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Changes in surface velocities over four decades on the
Laurichard rock glacier (French Alps)

Emmanuel Thibert? | Xavier Bodin?

LUniversité Grenoble Alpes, INRAE, UR ETGR,
Saint-Martin-d’Heres, France Abstract

2Université Savoie Mont-Blanc, CNRS, The longest time series of surface velocities recorded on a rock glacier in the French
EDYTEM, Chambéry, Fi . .
Skl Alps, covering more than three decades, has been recorded since 1983 on the
Correspondence Laurichard rock glacier (Ecrins range). The time signal of velocity changes is extracted
Emmanuel Thibert, Université Grenoble Alpes,
Irstea, UR ETGR, 2 rue de la Papeterie-BP
76, F-38402 Saint-Martin-d’Heéres, France. face to provide an average-wide time signal. We show that changes in velocity from
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from variance analyses separating time and space variabilities on the rock glacier sur-

year to year are virtually uniform at all locations with homogeneous accelerations or

Funding information decelerations on the scale of the rock glacier as a whole. The spatial structure of veloc-
All'Envi; CryobsClim; Parc National des Ecrins;

PermaFrance; OSUG ity was found to be nearly at steady state over 35 years. Nonlinear effects are located

in low-velocity areas such as the rock glacier margins where accelerations/
decelerations tend to be proportional to the local velocity. Over the period of record, a
long-term trend in rock glacier acceleration was detected with a rate of +0.2 m/yr per
decade. Two main phases of acceleration were identified from the mid-1980s to 1999
and from 2010 to 2015. In between, those two periods were interrupted by a 10-year
period of almost steady-state velocities with an abrupt deceleration from 2006 to
2009 of —0.35 m/yr. The process of internal increases in ice temperatures alone (and
associated changes in creep rates) would seem insufficient to explain the long-term rise
of surface velocities and their annual variations. Changes in the liquid water are a pos-
sible contributing factor, due to the injection of seasonal water caused by melting snow
cover or internal melt due to heat generated by enhanced ice creep and friction in the

ice/debris mixture.
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1 | INTRODUCTION short-term fluctuations when water is involved in the dynamics.®*

Since the 1980-90s, time series of Alpine rock glacier surface veloci-

Rock glaciers are creeping mixtures of ice and debris that exist mainly ties have reported synchronous accelerations®™ and even structural
in areas of discontinuous permafrost in relatively dry mountains.! The disintegration or destabilization.®10-13
thermal inertia of permafrost and the mechanical properties of rock Changes in creep velocities have been empirically linked to cli-
glaciers lead them to react to long-term climatic trends,? but also to mate drivers/derivatives such as air or ground temperature,2*"1? snow
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142021y Cooling and slowing

cover/melt, and liquid precipitation (e.g.,
down during the early winter months under slight snow-cover condi-
tions has also been noted.??

Nevertheless, inferring climate drivers involved in surface-velocity
changes is not an easy task. Year-to-year changes in velocities are not
always easily explained. Direct correlations with weather variables are
poor, 2324 possibly due to time lags between triggers and responses,?®
and statistical links may be essentially driven by the inherent long-
term trends of the time series.

Linking surface kinematics of rock glaciers to climate drivers
requires maintaining an in situ network of markers and their geodetic
survey over decades or operating with remote sensing techniques
(e.g.,24721). The necessary long series on velocity are scarce. The old-
est time series worldwide has been recorded at the AuRere Hoche-
benkar rock glacier in Austria since 1938.232432 For the European
Alps, only five series of annual surface-velocity in situ measurements
extend over more than 20 years. They represent a small sample (14%)
among the 34 rock glaciers monitored for surface velocity.” Long
series are often affected by missing values, which can be missing
point-measurements in some years or missing years (i.e., at every loca-
tion). Under such conditions, retrieving an annual average velocity
time signal free from measurement biases is difficult. An interesting
option is the analysis of variance (ANOVA) that separates the overall
annual variation from the spatial variability of velocity on the surface
of rock glaciers (e.g.,>>%%). With this approach, missing values can be
reconstructed using information from other measurements on the
rock glacier surface without any external assumptions, simply from
the correlation structure of the data.

In the French Alps, the longest monitoring activities (since
1979) on a rock glacier concern the Laurichard glacier.3® They are
the second longest in Europe, after AuBere Hochebenkar in
Austria. 232432 Here, we propose to analyze this long time series of
surface velocities using ANOVA. The goal is to retrieve a rock
glacier-wide velocity time signal which accounts for missing values.
Section 2 presents details of the site and of the main previous stud-
ies. Velocity data and their treatment via ANOVA are presented in
Section 3. The reconstructed time signal of velocity changes is pre-
sented in Section 4. Section 5 discusses the results of variance anal-
ysis and analyzes internal processes that might drive velocity

changes.

2 | STUDYSITE

The Combe de Laurichard is a well-investigated watershed largely
covered with discontinuous (50-90% of the landscape) mountain
permafrost, located in the southern French Alps (45.01°N, 6.37°E;
Figure 1). The main active rock glacier, initially named RGL1,%®
extends from 2,650 m a.s.l. at the rooting zone to 2,450 m as.l. at
the toe. It is 490 m long, between 80 and 200 m wide, and has an
apparent thickness of 15-25 m based on ground-penetrating radar
investigations.>® The apparent thickness is consistent with the
heights of the lateral and frontal margins. It displays morphological
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FIGURE 1 (a) Laurichard rock glacier on the north slope of
Combeynot, Combe de Laurichard, Ecrins range, southern French Alps
(45.01°N, 6.37°E). (b) Location of surface-velocity measurement
points (average location of painted rocks over 28 years) along the
longitudinal profile of Laurichard rock glacier, the topographic station,
and control points [Colour figure can be viewed at wileyonlinelibrary.
com]

features typical of an active landform such as the presence of trans-
verse ridges and furrows, as well as steep and unstable lateral and

frontal talus.
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According to field observations and geophysical data, 4%’ the
internal structure can be divided into three main sections:

o the upper third in which a high proportion of ice, with massive bulk
ice that has been detected (apparent resistivity value >2 x 10° Q.m)
and observed (within a temporary vertical section, similar to a rimaye,
formed in summer 2003), and a probable thickness of the rock glacier
of 20-25 m, including an active layer thickness of 1-3 m;

o the median third, in the steepest part of the rock glacier, is visually
thinner (around 15 m) and probably contains a lower proportion of
ice. The upslope of the massive ice body is stretched by the creep-
ing mass and the ice is probably more heterogeneous in terms of
proportion, structure, and thermo-hydric state;

e the tongue (lower third) of the rock glacier has a probable thickness
of 20-25 m, a low proportion of ice, and a heterogeneous spatial
distribution. The low resistivity values suggest temperate ground

ice with possible liquid water.

Due to its location in the internal Alps, this area experiences rather
dry and cold climatic conditions on a north-facing mountainside in a
transitional climate zone between the northern French Alps, charac-
terized by a weak oceanic regime, and the southern French Alps, gen-
erally subject to Mediterranean influences. From SAFRAN weather
data re-analyses,®® the mean zero-isotherm altitude (ZIA) in the
Laurichard area is estimated to be around 2,450 m a.s.l. (1981-2010
reference period), i.e., the elevation of the bottom of the rock glacier.
Mean annual precipitation is ~1,150 mm at this elevation and the
mean duration of snow cover is ~220 days per year.2%3?

The rooting zone of the rock glacier is supplied by debris originat-
ing from a highly fractured 600-m-high, granitic rock face. This gravi-
tational activity feeds the rock glacier with relatively large boulders
(typically 0.1-1 m in size) at high debris-production rates (0.2-0.3 m/
century®). The couloirs that cut the rock face also channel snow ava-
lanches and contribute to accumulating 1-2-m-thick long-lasting
snow patches at the foot of the rock face. As a result, a multilayer
structure is often found there, with layers of debris alternating with

snow and refrozen ice from melting snow.

3 | MATERIALS AND METHODS

3.1 | Block positions and velocities

Surface velocities have been monitored since 1983 and are derived
from annual displacements of painted blocks.®® In this study, we used
the initial and oldest longitudinal (L) profile of 13 blocks set up in
1983, which provides the longest time series of velocities (L1-L13;
Figure 124%7). Block positions were first measured with theodolites
(e.g., Kern DKM1; Wild T1 with additional laser distance meter) from
reference stations previously surveyed on control baselines. From the
1990s to 2013, total stations (Sokkia set 3C, Leica TS02) were then
used from the main reference station at the bottom of the longitudinal

profile (Figure 1). Coordinates were measured in a local system using

control (orientation) points. Since 2012, positioning has been achieved
using a geodetic differential GNSS (L1 & L2 frequencies; GPS and
GLONASS constellations, LeicaGeosystems GS10 receiver) with a ref-
erence receiver set at the main station (reference-to-rover baseline
between 50 and 420 m). A transversal profile (O) was set up in 2008
(Figure 1). Velocities along this profile are used here for validation in
the variance analysis of section 4.4. Former transverse profiles (A-F)
initiated in 1979 and 1983%° are also displayed in Figure 1.

Errors in theodolite and GNSS measurements were calculated
each year from control points located on nonmoving blocks outside
the rock glacier. The margin of error in annual displacements is
+0.04-0.06 m, which is acceptable considering observed annual dis-
placements on the rock glacier surface from 0.2 to 2 m. To avoid
biases and ensure continuity in the data series, rock displacements
were monitored by the two techniques (theodolite versus GNSS) in
2012 and 2013. The consistency is acceptable with discrepancies of
+0.09 m between the two surveys (Appendix). The former local coor-
dinate reference system was changed to a global one with the GPS
survey and we chose the Lambert conic conformal projection (zone ll)
to minimize distortion in distance to less than 7 cm/km in the trans-
formation of the coordinates. Regarding error estimations, velocity is
a displacement per year which results from the difference in two posi-
tion measurements, and its error is thus given by the quadratic sum of
the annual error in positioning (maximum of 0.06 m). This equals
(0.06)2 + (0.06)? which gives 0.085, rounded up to 0.1 m/yr, assuming
uncorrelated errors from year to year.*!

From 1983 to 2000, displacements were measured along the
local y-axis only (close to the steepest slope line; the white dashed line
in Figure 1b), which is the direction of the longitudinal profile shown
in Figure 1. The perpendicular component to the main flow line was
not recorded. As determined from the 2000s and later measurements
along both axes, this does not affect velocity estimations because
96% of the displacement is along the longitudinal profile. Moreover,
for the year-to-year velocity changes analyzed in the present study,
this lack of the x-axis component has a negligible effect given that
changes are captured by the two components identically. Elevations
were also measured so that horizontal displacement changes could be
discriminated from vertical changes due to the slope. To calculate
annual velocities from displacements, we accounted for variable sur-
vey dates from year to year. Annual velocities were then first calcu-
lated from displacements between survey dates and later rescaled to
annual steps. Leap years have been taken into account. The same
rocks have been used on this longitudinal profile throughout the
record. No rock renewal was undertaken and this Lagrangian frame of
observation must be taken into account in analyzing the spatial struc-
ture of the velocity in the Eulerian frame (see section 3.2). Note that
block positions are associated with a date of measurement, while
velocities refer to a period of displacement within a year or a multiple
year time period. Using the average of two subsequent measurement
years, we chose the integer portion of this average to conventionally
identify the period for velocity (see “missing years” below). The com-
plete data set of horizontal velocity values for each of the painted
rocks is provided in Table Al of the Appendices.



* | WILEY

THIBERT ano BODIN

1(a)
2560 —

2520 —

2480 —

i L13 #ﬁm
2440 —|

Elevation, z (m)

FIGURE 2 (a) Elevations of painted rocks along
- the longitudinal profile over the four decades of the
r record (raw data). Black crosses plot the average
positions of each rock and the round markers their
annual positions along the flow. (b) Annual velocities
+ of block versus positions along the longitudinal
- profile as recorded from 1984 to 2020. The average

- (b)
20 — ¢+ 1984
—+— 1985
1 e 1986
—— 1988
—— 1990
N 1993
1996
—&— 1998
—e— 2000
—e— 2001
2002
2003
—e— 2004
—e— 2005
2006
—e— 2007
—e— 2008
—e— 2009
—=— 2010
- —= 2011
2012
2013
—=— 2014
—m— 2015
—u— 2016
—=— 2017
—=— 2018
- —= 2019
—¥— 2020

L5
downhill

Velocity, v(x,t) (m/yr)

05

—&— average v(x)

P4 1980's

0.0 —

—A 1990s  -@- 2000s -l 2010's W 2020's

- velocity profile is the mean velocity of each block
plotted as a function of the average block position
- over the record (black markers). The black curve is

r the interpolated profile of velocity, v(x), used to
correct the velocity due block displacements. The
same markers are used per decade (in gray at the
bottom), and same colors are used for unit
numeration of years within decades. Circles denote
data for which measurement errors in position are
suspected due to large discrepancies in the overall
variance (outliers due to block sliding, tilting or gross
measurement error) [Colour figure can be viewed at
wileyonlinelibrary.com]

uphill

I\l![[Illl\\l\llllll]\lllllll\lll

100 150 200 250 300

Distance along the longitudinal profile, x (m)

Over the three decades of the record, some velocity data are
inevitably missing in the series and two types of deficiency must be
taken into account.

e Missing years. The temporal survey is almost continuous on an
annual basis. The survey was effectively carried out in the first
three years (1984, 1985, 1986) and then continuously from 2000
to 2020. In between, some years are missing and only average
velocities are available from cumulative displacements over a mul-
tiple year time period. This occurred over three periods of three
years (1986-89, 1991-94, and 1994-97) and two periods of two
years (1989-91 and 1997-99).

e Missing positions. In some years, some blocks were not measured
because they were untraceable (paint marking disappeared, not
found, etc.). In 2015, block L13 reached the rock glacier snout,
then tilted and fell down the frontal talus.

Horizontal velocities along the longitudinal profile are displayed in
Figure 2b for the 29 years of observations between 1983 and 2020.

3.2 | Correction of flow displacement

The same rocks have been used throughout the record on the longitu-

dinal profile, and a Lagrangian-type observation has been adopted

350

400

(the observer follows each individual block as it moves through space
and time). Therefore, displacements from year to year change block
locations in the spatial structure of the velocity. Consequently, veloc-
ity changes at a block result also to some extent from rock displace-
ment along the flow line and its position over time. This effect is not a
time effect driven by external controlling factors (meteorological con-
ditions, long-term climate drivers), but a spatial effect that must be
corrected to extract the proper time signal in velocity changes at a
fixed location. This correction converts in a Eulerian analysis frame-
work (a way of looking at motion that focusses on specific locations in
space as time passes).

Cumulative displacements and elevation changes are displayed in
Figure 2a. Figure A2 (Appendix) specifically plots horizontal and eleva-
tion changes as a function of each year of the record. On average, dis-
placements amounted to 30 m in 2020, with elevation losses of up to
15 m. The average distance between blocks is 28 m, and therefore in
2020 some blocks had reached the position that the block just below
had at the beginning of the survey (the upper rocks L1, L9, L12). Some
even exceeded this position (L2-L8). Only the lowest rock flow lines
(L10, L11, and L13) remained disconnected (Figure 2a). Clearly, for the
subsequent analyses, block position and its effect on velocity had to
be accounted for. To correct velocity changes along the flow line of
the longitudinal profile, we used the average block positions and fitted
each position using a cubic spline function (Figure 2b). This velocity

function was used for each year of the record to calculate velocity
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changes due to displacement of the block along the profile. To illus-
trate the range of this effect, corrections were calculated using the
velocity at the average position of the 1984-2020 survey (Figure 3).
In regions where the velocity decreased along the flow (L6-L9, L11-
L13), differences are positive before the blocks reach their average
position and negative once the blocks exceed the average. In regions
where block velocity increased along the flow (L1-L5), deviations are
negative before and positive after. Block L6 encounters both condi-
tions. These differences have been used as corrections. They were
subtracted from the annual velocity values according to the block
positions along the profile (Figure A2 in the Appendix). They are non-
negligible and can reach more than 20% of the average velocity of
blocks (Figure 3). For example, block L12 decelerates during 2010s
and 2020s due to a lower slope downstream and deviations from its
average velocity reach —0.13 m/yr. During the 1980s and 1990s, the
block was in a steeper slope area of the profile and the deviation from

the average velocity reaches +0.14 m/yr.

3.3 | Variance analysis
In this section, we analyze the spatial distribution of the velocities at
the rock glacier surface and the way velocities change from year to
year. This analysis is free from any hypothesis on the mechanical
properties of the creeping material within the rock glacier body, its
rheology, or its constitutive relationship (strain rate to shear stress
relationship). This approach considers only the rock glacier kinematics
(surface velocity data) and their spatio-temporal variability.

Two remarkable features stand out in Figure 2b. The first is that

annual velocity profiles are shifted (translated) from year to year by an
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FIGURE 3 Average velocity profiles plotted according to the
distance along the longitudinal profile (cubic spline black curve) and
the associated bias affecting velocity changes due to block
displacements. Open circles plot the annual velocity changes
attributable to the travel of blocks during the recorded period. Biases
are indicated for block L12 (see text) [Colour figure can be viewed at
wileyonlinelibrary.com]

amount that is roughly the same for all blocks. This is made graphically
clear by the velocity profiles running virtually parallel above or below
the average velocity profile, which is plotted by the black line. If v(x,t)
denotes the velocity for year t at position x on the longitudinal profile
and v(x) is the average velocity at the same position over the whole
period of record, this feature can be written as follows:

v(x,t) =v(x)+ AB(t). (1)

Equation (1) states that velocity deviations from the average v
(x,t)-v(x) are the same at any point of the profile and just a function of
time Ap(t), which represents the time signal in velocity changes. This
time signal is the same at all measurement points. It is homogeneous
at the rock glacier surface and is therefore a rock glacier-wide signal.
It represents the overall linear acceleration (if positive) or deceleration
(if negative) of the entire rock glacier within a year. Over the period of
measurement, A =0 on average. Figure 4 and Figure A5 in the
Appendix illustrate the model fit. Among cryospheric sciences, this
type of variance decomposition is mostly used in glaciology to analyze
the distribution of mass balances on the glacier scale and mass-
balance changes over time.233442-44 |t is often referred to as the lin-
ear model. Two studies*>*® have specifically applied this type of vari-
ance analysis to infer glacier kinetics as we have done in the present
study for a rock glacier. The distribution of surface velocities in space
and their variations over time (derived from Forbes' band locations)
have been reconstructed at the Mer de Glace with this linear distribu-

tion model. In that particular case, it was effective in distinguishing
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2.0 —| —e— (--3-) 2007 (with rock displacement) c W ow —
—#— (--[J-) 2015 (with rock displacement) N [
- v(x) S .
— ; v 8 P i
5 15— ~ Om I
E : A
= v(L11,2015)- v(x) .
< S
> B '
= 1.0 — ] —
S
[e]
o
>
0.5 — —
i uphill
00 —| downhil p |
[ [ [ [ [ [ [
100 150 200 250 300 350 400
Distance along the longitudinal profile, x (m)
FIGURE 4 Surface velocity along the longitudinal profile in

specific years (2007, 2015) to illustrate the annual deviations from the
average velocity profile at each painted rock, v(x), over the whole
period of record (1983-2020). Dashed line profiles indicate rock
displacements. For the specific year 2015, the deviation from the
average is illustrated graphically with two arrows. The arrow with a
dashed line shows the deviation with the (positive) correction due to
block displacement. Block L13 disappeared from the longitudinal
profile in 2015 (the profile has stopped at L12 since then) [Colour
figure can be viewed at wileyonlinelibrary.com]
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the time changes in velocity due to changes in ice flux from transverse
changes in velocity due to friction and shear close to glacier margins.
In our case, the spatial distribution of velocity is driven primarily by
the slope along the longitudinal profile.

The second feature that can be identified in the upper and lower
parts of the annual profiles is that the shift between annual profiles
appears to be limited and a “compression” effect can be graphically
observed at the profile endpoints, particularly for the blocks with the
lowest velocities at the bottom of the profile (L12 and L13). This
would appear to be a limitation for Equation (1) to adequately fit the
data. To account for the larger velocity variations at the center of the
profile compared to profile endpoints, an alternative to Equation (1)
would then be to stipulate that the annual profiles are proportional to

the average velocity profile, i.e.:

v(x,t) =v(x)AB(t) (2)

where the time signal 4B(t), similar to Equation (1), is a function of
time alone and now denotes a dimensionless expansion/decrement
factor of surface velocities with respect to the average profile. On
average, AB(t) = 1 over the period of observations, >1 on expansion,
<1 on contraction and always positive. This formulation is referred to
as the cross-coupling or cross-term model. It accounts for nonlinear
effects in that the time response to the overall driving signal AB(t) is
weighted by the local average velocity v(x). Figure Aé in the Appendix
graphically illustrates this alternative fit.

We tested whether the linear (Equation 1) or the cross-term
model (Equation 2) properly fit the data. To that end, the ability of
Equations (1) and (2) to capture the data variability is analyzed with
the residuals between the data and the functional form of both
equations:

v(x,t) =v(x)+ Ap(t) +ez(x,t) 3)

and:

v(x,t) =Vv(X)AB(t) +eg(x,t) (4)

where the residuals ¢; and ¢ represent the variance unexplained
by Equations (1) and (2), respectively, and corresponding to both
measurement errors and discrepancies between the models and
the data. The residuals ¢ are expected to have normal and centered
distributions. For the models to be fully acceptable, the residuals
should be on the order of the uncertainty of field measurements
(£0.10 m/yr; section 3.1). In both cases, we used corrected values
for v(x) to account for block displacements. Note that, in practice,
the same inference scheme can be used for both models as in loga-
rithm variables, i.e., Equation (2) become linear functional in form,
logv(x,t) = logv(x) + logAB(t). Executable codes used for mass bal-
ance analyses can be loaded from, for example, https://glacioclim.
osug.fr/Non-linear-model-for-mass-balance-calculation** to pro-

cess the data.

4 | RESULTS

The results of the variance analysis are presented in Table 1. The vari-
ances explained by the decomposition according to Equations (2) and
(2) are high (93 and 97%, respectively), showing that the adopted vari-
ance analysis models fit the data quite well and are well suited to the
Laurichard rock glacier. This makes it possible to separately examine
each model for spatial, temporal, and nonlinear effects, as well as
residuals. The suitability of the variance models was checked using
the standard Fisher-Snedecor F-test (variance comparison). Conduct-
ing statistical tests at the 95% confidence level, p-values are less than
107 for both models as obtained from F-ratio calculations (Table 1).
Regarding residuals, ¢4 and g (Equations 3) and (4), their standard
deviations (root mean square [RMS]) are in the range of the measure-
ment errors with 11 and 8 cm/yr for the linear and cross-term models,
respectively. The normality of their distributions was positively

checked with the Kolmogorov-Smirnov test (D-test; Table 1).

4.1 | Spatial variability

The average velocity profile (mean velocity at each block versus the
average block position; Figure 2b) shows the spatial structure of the
velocity. The average velocity ranges from 0.2 to 1.2 m/yr, with maxi-
mum values in the steepest part of the profile (blocks L5-L7). This is

typical of gravity-driven creep of ice or ice-rich debris mixtures with

TABLE 1 Variance captured by the two models, spatial and time
variability, and variance of the data unexplained by the model. The
common variance of the glacier-wide signals (45(t), AB(t)) with
velocities of the painted rocks at the profile endpoints (L12, L13, L1,
i.e., lowest velocity locations) is enhanced with the cross-term model.
DF, degree of freedom for spatial and temporal variables, and for the
unexplained factors (residuals); RMS, root mean square. K-S denotes
the Kolmogorov-Smirnov test used for the residuals

ApB(t) linear AB(t) cross-term
model model
Overall variance of the data 0.35 m/yr
Explained variance 93% 97%
Spatial variability of v(x) 0.24 m/yr 0.25 m/yr
F-value (DF) 136.04 (12) 212.67 (12)
p-value <0.00001 <0.00001
Time variability of Ap(t), AB(t) 0.25 m/yr 0.30 m/yr
F-value (DF) 70.65 (28) 113.83 (28)
p-value <0.00001 <0.00001
RMS of the residuals 0.11 m/yr 0.08 m/yr
(unexplained variance)
(DF) (336) (336)
K-S normality test
D-value (DF) 0.0379 (376) 0.0704 (376)
p-value 0.773 0.125
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maximum surface velocities just above the steepest slope area.*” Min-
imal values are close to the rooting area at the top of the profile
(L1) and at the rock glacier snout downstream (L12, L13).

The spatial variability (between painted blocks) of the data is the
second source of variability (+0.24 m/yr) and is captured identically by
both models. Differences in the average velocities between the differ-
ent painted rocks along the longitudinal profile are significant, with
deviations from the profile average exceeding the —100 to +100%
range. This means that the sampling is well distributed along the flow
line with respect to the spatial structure of the deformation. Addi-
tional painted rocks could be introduced between L4-L5 and L11-
L12 because the differences in average velocities between the rocks
of those two pairs (0.28 and 0.32 m/yr, respectively) exceed the over-
all spatial variability.

Given the separation of space and time variables in Equations (1)
and (2), the mean rock glacier-wide velocity along the profile can be

easily calculated, using, for example, simple arithmetic averaging:

e 1 113 .
v :J v(x)dx:E ) (5)

which produces an average surface velocity for the profile (all blocks)
over the entire period of record of 0.86 m/yr with the linear model
and 0.83 m/yr with the cross-term model. This average accounts for
missing values as estimated by the variance analysis. A direct raw
averaging (without any ANOVA) would overestimate the rock glacier-
wide velocity as 0.89 m/yr due to missing values mainly at blocks of

low velocity (L2 at the beginning of the series and L13 since 2015).

4.2 | Time variability

With a slightly higher explained variance provided by Equation (2)
for the cross-term model, AB(t) better captures the time
signal accounting for low velocity responses on locations in the
upper and bottom parts of the profile (Table 1). The temporal
(year-to-year) variability is the main source of variability in the data,
with £0.25 m/yr as captured by the linear model, and +0.30 m/yr by
the cross-term model. This is shown by large scattering of the annual
colored profiles in Figure 2b. For some years (e.g., 1999, 2015,
2019, 2020) velocities can reach up to 2 m/yr and these accelera-
tions are observed all along the profile of velocities that are shifted
up by approximately the same amount at each block. Conversely,
strong and general decelerations (in the 1980s, 2006, 2007) reduce
velocities to 0.3-0.7 m/yr for all blocks along the profile. Equation (2)
performs slightly better in capturing the time variability at the ends
of the profile where the year to year velocity changes are attenuated
compared to the profile center. The temporal source of changes in
the surface velocity is the first source of variability in the data and is
a strong effect when compared to the velocity distribution along the
longitudinal profile. This time response is well captured by Equa-
tions (1) and (2) because there is a strong decoupling between spatial

and temporal dependences.

Despite their differences, both equations retrieve from the data
two time signals for velocity changes that are in very close agreement
and highly correlated (p? = 0.99). They both exhibit a long-term trend
of acceleration from the mid-1980s to the present, but with a slower
period from 1999 to the mid-2000s (Figure 5). From 1983 to 1997,
velocities were lower than the long-term average (common line 44(t)
= 0 and AB(t) = 1) with a minimum velocity around 1985-86 (0.4 m/
yr). The next period, 1998-2010, was almost in line with the long-
term average (around 0.85 m/yr), though slightly higher in the early
2000s and lower in the late 2000s. Then from 2010 to 2020, veloci-
ties significantly increased with a maximum in 2020 (1.55 m/yr).
Therefore, two phases of acceleration can be identified from the mid-
1980s to 1999 and from 2007 to 2020. Those two periods were
interrupted by the 1997-2005 period of almost steady-state veloci-
ties. This feature is confirmed with velocity analyses derived from

aerial images over the larger time span 1952-2020.27

43 | Residuals

The residuals have normal and centered distributions (Figure 6). The
variance (RMS) of residuals is indicated in Table 1. Again, comparing
overall residuals for both models shows that the cross-term model fits
the data better, with a residual of +8 cm/yr compared to 11 cm/yr
for the linear model. Residuals at individual block locations range
between 0.05 and 0.43 m/yr. The high latter value (block L5 in 2016)
can be considered as an outlier due to tilting or sliding on the steep
slope where this block is located, or a gross measurement error. Nev-
ertheless, such high values are infrequent, as suggested by the distri-

bution of residuals exhibited in Figure 6.
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FIGURE 5 Velocity changes between 1984 and 2020. Linear,
AB(t), and cross-term, AB(t), velocity changes resulting from the two
variance-decomposition models (Equations (1) and (2)) and
representing the common time response (glacier-wide) at all
measurement points. This time signal provides the best possible
estimate of the glacier-wide response in surface velocity to the
external drivers [Colour figure can be viewed at wileyonlinelibrary.
com]
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FIGURE 6 Distribution of the residuals for the two models
[Colour figure can be viewed at wileyonlinelibrary.com]

Analysis of the residual time series did not reveal a time correla-
tion (r2 = 0.22), as shown in Figure A7 in the Appendix, and no trend
was detectable over the period of record. Note that in Figure A7, it
would appear that the cross-term model performs better than the lin-
ear model in the first 5 years of the record with significantly lower
residuals. This is probably due to the low velocities encountered over
that period during which nonlinear effects were more frequent. Spa-
tially, the cross-term model performs better than the linear model at
the ends of the profile (L1, L12, L13) where lower residuals were pro-
duced (6, 10, and 8 cm/yr, respectively, compared to 13, 11, and
12 cm/yr).

For the models to be fully acceptable, the residuals must be com-
pared with measurement errors (here +0.10 m/yr). The standard devi-
ation of the residuals (Table 1) is virtually equal (linear model) or
slightly lower (cross-term model) than the uncertainty of the field
measurements. As the difference between the residual variance and
the measurement variance can be considered a rough estimate of the

model error, this indicates that both models fit the data well.

44 | Validation at transverse profile O

Surface velocities recorded along the transverse profile O can be used
as independent data to validate the time signal provided by the two
models. We calculated velocity changes at blocks O3-0O7 between
2008 and 2020 (other blocks unfortunately have missing values for
some years). The scatter plot in Figure 7 shows the correlation
between the 12 year-to-year velocity changes at these five blocks
with the time signal of the linear model. The correlation is high and is
better for the blocks at the central locations (O4- O6) which are close
to blocks L11 and L12. The best correlations are observed for the
blocks with the highest velocities (04, O5). The lowest correlation is
for block O7, which has the lowest average velocity over the period
2008-2020. For all blocks of the O profile, residuals between
observed velocity changes and Ap are between 8 and 10 cm/yr, which
is approximately equal to the margin of error for measurements. Simi-
lar (not significantly different) results are obtained for the cross-term

model (data not shown). This analysis confirms that both models
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FIGURE 7 Scatter plot of velocity changes observed on profiles A

and O, and time changes in velocity captured by the linear model.
[Colour figure can be viewed at wileyonlinelibrary.com]

provide a time signal that has a rock glacier-wide significance. How-
ever, the cross-model performs better at locations of low velocity
(i.e., on gentle slopes), along the rock glacier margins, and at profile
endpoints. Similar conclusions can be drawn from observations at pro-
file A (Figure 7), but to a lesser extent because velocities are lower at

the rock glacier rooting area, not exceeding more than 0.5 m/yr.

5 | DISCUSSION
In this study, we retrieved the time changes in velocities from a vari-
ance analysis well suited to differentiate spatial and time variabilities
that are almost of the same order of magnitude at Laurichard rock gla-
cier (0.25-0.3 m/yr). Time changes are the major factor in variability
being slightly greater than the spatial factor. Extracting the time signal
is nevertheless possible because the vyear-to-year variation is
decoupled from the spatial structure of the velocity. Therefore, accel-
eration and deceleration are virtually the same over the entire rock
glacier surface. The linear model fits the data quite well, explaining
93% of the data variability. Approximately 10% of the variance is
unexplained by the linear model, but that corresponds roughly to the
margin of error in measurements. Nonlinear effects are second-order
effects arising mainly at locations characterized by low velocity (nota-
bly at the rock glacier root and snout) and by limited slope, where
homothetic changes mostly occur (i.e., proportional to the local veloc-
ity). This explains why the cross-model performs slightly better in cap-
turing those attenuated velocity variations, with 97% explained
variance, and lower residuals.

In light of the fit of the two models, the spatial structure of veloc-

ity has remained almost unchanged over the three decades of record
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and can be considered steady. Annual deviations from this average
steady-state flow/creep structure are almost uniform spatially except
at locations characterized by very low displacements where nonlinear

effects occur.

51 |
changes

Potential processes driving velocity time

Although the mechanical processes further, for instance with ad hoc
rheology for the creeping material,*®*’ is beyond the scope of this
paper, some qualitative information can nevertheless be deduced
from the time response and the spatial distribution of velocity.

The process of velocity changes with rock glacier-wide overall
accelerations/decelerations suggests that the rock glacier might
behave like a bulk sliding-block with changing sliding or creep condi-
tions occurring on a large scale. Uniform changes in velocity suggest
that acceleration or deceleration are not particularly dependent on
local rock glacier features (e.g., slope) or ice content. It also suggests
that the process is rather a surface process located at a slip or highly
sheared interface affecting the rock glacier as a whole. Such processes

have already been
11,50

proposed to explain  rock-glacier
destabilization.

Alternatively, the nonlinear effects, mainly detectable at the rock
glacier margins, suggest that velocity changes are also related to rhe-
ology changes within the bulk ice/ice-rich body with creep variations
caused by changes in the apparent softness of the rock glacier mate-
rial. In cases of gravity-driven creep (e.g., for nonlinear viscous mate-
rial*’) the surface velocity is expected to change homothetically
through the activation of the so-called A rate factor of the constitu-
tive law describing the softness of the rock glacier material (e.g., for
pure polycrystalline ice®!; see also?®). Adopting n = 3 in Glen's law,
the surface velocity from internal deformation Vs over thickness H is

given by>?:
dH\® ,
Vi=2A (ﬂ3a> H (6)

where dH/dx is the surface slope, p is the ice density and g the accel-
eration due to gravity. A is the (inverse) viscosity rate factor depend-
ing in particular on temperature (for ice below the melting point)
through an Arrhenius-type temperature dependence:

A=Age # 7)

where A is a constant independent of temperature, R is the universal
perfect gas constant (8.314 kJ/mol), Q the creep-activation energy of
the ice, and T the absolute temperature of the ice.

Qualitatively, the functional form of the cross-term model
(Equation 2) is inherently consistent with Equation (6), and expected
velocity changes associated with variations in the A rate factor are
consistent with temperature changes. Such a constitutive relationship

has already been applied and discussed in other studies on rock glacier

creep (e.g.,2%47°375¢) as well as laboratory experiments dedicated to
mechanical creep tests.*®5” Quantitatively, using the average velocity
recorded at block L8 (central location, 1 m/yr) and the local rock gla-
cier geometry (H ~ 20 m, dH/dx = 0.6%%%%) in the median steepest
part of the rock glacier results in a value of A=0.8 x 107
(Pa)~2 yr~L. This corresponds to values (0.8-1.5 x 107% (Pa) 3 yr 1)
reported for pure ice between —2 and 0°C.#7+°8-60

Regarding observed changes in velocity at Laurichard rock glacier,
the velocity factor AB(t) of Equation (2) varies by a factor of a = 3.14
between 1986 and 2015 (Figure 5). If we accept that a change in ice
temperature is the process driving the increase in surface velocities
due to the A factor according to Equation (6), such a velocity change
is explainable by a temperature increase AT derived from Equation (7):

_RT?

Mlna = ?lna (8)

AT = Q
Fixing a creep-activation energy of 139 kJ/mol in the temperature
range —8 to —2°C % a temperature change of AT = +4.8°C is needed.
This simple calculation shows that temperature is probably not the
only factor responsible for activating the creep change. Such a rise in
internal temperature seems unlikely: it would first require an initial
temperature of —5°C or lower as the ice temperature is upper
bounded by the melting point. Furthermore, the calculated tempera-
ture rise (+1.3°C per decade) is high compared to atmospheric-
warming data from weather stations (0.83°C per decade since
1983 at Besse Météo-France, 18 km distant), from homogenized
records (HISTALP,%?), and from englacial temperatures®® which report
trends in the range of 0.3-0.5°C per decade.

Moreover, the time needed for a thermal conduction wave to dif-
fuse through the thickness of the rock glacier would delay the internal
warming substantially. The temperature change AT(d,t) at depth
d after a time t following an increment of temperature at the surface
AT, is given by the error function, erf®*:

AT(d,t) = AT; {17erf< 9)

250

where D is the thermal diffusion of ice and/or granite
(1.2 x 107° m?/s). As an illustration of the slow process of Equa-
tion (9), the time needed for AT to reach 70% of AT, is given by
erf(d/(2VDt)) =0.3, which requires roughly d/(2VDt)=0.25. This
results in a time delay t of 50years at a depth of d=20 m and
10vyears at d =10 m. This simple calculation shows that thermal diffu-
sion cannot alone explain the thermal activation (via the inverse vis-
cosity A factor) at annual time steps through the bulk rock glacier
body. Thermal creep-activation, if involved, is therefore not the single
process.

Other processes may therefore explain year-to-year changes, for
instance a change in the liquid water content at ice-grain boundaries
if ice is at the melting point. Ice viscosity is indeed very sensitive to
water content.®>~¢” The A factor is reported to increase by a factor of

4-5 when the liquid-water content increases from O to 0.8%.¢” This
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single process would increase surface velocities greatly, given that
they are proportional to A (Equation 6). Lliboutry®® analyzed such a
process of positive feedback, leading to possible instability in temper-
ate glaciers because the dissipation of energy due to higher creep
rates produces additional meltwater, and hence an even lower viscos-
ity. Furthermore, enhanced creep rates should increase friction pro-
cesses between ice and debris, dissipating more heat acting as an
additional energy source for ice to melt.

On the larger scale of the bulk ice-debris mixture of the rock-
glacier body, processes including rain and meltwater circulation, and
effective pressure at the sliding/sheared basal interface have also
been proposed.**?* Other processes not calling on liquid water, such
as fractures or deformation of subglacial debris, have also been pro-
posed.!! However, despite qualitative and quantitative factors indi-
cating links between the data and the above elementary processes
that may drive the flow of the Laurichard rock glacier, it is beyond the
scope of this paper to draw firm conclusions about which processes
effectively rule the dynamics at Laurichard rock glacier.

5.2 | Rock glacier average-wide velocity

In search of a spatial average of velocity changes at the glacier scale,
we retain the cross-term model (Equation 2) to provide the time series
of velocity changes because it explains much of the data variability. At
the same time and as discussed above, it provides an understandable
framework in qualitative agreement with ice creep and rock glacier
flow and their control by an association of changes in ice temperature
and liquid water.

In practice, the time-space variability separation of Equation (2)
also makes it possible to easily calculate an annual rock glacier-wide
velocity, m because the time function AB(t) is decoupled from the
spatial dependence and its averaging. Adopting simple arithmetic

averaging, this results in:

L13 L13
v(t) = J v(x,t)dx = J V(X)AB(t)dx = v* AB(t) (10)
L1 L1

for the cross-term model. This shows that the annual velocity for the
whole rock glacier is simply an increment/decrement with respect to
the long-term average of the velocity profile v* given by Equation (5)
and illustrated in Figure 8. It provides a time signal that is not affected
by missing values (blocks not measured in some years). Using instead
a simple average of all measured velocities in each year would result
in a time signal affected by an error of up to 10%. This is due to miss-
ing values whose absence skews the average up or down depending
on whether they are above or below the overall average (Figure 8).
These biases are significant only in the last years of the series, exceed-
ing the confidence interface of v*AB(t). A variance decomposition is
therefore recommended to provide a signal of velocity changes on the
rock glacier scale. Year-to-year variability is also made less evident by
direct averaging of the entire dataset (+0.25 compared to +0.30 m/yr)
and use of a variance analysis is also recommended for this purpose.
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FIGURE 8 Rock glacier-wide velocity changes between 1984 and

2020 at Laurichard rock glacier. This overall velocity signal is given by
the simple product of the time signal AB(t) and the average velocity
along the profile v*. Pink boxes show the 95% confidence interval
(+20 residuals). Raw averaging is a direct calculation without any
ANOVA. The blue dashed line is the velocity time plot for the
Hochebenkar rock glacier (Austria) [Colour figure can be viewed at
wileyonlinelibrary.com]

Furthermore, measurement errors (outliers) can be detected by the
variance analysis, by searching for large residuals or large discrepan-
cies between velocity changes at point locations compared to the
overall variance. Equation (10) provides a velocity signal that is easily
comparable to other velocity changes retrieved from other rock gla-
ciers for joint analyses (e.g.?; Figure 8, Hochebenkar rock glacier). The
dimensionless signal, AB(t), which does not depend on the adopted
velocity averaging, can be linked to co-variables in searching for driv-

ing factors such as weather conditions and seasonal snow cover.

6 | CONCLUSION

The surface velocities recorded at the Laurichard rock glacier since
1984 are an exceptional data series, spanning more than three
decades, and revealing changes in the creep kinematics of this pecu-
liar, ice-rich, permafrost landform. From our analyses, one see that:

e Change in velocity is essentially a homogeneous process at the
rock glacier scale. This means that annual accelerations or deceler-
ations as well as long-term trends are virtually identical over the

entire rock glacier surface. Nonlinear processes in velocity changes
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occur punctually at very low-velocity locations, close to the rock
glacier margins. At those points, velocity changes tend instead to
be proportional to the local velocity.

e The time signal extracted by the variance analysis provides a rock
glacier-wide signal. We would recommend using one of the two
ANOVA models to retrieve a velocity signal relevant at the rock
glacier scale. As used in the glaciological community, a glacier-wide
mass balance is now commonly used to characterize the glacier
response to climate change and is routinely published by the World
Glacier Monitoring Service (WGMS; https://wgms.ch/).

e The spatial structure of surface velocity has been in steady state
for over four decades. The spatial structure of velocity changes
(acceleration/deceleration as a block) suggests that it is driven by a
wide-acting process, acting at the overall rock glacier scale.

e The process of internal increases in ice temperatures alone (and
associated changes in creep rates) would seem insufficient to
explain the long-term rise of surface velocities and their annual
variations. Changes in the liquid-water is a possible contributory
factor, due to the injection of seasonal water caused by melting
snow cover or internal melt due to heat generated by enhanced ice
creep and friction in the ice-debris mixture. Further studies using
Laurichard rock glacier surface velocities may focus on the dynam-
ics based on preliminary studies dedicated to the material rheology
(e.g.,*) given that the geometry of the rock glacier is now better
constrained.®®
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