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ABSTRACT

In this study, we inventoried and mapped the active and transitional rock glaciers in the central part of
the Southern Alps, New Zealand, using Sentinel-1 InSAR (interferometric synthetic aperture radar) data.
We used forty-three interferograms acquired between 2015 and 2019 with time intervals between six
days and two years along with orthoimage analyses. A total of 123 rock glaciers were identified, of which
40 are active; that is, displaying velocities higher than 10 cm/yr. The remaining landforms are considered
transitional. Among the complete sample of rock glaciers inventoried, 9 may also be interpreted as
debris-covered glacierets. The number of inventoried landforms is low compared to what is observed in
other similar mountain ranges, such as the European Alps. We explain this by the reduced vertical extent
of the periglacial belt and the generally steep topography often not favorable for rock glacier develop-
ment. Additionally, the motion rates appear relatively low. We hypothesize that a mean annual air
temperature at the rock glacier locations well above 0°C is the main reason for this. These conditions may
have resulted in significant ground ice melt. Rock glaciers in the Southern Alps are thus in an inactivation
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phase, which is expressed by typical morphologies such as stable fronts.

Introduction

Active rock glaciers are key landforms of mountain
environments that reveal the existence of permafrost
(Haeberli et al. 2006). They play a significant role in
sediment transfer by conveying large amounts of debris
through valley sides and therefore may be at the source
of natural hazards in mountain areas (Kummert and
Delaloye 2018; Marcer et al. 2020). Furthermore, rock
glaciers can contain large amounts of ice and store water
in the unfrozen fine-grained base layers and hence act as
water reservoirs, especially in nonglaciated catchments
(Jones et al. 2019; Schaffer et al. 2019; Wagner, Brodacz
et al. 2020; Wagner et al. 2021). This role will increase in
the future considering the rapid glacier retreat (Huss
et al. 2017; Bosson, Huss, and Osipova 2019). For several
decades, rock glaciers have also been considered as the
visible expression of permafrost creep in unconsolidated
sediment and therefore have been frequently used as
input data for modeling the permafrost spatial extension
(Lambiel and Reynard 2001; Boeckli et al. 2012; Schmid
et al. 2015; Sattler et al. 2016; Azdcar, Brenning, and
Bodin 2017; Deluigi, Lambiel, and Kanevski 2017;

Marcer et al. 2017). The influence of increasing tem-
peratures on rock glacier velocities has been shown in
several studies (e.g., Kddb, Frauenfelder, and Roer 2007),
of which a few have evidenced the general acceleration
of rock glaciers in the context of a warmer climate (e.g.,
Scapozza et al. 2014; Cusicanqui et al. 2021; Fleischer
et al. 2021; Kaab et al. 2021; Marcer et al. 2021; Vivero
etal. 2021). Therefore, active rock glaciers can be used as
proxies for understanding the impact of climate change
on the permafrost state.

For these different reasons, several rock glacier inven-
tories have been realized globally, such as for the
European Alps (Echelard et al. 2013; Scotti et al. 2013;
Wagner, Pleschberger, et al. 2020), the Scandinavian
mountains (Lilleeren and Etzelmiller 2011), North
America (Liu et al. 2013; Charbonneau and Smith
2018; Johnson, Chang, and Fountain 2021), the Andes
(Rangecroft et al. 2014; Villarroel et al. 2018; Blothe et al.
2021), and the Asian mountains, including Himalaya
(Jones et al. 2018), Tien Shan (Wang et al. 2017; Kaib
et al. 2021), and the Tibetan Plateau (Ran and Liu 2018).
Some of these inventories used InSAR (interferometric
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synthetic aperture radar) data for the detection of active
rock glaciers (Villarroel et al. 2018) and for computing
rock glacier velocities (Echelard et al. 2013; Liu et al.
2013; Wang et al. 2017). This technique is a well-
established tool for detecting and mapping rock glaciers
and, more generally, mass movements in mountain
regions (Lambiel et al. 2008; Strozzi et al. 2010, 2020;
Barboux, Delaloye, and Lambiel 2014; Bertone et al.
2019; Kaib et al. 2021).

Though some regions, such as the European Alps,
have been intensively studied, others have received less
attention. This is particularly the case in the Southern
Alps of New Zealand. Indeed, research on rock glaciers
and, more broadly, on mountain permafrost in this
region is rather sparse. In a pioneering study,
McGregor (1967) recognized that rock glaciers are not
uncommon in the Ben Ohau Range, one of the moun-
tain ranges of the Central Alps. Augustinus (2002) also
acknowledged that rock glaciers are widespread across
the eastern side of the Southern Alps. Jeanneret (1975)
and Kirkbride and Brazier (1995) investigated the sensi-
tivity of rock glaciers to climate change in the Southern
Alps, and Brazier, Kirkbride, and Owens (1998) pro-
vided the first mapping of rock glaciers for this region.
From this study, Allen, Owens, and Huggel (2008) esti-
mated the permafrost distribution in the Aoraki/Mount
Cook region. Later, Sattler et al. (2016) provided the first
comprehensive inventory of talus-derived rock glaciers
for the Southern Alps of New Zealand, in which
a categorization of the rock glacier activity was proposed
from aerial image analyses. In this study, the rock gla-
ciers were not outlined but sampled at the rock glacier
initiation line to develop a model of the permafrost
distribution. More recently, Winkler and Lambiel
(2018) showed that the development of rock glaciers in
the Irishman Stream (Ben Ohau Range) started at the
beginning of the Holocene. However, no study so far has
investigated the dynamics of rock glaciers in New
Zealand. In fact, almost nothing is known about the
permafrost state and, more specifically, the rock glacier
velocity rates on this island located at the Southern
Hemisphere mid-latitudes. The objective of this contri-
bution is therefore to provide new knowledge of the state
of rock glaciers in the Southern Alps of New Zealand by
(1) identifying and outlining active and transitional rock
glaciers and (2) assessing their surface velocities. To this
aim, we used Sentinel-1 InSAR data.

The study was partly realized within the framework of
the Climate Change Initiative CCI+ project of the
European Space Agency (https://climate.esa.int/en/pro
jects/permafrost/), one of whose objectives was to deli-
ver regional rock glacier inventories (Bertone et al.
2022). The inventory of rock glaciers in the Central

Southern Alps of New Zealand is one of the eleven
inventories carried out within this project.

Study area

The Southern Alps of New Zealand are an elongated
mountain range, around 800 km long and 60 km wide,
crossing almost the entire South Island of New
Zealand from northeast to southwest (Figure 1). The
highest altitude at 3,724 m.a.s.l. is reached at the top of
Aoraki/Mount Cook. Many summits located along the
central ridge, called the Main Divide, are higher than
2,500 m.a.s.l., and sixteen of them exceed 3,000 m.a.s.l.
The geology of the Southern Alps is rather homoge-
neous, with the dominance of graywacke east of the
Main Divide (Fitzsimons and Veit 2001; Barrell,
Andersen, and Denton 2011). The climate is tempe-
rate, with a strong maritime influence (Sturman and
Wanner 2001). Average annual air temperatures are
between 8°C and 10°C in the inland basins, like in the
area of Aoraki/Mt Cook village (Macara 2016). Most
of the atmospheric perturbations come from the west
perpendicularly to the Southern Alps. This provokes
a strong precipitation gradient across the mountain
range, with annual rainfalls ranging from 3,000 mm
on the West Coast, up to 14,000 mm on the Main
Divide, to less than 1,000 mm further east (Henderson
and Thompson 1999). This has a strong influence on
the altitude of the equilibrium line of glaciers, which is
at around 1,600 m.a.s.l. on the West Coast and up to
2,200 m.a.s.l. in the eastern catchments (Lamont,
Chinn, and Fitzharris 1999). Hence, the glacier cover-
age is extensive around the highest areas close to the
Main Divide, hindering the development of rock
glaciers.

Sattler et al. (2016) showed that most of the rock
glaciers in the Southern Alps are located in the central
part of the mountain range; that is, from southwest to
northeast in the Barrier Range, the Ben Ohau Range, the
Liebig Range, the Two Thumb Range, as well as in the
Lake Heron and Arthur’s Pass regions. In their study, 75
active and 88 inactive rock glaciers, as well as 220 relict
landforms, were identified based on the interpretation of
aerial images. All of them are located at the east side of
the Main Divide, where glaciers are more reduced. From
this, they assessed that the permafrost lower limit lies at
around 1,850 m.a.s.l. in south-exposed slopes.

Using the latter study as a starting point, we concen-
trated our investigations on the central part of the
Southern Alps. The Kaikoura range, where a couple of
rock glaciers were inventoried by Sattler et al. (2016),
and the area of Queenstown, where few landforms are
also present, were not considered. The area of
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Figure 1. Location of the Central Southern Alps of New Zealand. BR = Barrier Range; BOR = Ben Ohau Range; LR = Liebig Range; TTR =
Two Thumb Range; LH = Lake Heron; LC = Lake Coleridge; AP = Arthur’s Pass; MC = Mount Cook.

investigation is therefore between roughly 42°50’ S, 171°
50" E and 44°20' S, 169°15' E (Figure 1).

Material and methods
InSAR

Spaceborne synthetic aperture radar (SAR) systems offer
a relatively fast and low-cost method to survey large
areas, even in remote locations. Differential SAR inter-
ferometry (DInSAR) is a consolidated technology for
mapping surface displacements that uses two SAR
images acquired from slightly different orbit configura-
tions and at different times to exploit the phase differ-
ence of the signals. The interferometric phase can be
written as a sum of a topographic phase term,
a displacement phase term, and error terms (atmo-
spheric distortion, system noise; Bamler and Hartl
1998; Rosen et al. 2000; Strozzi et al. 2020). The basic
idea of differential SAR interferometry is to separate the
topography- and displacement-related phase terms to

allow mapping of the coherent displacement occurring
along the line of sight (LOS) between the acquisitions of
the interferometric image pair. Despite limitations due
to the decorrelation of the signal, the special SAR ima-
ging geometry and atmospheric water vapor-induced
phase effects, the method has in recent years been suc-
cessfully applied in mountainous regions for detecting
and inventorying mass movements (Barboux, Delaloye,
and Lambiel 2014; Nishiguchi, Tsuchiya, and Imaizumi
2017; Wang et al. 2017; Villarroel et al. 2018; Brencher,
Handwerger, and Munroe 2021).

For this study, we used Sentinel-1 data with a center
frequency of 54 GHz (C-band), corresponding to
a wavelength of 5.55 cm. The width of the Sentinel-1
images is approximately 250 km. The area of interest is
covered by ascending orbit number 23 and descending
orbit number 146 (Figure 2). The images were down-
loaded in Single Look Complex format from the
Copernicus Open Access Hub (https://scihub.coperni
cus.eu) and co-registered to a winter reference geome-
try. A topographic reference in the New Zealand
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Figure 2. Footprints of the Sentinel-1 data used over the Southern Alps. Left: Ascending orbit number 23; Right: Descending orbit

number 146.

Transverse Mercator 2000 (NZTM2000) projection was
prepared with the 8-m digital elevation model (DEM)
originally created by Geographx (geographx.co.nz) from
January 2012 LINZ Topo50 20-m contours and available
at https://data.linz.govt.nz/layer/51768-nz-8m-digital-
elevation-model-2012. The topographic reference was
considered for geocoding and removal of the terrain-
induced phase changes in the SAR interferograms.

Because of the location of the Southern Alps in the
Southern Hemisphere, only images acquired between
January and April (ie., in the austral summer period)
were used to avoid the presence of snow cover. We used
two data sets processed by gamma remote sensing for
2015-2018 and 2018-2019. The first set contained
twelve interferograms from the ascending orbit and
eleven interferograms from the descending orbit.
The second set contained ten interferograms from each
orbit. The latter was produced within the framework of
the ESA CCI+ Permafrost Project (2018-2021). Time
intervals were of 6, 12, 24, 48, 72, 360, 366, 372, 726,
and 732 days.

Moving areas and rock glacier mapping

The study was carried out within GIS software ArcGIS
10.7. The Sentinel-1 interferograms were analyzed
together with complementary data. Orthoimages with
a ground resolution of 0.75 m were downloaded from
the LINZ (Land Information New Zealand) data service,
together with topographic maps from the NZTopo50
series (scale 1:50,000). Other data, like the 8-m DEM
and glaciated areas (Barrell, Andersen, and Denton
2011), were also used. Finally, the shapefile of the rock
glacier inventory of Sattler et al. (2016) was included in
the ArcGIS project.

The detection and analysis of the moving areas fol-
lowed different steps. To minimize subjectivity, the work
was performed by three different operators. In case of

different results, a common analysis was performed to
reach a consensus. First, we started from the points
indicating the rock glacier location of the Sattler et al.
(2016) inventory. In their study, the rock glaciers were
categorized into three groups; that is, active, inactive,
and relict, based on orthophoto and Google Earth image
interpretation. We systematically analyzed the available
interferograms for all active and inactive rock glaciers of
this inventory. Ascending images were used for east-
facing and descending images for west-facing slopes.
For north- or south-facing slopes, both sets of images
were used. Additionally, we looked at rock glaciers clas-
sified as relict by Sattler et al. (2016; Figure 3a,b). This
step allowed us to update the categorization of rock
glacier activity proposed by the latter authors. In
a second step, we systematically analyzed the interfero-
grams for all catchments or valley slopes located above
roughly 1,700 m.a.s.]. to possibly detect rock glaciers that
had been missed in the available inventory. This was
done by a thorough analysis of orthoimages and topo-
graphic maps, including Google Earth and Bing Aerial
images. For each rock glacier, the complete series of
interferograms was checked.

The outlining of the detected moving areas followed
the rules proposed by the IPA Action Group Rock Glacier
Inventories and Kinematics (RGIK 2020). The absence of
a signal (plain pattern) indicates no change, a (partly)
observed fringe pattern means movement, and
a decorrelated signal indicates either noise or movement
higher than about half of the wavelength. The identifica-
tion of a moving area requires the compilation of a set of
interferograms of various time intervals to exclude mis-
interpreted signals: a signal visible on a short time interval
interferogram must also be visible at a longer time inter-
val. If this is not the case, the signal must be considered as
noise due to other causes than topographic change.

The moving areas were drawn manually, starting
from the interferograms with the shortest time interval
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Figure 3. Examples of noisy interferograms. The color scale corresponds to a complete fringe equivalent to a change in topography of half
the wavelength (2.8 cm for Sentinel-1). The black arrow indicates the LOS direction. Black patches correspond to layover and shadow
areas. (a) Three hundred sixty-day ascending interferogram (13 March 2017-18 March 2018) and (b) corresponding orthoimage show
noisy patterns in the steep slopes and around the crests, together with the absence of signals on the three indicated relict rock glaciers
(white stars). Location: 43°51'12" S/170°43'40" E. (c) Twenty-four-day ascending interferogram, 31 March 2017-24 April 2017) and
(d) (corresponding orthoimage) show a noisy pattern on a steep and regular east-facing valley side (white arrow). Location: 43°46'20"

$/170°21'20" E. Basemap: Orthoimage 2006 (Terralink 2004-2010).

and then refined using the interferograms with increas-
ing time intervals. Because the objective was not only the
mapping of moving areas but also the assessment of
velocities, adjacent polygons with different velocities
could be drawn for the same landform. It is also impor-
tant to note that the moving areas’ outlines do not
necessarily fit the outline of the corresponding rock
glacier or any mass wasting landform. Next, the velocity
of each moving area was assessed from the interfero-
grams used, after which each moving area was classified

according to its velocity and following the categories
defined by RGIK (2020): 0 = undefined, 1 = <1 cm/yr,
2=1-3 cm/yr, 3 = 3-10 cm/yr, 4 = 10-30 cm/yr, 5 = 30—
100 cm/yr, 6 = >100 cm/yr, 7 = other.

It should be noted that the velocity assessed from
InSAR refers to the one-dimensional projection along
the LOS. Therefore, unless the rock glacier is moving
exactly along the LOS direction, the velocity assessed is
automatically underestimated. The larger the angle
between the LOS direction and the direction of motion,
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the higher the underestimation is. To support our inves-
tigations, we also computed a normalization factor, cor-
responding to the scale factor to multiply the LOS velocity
to obtain the three-dimensional velocity, assuming that
the rock glacier is moving along the maximum slope
direction estimated from the DEM filtered over
a distance of 200 m. The normalization factor ranges
between 1 and +eo, with 1 meaning parallel LOS and
slope directions, 2 meaning that the actual movement
should be two times the LOS movement, etc. However,
the normalization factor only gives an indication of the
underestimation, because other factors, such as the mass
continuity or the surface roughness with respect to the
resolution of the DEM, can influence the direction of
motion of a rock glacier. That is assessing the velocity in
the LOS direction instead of doing a conversion using this
normalization factor is advised (RGIK 2020). In addition,
the assessment of velocities is based on summer interfer-
ograms (i.e., the snow-free period), whereas summer
velocities are wusually higher than annual means
(Delaloye, Lambiel, and Giértner-Roer 2010; Wirz et al.
2016; Cicoira et al. 2019). For all these reasons, quantify-
ing the exact annual velocity and its error for each land-
form is not feasible, and classes of velocities are proposed
by the RGIK (2020). To provide an uncertainty estimation
on the movement and its outlining, however, we indicated
the reliability of the detected moving areas, and thus of the
kinematic attribute, in the supplementary table, following
the guidelines of the RGIK (2020). For nonoptimal slope
configurations (e.g., north- and south-facing slopes), the
reliability was set to “medium” or “low.”

The following step consisted of allocating a kinematic
attribute to each corresponding rock glacier. Here, we
again followed the rules of the RGIK (2020). First, a dot
was manually set on each rock glacier. For complex land-
forms composed of different rock glacier units (i.e., adja-
cent or superimposed lobes), one dot per unit was set.
Based on the guidelines, “a kinematic attribute is a semi-
quantitative (order of magnitude) information, which
must be representative of the overall multi-annual down-
slope movement rate of an inventoried rock glacier unit”
(RGIK 2020, 21). It thus reflects the kinematic behavior of
the rock glacier. Table 1 shows the different categories

used. From this, a related activity was attributed.
Following the updated categorization of activity proposed
by RGIK (2022), the state “transitional” was attributed to
rock glaciers having velocities lower than 10 cm/yr, thus
for all categories below and including the category cen-
timeters per year to decimeters per year. For higher velo-
cities, the classical category “active” was used. In this new
categorization, the traditional class “inactive” no longer
exists.

Finally, the rock glaciers were outlined using the
orthoimages as a first basis. The outline was drawn at
the base of the front and the lateral margins. For cases
where the front was prolonged downslope by a talus slope
or any other debris accumulation without any change in
slope angle or contrast in material, the thickness of the
rock glacier at the front was inferred from the height of
the lateral margins. The outlining at the roots (i.e., where
the motion starts) depends on the upslope connection,
and for most cases, a reliance on the orthoimage inter-
pretation was not sufficient. Google Earth images, which
allow 3D visualization, as well as topographic maps, were
therefore also used. The large majority of active and
transitional rock glaciers in the Southern Alps are talus
connected, as defined by RGIK (2022). For this category
of landforms, the outline was drawn where the slope angle
becomes gentler at the base of the talus. Changes in
texture (i.e., increasing grain size) as well as snow patches
were also used as indicators for distinguishing the talus
slope from the rock glacier. Areas with geomorphological
indices of permafrost creep in the steeper upslope area
were also considered as being part of the rock glacier.
Finally, the moving areas outlined in the previous step
were systematically visualized. In particular, this could
help refine the outlining at the roots; for instance, where
the movement was present in the steeper upslope area.

Results

Quality of the interferograms and validation of the
detected velocities

Compared to other regions worldwide like the Swiss
Alps, Western Greenland, and the semiarid Andes of

Table 1. Categories of kinematic attributes and related activity.

Category Label Comment Related activity
0. Undefined

1. < cm/yr No up to very low movement relict

2. cm/yr Order of magnitude = 0.01 m/yr transitional

3. cm/yr to dm/yr Order of magnitude = 0.05 m/yr transitional

4. dm/yr Order of magnitude = 0.1 m/yr active

5. dm/yr to m/yr Order of magnitude = 0.5 m/yr active

6. m/yr Order of magnitude = 1 m/yr active

7. > m/yr More than = 3 m/yr per year active

Source. Adapted from RGIK (2020).



South America (Strozzi et al. 2020), the interferograms
available over the Southern Alps of New Zealand gen-
erally appeared rather noisy (Figure 3). On one hand,
they often showed severe phase variations due to atmo-
spheric heterogeneities caused by atmospheric water
vapor variability, on the spatial scale of a few kilometers
(e.g., Hanssen et al. 1999). On the other hand, we found
large noise for some steep and regular valley sides, as
visible in Figure 3c, on which the east-facing valley side
is almost entirely decorrelated in twenty-four days. This
sector corresponds to a series of fine-grained adjacent
talus slopes without any creeping landforms; hence, such
decorrelated patterns must be attributed to other rea-
sons than rapid motion. Such noisy patterns can be
observed in numerous similar topographical situations,
and the noise generally increases with the time span. We
attribute the lower level of coherence to changing sur-
face conditions at the level of the size of the wavelength.
The main reason for this may be the strong wind ero-
sion, a phenomenon particularly efficient in the
Southern Alps (Basher and Painter 1997), especially on
very fine-grained slopes, as is the case for the examples
in Figure 3.

We must also consider that a large proportion of rock
glaciers in the Southern Alps are not in an optimal
orientation regarding the orbit of Sentinel-1. Because
Sentinel-1 is right-looking with a roughly south-north
flight direction in the ascending mode and north-south
flight direction in the descending one, as for all current
satellites, the best configurations for quantifying surface
movement are the east and west orientations (i.e., par-
allel to the LOS, or perpendicular to the satellite orbit).
However, in our case 39 percent of the rock glaciers have
an aspect between 160° and 200° (Figure 4). This non-
optimal configuration did not prevent the detection of

50
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moving areas but may have resulted in the underestima-
tion of the velocities for some landforms.

Considering the abovementioned limitations, includ-
ing quite large tropospheric disturbances, signal identi-
fication and quantification were challenging for several
locations. The analysis by different operators, however,
helped to reduce the subjectivity.

Even if InSAR is a well-established tool for quantify-
ing mass movements, validation of the detected veloci-
ties by alternative measurements is always desirable.
This is especially the case when the interferograms are
fairly noisy like in this study. In our case, we could
compare the InSAR-detected velocities for two rock
glaciers located in the Irishman Stream, Ben Ohau
Range, with those obtained through terrestrial surveys
(Figure 5). The kinematics of these two rock glaciers,
termed RG_19 and RG_20-2, were investigated through
two differential GNSS (dGNSS) measurement cam-
paigns in January 2016 and February 2017. The position
of around twenty blocks was measured on each rock
glacier with a Trimble R10 using the real-time kine-
matics mode (see Lambiel and Delaloye 2004). The
positioning error is usually around 1 to 2 cm with this
technique.

Horizontal velocities measured on rock glacier
RG_20-2 are between 2 and 5 cm/yr in its lower part
and 5 to 15 cm/yr in its upper part, with the maximal
values measured near the roots (Figure 5b). On the
twenty-four-day interferogram, a plain pattern is clearly
visible in the upper part of RG_20-2 (but also on RG_20-
1 and RG_20-3 units; Figure 5c¢), indicating velocities of
around 15 cm/yr at the location of the dGNSS surveys.
On the annual interferogram (Figure 5d), most of the
rock glacier (RG_20) shows a decorrelated signal, indi-
cating velocities higher than 3 cm/yr, whereas the lower

40 -

30 -

Number

20 A

10 A

0-45 45-90  90-135

135-180 180-225 225-270 270-315 315-360
Aspect (°)

Figure 4. Number of active and transitional rock glaciers per aspect class.
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Figure 5. (a) Oblique view on active rock glacier units on the head of Irishman Stream, Ben Ohau Range (Photo C. Lambiel, 2016.01.10;
Location: 43°59'17”5/170°03'00"E); (b) annual horizontal velocities of rock glaciers RG_19 and RG_20-2 measured with dGNSS between
10 January 2016 and 8 February 2017 and moving areas mapped from InSAR data; (c) 24-day descending interferogram
(26 March 2016-19 April 2016) with moving areas; (d) 360-day descending interferogram (12 February 2015-7 February 2016) with
moving areas. Black arrows indicate LOS. Basemap: Orthoimage 2006 (Terralink 2004-2010).

part of RG_20-2 displays a plain pattern whose analysis  in situ measurements. From these comparisons, we can
gives values of around 3 cm/yr. Consequently, a moving  conclude that despite rather noisy interferograms, the
area of 3 to 10 cm/yr was mapped for this rock glacier.  velocities that can be extracted are reliable, yet they
On rock glacier RG-19, horizontal surface velocities  require careful analysis.

measured with dGNSS are lower than 3 cm/yr
(Figure 5b). On the annual interferogram, a barely visi-
ble pattern showing velocities lower than 1 cm/yr can be
observed on the center of the rock glacier (Figure 5d). A total of 123 rock glaciers were detected through InSAR
For both rock glaciers, RG-20 and RG-19, the velocities  analyses in the study area (Figures 6 and 7 and supple-
quantified from InSAR data are thus in accordance with mentary table). Their mean area is 3.9 ha, the median is

Distribution of active and transitional rock glaciers
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Figure 6. Example of an active rock glacier: (a) and (b) RG_111, Two Thumb Range (location: 43°35'00” S/170°39'28" E) and of two rock
glaciers classified as transitional (c) and (d) RG_023 (west) and RG_024 (east), Ben Ohau Range (location: 43°59'04" S/170°03'50" E). (a)
Twelve-day ascending interferogram (9 March 2019-21 March 2019) with moving area; (b) corresponding orthoimage with moving
area and rock glacier outline; (c) forty-eight-day ascending interferogram (7 March 2017-24 April 2017) with moving areas; (d)
corresponding orthoimage with moving areas and rock glacier outlines. Black arrows indicate LOS. Basemap: Orthoimage 2006

(Terralink 2004-2010).

2.9 ha, and the standard deviation 3.1, indicating a large
variability of landform size. Only seven landforms are
larger than 10 ha, with the largest one reaching 17 ha.
Note that the relict rock glaciers, which are not consid-
ered in this study, have much larger dimensions. Except
for three rock glaciers connected to glacier forefields, all
landforms are located at the base of talus slopes. On
transitional rock glaciers, the contrast in surface material
between the rock glacier surface and the front is

generally low, with the latter rarely displaying abundant
fine-grained and unweathered material and the angle
between the front and the surface appearing generally
smooth. These characteristics also concern several active
rock glaciers and are therefore a sign of low activity.
Though most of the inventoried landforms present the
classical patterns of active and transitional rock glaciers,
some others cannot be unambiguously classified as rock
glaciers. Indeed, nine landforms display, to a varying



10 C. LAMBIEL ET AL.

43°S4

44°S47 ]
a

4 43°8

44°S

Kinematic attribute
Undefined

<cmlyr

cm/yr

cm/yr to dm/yr
dm/yr

dm/yr to m/yr

@0 00@0O0

m/yr

1
171°E

Figure 7. Location and kinematics of the active and transitional rock glaciers in the Central Southern Alps.

extent, some of the following characteristics: presence of
small lateral crests; smoother surface compared to classi-
cal rock glaciers (absence of compression ridges); sharp
angle between the front and the landform surface, con-
trary to most of the rock glaciers of the Southern Alps;
and presence of late-lying snow patches at the roots
(Figure 8). Regarding these characteristics, these land-
forms may also be interpreted as debris-covered glacierets
(DCGs). In addition, three other landforms display fea-
tures that may indicate past deformation by glacier
advance and may thus be interpreted as glacitectonized
frozen landforms (GFLs; see Wee and Delaloye 2022).
Three regions contain 87 percent of the identified mov-
ing landforms: the Ben Ohau Range (west of Lake Pukaki),
the Liebig Range (northwest of Lake Tekapo), and the Two
Thumb Range (northeast of Lake Tekapo), with 42 percent
found in the latter area (Figure 7). A few rock glaciers are
also present in the west of Lake Ohau and in the areas of
Lake Heron and Lake Coleridge. Forty rock glaciers were

classified as active (i.e., with velocities higher than 10 cm/
yr), whereas the eighty-three remaining rock glaciers are
transitional (i.e., velocities below 10 cm/yr). Half of the rock
glaciers in the Liebig Range are active, whereas this propor-
tion falls to 22 percent in the Ben Ohau Range and only
18 percent in the Two Thumb Range.

The mean frontal altitude of the transitional rock
glaciers is 1,972 m.a.s.],, and it is 1,987 m.a.s.l. for active
rock glaciers (Figure 9). However, if we consider only
the “classical” active rock glaciers—that is without the
possible/likely DCGs and the GFLs—this value increases
to 2,037 m.a.s.l., strongly reducing the dispersion of
altitudes (from o = 128 to 0 = 96 and o = 117 for
transitional landforms). Regarding the roots of the
rock glaciers (i.e., where creeping starts), the altitudes
are 2,039 m/a.sl. and m 2,114 m.a.sl. (for “classical”
rock glaciers), respectively. Hence, both front and root
altitudes are slightly higher for active rock glaciers com-
pared to transitional ones.
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Figure 8. Two adjacent rock glacier units (RG_088_3, south, and RG_088_4, north; Two Thumb Range, 43°35'39" S/170°44'05" E). Left:
Twelve-day ascending interferogram (9 March 2019-21 March 2019). Right: Corresponding orthoimage with rock glacier units’
outlines. RG_088_3 may be a debris-covered glacieret, as evidenced by the small lateral crests. Black arrow indicates LOS. Basemap:

Orthoimage 2006 (Terralink 2004-2010).
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Figure 9. Altitudes of the front for transitional and active rock
glaciers, as well as for “classical” active rock glaciers (i.e., after
removing the possible/likely debris-covered glacierets and the
glacitectonized frozen landforms) in the entire study area. The
number of rock glaciers is indicated at the bottom of the chart.

Rock glacier velocities

The velocities of the moving areas were classified follow-
ing the guidelines of the IPA Action Group Rock Glacier
Inventories and Kinematics (RGIK 2020) and, succes-
sively, a kinematic attribute was given to each corre-
sponding rock glacier. Half of the landforms display
velocities on the order of centimeters per year or less,
20 percent are in the category centimeters per year to
decimeters per year, 15 percent in the category deci-
meters per year, and only 13 percent fall into the two

highest categories, decimeters per year to meters
per year and meters per year (Figure 10).

The influence of altitude on the rock glacier activity
evidenced in the previous section (Figure 9) can also be
observed for the kinematic classes centimeters per year,
centimeters per year to decimeters per year, and deci-
meters per year in Figure 11. Indeed, for these classes we
can observe a slight increasing velocity trend with
increasing altitude. However, this relationship does not
work for the most rapid landforms (decimeters per year
to meters per year and meters per year). The mean
frontal altitude of this category is indeed lower than
that of the slowest rock glaciers. This is largely explained
by the presence of possible/likely DCGs in this category.
Their presence at low elevations is due to their location
at the foot of well-developed slopes that can furnish high
amounts of snow by avalanches, which may have
allowed the formation of small glacierets or perennial
snow patches during the coldest periods of the
Holocene. In more recent times, the high rock fall activ-
ity from the large rock walls may have led to the forma-
tion of a debris cover, preventing ice from complete
melting. The probable presence of relatively large quan-
tities of ice close to the surface may result in significant
surface deformation due to ice melt-related processes.
The strong and often decorrelated InSAR signals visible
on these landforms may thus reflect surface subsidence
rather than downslope movement. However, the



12 (&) C.LAMBIELETAL.

dm/yr to m/yr

Undefined
m/yr

<cmlyr

dm/yr
15.4% (19)

19.5% (24)

cm/yr

cm/yr to
dm/yr

Figure 10. Proportion of rock glaciers by kinematic class.

2300

2200 A {
2100 - I
q ]
© 2000
E X I
& 1900 | X
o 1800
1700 l
1600 60 ‘ 24 ‘ 19 ‘ 17
cm/yr cm/yr to dm/yr dm/yr dm/yr to m/yr; m/yr

o Min Outlier s Max Outlier XMean

Figure 11. Link between rock glacier kinematics and altitude. The
number of rock glaciers is indicated at the bottom of the chart.

distinction of the two types of movement cannot be
made with InSAR alone.

Among other factors that may influence the rock gla-
cier creeping rates, the slope apparently plays no role.
Indeed, the average slope for active landforms is 24°
(0 = 8), whereas it is 25° (0 = 6) for transitional ones.

Discussion

Mapping and categorizing rock glacier activity
using InSAR analyses

Overall, the InSAR analyses performed in this study were
often difficult, due to the generally high level of noise in
the available interferograms. As expressed previously,
many signals were present without any geomorphic sig-
nificance. Thus, instead of looking first at the interfero-
gram and then at the orthoimage to interpret the observed
signal, as is conventionally done (Barboux, Delaloye, and
Lambiel 2014), it was generally necessary to proceed in
the opposite way, by looking for possible signals at the

location of known rock glaciers. This analysis was very
time-consuming, due to the frequent intercomparison of
interferograms, orthoimages, and Google Earth/Bing
Aerial images. Despite this and the generally noisy nature
of the available interferograms, however, the clarity of the
signals on the visually most active rock glaciers, together
with the validation of the InSAR-detected velocities in the
Irishman Stream with dGNSS surveys, supports the relia-
bility of the results obtained.

We recall that InSAR data provide velocities projected
along the LOS direction. The rate of motion of the rock
glaciers is thus underestimated, and for nonoptimal slope
orientations (e.g., north-south), the kinematic attributes
of a few landforms could actually be different than indi-
cated in our inventory. Also, we cannot exclude that few
relict rock glaciers are still slowly moving but were not
captured by the InSAR analysis. As mentioned earlier,
however, following the suggestions of the RGIK (2020),
we decided not to project the LOS velocity along the
maximum slope direction, because this would introduce
further uncertainties, in particular when LOS and slope
direction approach a perpendicular direction. The rough
estimation of the error is, however, indicated in the sup-
plementary table of the inventory as a reliability factor.

Among the 123 rock glaciers inventoried in this
study, 40 landforms were recognized as active, whereas
83 were mapped as transitional. Note that this category
includes extremely slow-moving rock glaciers with velo-
cities below 1 cm/yr. In comparison, Sattler et al. (2016)
inventoried 75 active and 88 inactive rock glaciers (163
landforms in total) in the same region, based only on the
geomorphological interpretation of aerial images.
Making a comparison between the two studies is not
straightforward, because the categories are not the same
(transitional vs. inactive). To make it possible, we reclas-
sified the transitional rock glaciers of the present study
by transferring the landforms belonging to the class
centerimeters per year to decimeters per year to the
category active and by considering the landforms of
the two slowest classes (i.e., centimers per year and less
than centimeters per year) as inactive. This new categor-
ization resulted in the presence of 64 active and 59
inactive rock glaciers. Also, Sattler et al. (2016) consid-
ered only the talus rock glaciers and thus did not map
the entire diversity of rock glaciers. To make the two
studies comparable, we therefore removed the twelve
possible/likely DCGs and GFLs from our sample of
active rock glacier, thus yielding 52 active rock glaciers.
Of these, only 26 were recognized as such by Sattler et al.
(2016), whereas 10 were considered as inactive, 1 was
considered relict, and 15 were not mapped (Table 2).
These large differences also appear for the category
inactive. Furthermore, 8 rock glaciers classified as relict
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Table 2. Comparison matrix of rock glacier categorization in the present study and that of Sattler et al.

(2016).
Sattler et al. (2016)
Active Inactive Relict Not mapped Total
This study Active 26 10 1 15 52
Inactive 16 25 7 1 59
Total 42 35 8 26 111

Note. Gray shading indicates a match between the two studies.

by Sattler et al. (2016) are in fact either active (1) or
inactive (7). In total, a good match (i.e., same categor-
ization) was noted for 46 percent of the rock glaciers,
whereas 31 percent were mapped differently and 23 per-
cent (26 landforms) were not mapped in the prior
inventory.

These large differences between the two studies show
the difficulty of an activity assessment based only on
aerial image analyses. This is especially the case for the
study area, because most rock glaciers lack clear evi-
dence of motion due to their low velocities. In particular,
the fronts rarely display the classical exposure of fine-
grained and unweathered sediments that contrasts with
the rock glacier surface, together with the sharp angle
between the front and the surface for active rock gla-
ciers. This comparative study therefore highlights the
usefulness of InSAR for assessing rock glacier kine-
matics, as evidenced by several other studies (e.g.,
Wang et al. 2017; Villarroel et al. 2018; Brencher,
Handwerger, and Munroe 2021).

Rock glacier distribution in the Southern Alps

The inventory of active and transitional rock glaciers
performed in this study can be considered as almost
exhaustive for the central part of the Southern Alps,
given the comprehensive analyses that were carried out
(systematic analyses of all available interferograms,
orthoimage inspection of all sectors potentially favorable
for rock glaciers, work performed by three independent
operators). In addition to the 123 inventoried land-
forms, Sattler et al. (2016) reported 3 additional active
rock glaciers in the Kaikoura range more to the north-
east, and a couple of other rock glaciers are also present
in the region of Queenstown. Regarding the size, topo-
graphy, and climatic parameters of this mountain range,
the number of rock glaciers is low compared to other
temperate mountain ranges like the European Alps. For
example, Marcer et al. (2017) inventoried 814 active and
671 inactive rock glaciers in the French Alps, for an area
similar in size to the Central Southern Alps in New
Zealand. In the Western Swiss Alps, around 600 active
and transitional rock glaciers were mapped in an area
around five to six times smaller than that of the Southern

Alps (Bertone et al. 2022), Scotti et al. (2013) mapped
approximately 600 intact (i.e., active and inactive) rock
glaciers in the Central Italian Alps in an area around two
times smaller than that of the Southern Alps, and
Wagner, Pleschberger, et al. (2020) identified 2,309
intact rock glaciers in Austria, for an area approximately
three times larger than the Southern Alps.

Two reasons for this generally low number of active
rock glaciers can be identified. The first one relies upon
the topography. The Southern Alps are characterized by
extremely high erosion rates due to high uplift rates, com-
bined with the strong westerly atmospheric perturbations
(Fitzsimons and Veit 2001). As a result, many valleys are
deeply incised and present steep sides from the crest to the
valley bottom occupied by large talus slopes and therefore
lack flatter sections within the permafrost belt (Figure 3). In
addition, the rock walls are often not well developed, and
several valleys lack small inherited glacial cirques.
Altogether, these topographic characteristics hindered the
development of rock glaciers in many valleys. On the other
hand, Sattler et al. (2016) inventoried 220 relict rock gla-
ciers in the Southern Alps, with a high concentration of
landforms in some regions like the Two Thumb Range or
the south of the Ben Ohau Range. This suggests that the
topography at lower elevations was more favorable to rock
glacier development during the colder phases of the
Holocene or during the Late Glacial period. It is also
worth noting that the general steep topography probably
has no influence on the slope gradient of rock glaciers. The
values we measured (i.e., 24°-25°) are indeed in line with
values obtained by Lillegren and Etzelmiiller (2011; 20°-
23°), Ran and Liu (2018; 30°), and Johnson, Chang, and
Fountain (2021; 20.5°).

The second reason is due to the combined effect of
topography and climate. Because the climate of the
Southern Alps is relatively humid and the summer tem-
peratures are moderate due to the maritime influence
(Sturman and Wanner 2001), glacier equilibrium-line
altitude (ELA) is relatively low at around 2,000 to
2,200 m.a.s.l. in the region where rock glaciers are pre-
sent (Lamont, Chinn, and Fitzharris 1999). In parallel,
permafrost is expected above 1,850 m.a.s.l. in south-
exposed slopes (Sattler et al. 2016). The consequence is
a restricted vertical extension of the periglacial belt of
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around 300 m, and thus limited space for rock glaciers.
A rough approximation shows that where summits are
higher than 2,300 m.a.s.l,, small glaciers or Little Ice Age
glacier forefields are present in the cirque below, and
where summits are lower than 2,000 m.asl, the
required conditions for the occurrence of active and
transitional rock glaciers are not met.

Why are velocities so low?

Overall, the velocities are low compared to what is
observed in similar mountain ranges, such as the
European Alps (Barboux, Delaloye, and Lambiel 2014;
Marcer et al. 2021). In the Southern Alps, only 30 percent
of the rock glaciers move at velocities on the order of
decimeters per year or higher, whereas this proportion is
around 60 percent in the Western Swiss Alps (Bertone
et al. 2022). As expressed before, this low activity is also
evidenced by the geomorphological characteristics of the
rock glaciers.

As shown in Figure 7, the lowest velocities appear to
be generally found in the southern parts of the ranges.
This is especially true for the Ben Ohau and Two Thumb
ranges. These clusters of low velocities do not corre-
spond to significantly lower elevations. On the other
hand, annual precipitation in these areas is distinctly
lower than in the northern part of the ranges due to
increasing continentality toward the southeast
(Henderson and Thompson 1999; Sturman and
Wanner 2001; see also Supplementary Material). This
means a longer snow-free period and therefore possibly
more degraded permafrost conditions. This is in line
with Sattler et al. (2016), who showed that maritime
climate allows lower permafrost conditions.

To understand the overall reason for the low rock
glacier activity, we calculated the mean annual air tempera-
ture (MAAT) for the period 1981-2010 at each rock glacier
location. We can first observe that all rock glaciers are
situated well below the 0°C isotherm altitude (Figure 12).
The highest active rock glacier has an MAAT of +1.4°C,
and the mean value for all active landforms is +2.5°C. The
values for transitional rock glaciers are slightly warmer,
with a highest value of +4.3°C. Therefore, rock glaciers in
the Southern Alps occupy areas where permafrost is in
strong imbalance with the current climatic conditions.
Such warm conditions have caused significant ice loss,
which is expressed by frequent degraded morphologies.
The high rock glacier velocities due to permafrost degrada-
tion observed in several regions worldwide (e.g., Fleischer
et al. 2021; Kdab et al. 2021; Marcer et al. 2021; Vivero et al.
2022) is not present in the Southern Alps. We hypothesize
that this occurred earlier during the Holocene and that
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Figure 12. Distribution of the MAAT for the period 1981-2010
for active and transitional rock glaciers. Data source: NIWA.

rock glaciers in this part of the world are currently in an
inactivation phase.

From this arises the question of the long-term devel-
opment of rock glaciers in the Southern Alps. Winkler
and Lambiel (2018) investigated the ages of the two rock
glaciers in the Irishman Stream (Ben Ohau Range) on
which dGNSS surveys were carried out in the present
study. Schmidt Hammer dating revealed early Holocene
ages for the two rock glaciers and a long development
throughout the entire Holocene with probable different
periods of activity. We can thus expect higher activity
rates during the colder phases of the Holocene for the
ensemble of rock glaciers investigated here. In New
Zealand, the first part of the Holocene and the last
millennia up to the end of the nineteenth century were
characterized by temperatures significantly colder than
today, evidenced by several glacier advances (Schaefer
et al. 2009; Putnam et al. 2012). It is therefore highly
probable that the rock glacier activity was higher during
these colder periods and that the landforms depicted the
classical morphologies of active rock glaciers during
these periods. Apart from this, there is little evidence
of glacier advances on most of the rock glaciers. Indeed,
most of them are talus connected. This is therefore also
consistent with an early Holocene age for most of the
rock glaciers. However, in the most favorable locations,
small glacierets and perennial snow patches could have
formed during the cold periods of the Holocene,
whereas they were progressively covered with debris
during the warmest period (e.g., Seppi et al. 2014;
Bosson and Lambiel 2016). Due to continuous ice flow
under the superficial debris cover, today these small
landforms have morphologies very close to those of
active rock glaciers.



Conclusions

Using Sentinel-1 InSAR data, we inventoried 123 creep-
ing landforms associated with ground ice in the central
part of the Southern Alps in New Zealand. Most of these
landforms correspond to talus-connected rock glaciers,
9 may correspond to debris-covered glacierets and 3 to
glacitectonized frozen landforms. The number of rock
glaciers in the Southern Alps appears relatively low
compared to other similar mountain ranges, such as
the European Alps. The reason for this is the small
vertical extent of the periglacial belt due to the low
glacier ELA and the lack of favorable topography for
rock glacier development.

Despite generally noisy interferograms and uncertain-
ties inherent to the method, the assessment of rock glacier
kinematics could be satisfactorily achieved. The rock gla-
cier velocities are rather low, with half of the inventoried
rock glaciers moving with velocities lower than 3 cm/yr
and only 10 percent having velocities higher than 30 cm/
yr. These values are significantly lower than those mea-
sured in several other mountain ranges. This is explained
by relatively warm MAAT at the rock glacier locations.
Active rock glaciers in the Southern Alps can thus be
considered in an inactivation phase.

Both the number of inventoried rock glaciers and the
classification of active and transitional/inactive land-
forms show quite large differences with a preliminary
inventory based on the interpretation of aerial images
only. This comparative study highlights the usefulness of
InSAR for assessing rock glacier kinematics, especially
when transitional landforms dominate, as is the case in
the Southern Alps.

The recent digitalization of the Crown Aerial Film
Archive of New Zealand can provide a unique opportunity
to study long-term rock glacier kinematic changes in the
region. In particular, this archive contains aerial surveys
dating back to the 1940s (LINZ 2022). The reprocessing of
these images with modern digital photogrammetry tech-
niques can help unravel the response of creeping perma-
frost to atmospheric changes in this mountain range
located in the southern hemisphere mid-latitude. This
should be complemented by the initiation of thermal and
kinematic monitoring of few selected active rock glaciers.
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