is calculated. When using all 39 boulders of the profile and
calculating an average from them, the RGV results would decrease
because the two profiles P2 and P3 have more boulders along their
profiles than PO and P1 and are moving slower. Both mean-value-
calculation approaches can be considered mathematically correct. It
is, however, important to note that the RGV calculation approach should
ideally not change over time. If this happens due to the loss of mea-
surement locations etc., then the entire RGV time series must be re-
calculated based on the new circumstances (e.g., for AuBeres Hochen-
bekar RG perhaps only P2 and P3) or the missing values must be esti-
mated (cf. section 5.2).

Another possibility at a given RG is to focus in the analysis on the
points along (or close to) the central flow line. Changes in the velocity of
individual surveyed boulders along a longitudinal profile could indicate
changes in the overall displacement pattern, which can have various
causes. These causes could be long-term climatic changes (e.g., perma-
frost degradation, long-term effects of more favourable or less favour-
able years on the RGs) or effects of seasonal weather patterns (e.g., cold
winter, spring melt season). A wave-like pattern of the longitudinal
profile of velocity that changes over time could be, for instance, asso-
ciated with a speed-up propagating down the RG. Fig. 9 depicts different
schematic examples of unimodal and bimodal distributions of annual
velocity of observation points versus positions along a longitudinal
central profile including a distinct unimodal peak (bell-shaped), a flat
unimodal peak (plateau-shaped), an unimodal distribution with skew-
ness either towards the front or towards the rooting zone of the RG, and
finally two types of bimodal distributions. An example of a bimodal
pattern was for instance presented by Thibert and Bodin (2022) for the
Laurichard RG/F01. Besides these different distributions, also multi-
modal distributions could occur. All such patterns can yield a similar
RGV value (Fig. 9¢). Thus, an additional attribute to the pure RGV value
if the distribution of velocity observations points along a (roughly)
longitudinal profile is unimodal or bimodal could be of relevance. The
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same is true for the general spread of the single point data, i.e. if all
observation points used to compute the site average behave similar
(small standard deviation) or not (large standard deviation).

For comparison purpose and also to extract a consistent RGV time
series, absolute RGV data are often converted to relative RGV values. To
minimize the potentially large inter-annual variations of RGV related to
specific regional or site-dependent events, the average annual value for a
multi-year period should be used as a reference value. RGIK (2023a)
stress that the validity time frame must be set to a minimum of two years
but recommend a longer period. Limited by the low annual data avail-
ability at Lazaun RG/IO01 in Italy, the two-year time frame 2016-2018
was used in the study by Kellerer-Pirklbauer et al. (2024). As is often the
case, data analysis is limited simply by the availability of data high-
lighting the need for long-term secured RG monitoring.

5. Discussion
5.1. Challenges

Potential challenges and related problems in the establishment of a
new RGV monitoring site in the Alps or elsewhere and the continuation
of long-term geodetic RGV data timeseries can be manifold. These issues
can be summarized as follows.

Initial difficulties can arise in finding a suitable RG and even raising
funding to establish long-term RGV monitoring. Furthermore, human
resources (including a primary responsible person) as well as material
resources (e.g., access to properly functioning GNSS or total station
equipment) should be secured in the long term. Initial problems can also
arise in clarifying whether surveying work is even permitted in a
particular area (e.g., access is often not allowed in national parks). This
can be problematic because the landowner is unwilling or because of
potential restrictions under nature conservation law (or both). This may
also mean, that the envisaged study area may not be approached by
helicopter which can have an impact on the logistics of fieldwork. The
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Fig. 9. Surface velocity measured by geodetic approaches and its possible variability along a longitudinal profile near the centreline of a RG: (a) schematic overview
of an observation network; (b) different unimodal and bimodal patterns of annual velocity of observation points versus positions along the longitudinal profile; (c)
tabular presentation of the schematic distribution of movement patterns in (b) with arithmetic mean (=RGV), SD and abbreviations related to the longitudinal profile
shape (UM = unimodal; BM = bimodal; PD = peak distinct; PF = peak flat; SF = skewed to front; SR = skedded to rooting zone; CP = comparable peaks; DP =
different peaks). The black curve in (b) represent the interpolated profile of velocity for the different movement patterns.

retirement of a team leader may cause challenges in continuing moni-
toring. RGs with long research histories experienced such challenges.
Since 1979, four people have been in charge for the surveys at Laur-
ichard RG/F01 in France: B. Francou, L. Reynaud, C. Vincent and E.
Thibert. The monitoring at this RG became a funded project only around
the 2000's with systematic annual visits (Thibert and Bodin, 2022) and is
now part of the PermaFrance monitoring network (https://permafrance.
osug.fr).

Further challenges can arise due to the difficulty of accessing a RG
under investigation. For example, sections of the approach route may be
at risk from rockfall. This is the case, for example, at the Hinteres
Langtalkar RG/A04, where the ascent between bedrock and large, un-
stable boulders is dangerous. This possible ascent route follows a gully
with the highly active RG on one side and a rocky steep slope on the
other. At this site, the ascent must be carried out individually and with a
large distance between the surveying team members.

Once you have successfully reached the RG and safely brought the
surveying equipment into the study area, working on the surface of the
RG itself can cause problems. Survey problems in particular arise with
fast and/or destabilizing RGs, as for example at Tsarmine RG/C04.
Walking along the survey route can be dangerous if there are loose
boulders. Lichen-covered blocks in humid conditions can also be very
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challenging. For example, lichens of the widespread species Rizocarpum
geographicum (often used for lichenometry; cf. Osborn et al., 2015)
become very slippery and greasy when wet. Furthermore, in early
autumn or during cold periods in summer, the surface of the boulders
may be covered by a thin ice layer, especially during the morning.
Another challenge is the risk of rock fall hazard directly at the RG. At
Murtel RG/C31, a big boulder was hitting a monitoring station in late
2023 and the , survey boulder“was pushed by 5 m. Following a rock fall
at Lac des Vaux B RG/C11 that the survey team experienced live in
September 2023, the team leader decided to stop the GNSS monitoring
at this site. The entire monitoring network at Grosse Grabe RG/C17 has
disappeared in recent years. Several large rockfalls in 2019-2020
(Hendrickx et al., 2022) and 2025 almost completely covered the
investigated RG with fresh debris.

Rolling and tilting of blocks with survey points can pose another,
much greater problem for the RGV calculations, as observations points
get lost. The boulders most prone to falling or rolling are located at the
top of the frontal or lateral slopes. This was the case, e.g., with two
boulders at the Maroccaro RG/104 (see the two red points for this RG in
Fig. 5). This problem can be avoided by selecting boulders that are
placed well above the slope edges. Loosing survey markers by falling or
rolling was already a topic in the early research work by Wahrhaftig and
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Cox (1959) in Alaska at Clear Creek RG. Altogether, they started with 9
survey points along two transverse profiles (4 at the lower, 5 at the
upper). The western-most boulder at their upper profile (cf. Fig. 1d) was
lost sometimes between August 15, 1952 and August 15, 1957
(Wahrhaftig and Cox, 1959; Barsch, 1996). Replacing lost boulder lo-
cations with replacement points is not so easy. It is likely that other
boulders in the vicinity of the toppled boulder will also fall in the near
future. Therefore, such replacement points are only relevant for a short
time and a recalculation of the entire RGV time series may be the better
solution. This also raises the problem of how these replacement points
can be compared with previous measurements and incorporated into
long-term measurement series. For this reason, if a boulder is expected
to fall or roll over in the following years, it is recommended to fix a
second point, serving as a replacement, and measure both points (e.g.,
pts. 14 and 14b in Ganoni di Schenadiii RG/C29 and pts. 29 and 29b in
Stabbio di Largario RG/C26).

Regarding fast RGs, a problem might be the complete loss of not only
one but several observations points in one part of the RG. At Hinteres
Langtalkar RG/A04, for instance, a geodetic monitoring program was
initiated in 1999. Since the lower part is moving substantially faster
compared to the upper part, two different mean RGV values or clusters
are calculated for this RG. That of the upper part is based on the mean of
nine observation points (pts 10-17 and 37), and that of the lower part of
six survey markers (pts 23-25, 27, 28 and 31). Over the years, some of
the observation points were lost or tilted. All the upper reference points
are still measured annually, but three of the six reference points at the
lower unit are lost: pt. 25 in 2016, pt. 31 in 2019 and pt. 24 in 2020. A
similar loss of reference survey points, especially near the RG front, can
be reported from several other locations (e.g., Tsarmine RG/C04 or
Maroccaro RG/104).

A further challenge is the loss of entire profile lines over the years.
This is a problem, for example, at the very fast-moving lower part of the
AuBeres Hochebenkar RG/A06 which strongly disintegrated between
2024 and 2025. The lower part of this RG is currently difficult or even
impossible to access. Therefore, gaps in the GNSS survey or even the
abandonment of GNSS measurements on the lower part of this RG are to
be expected. These can then possibly be compensated for with UAV
survey, but merging GNSS data with UAV data is not easily possible due
to the geodetic different approaches. Furthermore, the dominant process
of landform change in the lower part of this RG is no longer permafrost
creep.

Problems might also arise due to poor GNSS signal caused by steep
surrounding topography, multipath effects, atmospheric signal delay or
a large distance between the base station and the rover. When using an
own base station, the reference-to-rover baseline should be kept to a
minimum. For instance, at Laurichard RG/F01, this reference-to-rover
baseline is between 50 and 420 m (Thibert and Bodin, 2022). An own
base station also has the disadvantage that a team member may have to
stay at the base to change batteries or to chase away animals (cows,
sheep, marmots) that show an interest in the device (e.g., as a scratching
opportunity or eating plastic around the cables). If there is internet
connection available at a given RG and an official GNSS correction
service is used (in Austria, for example, APOS or EPOSA), a base station
is not required. This reduces logistical effort and also costs (e.g., one
survey team member less).

Subsequent challenges in data analyses can arise from the loss of
individual measurement points or entire profiles, but also from a large
variability of the measurement data from year to year. A large problem
here is missing survey years due to multiple reasons (see section 4.2).
Finally, over the course of the survey years, one may realize that the
measurement program is too extensive and time consuming. The head of
the survey team might find it difficult to organize the necessary re-
sources (personnel, equipment, financing) each year and reduces the
annual survey program (e.g., AuBeres Hochebenkar RG/A06, Hartl et al.,
2023). This can lead to the fact that in years with such problems, only
the reference points and not all survey points are measured, as it was the
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case, e.g., for Piancabella RG/C27 in 2020 due to the heavy snowfalls in
early autumn.

5.2. Solutions

Solutions for the challenges and problems described above can be
summarized as follows. In most cases, it was a natural scientist
(geomorphologist, geologist, glaciologist, meteorologist) with geodetic
know-how who started a measurement program at a RG (e.g., Hunger-
litalli 1 and 3/C07 and CO8 or Tsaté-Moiry 1 and 2/C14 and C15). In
fewer cases, it was a scientist with in-depth surveying know-how
(geodesist or mathematician) who initiated a geodetic RG survey pro-
gram (e.g., Tschadinhorn RG/A08).

Geomorphological evidence in terms of current movement of the
landform can point to suitable RG for the planned long-term kinematic
monitoring. Once morphologically suitable RG candidates (or a single
RG landform) have been identified, a remote sensing approach can help
to locate potentially interesting movement areas at a given RG. With a
regional remote sensing approach — both optical or radar — more than
one RG of interest might be detected for subsequent geodetic monitoring
initiation (e.g., Kaufmann and Kellerer-Pirklbauer, 2015).

Solving the problem of insecure long-term funding and the diffi-
culties in providing the necessary human resources (both, the respon-
sible team leader and the survey team) and technical equipment to
conduct the annual surveys may be difficult. For most of the 43 RGs, the
geodetic monitoring program was initiated as part of a research project.
At the end of these research projects, the monitoring program may have
been discontinued or the effort required for it may have been substan-
tially reduced. For most of the RG observed in Austria listed in Table 1,
the funding of the annual surveys varied over time and came from
regional (e.g., Hohe Tauern National Park authority), national (e.g.,
projects funded by the Austrian Sciences Fund or the Austrian Academy
of Sciences) to international (e.g., Interreg project) funding sources. In
Switzerland, the establishment of the PERMOS permafrost monitoring
network in the year 2000 ensured a certain amount of basic funding for
the annual measurements at many sites. However, the field surveys
themselves must be carried out by a person with experience in geodetic
surveying. If possible, responsibility for the studied RGs should be
handed over to younger, willing colleagues in a timely manner.

In cases of lower or uncertain funding, a reduction in the content of
the annual surveys could also be considered. This was for instance the
case at Dosen RG/A05: a geodetic network has been installed at this RG
in 1995 (Kaufmann, 1996). The original network consisted of 7 points
outside the RG which have been permanently fixed in bedrock by brass
bolts. Furthermore, 34 survey points were selected on the RG. Addi-
tionally, two transverse and two longitudinal profile lines as well as two
extra points consisting of altogether 75 painted points on smaller
boulders completed the survey setup at the RG during that time
(Kaufmann, 1996). The profile lines were used in geophysical surveys in
1995. In the early phase of monitoring at the Dosen RG/A05, all these
points were regularly measured. Since 2014, only the 34 sites on large
boulders with brass bolts are annually surveyed, mainly for time, man-
power and therefore funding reasons.

Due to a change in measurement technology or different devices used
in the measurement campaigns, uncertainties and biases in the raw data
can occur. These can be minimized by using both devices in parallel. To
ensure high data quality continuity in a data series, boulder displace-
ments should be monitored by the two techniques (i.e., by the “old”
theodolite and at the same time by the “new” GNSS approach) for at
least one year so that the results can be verified and reconciled. This has
been applied for instance for some RGs in Austria (change of technology
in 2014) or for the Laurichard RG/FO1 in 2012 and 2013 (Kellerer-
Pirklbauer et al., 2017; Thibert and Bodin, 2022). At Maroccaro/I04 and
Amola/I05 the geodetic technique used changed from total station to
GNSS between 2021 and 2024. Only in the case of Amola RG/I05 was an
overlap of the two techniques possible, but unfortunately only at a
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limited number of survey points.

To improve the comparability of the annual values, the measurement
should always be carried out at approximately the same time of year.
This aspect was already considered by Wahrhaftig and Cox (1959).
Apart from the initial survey campaign (September 18, 1949), all repeat
measurements were conducted in mid-August (August 16, 1951; August
15, 1952; August 16, 1957) at Clear Creek RG. The survey on almost
always the same days of the year is advisable to avoid the effects of
seasonal RG creep fluctuations. However, this is only effective if the RG
movement pattern throughout the year, with acceleration and deceler-
ation, always follows a similar annual pattern which is normally the case
(Delaloye and Staub, 2016). On Murtel RG/C31, this was recently ana-
lysed in detail by the comparison of deformation measurements from a
borehole with surface displacement data from a permanent GNSS station
and the annual geodetic survey (Saibene et al., 2025). The GNSS station
and the survey point are on the same boulder, while the borehole is just a
few meters away. Borehole deformation and GNSS station provide daily
data, the geodetic survey provides only an annual value. Over the
observation period of 8 years, the borehole and survey data show a good
agreement, while the GNSS data show higher values (probably over-
estimated during filtering processes).

To avoid potential problems with the property owner or nature
conservation authorities, it is also important to establish a good rela-
tionship with them. It should be clearly communicated to the other party
that monitoring on their property or in their area of influence is
important for a regional, national or even international understanding of
the effects of climate change on high alpine environments. Popular
science articles for club newspapers, community newspapers, or news-
paper advertisements can also be useful in increasing acceptance of the
scientific work in the public (including the landowner). If official per-
mits are required to carry out the measurement work, final reports must
also be prepared for the authorities, and deadlines related to this must be
met.

Solving the problem of dangerous access routes to and on unstable
surface at the RG of interest is difficult. Regarding the former, one might
think about alternative access routes to the RG. At the Hinteres Lang-
talkar RG/A04, for instance, the main access route is rockfall-prone as
described in section 5.1. However, longer, more strenuous access routes
over relatively stable terrain can be alternatives in unsuitable weather
conditions. Such a more stable route is used, for example, on the descent
route from the Hinteres Langtalkar RG/A04 each year. Hiking over
unstable RG surfaces between measurement points is, on the other hand,
sometimes unavoidable. In summary, it should be noted that during
poor weather conditions, especially during rainfall, wetness and snow-
fall, geodetic measurements should only be carried out in exceptional
cases.

On a RG where in situ geodetic surveying is too dangerous due to
unstable surface conditions or rockfall hazards, one solution is to switch
from ground-based surveying to airborne surveying. After surveying a
RG with a UAV, orthophotos and digital terrain models can be derived. If
the resolution and accuracy of these two products are sufficiently high
and accurate, the displacement in the x-, y-, and z-axes can be extracted
for each geodetic survey point (especially if the survey points are visible
on the orthophoto). This approach has been pursued on the Lax de Vaux
B RG/C11 (Vivero et al., 2022).

The loss of observation points due to rockfall or tipping of the
observed boulder is unpleasant for any geodetic measurement. In the
case of tilted boulders on slower and relatively stable RGs, it may still be
possible to continue long-term measuring the survey block. For example,
at the slow creeping Weissenkar RG/A03, measuring point P2 tilted a
few years ago. Since then, the average value of the highest point of this
block (P22) and the upper edge of the brass bolt (P21) has been used as
the calculated replacement value for P2. At Amola RG/105, one boulder
(pt 14) tilted in 2012 and was excluded entirely from subsequent RGV
calculations. The situation is similar for Maroccaro RG/104, where the
RG average is calculated from 23 points, since pts. 2 and 3 were lost over
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the years. Thus, the gap-filling approach using the average of the
replacement points may be useful for slow RGs, but for fast and very
unstable RGs, this possible solution approach for tilted boulders does not
help in the long run.

In case of the total loss of an observed boulder the problem is more
complex. The applied solution about the loss of reference points at the
Hinteres Langtalkar RG/A04 is as follows: the loss of several reference
points required the establishment of several substitute or replacement
points (e.g., measuring the position of the screw edge of the bolt on a
tilted block or establish a completely new point at the boulder nearby) or
the complete abandonment of a measuring point. If points have to be
omitted in the calculation of the RGV, the entire RGV timeseries must be
recalculated for all epochs with a common point sample (i.e., for Hin-
teres Langtalkar RG/A04: this would mean a new RGV based on the
remaining three lower points 23, 27, 28). But if one wants to (consis-
tently) connect to previously published RGVs from earlier epochs, one
must scale using the relative change (expressed in percent) of the
remaining points with respect to an earlier reference epoch. The RGV of
the lower points at the Hinteres Langtalkar RG/A04 is determined in this
way. This RGV value is actually a fictitious one that no longer exists in
reality, but the changes in % should be appropriate. However, esti-
mating or scaling 50 % of the measurement points (i.e., 3 out of the
original 6) based on comparison values seems to be the absolute
maximum. If one more measurement point is lost in this lower unit of
Hinteres Langtalkar RG/A04, only two actually measured points would
remain. Two points would then almost no longer qualify as a cluster.
This may mean that geodetic monitoring in the lower part of the Hin-
terer Langtalkar RG will then have to be terminated.

Another solution of avoiding the loss of observed boulders is a roll
back approach. This means that the observation points are set back to an
original geometric setup, in most cases profile lines. This is for instance
the case at AuBeres Hochebenkar RG/A06 with its four transverse pro-
files PO to P3. The observation points are set up at a distance of 25 m
from each other along the four profiles PO to P3. At these points a simple
hollow (dot, cross) is engraved in the surveyed boulder by means of
chisel and hammer. There have been repeated resets or roll backs to the
original line over the past decades. This reset of the profiles occurred in
1997 (P0-P3), 2008 (P1) and 2021 (P0-P4). This approach also means
that at the AuBeres Hochebenkar RG/A06 a mixed Eulerian-Lagrangian
monitoring is chosen which makes the data interpretation more com-
plex. The comparability of the old line with the new line is less of a
problem with the two slower moving, higher elevated profiles P3 and
P2, since the surface inclination in the initial area and then 20-30 m
further down is almost constant. The comparability is certainly a bigger
problem with the lower two profiles (PO and P1). In these two profiles
the boulders enter an increasingly steep area and the movement also
increases more here than in the upper profiles. One possible solution
applied at AuBeres Hochebenkar RG/A06 is that after roll-backing the
lines, one tries to survey at least two years the “old” and the “new”
profile. This makes it possible to calculate a correlation and thus relate
the time series.

The approach of roll backs or resets of profiles was already a method
used in the early days of RG movement monitoring at, e.g., Sassa RG or
at the RG at Clear Creek with annual resets (Fig. 1; Chaix, 1923, 1943).
Such annual resets with new marked boulders each year, is technically a
pure Eulerian monitoring approach.

At Laurichard RG/FO1 in France, B. Francou established a RGV
monitoring network in 1979 with seven painted boulder lines. In total,
60 marks have been distributed along the entire length of the RG with
three profiles in the upper and middle zones (A,B,C), three in the frontal
zone (D,E,F) and one longitudinal profile, which cuts the others (L).
Surveys at these profiles were repeated in 1980, 1983, 1985, 1986, 1989
and 1991 (Francou and Reynaud, 1992). Until 1999, the surveys were
carried out every two to three years and afterwards every year (Bodin
etal., 2009). According to Francou and Reynaud (1992), the accuracy of
this method was estimated to be +2.5 cm at a distance of 300 m. Surveys
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were conducted until the 1990s using a DKM 1 theodolite with a Zeiss
distance metre and a laser reflector from control points on bedrock.
Later, total stations (Sokkia set 3C, Leica TS02) were used from the main
reference station at the front of the longitudinal profile (Bodin et al.,
2009; Thibert and Bodin, 2022) and since 2012 GNSS (LeicaGeosystems
GS10) is applied (Thibert and Bodin, 2022). During each survey
campaign in the 1980s and 1990s, the original reference lines were
restored and the displacement was measured with a tape decameter.
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However, the same boulders have been used on the longitudinal profile L
throughout the record, i.e., at profile L no reset was undertaken. Thus, in
the case of Laurichard RG/F01, a mixed Lagrangian (profile L) and
Eulerian (all transverse profiles) approach was originally chosen. To link
the Lagrangian and the Eulerian survey frameworks at this RG, the
spatial field of velocity along the longitudinal profile is used. In more
recent time, focus is given on five painted points along the longitudinal
profile L (L2,4,6,8,11) which are unchanged since 1986 to provide the

Fig. 10. Different study designs to monitor RGV (a-h) or RGA (i) using annual terrestrial geodetic approaches or continuous GNSS techniques. For details refer to
text. Regarding (g): depending on the position of the total station, parts of the RG may not be visible. In contrast, a poor GNSS signal due to, e.g., high mountain

topography can affect GNSS data accuracy.
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longest possible velocity time series (Thibert and Bodin, 2022; Kellerer-
Pirklbauer et al., 2024).

In case of missing entirely annual data due to the non-performance of
geodetic work in a year, one might either calculate the annual average
for the two- or more-years (e.g., at Dosen RG/A05 no measurement in
2003; thus, average of two years as used in Kellerer-Pirklbauer and
Kaufmann, 2012; or Muragl in 2016/17, PERMOS, 2022) or the value
for a missing year is estimated based on nearby, highly correlating RGs
(e.g., at Dosen RG/A05 and the missing 2023-value by using the data
from the nearby Hinteres Langtalkar RG/A04; cf. Kellerer-Pirklbauer
et al., 2017).

Another way to avoid data loss is to commission an external
surveying firm to survey RGs. This was done, for example, on the Lazaun
RG/I01, and the results provided by the external surveying company has
been very positive (Fey and Krainer, 2020). This can be significantly
more cost-effective, as no in-house equipment (theodolite, GNSS
equipment, UAV) is required. Since the surveying firm's staff have
extensive expertise and experience with the equipment and surveying
methods, high-quality data was provided. All that is required is to pre-
pare the measuring network and show the surveyors the individual
survey markers on the RG.

5.3. Suggestions

This section aims to provide some concluding suggestions for the
setup for RGV monitoring based on our experiences. Fig. 10 summarises
in a schematical way the different study designs to monitor RGV and
RGA. The distribution of the measurement points depends on the land-
form itself (i.e., mono unit, multi units, simple unit, complex unit), the
topographical conditions in the surrounding area (e.g., topographical
shadowing, poor GNSS signal due to topography), the general investi-
gation approach in terms of how the observation points are distributed
on the RG area, and finally on the analytical step, how “representative”
reference points on the RG are selected. These types are: evenly
distributed geodetic observation points (Fig. 10a), observation points
along transverse and/or longitudinal profiles (Fig. 10b), observation
points along work routes (Fig. 10c), observation points with distinctions
between upper and lower or main or secondary part of the RG unit(s)
(Fig. 10d-f), distribution of observation points related to visibility-
restrictions (total station) (Fig. 10g), setup for permanent GNSS moni-
toring with one to few observation points (Fig. 10h), and setup for RG
frontal advance monitoring using a laser distance measurement device
(Fig. 10i). In the latter case, the distance, azimuth, and elevation (in
terms of inclination) is measured between a fixed point and the RG front.
Monitoring RGA alone is rarely used these days. Furthermore, RGA and
RGV data only partially correlate with each other (Chaix, 1943; Wahr-
haftig and Cox, 1959; Kellerer-Pirklbauer et al., 2024). We therefore
recommended that, if a RGA measurement is carried out at all, the RGA
measurement should be carried out at the same time as the RGV survey.
The graphics in Fig. 10 visualizes that there is no simple, universally
valid solution for in situ geodetic measurements of all RGs, but that the
structure of a measurement network on a specific RG depends on many
factors. If it is feasible to position the observation points in such a way
that a longitudinal profile of survey points can be established, then the
course of the velocity curve of this profile can also be analysed from it
(cf. Fig. 9). This could provide additional information about changes in
the velocity pattern of the RG and its effects.

6. Conclusions

Detailed information on the creep velocity of a RG (annual, seasonal,
and daily creep rates) provides important information on the dynamics
of active RGs, especially in the context of climate change. Therefore,
long-term monitoring RG movement is of great importance. In summary,
we found the following issues related to RGV monitoring that have to be
noticed:
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e The selection of a RG to be examined must be done carefully,
considering various aspects including topographical, logistical and
legal issues. A velocity-monitored RG should be neither too slow nor
too fast, nor destabilizing. The monitoring should focus on perma-
frost creep (i.e., internal deformation of the frozen material and basal
shearing at distinct shear horizons) and not on other factors (WMO,
2024). The experience from well-equipped monitoring sites (e.g.,
PERMOS) and the combined expertise of natural scientists and sur-
veyors should help to select RGs for long-term monitoring to function
for at least 10 years.
The geodetic observation points should be distributed over the entire
RG unit of interest along either profiles or regular distributed boul-
ders. Even on the same RG unit, there may be cases where survey
points were divided into multiple clusters due to differences in creep
velocity and creep direction. Therefore, to identify and potentially
delimit homogeneous movement areas of an RG unit, a remote
sensing approach that analyses existing optical or radar data is
helpful. Such knowledge could then be used for the detection of one
or more homogeneous movement areas at the same RG unit. If the
surface topography indicates the disintegration of a RG, some
measuring points should be placed in the upper part and some in the
lower part to be able to observe both areas.

e The choice of the geodetic approach (theodolite or GNSS) depends on
the technical possibilities of the surveying team and the local con-
ditions. Both technologies have advantages and disadvantages, so
the surveyors should decide for themselves which approach is best
for them. In total, some 20 observation points per RG seem to be
appropriate. However, landform-specific creep patterns can increase
or decrease the number of measurement points.

o An observation point density at a RG of at least 200 pts./km? appears
appropriate as judged from our samples. However, since the area and
geometry of the RG as well as the pattern of one or multiple move-
ment areas per RG vary from case to case, this figure is only a rough
guideline. If the main purpose is to study year-to-year and long-time
changes in surface velocity, a limited but fixed survey point network
is needed (Eulerian frame). The number of survey points should
reflect the RGV of the homogeneous RG unit.

e The position of the observation points at the RG surface as well as
reference points nearby on bedrock must be either chiseled into the
boulder (cross, point) and marked with coloured place markers.
Another option is the usage of drilling equipment and brass bolts
driven (and possibly glued) into the rock. The precise measurement
of survey points is of utmost importance. Control measurements of
the reference points should be repeated regularly.

o As the seasonal variability of RG movement is presumably important
for many RG, it is of crucial importance to carry out the annual
surveys always at the same time of the year. If possible, this should be
towards the end of the hydrological year also to capture the seasonal
peak often observed in late summer/early autumn. Also, to compare
the RGV data with glacier data (length change or mass balance), an
annual campaign in late September/early October would be desir-
able — at least in the Alps. However, considering other factors such as
logistics (e.g., opening hours of mountain huts or cable cars), safety,
and a higher likelihood for snow-free conditions in the study areas,
mid-September appears to be an optimal time.

Geodetic data processing (from raw data, via quality control to RGV)

can be limited by the availability of processing tools, computing

power and data properties. One innovative approach to calculate

RGV timeseries is currently under development (RGIK, 2023b). Ul-

timately, however, the person responsible for surveying a RG has to

decide which measuring point is considered representative for a RG
and which is not. When calculating a RGV time series for a RG unit,
one can calculate a time series that uses all observations points

(RGV?Y), and another that uses only the reference points (RGV™H),

Ideally, the values of the relative velocity changes of RGV®! and

RGV™ match well. In order to ensure long-term traceability, the
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metadata for both data series must clearly indicate which data points

were used to determine the two values.
o Additional statistical data such as the standard deviation of RGV?!!
and RGV™f and the pattern of the velocity profile along the central
flow line (for code suggestions see Fig. 9) can help to better under-
stand the long-term monitoring data.
In long-term geodetic monitoring, it is also important to consider
that the observation points move downslope and thus leave their
surrounding zone (elevation zone, slope gradient at this observation
point). Over time, the points can therefore lose their kinematic
properties and thus their behaviour. A regular roll-back approach of
the observation points after a certain period of time (e.g., 5 years)
could be a solution to this problem. After roll-backing the profiles, it
is suggested to survey at least two years the, “old” and the “new”
profile line. This makes it possible to correlate the two time series.
Finally, it is of crucial importance to secure long-term funding as well
as storage of original data (including metadata describing in detail
the monitoring approach for each year) and results. National data
portals such as PERMOS in Switzerland help to pursue such sys-
tematic approaches. The newly launched COST (European Cooper-
ation in Science and Technology) action “Coordinated and
standardized monitoring of permafrost response to climate change
(PermaCOST)” will help to establish such international data portals
(Mollaret, 2025).
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