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Investigating decadal-scale geomorphic dynamics
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Natan Micheletti', Christophe Lambiel’, and Stuart N. Lane’

TInstitute of Earth Surface Dynamics, University of Lausanne, Lausanne, Switzerland

Abstract we know little about the effect of recent climate variability upon landscapes at the timescale
of decades because of (1) the complex, nonlinear, and path-dependent nature of the response of a
landscape to climate forcing and (2) the difficulty of quantifying spatially distributed impacts at the
timescale of decades to centuries, despite this being the timescale over which significant hypotheses

have been raised over human impacts upon climate change and hence geomorphic systems. A unique
resource to investigate the linkages between climatic variability and geomorphic response is provided by
the extensive coverage of aerial imagery commonly available since the 1950s. Here we use archival digital
photogrammetry to produce high-precision digital elevation models over large spatial scales, and so to
reconstruct the quantitative history of surface downwasting and sediment flux in a high mountain alpine
system, over the timescales of decades. Propagation of error methods is used to identify locations of
significant landscape response and to compute volumes of significant surface change. Orthorectified aerial
images are used in an image correlation framework to detect horizontal and vertical displacements of
components of the landscape. Results are coupled to extant climate data and modeled snow cover to
show how the landscape responds to climate forcing and to geomorphological maps to understand how
this response varies between landscape elements. The results show distinct landscape response to both
warming and cooling periods and a tendency for the acceleration of surface displacement under warming
conditions. Precipitation and snow cover are critical in controlling glacier dynamics and rock glacier
displacement velocities. However, while some landforms might lead to locally high sediment flux, landscape
heritage can disconnect zones of high change rates from the valley bottom. Hence, the landscape response
to climate forcing is not necessarily reflected in valley system processes or sediment deposits.

1. Introduction

A progressive refinement of our understanding of climate change patterns has followed from the first and
subsequent state-of-the-art syntheses of human impact on climate provided by the Intergovernmental Panel
on Climate Change [1990], contributing fundamentally to our knowledge about how climate might change in
the future. Despite this, quantification of climate change impacts upon the Earth system is underdeveloped
[Kundzewicz et al., 20071, not least because of the complex, nonlinear response of geomorphic systems to
perturbations [Phillips, 2003, 2009] and the difficulties of quantifying this response over large spatial and long
temporal scales. While this is generally valid, it is especially true for polar, glacial, and periglacial regions which
are potentially more vulnerable to climate change [Committee on Challenges and Opportunities in Earth Surface
Processes, 2010]. The high climatic sensitivity of high mountain environments follows from four points. First,
the glaciers, permafrost, and nival processes that are widely present in these landscapes are highly sensitive
to changes in atmospheric temperature [Pelto and Hedlund, 2001; Kdiéib et al., 2007; Carturan et al., 2013; Oliva
and Ruiz-Fernandez, 2015; Staines et al., 2015]. Second, glaciated environments typically have increased relief,
the steep slopes potentially aiding sediment mobilization [Brocklehurst and Whipple, 2002]. Third, deglaciated
mountain environments commonly have significant amounts of historically weathered and glacially derived
material, and so a legacy of high sediment availability [Ballantyne et al., 2014]. Finally, sediment dynamics
are strongly dependent upon the thermal state of the subsurface, in terms of both sediment stabilization
and production [Davies et al., 2001; Hales and Roering, 2007] and surface runoff generation because of the
presence/absence of impeded drainage [Ford and Bedford, 1987; Bayard et al., 2005].

Understanding how climate change affects sediment production, transfer, and delivery in mountain land-
scapes is a fundamental focus of current geomorphic research [Montgomery and Stover, 2001; Hunt, 2002;
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Jomelliet al., 2004; Korup, 2004; Lane et al., 2007]. Scientific observations suggest that high mountain environ-
ments could be very sensitive to climate change, and an acceleration in sediment production and transport
rates has been reported for some landforms in mountain sedimentary systems [Warner, 1987; Rumsby and
Macklin, 1994; Dollar and Rowntree, 1995; Knox, 1999; Jomelli et al., 2004; Roer et al., 2008; Huggel et al., 2010,
2012; Bennett et al., 2013]. However, increased sediment delivery and transport for single landforms does not
necessarily imply a climatic response at the landscape scale as (1) a landscape may contain a range of different
landforms each with different climate sensitivities [Brunsden and Thornes, 1979] and (2) connection between
these elements will be the ultimate control on sediment delivery. Effectively, a lack of sediment flux between
landforms and sediment storage zones may lead to disconnections in parts of the sediment cascade [Brunsden
and Thornes, 1979; Fryirs, 2013]. This may slow, or even halt, the diffusion of climate impacts through hillslopes.
A large number of studies have considered climate forcing of single-landform types [Hé/zle and Haeberli, 1995;
Jomelli et al., 2004; Huggel et al., 2010, 2012]. Yet, it is the connections between them that determine whether
or not sediment transfer rates will respond to climate change [Reynard et al., 2012].

This contribution addresses two research questions that follow from the above. First, are there coincidences
between changes in climate forcing and modifications in alpine geomorphic process patterns and rates?
Second, as the diffusion of the effects of such forcing may depend on the connections between individual
landforms, can we see any evidence of the propagation of climate signals through the landscape? In order
to respond to these questions we investigate the behavior of high mountain environments at a timescale of
years to decades. A unique resource for such investigation is the extensive coverage of aerial imagery com-
monly available since the 1950s, which can be employed to produce high-precision digital elevation models
(DEMs) over large spatial scales using digital photogrammetry. Research has demonstrated the potential of
this approach for geomorphological studies including fluvial geomorphology [Lane et al., 2003, 2010; Hughes
etal., 2006], mountain geomorphology [Kddb and Vollmer, 2000; Kdédb, 2002; Wangensteen et al., 2006; Kneisel
and Kadb, 2007; Fischer et al., 2011, 2012; Roer et al., 2005] and studies of hillslope processes and sediment pro-
duction, transfer, and yield [Chandler and Cooper, 1988; Walstra et al., 2007; Schwab et al., 2008; Bennett et al.,
2012, 2013]. Our focus is upon a case study in the Swiss Alps, typical of many alpine mountain regions, where
there is a range of landforms juxtaposed within the landscape. Aerial imagery from the 1960s to present is
used to compute high-precision and fine-resolution digital elevation models. A quantitative comparison of
successive DEMs employing propagation of error methods is implemented to identify locations of significant
elevation change and geomorphic response and to estimate volumes of erosion and deposition and of glacier
growth and retreat. To identify mass displacement, the derived orthorectified images are used in an image
correlation framework to visualize and quantify surface displacements and their velocities over time. Results
are coupled to extant climate data and modeled snow depth to show how the landscape responds to climate
forcing and to geomorphological maps to understand how this response varies between both landforms and
their spatial organization. Finally, given the possibly important role of sediment supply and connectivity in
propagating the climatic signal through the hillslope, an attempt to identify how connectivity might impact
fluxes to the valley bottom is undertaken.

2, Study Site

The focus of this investigation is the Veisivi-Tsa ridge in the Hérens Valley, Switzerland (Figure 1). This steep
alpine mountainside has an elevation range from 1800 m above sea level (asl) to 3676 m asl and an aver-
age slope of ~35°. The basin extends for ~5 km north-south, between the Petit Dent de Veisivi (3184 m asl)
and La Maya (3042 m asl). The region is relatively dry because of the topographic barrier effect of the south-
ern alpine divide, with annual precipitation between 900 and 1300 mm and mean annual air temperature at
2000 m asl of 3.4°C based upon the period 1991 to 2014 Meteosuisse [2014]. The geomorphological setting
of the landscape comprises an assemblage of glacial, periglacial, hillslope, and fluvial landforms and a com-
plete range of primary sediment transfer mechanisms, typical of alpine environments. The area has been the
subject of previous geomorphological investigations, especially regarding permafrost distribution and quan-
tification of slope movement using interferometric synthetic aperture radar (InSAR) [Lambiel et al., 2004, 2008;
Delaloye et al., 2007, 2008, 2010; Barboux et al., 2014].

3. Methodology

The methods used to generate the DEMs and orthophotographs used in this study are presented in an
accompanying methods paper [Micheletti et al., 2015], and only a summary is provided here.
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Figure 1. The Veisivi-La Tsa ridge case study in Arolla, Hérens Valley, Switzerland (relief shaded and river data: Swisstopo)
with sites of interest: Tsarmine glacier (A), Tsarmine rock glacier (B), Perroc rockslide (C), Perroc talus slope (D), Lé Blava
rock glacier (E), Genevois glacier (F), La Tsa hut (G), La Tsa glacier (H), and La Roussette rock glacier (I).

3.1. Digital Elevation Models and Interpretation

The archival aerial imagery employed in this study was acquired by the Swiss Federal Office of Topography
(Swisstopo, www.swisstopo.admin.ch) and by Flotron AG (www.flotron.ch). Swisstopo imagery includes a
number of 23 x 23 cm images for seven distinct epochs between 1967 and 2005 all collected at similar peri-
ods of the year (end of summer or beginning of autumn) at altitudes varying between 5000 and 7000 m asl
and using a range of analogue cameras. A photogrammetric quality scanner was used to scan these images
at 14 pm (1814 dpi). These images vary in scale between 1:15,700 and 1:28,000. Calibration certificates for
analogue cameras were available at www.swisstopo.admin.ch. It should be noted that the 1977 imagery was
collected during partially snow-covered conditions, and hence the derived data quality are lower for that year.
Flotron AG images were collected in September 2012 using an UltraCam-X camera, and they represent the
most recent data set of the study. They are composed of 14,430 x 9420 pixels of 7.2 um and have a scale of
1:5200. Multiple images were required to cover the whole area of interest. The Flotron AG digital imagery was
provided with a calibration file for the digital camera.

In order to obtain the required ground control points (GCPs) necessary for photogrammetric restitution, a
field campaign was carried out in July 2012 using two Leica System 500 differential GPS units. A total of 169
GCPs were identified, stable in time and easily and precisely identifiable on images (Figure 2), across an area
of approximately 20 km? (3 x 6.5 km) and with an elevation range of more than 1000 m (1808 to 2828 m asl).
Original RTK data processing and correction using Automated GNSS Network for Switzerland (AGNES) data
allowed the determination of coordinates of all GCPs in the Swiss coordinate system to the geodetic datum
CH1903 with a precision better than +0.05 m.

The detailed methodology is presented in full in Micheletti et al. [2015]. All photogrammetric data processing
was performed using ERDAS IMAGINE Leica Photogrammetry Suite (LPS) 2010, while postprocessing oper-
ations and results analysis were implemented using Matlab 2013 and ArcGIS 10. Calibration certificates and
GCPs were used to estimate interior and exterior orientation parameters, respectively. Afterward, as is rou-
tine in digital photogrammetry [Dissart and Jamet, 1995], an automatic stereomatching algorithm was used
to match points in image pairs and to compute their ground coordinates using exterior orientation param-
eters. Finally, the data were interpolated to generate 1 m resolution raster DEMs for every year. The quality
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Figure 2. Ground control point distribution in the Arolla Valley, Switzerland (contour line spacing: 100 m, orthophoto:
Swisstopo 2005).

assessment of individual DEMs was carried out using unused GCPs. As in Lane et al. [2000], errors were defined
as the differences in elevation between dGPS measurements and the DEM values at corresponding dGPS loca-
tions and were used to compute accuracy in the form of mean error (ME) and precision in the form of standard
deviation of error (STD) (Table 1). The shape of these error distributions was investigated and confirmed to be
Gaussian at the 5% significance level [Micheletti et al., 2015].

DEM s of difference (DoD) were computed by differencing DEMs for different years. This allows identification
of changes between dates and hence patterns of erosion and deposition. However, it was necessary to quan-
tify the confidence that apparent changes between two epochs are real and not produced by random error.
Following the error propagation methodology proposed in Lane et al. [2003] for Gaussian error distributions,
the uncertainty in the magnitude of change in the DoD was determined by the root of the sum in quadrature
of the uncertainties associated with individual DEMs:

o, = 0'12+0'§ (1)

In this instance, the standard deviation of error is used as a measure of uncertainty, but it can be employed
to formulate a statistical testing of the significance of each elevation difference z;, — z, using a t test
[Lane et al., 2003]:

‘e z,—2, 2)

/2 2
0'1+0'2

Table 1. DEM Precision and Accuracy Assessment Using dGPS Survey Data (m)

DEM 1967 1977 1983 1988 1995 1999 2005 2012
ME 0315 0.504 0.281 0.296 0.541 0.493 0.453 0.356
STD +0.765 +0.820 +0.953 +0.644 +0.751 +0.827 +0.998 +0.462
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Table 2. Limits of Detection of Change (LoD) With a Confidence Limit of 67% and
90% Computed Using the Error Propagation Methods Explained Above (m)

Year Pair 67% 90%
2012-2005 1.100 1.804
2005-1999 1.296 2.126
1999-1995 1.118 1.833
1995-1988 0.990 1.623
1988-1983 1.135 1.862
1983-1977 1.244 2.040
1977-1967 1.121 1.839
2012-1988 0.793 1.300
1983-1967 1.208 1.981
2012-1967 0.894 1.466

Equation (2) can be used to threshold the DoD at a certain confidence limit and to attribute differences within
this threshold to noise. In this study, the minimum level of detection was set with a confidence limit of 90%
(t = 1.96). For the data set used in this study, Table 2 shows the associate limits of detection.

Volumes of significant change were computed for every time step and geomorphological class for significant
elevation changes at the 90% of confidence level. In order to compare landform types with different spatial
extent, volumes were normalized by surface extent. To compare time periods, volumes were also normalized
by the time between images. Accordingly, all results are provided in m3 m=2 yr~!. These statistics represent the
rate of surface downwasting/deposition for each landform. If we follow Thomas [2001], these rates describe
the sensitivity of the surface change of each landform to climate forcing, given that we can assume that all
landforms have been subject to the same temperature or precipitation change. However, these are actually
absolute measures of sensitivity as they make no reference to the magnitude of the rates of change expected
under constant climate conditions, that is, the relative sensitivity. It is quite possible that climate forcing could
cause a substantial increase in the rate of surface change for some landforms as compared with what would
be expected under constant climate conditions, even though when compared with other landforms their
absolute sensitivities remain small. One solution to this problem would be to calculate the change in rates
of change between the periods with different climate forcing, but this characteristic is complicated by the
fact that the process responses may be very different between landforms in response to climate warming
and cooling. For this reason, we avoid using the term sensitivity overly in the interpretation, notably when
comparing different landforms. Rather, we use the terms rates of elevation change or downwasting.

Finally, DEMs were used to orthorectify aerial imagery in ERDAS LPS. The derived orthophotos were used
to estimate surface displacements using the image correlation software 7D [Vacher et al., 1999]. Displace-
ments could then be computed in pixels and converted to distances in meters. Image correlation analysis was
performed for 15 x 15 pixel windows. Results were filtered to eliminate erroneous matches and unrealistic dis-
placements induced by image deformation resulting from the orthorectification process in very steep areas or
cliffs where the quality of the DEMs is low. Horizontal movements were extracted as vectors of displacement
at a defined window resolution. Given the 0.35 m resolution of most orthophotos, a 15 x 15 pixel window cor-
responds to a 5.25 m x 5.25 m cellsize. Since horizontal displacement accounts only for XY dimensions, it is
by definition an underestimation of the real displacement. Hence, outputs were divided by the cosine of the
local slope to obtain the three-dimensional displacement distance. Finally, results were normalized by year in
order to compare outputs obtained with imagery for different dates.

Displacement detection depends strictly on the quality and contrast of the input imagery. The latter is also
dependent on the quality of the DEM, as uncertainty in elevation data can undermine the quality of the
orthorectification process. Very large displacements at the surface (both vertical and horizontal deformations)
may also generate decorrelation that causes the algorithm to fail to retrieve the displacement. Accordingly,
not every pair of images provided results for the whole study area. To differentiate areas where informa-
tion could not be derived from areas with no distinguishable displacement, a no movement and/or noise
class (results inferior to 0.2 m/yr) is defined and displayed as transparent. The most complete and detailed
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Table 3. MeteoSwiss Measurement Stations Employed

Location Elevation (m asl) Data? Period km From Arolla Direction
GSB 2461 Temp. 1864 to present 30 Southwest
Sion 482 Temp. 1864 to present 24 North
Evolene-Villa 1826 Temp., Prec. 1987 to present 9 North
Grachen 1550 Temp., Prec. 1960 to present 34 Northeast
Hérémence 1238 Prec. 1960 to present 18 North
Zermatt 1638 Prec. 1960 to present 21 East
Bourg St-Pierre 1664 Prec. 1960 to present 23 West
Grimentz 1512 Prec. 1960 to present 19 Northeast

aTemp., temperature; Prec., precipitation.

outputs were obtained using the 1967-1977, 1977-1983, 1988-1999, and 1999-2005 pairs of imagery and
are employed to investigate the response of surface displacement to climate forcing.

The interpretation of catchment-scale erosion and deposition patterns required reference to the spatial
assemblage of landforms present in the study area. A geomorphological map of the region [Lambiel et al.,
2015] was used for this purpose and permitted derived data to be linked to specific landforms. This is crucial
for the identification of the landforms most active under recent climate change and their spatial organization.

3.2. Data Interpretation: Climatic Context

The interpretation of mass movement in alpine environments at the decadal scale also requires reference to
the climatic conditions that affected such systems. However, long-duration climatic data series are rarely avail-
able. Early climate monitoring tended to be focused on centers of population, and so climate data are often
remote from many mountain study sites. In this study, the closest reliable data are available for Evolene-Villa
(9 km from Arolla at an elevation of 1826 m asl), but data are available only from 1987 and so are not suffi-
cient to characterize our period of study. Hence, it was necessary to transfer data collected from more distant
locations, which may lead to uncertainties in the associated climate data because of altitude and topographic
effects. Accordingly, it is important to have access to multiple data series and, if possible, under similar geo-
graphic and topographic conditions to the area of interest, to transfer them to the locality under interest and
to test them on more locally available but shorter records.

In Switzerland, the Swiss National Basic Climatological Network includes 29 climatic and 46 rainfall measure-
ment stations, some of which started in 1864. Homogenized monthly data (i.e., historic measured values
adjusted to current measuring conditions) from the nineteenth century are available for 14 stations and can
be used to reconstruct climatic change for the last 150 years [Meteosuisse, 2014]. To set a climate context and
to sustain interpretations in the present study, data series from seven measurement stations were used (see
purple dots in Figure 1 and Table 3). Two of these have long-term homogenized data: Col du Grand St-Bernard
(GSB) at an altitude of 2461 m asl and 30 km to the southwest of Arolla and Sion, 482 m asl, located 24 km
north. The available climatic parameters are mean annual air temperature (MAAT), annual rainfall, and snowfall
and snow depth. Data are provided by the Swiss Federal Office of Meteorology and Climatology MeteoSwiss
(further information and data available at www.meteoswiss.admin.ch).

Long time series of snowfall and snow depth are scarce. The only data available for Arolla are daily snow depth
measurements from 1998 to 2011 for Fontanesses, located at 2850 m asl above the village of Arolla (green tri-
anglein Figure 1). Snowfall and snow depth will be strongly influenced by altitude as well as other local factors,
such that relying on measurements in other sites is not optimal for reconstructing a decadal history of snow-
fallin the area of study. Hence, the GSM-SOCONT (Glacier and SnowMelt - SOil CONTribution model) modeling
approach developed by Schaefli et al. [2005] was adopted. This is a well-established glaciohydrological model
[e.g., Schaefli and Huss, 2011; Tobin et al., 2011; Godon et al., 2013] which was used with available tempera-
ture and precipitation time series from proximate measurement stations (Sion and Hérémence, respectively)
to extrapolate values of snow depth for elevation bands across the mountainside in Arolla. There are more
complex modeling options, but these would demand additional data (e.g., measured incoming solar radia-
tion) that are not available. The GSM-SOCONT model is detailed in Schaefli et al. [2005]. The model was set
to run with a daily resolution, and empirical lapse rates were employed [Bouét, 1985]. The degree-day factor
for snow and the effect of elevation on precipitation were optimized using the available Fontanesses data.
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Figure 3. Mean annual air temperature at the Col du Grand St-Bernard between 1864 and 2013 as deviation from the
reference mean established between 1961 and 1990. Trend lines indicate the 5 year moving average for that site (black)
and Swiss mean (green). The numbers indicate the dates of available aerial imagery. Data: Swiss Federal Office of
Meteorology and Climatology MeteoSwiss www.meteoswiss.admin.ch.

Calibration using the daily snow depth data available provided a mean error of 8.6 cm with a precision of
+38.2 cm at the 90% confidence level, which is very satisfying given the simplicity of the model. Accordingly,
the model is considered of sufficient quality to characterize the interannual snow cover trends for the site. To
analyze the evolution of snow cover during the period of study, the model was used to estimate snow depth
at the typical end of the accumulation period (31 March) and the typical end of the glacier ablation period
(30 September) for every year from 1960 to the present at varying altitude bands but excluding the rockwalls
(thus from 2100 to 2900 m asl, Figure 5a).

4. Results: A Quantitative History of Surface Changes in an Alpine System

4.1. Climatic Evolution

Figure 3 shows the evolution of mean annual air temperature (MAAT) from 1864 to present as a deviation from
the mean of the 1961-1990 reference period for Col du Grand St-Bernard (GSB). Comparison of the GSB 5 year
moving mean with the national moving mean suggests a similar evolution of MAAT at the scale of decades.
The correlation between MAAT data for Evoléne-Villa and the GSB is 0.978, suggesting that the study site
experienced a similar decadal-scale evolution to other regions of Switzerland. Figure 3 suggests that between
the 1960s and the early 1980s there was a climatically cooler period. A very rapid warming followed from the
mid-1980s to the 1990s. This trend continued, albeit more slowly, until present. With only two exceptions,
the MAATs in the warming period are always higher than the reference mean, demonstrating the presence of
strong temperature forcing during the last three decades.

Figure 4 presents annual rainfall data for measurement stations with similar conditions and close to Arolla.
Measurements at the Col du Grand St-Bernard are not well suited for description of the Hérens valley

1200
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800 15km, 1238 ma.s.l.
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0
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Figure 4. Annual precipitation for meteorological stations located near Arolla (5 year moving average). The legend
indicates the altitude and distance for each station from Arolla, as well as the correlation 1987-2014 with Evoléne-Villa
precipitation. Data: Swiss Federal Office of Meteorology and Climatology MeteoSwiss www.meteoswiss.admin.ch.
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Figure 5. Arolla snow depths modeled at various altitudes for (a) 31 March and (b) 30 September, using the
GSM-SOCONT model. In Figure 53, the red line represents the 3 year moving average for the 2500 m asl limit.

patterns because Grand St-Bernard is located on an alpine col on the main southern alpine drainage divide
and impacted by both southern and northern rain-bearing systems. Arolla is some way north of this divide
and sheltered from southerly rain-bearing systems. Instead, we focus upon comparison of Evoléne with five
more characteristic (altitude and geographical position) locations (Figure 4). Five year moving means are sim-
ilar for the five stations. Between the end of the 1960s and the beginning of the 1970s precipitation decreased
slightly before increasing considerably in the second part of the 1970s. Then, a modest decrease preceded the
relative stability observed from the mid-1980s. Of particular interest are Hérémence and Evoléne-Villa stations
(1238 and 1826 m asl, 18 and 9 km north of Arolla, respectively), as both are located in the Hérens valley. The
Hérémence data are the most complete and feature a considerable decrease in annual precipitation before a
substantial increase from the mid-1970s, with a peak at the beginning of the 1980s. Afterward, precipitation
was stable at around 800 mm/yr, before decreasing considerably in the 2000s. The representativeness of these
data as a proxy for the Arolla case study is sustained by the strong correlation between the longer term data
series and the shorter Evoléne-Villa series, available from the end of the 1980s, with similar trends apparent
(Figure 4).

Results produced using the GSM-SOCONT model illustrate relatively lower March snow depths in the 1960s
and mid-1970s (Figure 5a). Considerable increases in snow depth are then found for the following decade,
reflecting the period of greater precipitation shown in Figure 4. From 1985, end of winter snow depth appears
to have decreased steadily, albeit with high variability. Snow depths at the end of the summer (Figure 5b)
show how the combination of high winter snow accumulation (Figure 5a) with low temperatures translated
into considerable unmelted snow at the end of the summer at the altitudes of the glacial accumulation zones
for the 1977-1985 period. On the other hand, snow cover appears to completely disappear at the altitudes of
interest during every summer in the 2000s. While interannual variations are very high, these results are con-
sistent with other observations in Switzerland [Meteosuisse, 2014]. The considerable increase in snow depth
observed from the mid-1970s to 1985 coincides with widespread glacial advance in the region in the early
1980s [WAV Laboratory of Hydraulics, Hydrology and Glaciology, 2013].
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Figure 6. (a) Geomorphological map [Lambiel et al., 2015] and (b) DEM of difference of 1967-2012, LoD 90% = 1.47 m,
with regional lower limit of permafrost (~2400 m asl) [Lambiel and Reynard, 2001] and sites of interest presented in
Figure 1 (orthophoto: Swisstopo 2005).

By considering the temperature, precipitation, and modeled snow cover depths together, we can consider
the aerial imagery as relating to two distinct climate forcing stages: a relatively cooler and climatically more
stable period (1960s to 1983) and a warming period (1983 to present). The relatively cooler and stable period
is characterized by a decrease in annual rainfall at first (mid-1960s to mid-1970s) but then greater precipita-
tion at the end of the 1970s and beginning of the 1980s. Snow cover reflected this shift, only increasing with
the start of the wetter period in the second half of the 1970s and 1980s. This emphasizes the importance of
interannual precipitation variability in the study site for interannual variability in snow accumulation. Precip-
itation decreased as the climate warmed from the early 1980s, but this trend stopped from 1990, although
examples of both wetter and drier years remain. Thus, the transition to the warming period also saw a net
decrease in snowfall (after the high rates of the period 1975-1983), which then stabilized until the year 2000.
In the 2000s, accumulated snow in March returned to levels characteristic of the 1960s but with lower snow
cover in September because of warming effects.

4.2. DEMs of Difference

Figure 6a shows the geomorphological map produced by Lambiel et al. [2015]. The two large glacial systems
of Tsarmine and La Tsa are mainly debris-covered glaciers (A and H in Figures 1 and 6b). La Tsa comprises
two smaller glaciers divided by a rockfall deposit zone and a detached, small area of debris-covered dead
ice. The contexts of Tsarmine and La Tsa are similar. Both sites are relatively flat, and in addition to glacier
and debris-covered glacier there are also small proglacial forefields, the latter delimited by Little Ice Age (LIA)
moraines. These systems are each more than 400,000 m? in area, with the glacier and debris-covered glacier
parts occupying ~284,000 and 227,000 m?, respectively. The remainder of the area is mainly morainic deposits.
The Genevois glacier (~65,000 m?), where ice is no longer visible, is located between these two larger glacial
systems (F in Figures 1 and 6b), in a very steep location. A considerable number of active rock glaciers, mass
movement processes (especially active rockslides), and fluvial process-related landforms are also mapped
across the mountainside (see also Delaloye et al. [2007] and Barboux et al. [2014] for further details). Thus, the
geomorphological map illustrates the presence of an assemblage of glacial, periglacial, hillslope, and fluvial
landforms distributed over the area, and so a complex geomorphological setting.

Figure 6b shows the elevation changes between 1967 and 2012. Despite the substantial presence of uncon-
solidated material, the mountainside has been generally relatively stable at the limits of detection associated
with our analysis over the last four and a half decades. Effectively, detectable surface downwasting is local.
The largest magnitudes of change are found on glaciers and debris-covered glaciers. In the upper part of the
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Figure 7. (a) DEM of difference of cooler and stable temperature period, 1967-1983, LoD 90% = 1.98 m and (b) DEM of
difference of rapid warming period, 1983-1988, LoD 90% = 1.86 m (orthophoto: Swisstopo 2005).

Tsarmine and La Tsa systems, vertical loss is generally greater than 12 m, with peaks of more than 20 m. In their
middle parts, increases in elevation of between 10 and 20 m are observed. It is probable that ice loss in the
central part of these systems was mitigated by thickening caused by ice flux from upstream, with a possible
legacy from glacier growth in the 1960s—1980s (see below). In Tsarmine, the lower part of the glacier sug-
gests considerable downwasting. This is somewhat more limited in the Tsa system. In both cases, it suggests
zones of elevation loss due to glacier marginal ablation. The Genevois glacier experienced only elevation loss
and in reduced proportions as compared with the other glacier systems, a fact that could be explained by its
smaller size.

Only the activity of two rock glaciers is clearly identifiable in the DEMs of difference: the Tsarmine rock glacier,
located southwest of Tsarmine glacier (B in Figures 1 and 6b), and La Roussette, the most southern of all the
area of study (I in Figures 1 and 6b). For both rock glaciers, an advancing front is evident, confirmed by an
increase in elevation in their lower parts. The other rock glaciers in the mountainside show very little substan-
tial downwasting over the 45 year period considered here. However, to conclude that these landforms are less
active or inactive, it is also necessary to consider horizontal displacements especially as there may be lateral
fluxes without elevation changes or ones that cannot be detected by the DoDs given their precision.

Gravity-related processes have vertical changes of a magnitude smaller than glacial and periglacial land-
forms. Nevertheless, rockslide activity produced significant downwasting in some locations over the 45 years
considered. The most evident example is the Perroc rockslide located next to the Tsarmine rock glacier
(Ciin Figures 1 and 6b), with traces of sliding toward the debris flow channel that connects the Perroc talus
slope (D in Figures 1 and 6b) to the valley bottom. Traces of rockslide activity, although less marked, are also
visible for the rockslide situated west of the La Tsa hut (G in Figures 1 and 6b). Detectable elevation changes
were not encountered in talus slopes. Erosion and deposition on the mountainside by fluvial processes also
appear to be limited given the precision of our data. Channel excavation is limited to a few cases. Notably, it
can be seen in the debris flow channels beneath Tsarmine, at the top and at the base of the Perroc talus slope,
and in the debris flow channels extending from the Genevois glacier toward the valley bottom.

Figure 7 compares the DoDs for two distinct climatic periods: the cooler period that ended with some snow
accumulation (a) and a rapid warming period (b). A distinct landscape response is shown for both periods.
The mountainside appears to be very stable during the cooler period; the only significant elevation changes
are associated with the glaciers with gains of several meters. Downwasting is very low and visible only in a
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Figure 8. Average yearly volumetric changes for cool/stable and warming periods for different landforms, normalized by
their spatial extent (m3 m=2 yr=1). An absent symbol means no change.

few patches especially on the lower part of the Tsarmine and La Tsa glacier systems (A and H in Figure 1). The
patterns observed during the rapid warming period of the 1980s are in the opposite direction. The glaciers
experienced a loss in elevation of 4 to 10 m in their upper part. The elevation gain in their middle part, already
visible in Figure 6b, is observed here but is of lower magnitude (3 to 6 m) and of smaller extent. More isolated
but significant elevation changes, which were completely absent during the cooler period, are found across
the hillslope. These changes relate mostly to gully erosion on terminal moraines, shallow excavation of debris
flow channels, slight signs of activity at rock glacier fronts, or rockslide activity.

4.3. Rates of Surface Change

Figure 8 shows average volumetric rates of surface change (in m3 m=2 yr~") for cooling/stable (blue symbols)
and warming periods (red symbols) for every landform on the mountainside. This helps to better identify the
dominant pattern for every landform type and link each to the effects of climate forcing. First, rates of change
for parts of the landscape associated with glacial processes (i.e., glacier, debris-covered glaciers, moraine
deposits) are logically greater than for other landforms, a fact already visible in the DoD (Figures 6b and 7).
Glacial landforms have the greatest rates of gain during colder periods, while their rates of loss under warm-
ing are the greatest changes observed. Second, some landforms have enhanced activity during the warming
period. Examples are rock glaciers, talus slopes, and rockslides. For these landforms, both rates of gain and
loss during warming are greater than changes in the cooler period. Third, for many landforms, rates of gain are
greater than losses in the climatically cooler and stable period. Afterward the opposite is observed, with rates
of loss becoming considerably larger than rates of gain during the warming that started in the mid-1980s.
The clearest examples are talus slopes, rockslides, alluvial fans, moraines, and rock glaciers. Finally, average
rates of loss per year during the warming period are comparable to rates of gain during the cooling stage
for debris-covered glaciers (0.33 and 0.31 m3 m=2 yr~', respectively) but differ for bare ice glaciers (0.46 and
0.21 m3> m=2 yr~'). Debris-cover glaciers also have higher rates of volumetric gain during warming than loss
during cooling, but this appears to be mostly a product of mass displacement rather than cryogenesis or
sediment supply.

4.4. Surface Displacements and Deformations

Figure 9 shows the norms of displacement vectors (horizontal vectors corrected for slope) normalized by num-
ber of years for four distinct image pairs. It should be noted how some very active areas such as glaciers and
debris-covered glaciers are not highlighted despite being the areas where most consistent movements are
expected. This is for two reasons: first, vertical changes in these areas are very high (see Figures 6b and 7), and
thus surface changes are so great that the resulting decorrelation prevents the detection of movement using
image correlation analysis. Second, these areas are also likely to feature less ideal contrast because of their
snow or ice cover. This is particularly true for the 1977 imagery as the mountainside is partially snow-covered
in its upper part.

The surface displacements mapped between 1967 and 1977 (Figure 9a) highlight areas where significant
elevation changes were not identified by the DoD (see Figure 7a). Rock glacier activity is evident with move-
ments of up to 0.6 m/yr for the Tsarmine and La Roussette rock glaciers (B and | in Figures 1 and 6b) but
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Figure 9. Norm of displacement vectors per year for (a) 1967-1977, (b) 1977-1983, (c) 1988-1999, and (d) 1999-2005
(no data: displacement information not available, orthophoto: Swisstopo 2005).

absent or less well defined for others. The large Perroc rockslide (C in Figures 1 and 6b) also features localized
displacements that can reach 0.3-0.4 m/yr. Even though only the lower parts of the glacial and proglacial sys-
tems were visible, probable ice-related movements can be identified. In particular, velocities up to 1.75 m/yr
are identified in Tsarmine (A in Figures 1 and 6b). From the period 1977 to 1983 (Figure 9b), the snow cover
of the 1977 images, along with the low quality of those of 1983, lead to large data gaps (especially in the
northern part of the image) with many scattered, noisy displacements. Nonetheless, creep of the Tsarmine
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Figure 10. Differences of the norm of displacement vectors between 1967-1977 and 1999-2005: positive values
indicate acceleration (orthophoto: Swisstopo 2005).

and La Roussette rock glaciers could be identified with a slight acceleration. The large rockslide mentioned
earlier appears more active than the previous epoch.

An enhancement of periglacial activity seems to occur between 1988 and 1999 (Figure 9c¢). The Tsarmine rock
glacier experienced an acceleration with velocities of up to 0.75-1 m/yrin its upper part and up to 2 m/yr near
its front. La Roussette rock glacier also experienced a slight acceleration and has velocities of ~0.5-0.75 m/yr.
Displacements on other rock glaciers are also increased and hence now visible. The rock glacier located
between the Perroc talus slope and the Genevois basins, west of Dent de Perroc (upper part of the rock
glacier called Lé Blava, E in Figures 1 and 6b), which appeared stable in terms of elevation changes, reached
velocities of ~0.4 m/yr. Movements on the large rockslide are not considerably enhanced with respect to the
colder period.

The analysis of displacements between 1999 and 2005 (Figure 9d) provides more complete results. Generally,
greater displacement velocities than previous epochs are evident. The Tsarmine and La Roussette rock glaciers
(B and I in Figures 1 and 6b) have increased velocities, up to more than 2 and 1.2 m/yr, respectively, while
the rock glacier between Perroc and Genevois reached a velocity of more than 0.7 m/yr at its front. The large
Perroc rockslide (C in Figures 1 and 6b) has a more homogeneous displacement. Its velocity is of the order
of ~0.25-0.3 and 0.4 m/yr in its upper and lower parts, respectively. In the lower part, a detachment niche is
well identified; it delimits a zone characterized by slightly faster displacements. Movements of debris-covered
glacier systems are better highlighted and have high displacement velocities that can reach more than
2.5 m/yr in the middle part of these systems. In Tsarmine (A in Figures 1 and 6b), the velocities of the push
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Figure 11. (a) Detail of displacement velocities for the Tsarmine and the La Roussette rock glaciers (orthophoto: Swisstopo 2005). (b) Boxplots of rock glacier
surface velocities (Note the different scale of the vertical axes).

moraine and of the marginal rock glacier are much slower (below 1 m/yr). The same is true for the dead ice in
the lower part of La Tsa proglacial forefield (H in Figures 1 and 6b).

Differencing the norm of the displacement vectors between cold and warm period, represented here by
1967-1977 and 1999-2005 pairs, highlights changes in velocities (Figure 10) that are measures of land sur-
face acceleration/deceleration. There is discernible acceleration of the Tsarmine rock glacier (B in Figures 1
and 6b), where the increase in horizontal velocities reaches 1.5 m/yr (200 to 350% of velocity enhancement).
This trend is also important for other rock glaciers; despite incomplete information, the Roussette rock glacier
body (lin Figures 1 and 6b) does not seem to have experienced velocities above 0.8 m/yr (acceleration of 50%),
yet in its lower part local peaks with more than a 300% increase in velocity can be observed. The west Perroc
reactivation is reflected in a velocity increase of 0.8 m/yr. The same is true for the rock glacier at the mar-
gin of the Tsarmine glacier (A in Figures 1 and 6b), which reactivated and experienced a velocity increase of
0.3-0.4 m/yr. The Perroc rockslide (C in Figures 1 and 6b) is very active and experienced velocity increases
of the order of 0.2-0.3 m/yr. Between 1999 and 2005, higher displacement velocities were also observed on
debris-covered glacier surfaces, where for the identifiable velocity increases can reach 1.5 m/yr (acceleration
of 100%). In the lower part of these systems, increments in velocities are limited to 0.2-0.4 m/yr. Decelera-
tions are identified only very locally. The most evident clusters are concentrated on the moraine bastions of
Tsarmine and La Tsa glaciers. These decreases in mass movement speed seem more related to single events
of gullying or gravitational sliding that occurred during the 1960s and 1970s than a continual process.

Figure 11 shows a more detailed view of displacement velocities for the Tsarmine and La Roussette rock
glaciers (a) and boxplots of velocities for the three most active rock glaciers in the study area (b). As visi-
ble in previous images, these show different velocities under the influence of local conditions. Nonetheless,
their median displacements were very similar between 1967 and 1977: 0.23, 0.30, and 0.31 m/yr for the lobe
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above Lé Blava, La Roussette, and Tsarmine rock glacier, respectively (B, above E and | in Figures 1 and 6b).
Afterward, despite large velocity differences, the Tsarmine rock glacier and the rock glacier lobe above Lé
Blava have a clear increase in their velocities through time (Figure 11b). Median movements for these rock
glaciers between 1999 and 2005 are 1.34 and 0.5 m/yr, respectively, corresponding to accelerations of 432%
and 217% with respect to the first, cooler period. Acceleration of the La Roussette rock glacier is less evident in
the velocity data illustrated in Figure 11b, despite it being visible clearly in Figure 10. Nevertheless, an increas-
ing trend is still visible and certified by the doubling of median displacement velocities (from 0.3 to 0.6 m/yr)
and by the faster outliers occurring between 1967 and 2005.

5. Discussion and Interpretation

The analysis of elevation changes between 1967 and 2012 (Figure 6b) highlights a general stability of this
steep hillslope, and this despite the presence of unconsolidated materials. Nonetheless, warming periods
seem to be associated with some detectable increases in both downwasting and surface displacement, some-
thing that has been observed in studies of similar environments [Huggel et al., 2010, 2012; Beylich et al., 2002;
Fischer et al., 2012]. The most dynamic periods are associated with either or both higher rainfall and snowfall
or greater temperatures. The greatest rates of change are spatially delimited and concern mostly glacial and
periglacial landforms.

5.1. Glacial Systems

Surface change during the relatively cold period (1967 -1983, Figure 7a) shows several meters of elevation
gains in the upper parts of glacial zones. This growth in the accumulation area is most likely to be cryogenic.
The period 1967-1983 effectively featured favorable climatic conditions for glacial advance. Low tempera-
tures and abundant precipitation and snow cover, from the mid-1970s, possibly translated into larger amounts
of unmelted snow at the end of the warm seasons (Figure 5b) and hence in glacier growth. Conversely,
high-magnitude downwasting occurred in the same areas during the warming period that begins in the 1980s
(Figure 7b). This period is characterized by a rapid temperature rise (Figure 3) and reduced precipitation and
lower snow cover (Figure 5a). The changes identified demonstrate distinct response to warm and cold peri-
ods and to changes in precipitation, an observation confirmed also by volumetric trends (Figure 8) especially,
but not exclusively, for glaciers and debris-covered glaciers.

The 1967-2012 DoD highlights a dominance of the warming climate conditions compared to the cooler
period in the form of the extensive loss of ice volume. This is caused by the longer duration of the warming
period, but for the bare ice parts of glaciers it is also a consequence of the difference in average volumet-
ric changes between gain during cooling and loss during warming (0.21 and 0.46 m3 m=2 yr~', respectively,
Figure 8). For debris-covered glaciers, these rates are almost the same (0.31 and 0.33 m® m~2 yr™'), a fact that
can be attributed to the low thermal conductivity of debris covers [Takeuchi et al., 2000; Lambrecht et al., 2011]
and to an underestimation of the melting rate during the warming period caused by the effect of ice flux from
the accumulation area. Nevertheless, debris-covered glaciers also shrink considerably (see Figure 6b), and so
the periods 1967 to 1983 and 1983 to 2012 represent climatic conditions either side of a critical threshold
(or equilibrium state [Phillips, 2009]) for the altitude and aspect of this mountainside. The continuous glacier
shrinkage from 1983 to 2012 occurred despite snow cover that was greater than the 1960s. This slight increase
was not sufficient to compensate the temperature rise in these systems. Increases in elevation observed by
debris-covered glaciers despite this warming are believed to be caused by the complicating effect of ice flux
from the accumulation area rather than a changing pattern in the climate forcing reaction.

The case of Tsarmine (A in Figures 1 and 6b) is particularly interesting because of its heterogeneity and com-
plexity [Lambiel et al., 2004]. In the geomorphological map (Figure 6a) the following land surface types are
identifiable: bare ice glacier, debris-covered glacier, push moraine, rock glacier, and moraine crests or deposits.
Bare ice glaciers experienced cryogenesis (formation of ice from unmelted snow at the end of the warm
season) during the 1960s and 1970s and ice ablation afterward, starting from the mid-1980s. Even though
surface velocities could not be derived for this area, it could be hypothesized that ice flow is relevant and
sufficient to supply ice to the middle part of the system. Effectively, the debris-covered glacial part of the sys-
tem suggests that it is supplied by ice and sediment produced by rockwalls that are sufficient to counter ice
melt. The debris-covered glacier has a high surface velocity (up to 2.5 m/yr). Distinctions between stable and
warming periods can also be made: while both periods feature a flux, there is a surface increase between
the two periods (Figure 10), of up to 1.5 m/yr. The push moraine and rock glacier are distinguished in the
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geomorphological map, but this ice-debris mixture area has homogeneous patterns. Significant vertical
changes are only visible at long timescales, and rates of downwasting are among the lowest of the Tsarmine
system. Substantial surface displacements could not be detected during the cold period, while velocities of
0.3-0.4 m/yr were estimated during the warming period. These velocities are close to those estimated by
Kneisel and Kddib [2007] between the 1980s and the mid-1990s (thus the first part of the warming period) for a
similar context also in the Swiss Alps. Accordingly, this area seems to accelerate its creep under the influence
of warmer conditions. Finally, moraine deposits appear relatively stable from a displacement point of view. In
summary, the Tsarmine area is a very active system featuring a coexistence of glacial and periglacial dynamics
(i.e., push moraine and rock glacier) but with constant glacial recession over the last three decades.

5.2. Rock Glaciers

The rates of activity that are visible in the DoDs also can vary within classes of landscape elements. As men-
tioned in the previous section this is the case for rock glaciers. Only the Tsarmine and La Roussette rock glaciers
(Bandlin Figure 1) have identifiable elevation changes between 1967 and 2012 (Figure 6b). These rock glaciers
appear to be among the most active parts of the hillslope, and a possible explanation would be a combination
of local topographic and subsurface ice conditions [Lambiel et al., 2004; Barboux et al., 2014]. Detectable ele-
vation changes during the last decades (Figure 6b) are not homogeneous and of the order of 0.1 m of vertical
change per year as observed by Kdcdb [2002] for a rock glacier in the eastern Swiss Alps. Despite the relatively
small magnitude of vertical changes in the DoDs (Figure 6b), volume estimations highlight an enhanced activ-
ity from the 1960s to present. Both yearly rates of gain and loss during the warming period are higher than
the values estimated for the cooling period (Figure 8), indicating a clear reaction to a warmer climate.

More interestingly, evaluation of surface displacement shows an acceleration of rock glaciers from 1967
onward. Speedup between the periods 1967-1977 and 1977-1983 may be linked with enhanced precipita-
tion and the greater snow cover (Figures 4 and 5) that could have caused water infiltration and accelerated
creep [Ikeda et al., 2008]. In addition, snow conditions exert a dominant role on ground temperatures by insu-
lating the ground surfaces from the atmosphere during winter [Keller and Gubler, 1993]. Early winter snow
falls, coupled with a thick snow cover and late melt, may provoke an increase of mean annual ground surface
temperature and rock glacier acceleration [Delaloye et al., 2010; PERMOS, 2013]. The high snow depths of the
period 1977 -1985 may thus have been responsible for the observed increases in rock glacier velocities. Veloc-
ities increased even further after the transition into the warming period. The Tsarmine rock glacier velocities
increased from 0.3 to more than 2 m/yr. The very high velocities of recent decades have also been confirmed
by differential GPS (dGPS) measurements [Delaloye et al., 2008; PERMOS, 2013] and InSAR data [Lambiel et al.,
2008; Barboux et al., 2014]. The trend is the same for La Roussette, where velocities of 0.2-0.5 m/yr (compa-
rable with other studies in Switzerland [Kddb, 2002; Delaloye et al., 2008]) increased to 1.2 m/yr during the
warming period.

The velocities of rock glaciers that were otherwise unchanged in terms of detectable elevation changes could
also be observed, as for the small rock glacier located above Lé Blava (E in Figure 1), between the Perroc
talus slope and the Genevois basins. Its activity is much reduced in respect to the previous examples, and it
appeared to be inactive between 1967 and 1977. Despite temperatures still being low, modest displacement
is identified at its front between 1977 and 1983, probably due to the input of water caused by enhanced pre-
cipitations and melting snow. It experienced a complete reactivation during the warming period with surface
velocities up to more than 0.8 m/yr. Another rock glacier located only 500 m west from it is not experienc-
ing the same reactivation. Hence, local conditions appear to exert an important impact upon rock glacier
response to cooling and warming [Kirkbride and Brazier, 1995]. However, some rock glaciers did accelerate first
under the influence of important water inputs toward the end of the cooler and stable period (1977-1983)
and then (1988 onward) under the influence of temperature rise (see Figure 11). This supports the hypothe-
sis of a strong influence of climate forcing upon rock glacier velocities [e.g., Kellerer-Pirklbauer and Kaufmann,
2012], which has also been demonstrated in other studies [Roer et al., 2005, 2008; Kb et al., 2007; Delaloye
etal.,, 2010].

5.3. Gravity-Driven and Fluvial Processes

Activity associated with gravity-driven and fluvial landforms in the DoDs is less clear than for glacial and
periglacial landforms, because of the smaller magnitude of elevation changes in these areas. With the
available resolution of the data and the consequent limits of detection, the activity of some small-scale geo-
morphic processes cannot be measured. Clear examples are rockfall activity (impossible to observe because
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of the steepness of rockwalls) and debris flows of small to moderate magnitude. This leads to an underestima-
tion of possible sediment fluxes in the system and, unfortunately, a limit of the use of the archival imagery in
this study. Nevertheless, despite leaving weaker signals in the DoDs than ice-related landforms, the analysis
of gravitational processes still shows changing patterns through time. In Figure 8, the rates of change during
the warming period appear generally greater than in the cold period. This is clearly the case for rockslides,
where both rates of aggradation and degradation appear to be considerably higher than in the cooler period.
Given the location of large rockslides above the lower permafrost limit, a speculative explanation could be
related to the presence of permafrost. This hypothesis requires in situ measurements to be confirmed, which
are not available at present. The only case of surface displacement change between the 1960s and the 2000s
is in terms of the large Perroc rockslide (C), where accelerations of between 0.2 and 0.5 m/yr are observed
[Figure 10, also detected using INSAR data by Delaloye et al., 20071. The rockslide started accelerating in the
cold period, probably due to enhanced rainfall and snowmelt input enhancement at the end of the 1970s.
Despite less clear signals, it appears that even non-ice-related landforms might respond to climate forcing and
accelerate under wetter and warmer climatic conditions, a consideration supported by similar studies [Huggel
etal., 2010, 2012; Bennett et al., 2013].

5.4. Impacts on Sediment Flux at Landscape Scale

Some landforms are found to be sensitive to warming or snow cover and rainfall increases and may lead to
locally high sediment flux. Nevertheless, there is evidence in our analysis to suggest that the effects of past
climatic conditions upon the landscape has left a heritage in the system that can play a key role in discon-
necting zones of high rates of change from the valley bottom. The role of hillslope coupling within the fluvial
and torrential systems commonly responsible for sediment transmission downstream has been widely inves-
tigated. Various studies [e.g., Heckmann and Schwanghard, 2013; Harvey, 2002] have demonstrated that in
most cases only a small percentage of the hillslope is coupled to the channel network because of natural or
anthropogenic barriers, leading to abundant hillslope sediment storage. In such cases, the effects of changes
in erosion and deposition may be spatially restricted [Harvey, 2001]. Figure 12 illustrates the northern part
of the study area, where examples of different connectivity settings are found. The Tsarmine glacial system
(Figure 12, site 1—A in Figure 1), which is showing considerable surface change both vertically and horizon-
tally (see Figures 6b and 9) and likely being supplied by sediments from the rockwalls located above it, is in
a disconnected setting. Effectively, the depression behind the LIA moraine crest prevents sediment transfer
down the mountainside despite the large availability of unconsolidated material in the site. Sediment trans-
fer may occur from gully erosion on the moraine bastion, as testified by the presence of debris flow channels.
However, recent sediment delivery to the valley bottom is not observed, and associated alluvial fan dynamics
are very limited or even absent (Figure 12, AF1). This type of disconnection, associated with high sediment
availability, is also found for the La Tsa glacier system.

The second state observed is intermediate storage as in the case of the Tsarmine rock glacier (Figure 12,
site 2—B in Figures 1 and 6b). Rock glaciers act as sediment buffers on the hillslope. The role of permafrost is
essential in this regard, as ground ice is able to prevent or block the mobilization of unconsolidated sediment.
Rock glacier acceleration under warming or wetter climatic conditions could translate into shorter interme-
diate storage of material. Effectively, the increased velocities of the Tsarmine rock glacier should eventually
translate into more sediment delivery to the channel downslope. However, the large boulders delivered to
the front of the rock glacier are deposited into a narrow channel with relatively limited water supply and so
transport capacity. Extensive boulder deposits are found in the channel, but they do not propagate to the val-
ley bottom. As a result, the alluvial fan below does not receive the sediment supply that is expected given the
velocity of the rock glacier (Figure 12, AF2). Despite evidence of enhancement of sediment production at the
rock glacier front, it can be hypothesized that delivery at the valley bottom may not be strongly affected by
climate forcing at the timescales considered. The condition of the La Roussette rock glacier is different: here
the disconnection is caused by the fact that its front does not deliver sediments to a channel. It acts as a sedi-
ment sink for the wide mountainside topography to its south and effectively insulates any possible upstream
increase in sediment flux from propagation through to a channelized system and hence the valley bottom.

Finally, the Perroc talus slope (Figure 12, site 3—D in Figures 1 and 6b) appears to be characterized by a
good, efficient connection. Effectively, the intermediate storage here is the talus slope itself, in a very steep
condition that facilitates sediment mobilization by debris flows starting in the overhanging rock couloirs. As
a consequence, sediments from rockwalls, the talus slope, and even landslides at the edges of the Perroc
rockslide are easily transferred through the channel, aided by a linear, steep, and buffer-free connection.
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Figure 12. Different connectivity settings in the northern part of the mountainside: disconnection of the Tsarmine glacial system (1), intermediate storage and
buffering of the Tsarmine rock glacier (2), and established connectivity of the Perroc talus slope (3). In the lower part it is possible to observe the contrasting
conditions of alluvial fans caused by different sediment connectivity.

Thus, the largest and apparently most active alluvial fan (Satarma, Figure 12, AF3) is associated with the
best sediment connectivity and not with large surface changes upslope or the largest sediment availabil-
ity. Thus, connectivity plays a key role in climatically driven sediment dynamics, an observation that finds
support in other contributions [Shroder et al., 2000; Harvey, 2001; Reynard et al., 2012; Bosson et al., 2014]. In
another Swiss case study, Miiller et al. [2014] noted that the actual mobilized material at the top of the sed-
iment cascade is much higher than the input in the subsystems throughout the hillslope. Geilhausen et al.
[2013] observed that while climate change and enhanced glacier retreat led to an increase in sediment dis-
charge from proglacial zones, downstream sediment fluxes were considerably reduced by the development of
proglacial lakes. Accordingly, intermediate storage of loose material exerts a critical control on climate forcing
signals in alpine systems [Matsuoka, 2008]. This leads to the counterintuitive observation that while land-
scape response to climatic warming and enhancement in precipitation and snow cover implies a net increase
in sediment flux toward the valley bottom, this is not necessarily manifest in the valley bottom itself (e.g., in
evident increase in alluvial fan dynamics) because this flux is commonly disconnected for the most reactive
parts of the landscape. This is particularly true for small glacier systems, where the rate of paraglacial activity
is high but glacier erosion and the geometry of past deposits prevent sediment flux downstream [e.g., Brazier
et al., 1998; Shroder et al., 2000; Benn et al., 2012; Bosson et al., 2014]. As Ballantyne [2002] argues, paraglacial
system sediment release may be delayed to centuries or even millennia after the beginning of deglaciation.
Reflecting wider observations of hillslope buffering of catchment response to external forcing [e.g., Forzoni
etal., 2014], it questions the extent to which decadal-scale, perhaps even centennial-scale, climate forcing can
be quantified in valley bottom (e.g., lake) deposits in mountain environments.

6. Conclusion

By unlocking the information held in archival aerial imagery, this contribution has been able to associate
changes in climate forcing to modifications of alpine geomorphic processes and rates. This was manifest
as a distinct landscape response to warm and cold periods and to changes in rates of precipitation and
snow cover. From the end of the 1960s to the beginning of the 1980s, despite temperatures still being
warmer than during the Little Ice Age, glaciers were able to grow substantially at rates of ~0.3 m3 m=2 yr~',
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while widespread stability was observed for other landforms. The reaction to the rapid warming that fol-
lowed was fast and seemed to pass a threshold, with a continuous glacial shrinkage observed from the
mid-1980s. Estimated melt rates for bare ice glaciers are higher than for their debris-covered parts (0.46 versus
0.33m3 m~2 yr "), because of the insulating role of debris [Takeuchi et al., 2000; Lambrecht et al., 2011] and the
effect of ice flux from the accumulation zones to the debris-covered parts of the systems. Precipitation and
snow cover considerably increased from the mid-1970s and, despite stable and low temperatures, were asso-
ciated with a general acceleration of surface displacements for different landforms, especially rock glaciers.
Moreover, the continuation and accentuation of temperature rise translated into an augmentation of these
displacement velocities. Active rock glaciers experienced velocity increases from 0.2-0.3 m/yr to more than
1 m/yrduring the period of study, with peaks as high as 2 m/yr. A reactivation of an inactive rock glacier has also
been observed. Non-ice-related landforms also appear to accelerate their displacements under wetter and
warmer climatic conditions; the most evident examples are velocity increases of between 0.2 and 0.5 m/yr for
a rockslide. Despite some landforms being able to generate an enhanced sediment flux locally, propagation
throughout the hillslope is not a direct consequence because of disconnection. Hence, the consequences of
climate forcing for sediment dynamics remain highly location specific and sediment delivery under warming
and wetter climatic conditions appears to be more dependent on sediment connectivity than on the land-
form processes themselves. Accordingly, assessing climatic forcing upon sediment transfer rates using valley
bottom deposits might be misleading and requires particular care.

Future investigations are necessary to better understand the climate forcing signals observed in this alpine
setting. First, surface changes and displacements need to be coupled with additional climatic indicators
including the frequency of freeze-thaw cycles, intensity of rainfall events, and data on the magnitude of
diurnal temperature amplitudes to strengthen the causal link between climate forcing and geomorphic
response. Second, a deeper knowledge of permafrost distribution in the area would be beneficial to explain
the observed landform behavior at the decadal scale in response to changing climatic conditions. This could
be achieved by in situ measurements or modeling approaches. Finally, sediment production rates in the rock-
walls represent a key indicator for this type of analysis that could not be derived here and need to be obtained
with different approaches.
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