Dear Prof. Nunzio Romano,

A detailed sheet showing the changes and progress regarding our manuscript is provided as

follows:

in order to better explain the rationale of our study, the introduction has been
improved. Moreover, in the paper, a new test comparing the recharge-displacement
correlation between the recharge estimated with our method and a recharge obtained
with a common simplification in landslide studies (recharge = precipitation minus
non-calibrated ETy) has been added. This test shows that our method more faithfully
allows to estimate the groundwater recharge. We also propose to slightly modify the
title as follows: AN EFFICIENT WORKFLOW TO ACCURATELY COMPUTE
GROUNDWATER RECHARGE FOR THE STUDY OF RAINFALL-TRIGGERED
DEEP-SEATED LANDSLIDES, APPLICATION TO THE SECHILIENNE
UNSTABLE SLOPE (WESTERN ALPS).

a clarification of the data needed to implement the proposed workflow has been added
the section dealing with the estimation of the recharge-area parameters has been
completely rewritten and the figure 1 has been updated accordingly

the site description (and especially hydrogeology functioning) as well as the
explanation of the delimitation of the recharge area have been improved

the section dealing with the correlation between precipitation-recharge and
displacement has been clarified

results and discussions are now separated

the benefit of the study regarding the Séchilienne landslide (site specific) has been
moved to a new appendix

the manuscript structure has been simplified:

Number of section Title 1 Title 1.1 Title 1.1.1 Appendix
Old version 5 15 14 2
New version 5 15 4 3
Difference 0 0 -10 +1




e the manuscript has been shortened:

Number of word Manuscript Appendix Captions Total
Old version 9814 928 987 11729
New version 8165 1821 971 10957
Difference -1649 +893 -16 =172

e most of the technical corrections from the two referees have been taken into account

e the manuscript have been proofread a second time by an English hydrogeologist

A detailed point-to-point reply to the comments received is provided in appendix 1 for referee
1 and in appendix 2 for referee 2 of this letter. These appendices are a copy of our answers
from the interactive discussion which have been updated with the last changes we made to the

submitted manuscript. A marked-up manuscript version is provided in appendix 3.

We agree with most of the referees’s comments. For those we disagree with, reasons are
developed in Appendices 1 and 2. However, we would like to insist on the fact that our
research can bring a great contribution in the landslide community and can lead to a
significant improvement of the knowledge of the rainfall-destabilisation relationship of
numerous landslide sites. The proposed study is intended for non-hydrologists and shows that
an accurate estimation of the recharge is crucial. We provide a guideline workflow to remove
this scientific obstacle. We believe that our manuscript should be published as an original

research article rather than a technical brief note.
Please let us know if you require further details about the revised manuscript.

Yours sincerely, Aurélien Vallet




Appendix 1: detailed point-to-point reply to the

referee#l‘s comments

We would like to thank Referee #1 for his/her interest in the topic and for valuable comments

to improve the manuscript. A point-by-point response to the comments is as follows:

General comments:

1: The site description, deformation mechanism and rainfall triggering have been improved to
explain how the geology and the structural setting influence groundwater circulation and how

the groundwater flow path is developed.

The recharge area is defined following geological and hydrogeochemical studies of Vengeon
(1998), Guglielmi et al. (2002) and Mudry et Etievant (2007). The following figure shows a
sketch of the conceptual groundwater flow defined by Guglielmi et al. (2002). In addition the
sensitivity analysis allows to refine the estimation of the recharge parameters if a bias is
introduced by the delimitation of the recharge area.
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To clarify how the recharge area is delimited, we propose to modify the first paragraph of the

section 3.2 (section 4.2 in the initial submitted manuscript) as follow:



‘The delimitation of the recharge area of the two-layer hydrosystem (Fig. 3) of the Séchilienne
landslide is based on the geological and hydrochemical studies of Vengeon (1998), Guglielmi
et al. (2002) and Mudry and Etievant (2007). The recharge area is delimited by the spatial
extent of the sedimentary cover of which the hosting perched aquifer recharges the two-layer
hydrosystem. Groundwater flow of the entire Mont-Sec massif is controlled by faults and
fractures. The N20 fault bordering the sedimentary cover to the east as well as the N-S fault
zone bordering the landslide to the east are structures which delimitate the recharge area.
The scarcity of information does not allow to accurately define the actual extent of the
recharge area. The sensitivity analysis mentioned in Section 2.5 allows to compensate for the

possible biases introduced by this uncertainty.’

Further, the figure 3 will integrate the spatial extent of the sedimentary cover:
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2: In this study, we analyse displacements measured once a day. This measurement is actually
a daily displacement and is equivalent to a displacement velocity in mm/day. For the sake of
simplicity we propose to use the term displacement instead of daily displacement. We propose

to modify the section 2.1 with the following sentences:

‘Similarly, this study is based on displacement recorded at a daily time-step. For the sake of
simplicity, the daily displacement, equivalent to a velocity measurement in mm/day, is

hereafter referred to as displacement.’



In the part of the text preceding these sentences, the displacement will be referred to as

displacement velocity.

The method develop to approximate the groundwater saturation state allows to provide a
landslide response-time analysis with the shift factor and the cumulative period from the
decreasing sum. We propose to elaborate on this point in the appendix C (new appendix of the
revised manuscript) with the following sentences and the table 2 (table 6 in the initial

submitted manuscript):

‘The cumulative period and the shift factor deduced from the antecedent cumulative sum
allow to determine the response-time of the Seéchilienne landslide to rainfall events.
Displacement stations located in the high motion zone show homogenous time delays with
shift factors of 2 to 3 days. The average cumulative periods beyond which precipitation or
Ririw have no longer any influence on the landslide destabilisation are estimated at about 50
days for precipitation and 75 days for Ririw. The station G5 shows significantly different time
delays and cumulative periods, whatever the precipitation or Rigryw data used. This difference
can be explained by the low signal-to-noise ratio which makes the correlations difficult to

interpret.’

Table 2: Statistics of the displacement records and results of the best linear correlation
between precipitation/Ry giw and displacement records for 4 displacement stations (1101, A13,
A16 and G5). The displacement column indicates basic statistics of the displacement records:
1% quartile (Q1), median and 3™ quartile (Q3). Cumulative period (n), shift factor (B) and
weighting factor (a) are the terms of the equation (3). P stands for precipitation, R, stands for

RPMNE and R2 stands for RLRIW.

Displacement Cumulative Shift Weighting factor
Station mm/day period (n) factor (B) (o) R?
Ql/median/Q3 P R; R, P R, R, P R, R, P R, R,
1101  1.75/250/3.84 42 54 68 2 2 2 0.071 0.065 0.091 028 035 0.50
Al13  1.18/1.75/3.41 52 80 8 3 2 2 0.102 0.070 0.091 0.28 0.37 0.52
Al6  1.94/298/439 64 71 76 2 2 2 0.163 0.125 0.168 034 0.44 0.59
G5 0.02/0.05/008 8 169 132 0 6 6 0.039 0.003 0.011 0.001 0.08 0.24

3: We agree with this comment about our paper, but we prefer to wait for the comments of

the other referees before addressing this comment



4: The revised manuscript will be proof-read by an English native speaker.

Specific comment:

1: modified in the revised manuscript

2: reference added in the revised manuscript

3: modified in the revised manuscript

4: Typesetting error, corrected in the revised manuscript

5: modified to earth flow in the revised manuscript



Appendix 2: detailed point-to-point reply to the

referee#2‘s comments

We appreciate the thorough and helpful comments of Anonymous Referee #2. A point-by-

point response to the comments is as follows:

General comments:

A: Foremost, the rationale for the study is not strongly communicated....the authors do
not provide a convincing case that the current practice of predicting land-mass
movement is inadequate specifically due to the failure to accurately represent
groundwater recharge. The reader is left wondering if this work is really needed in the

specific case study discussed in this paper.

We agree with this comment. In the introduction, the incriminated sentences are replaced by:

‘These approaches can over-estimate the groundwater recharge and can thus bias the
characterisation of the relationship between rainfall and destabilisation. A more accurate

estimation of the groundwater recharge signal can improve the accuracy of these studies.’

Please refer to additional answers to this comment in the answers to the specific comments 3

and 22.

B: The authors also present this work as a method that can be readily adapted and used
by practitioners and non-hydrologist... it is doubtful that this method can be easily

adapted and used by practitioners or other researchers.

We agree with this comment. The revised manuscript has been modified accordingly (please

refer to the answer to the specific comment 1).

C: The soil-water-balance model is used in this paper to estimate groundwater recharge.



There is no evidence provided to indicate if the model is even remotely accurate (e.g.
measurements of water table fluctuations)... of the utility of their more complicated

scheme. These points are further discussed in specific comment 22.

Please refer to the answer to the specific comment 22

D: In my opinion, a workflow, which presents no new quantitative representation of any
process, does not constitute new scientific knowledge. It could be a potentially useful tool
for practitioners. As such, I recommend that when this article is resubmitted, it is

resubmitted as a technical brief rather than an original research article.

Although the proposed workflow does not constitute a new scientific progress for
hydrologists for who the recharge characterisation is a common knowledge, this is not the
case of the scientific community working on landslides. Indeed, several studies estimate the
recharge without calibration of the ET, reduced-set methods and without soil-water balance
by only subtracting the evapotranspiration from the precipitation data or by the use of
empirical methods (Canuti et al., 1985; Alfonsi, 1997; Hong et al., 2005; Binet et al., 2007b;
Durville et al., 2009; Pisani et al., 2010; ProkeSova et al., 2013). In addition, several studies
use precipitation data instead of recharge (Rochet et al., 1994; Z&zere et al., 2005; Meric et
al., 2006; Helmstetter and Garambois, 2010; Belle et al., 2013). The proposed study is
intended for non-hydrologists and aims at showing that an accurate estimation of the recharge
is crucial and we provide a guideline workflow to remove this scientific obstacle. For all these
reasons, we consider that our manuscript should be published as an original research article
rather a technical brief note. In addition, this manuscript was initially submitted to NHESS at
the intention of the landslide scientific community, but was rejected before review. The
reason of the rejection was “out of scope for NHESS”, and the editor told us to submit our

manuscript to HESS.

I would strongly encourage the authors to develop a simple software tool (in Microsoft
Excel, or other readily available platform like R). The authors suggest this was one of
their primary motivations. Providing a readily usable tool might prompt people to use
this workflow, otherwise it is doubtful that many people will wade through this 18-page
methods section and appendices and develop their own software to execute the

workflow.



We are aware that the implementation of the workflow for a non-hydrologist mainly
interested in characterising the rainfall-destabilisation relationship can be laborious. We have
been planning to develop a free software is the near future but, before starting this
development, we logically wait for the validation of the scientific rationale of the proposed
workflow. The software will be based on this manuscript and will require an additional
detailed user guide. The software in the form of either a standalone software or a toolbox from
an available platform such as R or Matlab (still in discussion). As the purpose of this work is
to provide a readily usable tool, we will develop this software with a software engineer in
order to design an easy-to-use and friendly interface. This clarification is added in the

conclusion:

‘Within this scope, a software is planned to be developed in the near future in order to

provide a user-friendly tool for recharge estimation.’



Specific comments/questions:

1: We agree with this comment. It is modified in the revised manuscript as follows:

‘A workflow to compute daily groundwater recharge is developed. This workflow requires the
records of precipitation, air temperature, relative humidity, solar radiation and wind speed
within or close to the landslide area. The determination of the parameters of the recharge
area is based on a spatial analysis requiring field observations and spatial datasets (digital

elevation models, aerial photographs and geological maps).’
2: We agree with this comment. It is modified in the revised manuscript.

3: We agree with this comment. The introduction of the revised manuscript has been

modified.

Regarding the already published studies, given the difficulty to obtain the complete dataset
and the details of the methods used in these studies, we could not recalculate the recharge and
therefore we cannot determine the benefit of our method for these studies. Moreover, to carry
out such recalculations would require several months and would bring the manuscript to an
unacceptable length. We rather propose a new test, based on a suggestion in the specific
comment 22, which allows the reader to realize the benefit of our method with respect to one
common assumption related to the estimation of the recharge (please refer to answer to the

specific comment 22).

Regarding the following comment: Again, more detail is needed here about what exactly is
wrong with the assumption that the infiltration rate at the soil surface is equivalent to

precipitation.

We apologise for this ambiguous wording. By “infiltration”, we mean “deep percolation”.

This was modified in the revised manuscript and replaced by recharge.
4: We agree with this comment. It is modified in the revised manuscript.

5: We agree with this comment and we follow the recommendation of Referee 2 by inserting
his suggested sentences in the revised manuscript. However we do not insert the following

sentence “In principle, the actual groundwater recharge flux controls the dynamics of



pore-water pressures and water table fluctuations, rather than the precipitation flux at
the land surface”. Instead, we suggest to insert the following sentence in the introduction of
the revised manuscript ‘/n the absence of piezometric measurements, the groundwater
recharge is used as the most relevant parameter to characterize the pore water pressure of

the landslide aquifers’.

6: We agree with this comment. The entire section 2.1 is deleted in the revised manuscript.
Only the sentences from lines 5 to 12 (p 6347) and from lines 24 (p 6347) to 2 (p 6348) are

kept and moved to the section 2.2.
7: We partly agree with this comment.

In the revised manuscript, the standard equation FAO-56 PM is now defined in the
introduction. Appendix A with the details equations is now announced in the beginning of the

sub-sections 2.2.1 and 2.2.2.

The calibration of the reduced-set equations is a common method acknowledged by the
scientific community (Allen et al., 1994; Itenfisu et al., 2003; Alkaeed et al., 2006; Lu et al.,
2005; Tabari et al., 2013; Alexandris et al., 2008; Shahidian et al., 2012). We refer the reader
to these studies. However, we agree with Referee 2 to move the statement from page 6345
(line 18-20) and to be more explicit. The following sentence is added to the section 2.2

(section 2.3 in the initial submitted manuscript):

‘ETy reduced-set and Rg temperature methods were initially developed for given regions or
sites with their own climatic conditions and must be calibrated to take into account the
weather conditions of the study site. Details about calibration can be found in the literature
(Allen et al., 1994, Itenfisu et al., 2003, Lu et al., 2005; Alkaeed et al., 2006, Alexandris et
al., 2008; Shahidian et al., 2012, Tabari et al., 2013).’

The purpose of the calibration is to account for the weather conditions specific to the study
site. Although three stations can appear as a small sample size, the network density of weather
stations recording the required parameters at a daily rate is generally weak. Increasing the
number of reference stations can lead to use remote stations that might be located in remote
areas not representative of the climatic conditions of the study site. The user has to maintain a
balance between the sample size and the representativeness of the reference weather stations.

One reference weather station can be sufficient, provided that the weather conditions are the



same at the reference station as at the study site. In the case of the Séchilienne landslide, in
order to rely on three stations, we had to look for stations located as 60 kilometres from the
study site. The section 2.2 (section 2.3 in the initial submitted manuscript) is modified as

follows in the revised manuscript:

‘The user has to maintain a balance between the number of selected reference stations and
the necessity for these stations to be located in areas with climatic conditions similar to those

of the study site.’

The median is an interesting estimator if the data number is significantly high or if the studied
dataset shows outliers. In the proposed calibration, the number of required weather reference
stations can be limited. The selected reference weather station(s) should be representative of
the study site conditions and the calibration coefficient should be within the same range.
Consequently, the median estimator is not relevant and the calibration parameters should be
within the same range (no outliers). The average estimator allows integrating in one estimator
small variations between the various reference stations used. We do not think we need to

elaborate on that point in the required effort to reduce the manuscript length.

8: We agree with this comment. The paragraph is clarified in the revised manuscript as

follows:

‘The performance assessment of regional-scale calibrated methods is based on the
comparison between observed measurements and calibrated estimates for R; and between

FAO-56 PM estimates and calibrated estimates for ET, for each reference weather station.’

Regarding the sub-comment “though again, we have not yet seen the actual Equations” in
the revised manuscript, the standard equation FAO-56 PM is now defined in the introduction.
Appendix A with detailed equations is now announced in the beginning of the sub-sections

2.2.1and 2.2.2.

9: We agree with this comment. The revised manuscript has been revised accordingly.

10: We agree with this comment. The equations pertaining to solar radiation have been moved

to the Appendix A.

11: We agree with this comment. The manuscript has been revised as follows:



‘The a coefficient is applied for the two first rain-event days since, for a rain period longer
than two days, the value of the Rs estimated from AT and the actual R, value become almost

identical.’

12: We agree with this comment. The first part of this comment (Page 6353; lines 10-18: The
description of methods here is wholly inadequate. You say, “For one given parameter,
the recharge area was divided into sub-areas, each being characterized by a constant
value estimated according to field measurements, literature values or calculation.” A
methods section should be written with sufficient detail that another scientist could
replicate your work based solely on its description within the manuscript. That would be
impossible given only this description of how the average parameter values were
determined based on landscape characteristics. The subsections that follow (within
section 2.4) are similarly vague. For example, in section 2.4.2 the authors state that
“SAWC is deduced from soil properties (type of horizon, texture and bulk density) and
depth extent from auger hole cores, using a pedotransfer function.” Did you actually
measure the soil texture and bulk density using a laboratory method, or did you assume
a value based on some soil survey data?) has been addressed by a complete rewriting of the

incriminated section and by a modification of the figure 1.

Regarding the second part of this comment (Did you assume that the maximum depth of
your auger hole was the maximum depth of the soil? Or do you have other information
that indicates the depth of the soil? What is the depth to bedrock, and is the bedrock
impermeable, fractured, other? Do you think one core is sufficient to extrapolate to the
entire sub-area for which you are estimating the SAWC parameter? Soil texture and
hydraulic properties can vary by orders of magnitude over small distances.), our answer

1s as follows:

All these questions need no longer to be asked because our analysis just requires rough
estimates of the various parameters. These estimates will subsequently be refined by a

sensitivity analysis.

Regarding the third part of this comment (Last, you state that the dependency of SAWC on
vegetation species is taken into account through the Kc coefficient. More detail is needed
here. The description of Kc in the preceding section indicates that it is a function of

vegetation height, albedo, canopy resistance and soil evaporation. It is not immediately



apparent how any of those factors are related to the SAWC, which is a theoretical (and
questionable) value indicating the fraction of the total soil-pore volume that can be
utilized by plants for solution uptake. Also, you already stated that the SAWC was
estimated from a pedotransfer function (all of which are rough approximations for any
individual soil), so how is that estimate of SAWC from the pedotransfer function

modified based on the Kc coefficient?), our answer is as follows:

The K. coefficient takes into account the specificity of the vegetation involved in the
evapotranspiration process and therefore integrates the specific extent of the root zone. This

point is not necessary to understand the method and is removed from the revised manuscript.

13: The estimated runoff in our study includes both the overland flow and the subsurface

flow. The distinction between the two is therefore useless.

14: We do not entirely agree with this comment. Since this study also targets non-
hydrologists, we believe it is important to keep this section to help the reader to understand

the soil-water balance procedure.

15: We agree with this comment. The revised manuscript has been modified accordingly.

16: According to Verstraeten et al. (2005), the specific vegetation evapotranspiration (ET,) is
a lumped parameter including potential transpiration, potential soil evaporation and canopy
interception evaporation. This is why, in our approach, the interception component does not
appear on the diagram of Figure 2b since it is taken into account by the ETc. We agree with
Referee 2 that this paragraph is confusing regarding the interception component. The

paragraph is modified as follows:

‘The ET. is a lumped parameter including potential transpiration, potential soil evaporation
and canopy interception evaporation (Verstraeten et al., 2005). In the proposed computation
diagram workflow (Fig. 2B) the interception component is therefore integrated in the ET,

component.’

17: We agree with this comment and we modified the revised manuscript accordingly.

18: We agree with this comment. The phrase ‘aquifer saturation state’ has been removed from

the manuscript. Same for ‘decreasing sum’.



19: We agree with this comment and the manuscript is modified accordingly as follows:

‘The correlation between water input and displacement requires measurements of landslide
displacements at the same temporal frequency (daily frequency in this study) as the
measurements of water input (precipitation or recharge). The groundwater hydrodynamic
processes in aquifers are non-linear. A former rainfall event displays less impact (though not
negligible) than a recent one on the aquifer hydrodynamic fluctuations (Canuti et al., 1985;
Crozier, 1986, Diodato et al., 2014). The daily precipitation/recharge time series cannot
therefore be used without appropriate corrections. An antecedent cumulative sum of
precipitation/recharge weighted by a factor o is applied as a moving window to the daily
precipitation/recharge time series (Eq. (3)). The antecedent cumulative sum allows to
approximate the daily triggering impact of the aquifer ATI on the landslide destabilisation. In
order to take into account the groundwater transit time, a [ time-lag factor is introduced.

This factor can shift the moving window from the target date t.

t+[+n W

ATI = i
2 G- ) 3)

where:

ATI, Aquifer Triggering Impact at the date t (in mm)

Jij time shift of the moving window (in days)

i i" day from the date t (i=t+p: start of the moving window and i= t+ +n: end of the
moving window)

n length of the moving window of the cumulative period (in days)

/4 water input, i.e., precipitation or recharge at the i day (in mm)

a weighting factor

An iterative grid search algorithm is used to find the optimal set of parameters of the
antecedent cumulative sum. The optimal set of parameters is the set that maximizes the
correlation performance itself based on the R’ indicator. The grid search algorithm
investigates the following parameter ranges: n from I to 250 days (increment: 1 day), o from

0 to 0.5 (increment: 0.0001) and p from 1 to 10 days (increment: 1 day).’

20: The site description is improved in the revised manuscript. For further details please refer

to the answer to the general comment 1 of Referee 1.



21: We partly agree with this comment which is actually more general than specific. We
added a one-page long “general workflow” section that summarizes the workflow. So far, the
revised manuscript is more than one thousand words shorter than the previous submission.
We prefer to separate the method details from the application of the method to the Séchilienne
landslide. By doing so, any reader who is interested either by the method or by the results for

the Séchilienne landslide can select the relevant part.

22: We are aware of the existence of recharge-weighting functions, but these functions are
used in the case of tracer-based studies. In our opinion, relying only on ET( and precipitation

data, and without tracer data, the recharge-weighting functions cannot be used in this study.

Regarding the comment (Comparing estimated recharge versus precipitation is a fairly
weak test. We know, in principle, that recharge is more relevant than simply

precipitation for influencing pore-water pressure.), we answer as follows:

First, several landslide studies use precipitation data instead of the recharge (Rochet et al.,
1994; Zé&zere et al., 2005; Meric et al., 2006; Helmstetter and Garambois, 2010; Belle et al.,

2013). This demonstrates that our precipitation vs. recharge test is not an useless effort.

Furthermore, following Referee 2 comment, we carried out an additional test to compare the
performance of our proposed method with an estimated recharge signal itself obtained with
the commonly used simplification: Recharge = precipitation minus non-calibrated ET,, as
used by the following authors (Canuti et al., 1985; Binet et al., 2007b; Pisani et al., 2010;
Prokesovd et al., 2013). In this additional test, we use the non-calibrated Turc
evapotranspiration equation as it is the most appropriate equation for the Séchilienne site.

Indeed, the Turc equation has been developed initially for the French climate.

In the revised manuscript, the recharge estimated with our workflow (named LRIW in the
revised manuscript: Landslide Recharge Input Workflow) is called Rz and the recharge
estimated by subtracting the non-calibrated ET, from precipitation is called Rpyng (PMNE
standing for Precipitation Minus Non-calibrated ET)).

Accordingly, new Null Hypothesis tests have been performed as follows:

To estimate whether the Rpyng/displacement correlation R? is significantly better than the

precipitation/displacement correlation R? value, the Null Hypothesis 1 (NH1) is tested. The



NHI states that the Rppnp/displacement correlation R? value is not significantly greater than
the R* value obtained from precipitation. In other words, the NHI statistic test is the
difference between the Rpyng R? value and the precipitation R* value, expected to be 0 if no
difference. Similarly, the Null Hypothesis 2 (NH2) and the Null Hypothesis 3 (NH3) are
tested. NH2 estimates whether the Rygw/displacement correlation R? is significantly better
than the precipitation/displacement correlation R? value. NH3 estimates whether the
Rrriw/displacement correlation R? is significantly better than the Rpyng/displacement

. 2
correlation R” value.

The results of this additional test are added in the revised manuscript and Figure 10 is

modified as follows:

‘Figure 10 summarizes the comparison of the performances between the precipitation, the
Rpyve and the Rigpw based on the NHI, NH2 and NH3 tests for the four extensometers. All
LBCI values from bootstrap testing of NHI, NH2 and NH3 are greater than zero, allowing to
reject the three null hypotheses for the four stations (Fig. 24). Rejection of the NHI null
hypothesis shows that R’ obtained with Rpyvg are significantly higher than those computed
with precipitation. Rejection of the NH2 null hypothesis shows that the R’ obtained with Rz
are significantly higher than those computed with precipitation. Similarly, rejection of the
NH3 null hypothesis shows that R® obtained with Ripyy are significantly higher than those
computed with Rpywg. R’ values vary from 0.0006 to 0.343 for precipitation, from 0.076 to
0.444 for Rpywe and from 0.243 to 0.586 for Rigmw, for G5 and A16 extensometer respectively
(Table 2). On average, Rpyne allows to increase the R’ value by 29% relatively to
precipitation, while Ryzyy allows to increase the R’ by 78% (Fig. 2B). The R’ obtained with

Ririw are 38% higher on average than those obtained with Rpyg.

These results are confirmed by the LBCI and by the observed values of the NH?2 test which are
always greater than those from the NHI test as well as by the positive LBCI values of the
NH3 test (Fig. 10). The correlation performance for the recharge estimated with the LRIW
method significantly exceeds the performances of the two other signals, making the LRIW
method particularly appropriate to be used in landslide studies. A discussion about the benefit
of this study for the understanding of the rainfall-displacement relationship in the case of the
Séchilienne landslide can be found in appendix C.’
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Figure 10: Performance of the LRIW workflow. A: Bootstrap distribution of null hypothesis
NH1, NH2 and NH3 tests for four displacement recording stations. LBCI is the lower bound
of the confidence interval. B: R* values for the four displacement recording stations obtained
with the precipitation, recharge-PMNE, and recharge-LRIW. LBCI is the lower bound of the
confidence interval. G5 station is disregarded in the calculation of the performance average
variation calculation since the R? value obtained at G5 from precipitation is close to 0,

therefore leading to a non-representative variation.



Technical corrections:

Most technical corrections have been taken into account. Those not taken into account are

discussed below:
Page 6366: methods rather than results. We partly agree with this comment.

Lines 5 to 10 are moved to the section ‘Application to the Séchilienne landslide’. The rest is

kept at the same place as it is the result of the GIS composite analysis.
Page 6389: relative error of 25% seems non-trivial.

We misused the phrase ‘relative error’. In the former manuscript, the coefficient of variation
of the RMSE (root mean square error) should have been used instead of ‘relative error’. The
CV(RMSE) is equal to RMSE divided by the observed dataset mean. The CV(RMSE)
indicator is used to compare models with different units, which is not the case of this study. In
the revised manuscript, the CV(RMSE) is replaced by the RMSE performance indicator.

Table 3 is modified as follows:

Table 3: Calibration and performance of the five tested ET, methods relatively to the FAO-56
PM ET, standard (Penman-Monteith method defined in the FAO-56 paper). All the ET,
methods are detailed in the appendix A. a, b and R* are the results of linear regression

between FAO-56 PM ETj and tested ET, methods. RMSE is the root mean square error

Method a b R’ RMSE
HS Et, 0.920 0.130 0.917 0.548
Turc ET, 0.880 0.434 0.900 0.588
PS ET, 0.352 0.365 0.919 0.533
M ET, 1.107 -0.018 0.910 0.565

PM,4 ET 0.994 0.013 0.932 0.505




Appendix 3: marked-up manuscript version
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+H—FENRS:AN _ EFFICIENT ~ WORKFLOW TO ACCURATELY COMPUTE
GROUNDWATER RECHARGE FOR THE STUDY OF RAINFALL-TRIGGERED DEEP-
SEATED LANDSLIDES, APPLICATION TO THE SECHILIENNE UNSTABLE SLOPE
(WESTERN ALPS)

Vallet A.', Bertrand C.', Fabbri O.!, Mudry J.!

[1] UMR6249 Chrono-Environnement - Universit€ de Franche-Comté - 16 route de Gray - F-
25030 Besancon cedex — France+}

Abstract

Pore water pressure builtbuild-up by recharge of underground hydrosystems is one of the

mam tr1gger1ng factors of deep seated landshdes—Gfeuﬂdwa{er—feeh&ngLhieh—fs—the




al- : - tUES deep seated
landshdes pore water pressure data are not avallable since plezometers if any, have a very
short lifespan because of slope movements. As a consequence, indirect parameters, such as
the calculated recharge, are the only data which enable to understand landslide hydrodynamic
behaviour. In-this-contextrecharge-is—a—eructal parameterto-estimate—However, in landslide
studies, methods and recharge-area parameters used to determine the groundwater recharge
are rarely detailed. In this study, the groundwater recharge is estimated with a soil-water
balance based on characterization of evapotranspiration and parameters characterising the
recharge area (soil-available water-capacity, runoff and vegetation coefficient). A workflow
to compute daily groundwater recharge is developed. This workflow requires the records of
precipitation, air temperature, relative humidity, solar radiation and wind speed within or
close to the landslide area. The determination of the parameters of the recharge area is based
on a spatial analysis requiring field observations and spatial datasets (digital elevation models,
aerial photographs and geological maps). This study demonstrates that the performance of the
correlation with landslide displacement velocity data is significantly improved using the
recharge estimated with the proposed workflow. The coefficient of determination obtained
with the recharge estimated with the proposed workflow is 78% higher on average than that
obtained with precipitation, and is 38% higher on average than that obtained with recharge
computed with a commonly used simplification in landslide studies (recharge = precipitation
minus non-calibrated evapotranspiration method).
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1. Introduction

Pore water pressure build-up by recharge of aquifers is one of the main triggering factors of
destabilisation of deep-seated landslides (BinetNoverraz et al.,—2007:—Durvile 1998; Van
Asch et al., 2009+ Pisant 1999; Guglielmi et al.,26+0 2005; Bogaard et al., 2007; Bonzanigo
et al., 2007);-or-with-the-use-of elaborate-orindirectmethods-. In most deep-seated landslides,
pore water pressure data are not available since piezometers, if any, have a very short lifespan
because of slope movements. In addition, landslides show heterogeneous, anisotropic and
discontinuous propertles (Heng—et—al—z()GS—Cappa et al., %996—12?916%59%2004 Bmet et al.,
20432007a)—Sem : ata—a ienal- and
local measurements are rarelv representatlve of the overall behav1our of the landshde aquifers.
In the absence of piezometric measurements, the groundwater recharge is used as the most
relevant parameter to characterize the pore water pressure of the landslide aquifers.
Groundwater recharge (hereafter recharge), also referred to as deep percolation, is the part of
the precipitation which recharges the saturated zones (aquifers).

Landslide studies involve a wide range of specialities (sub-surface geophysics, structural
geology, modelling, geotechnics, and geomechanics). Scientists or engineers in charge of
landslides may not have the required hydrology knowledge to accurately estimate the
recharge. In most cases, deep-seated landslide studies devoted to characterise the rainfall-
destabilisation relationships do not take into account recharge with enough accuracy. In
particular, some studies estimate the recharge without calibration of the evapotranspiration
estimation methods and without soil-water balance (RechetCanuti et al., 19941985; Alfonsi,
1997; ZézereHong et al., 2005; MerieBinet et al., 2006:+Z4izi0k2007b; Durville et al., 2009;

Plsam et al 2010 Prokesova et al 2013)%%3%appfeaehes—eaﬂ4%ad—te—s+gmﬁe&m—eﬁefs—m




pfedwﬁeﬂ—e#s}epe—dﬁpheememaiﬂae—eeﬂeep%eﬁfeqﬁs&eﬂfmphe&y Lastly, several studies
use precipitation data instead of the recharge (Stirzaker—et—als—2040)(Rochet et al., 1994;

Z&zere et al., 2005; Meric et al., 2006; Helmstetter and Garambois, 2010; Belle et al., 2013).
These approaches can over-estimate the groundwater recharge and can thus bias the
characterisation of the relationship between rainfall and destabilisation. A more accurate
estimation of the groundwater recharge signal can improve the accuracy of these studies. So
far, no computation workflow has been proposed to estimate simply and accurately the
recharge in the context of landslide studies.

Patwardhan et al.-ha
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are W —(Fieu : showed that the
soil-water balance method is an accurate way to estimate groundwater recharge. Recharge
computation with a soil-water balance depends mainly on the surface runoff, the soil-available
water-capacity (SAWC) and the specific vegetation (so-called crop) evapotranspiration (ET,,
also referred to as potential evapotranspiration), itself being deduced from reference
vegetation evapotranspiration (ET() with a vegetation coefficient (K.). The Penman-Monteith
method (Eq. (A6) in appendix A)), hereafter referred to as the ET, standard equation or FAO-
56 PM, developed in the paper FAO-56 (Food and Agriculture Organization of the United
Nations) is considered by the scientific community as a global standard method to estimate
ET, worldwide (Jensen et al., 1990; Allen et al., 1998). This method requires the knowledge
of the air relative humidity, the air temperature, the wind speed and the solar radiation.
However, most weather stations in landslide areas record only air temperature and rainfall.
Unlike the FAO-56 PM method, methods based only on air temperature and solar radiation
(R;) allow a simpler expression of ET, (Tabari et al., 2013). Besides, R, can also be estimated
only from air temperature (Almorox, 2011), thus allowing ET, to be obtained only from air
temperature records. These reduced-set methods are developed under specific site conditions
and must be calibrated in order to improve accuracy (Allen et al., 1994; Shahidian et al.,

2012).

The objective of this study is to develop a parsimonious, yet robust, guideline workflow to
calculate time series of groundwater recharge at the scale of the recharge area, time series that
can subsequently be used as a deterministic variable in landslide studies. To maximize the
accessibility to diverse user groups, we strive to develop an efficient method, balancing
technical accuracy with operational simplicity. The proposed workflow is applied on the
deep-seated Séchilienne landslide. To test its utility, a correlation analysis is used to evaluate
whether the calculated groundwater recharge is more strongly correlated with measured land
mass displacement velocities than with precipitation or with recharge estimated with a
common_simplification in landslide studies (recharge = precipitation minus non-calibrated
ETy; Canuti et al., 1985; Binet et al., 2007; Pisani et al., 2010; ProkeSov4 et al., 2013). The
significance of the correlations is assessed with bootstrap tests. The proposed study aims at
showing that an accurate estimation of the recharge can significantly improve the results of
rainfall-displacement studies.

2. Method

2.1.General workflow

In the case of deep-seated landslides triggered by deep water-saturated zones, the impact of a
multi-day cumulative rainfall is far more significant than rainfall duration or intensity (Van
Asch et al., 1999; Guzzetti et al., 2008). For these reasons, the workflow is developed to
compute daily groundwater recharge. Similarly, this study is based on displacement recorded
at a daily time-step. For the sake of simplicity, the daily displacement, equivalent to a velocity
measurement in mm/day, is hereafter referred to as displacement. The groundwater recharge
is estimated with a soil-water balance based on characterization of ET, and parameters
characterising the recharge area (SAWC, runoff and K.). The computation workflow (Fig. 1),
hereafter referred to as LRIW (Landslide Recharge Input Workflow), includes four steps.

| 5
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The estimation of the ET, requires the records of air temperature within the landslide area and
relative humidity, solar radiation and wind speed within or close to the landslide area. In the
case of a landslide-located weather station recording only the temperature, the first step
(detailed in section 1.1) consists of a regional calibration of reference—vegetation

evape’efaﬂspffaﬂeﬁ—(ETo} and SGl—HI—P&d-l—&H—Gﬂ—(RS} reduced-set meehed-s—wmq—fespeet—ke—ehe

feeefdmg—&H—Eeqaﬂed—pafameﬁeﬁs—(equatlons (equatlons detalled in S%GHGH—Q%}—

Calibratedappendix A). The calibrated methods then allow to estimate evapotranspiration at
the—landslhide——site—equipped—with—a—weatherstattonr—measuringbased only on temperature
records. In the case of a landslide weather station recording the full set of parameters, the first
step can be skipped and the FAO-56 PM method can then be used to estimate ET, The second

step (detailed in section 2.3) consists in estimating the vegetation-coefficientthe SAWC and

therecharge-area parameters (surface runoff-ceetficient-across—therecharge-area, SAWC and
K.) using a GIS (Geographic Information Systems) composite method (detailed—in—section

24requiring_ field observations and spatial datasets (digital elevation models, aerial
photographs and geological maps). The third step (detailed in section 2.4) uses a soil-water
balance to estimate the recharge with ealibratedthe estimated ETy, and Rs—redueced-set
methods;—and-the estimation of the recharge—-area parameters. The fourth step (detailed in
section Z-5)—Besides;0) consists of a sensitivity analysis based on a recharge-displacement
velocity correlation and is performed in order to refine the estimations of SAWC and runoff
coefficient-estimations.

2.3.Methods calibration — Step 1
2.2.Fhe—regional -methed—:_Regional calibration of ET, and Rg
methods

ET,_reduced-set and Rg temperature methods were initially developed for given regions or
sites with their own climatic conditions and must be calibrated to take into account the
weather conditions of the study site. Details about calibration can be found in the literature
(Allen et al., 1994; Itenfisu et al., 2003; Lu et al., 2005; Alkaeed et al., 2006; Alexandris et al.,
2008; Shahidian et al., 2012; Tabari et al., 2013).

The regional calibration method (Fig. 1— Step 1) is performed using the records of nearby
weather stations (Eiguret+—Step—1-—Thesestations—record—the necessary—meteorological
parameters-and-will-behereafter referred to as reference weather stations—Calibrations) having
similar climatic conditions as the study site and recording the required meteorological
parameters. The calibration of Rg and ETy—+edueced-set methods are performed for each
reference weather station (local scale). The local adjustment coefficients of the reference
statlons—eledaeed—frem—th%leeal—eahbfaﬁe& are then averaged in order to deflne a reglonal
cahbratlo W : : t aton-a

The user has to maintain a balance between the number of selected reference stations and the

necessity for these stations to be located in areas with climatic conditions similar to those of
the study site-elevation—and-latitude. For sites with a sparse weather station network, one
reference station can be sufficient for the calibration, provided that this station has the same
weather conditions as those of the studied site.

The performance assessment and-—+ankine—of each-of-theregionallyregional-scale calibrated
methods is based on the comparison between observed measurements and calibrated estimates

for R, and between FAO-56 PM estimates and calibrated estimates for ET, for each reference
weather station. Performance indicators are the coefficient of determination (Rz), the slope

| 6
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and the intercept from linear regression (independent variable: estimated parameter;
dependant variable: ebservedreference parameter), and the relative—error—RE—{root mean

square error;-or (RMSE;-divided-by-the-observed-datasetmean).

2.3.1.2.2.1.  Solar radiation methods

Bristow and Campbell (1984) and Hargreaves and Samani (1985)-propesed-each-areduced-
: I it Re) ! | : I LA

mod s BC BC BC

Hargreaves-Samant-meditied-equation<{_proposed methods to compute Rg based solely on the

air _temperature measurement (Eq. (Al) and Eqg. (A2) in appendix A). Castellvi (2001)
demonstrated that both methods show good results for daily frequencies. The coefficients of
the Bristow-Campbell method have to be evaluated. The coefficients of the Hargreaves-
Samani method have default values. However, Trajkovic (2007) showed that the regional
calibration of the Hargreaves-Samani method is significantly improved by an adjustment of
the coefficients rather than by a linear regression. Therefore, all the HS, , R, »

Bus (N
mod ‘s HS HS \=J

where

Ape By Cye-Pye——arecoefficients are adjusted. In this study, modified forms of the

Bristow-Campbell regional-calibrationcoetficients
Ay Bis+ €55 method (Eq. (A3)) and Hargreaves-Samani method (Eq. (A4)) are the

Hargreaves-Samantregionalused. For the Rs equations, the adjustment of the local calibration
coefficients
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Adjastment—of-coefficients(including—e)forthe Rs—regionalealibration is non-linear. To

adjust the calibration coefficients, a grid search iterative algorithm is used to maximise the R’

value of Rs-performancefequation3)-

m

~ |R2 —RE

s performance = = {3}
m

wher&m—rswhrle mrnrmrzrng the nﬂmbepef—weathepstatrens—&sed—fer—th%eahbratren—R—rs—the

betweemneasured—andestnnated—va}&esRMSE at each reference weather station.

2.3.2.2.2.2. __Evapotranspiration methods

The-reference-vegetation-evapotranspiration{ET() is the evapotranspiration from a reference
grass surface and is used as a standard from which speerﬁevege&atrenevapetraiﬁpﬁaﬁenET

ET. = ET XK, (1

where K, is the vegetation coefficient.

Several ET, methods using a reduced dataset in comparison to the FAO-56 PM method have
been developed worldwide. Only a few methods are commonly used. This is the case with the
five ETy_methods selected for this study, which have shown good performance when using
daily to weekly frequencies (+9853(Trajkovic, 2005; Yoder et al., 2005; Alexandris et al.,

2008:; Shahidian et al., 2012; Tabari et al., 2013);feursolarradiationftemperature-based. The
five selected ET, methods, namely the methods of MakkinkHargreaves-Samani (19571985),
FareMakkink (4961+1957);—andPriestey—andTFaylor—, Turc (19721961), Priestley and the

Peamanr-Montetthredueed—setmethodTaylor (—A:Hen—et—al—l—99~8911972){equatreﬂsﬁ6:4—teﬁ%l—9
. i y . e " hoaRs ] | hodall

%tenm%and—&n#erm—su#&e& and the Penman Monterth reduced—set method (Allen et al

1998)—FhePriestley-TaylorandPenman-Meonteith- BT, reduced-set-methods—usenet—solar

| 8
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19 beea—w&del—y%sed—te—eahbfa%e—Ein—red&eed—se{—meﬂ&eds— require records of Rq and

20 | temperature (Eq. (A7) to Eq. (A12) in appendix A). As Rg can be estimated with a calibrated
21 | Rg_temperature-based method, ET, can thus be obtained with temperature records only.

22 | ETy_ is calculated using data collected at each reference weather stations (independent ET,
23 | estimates). These calculations follow FAO-56 PM method outlined in the FAO-56 document

24 | (Allen et al. —1—994%466%%2005—%—&1%&&3—%(—81—2@-1—2 1998)
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14
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soil-, These 1ndependent ETn estlmates are then used as pseudo standards for the purpose of
calibrating the regional-scale ETy methods. A linear regression is performed for each of the
evapotranspiration methods and for each reference weather station (Eq. (2)). The slope a and
the intercept b of the best-fit regression line are used as local calibration coefficients.

ET, pao-sorm = G ET epoa +0 2)

where ET rao-56 pm 1s the ET( estimated with the standard method and ET¢ method_ 1S the ETy
obtained by any of the five methods tested in this study. The linear regression method has
been widely used to calibrate ETn methods (Allen et al —1—998 1994, Tra1k0v1c 2005
Shahidian et al., 2012). A e areas-were : receta
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2.3.Step 2: Estimation of the parameters of the recharge area

The estimation of the recharge with the soil-water balance (step 3 — section 2.4) requires the
calculation, at the scale of the recharge area, of three parameters which are SAWC, runoff
coefficient Reeefr, and K. These three parameters are controlled by one or several factors
which are, in this study, the slope gradient, the geological nature of the substratum and the
type of vegetation cover. Besides, at the scale of the recharge area, the controlling factors are
commonly heterogeneous and thus the recharge-area parameters cannot be readily computed.
For each of the controlling factors, the recharge area is divided into sub-areas (hereafter
referred to as factor sub-areas) characterized by homogenous factor properties. Factor sub-
areas can be either continuous or discontinuous, and their number and shape can differ,
depending of the spatial distribution of the factors. Relevant factor sub-areas are in turn used
to define parameter sub-areas. For a given parameter sub-area, the value of the parameter is
estimated from either field measurements or from the literature. The parameter values at the
scale of the recharge area are then calculated by taking into account the relative surface of the
parameter sub-areas (Fig. 1 — Step 2). Lastly, if preferential infiltration structures (hereafter
referred to as infiltration structures) such as sinkholes, cracks, reverse slope areas, bare
ground or any topographical depression which can collect the surface runoff are present in the
recharge area, the above-mentioned parameters have to be adjusted. For such areas, the
SAWC and R .., being very low, will be set at zero in the calculations. Similarly, for such
areas, ET(_is negligible and therefore the surface of these areas is disregarded for the K.
computation. The parameter values are afterwards refined by a sensitivity analysis (step 4-
section 0) in order to find the optimal set of recharge-area parameters.

The K. parameter takes into account four key characteristics (vegetation height, albedo,
canopy resistance and evaporation from soil) that distinguish the vegetation type of a given
sub-area from the reference grass used to estimate ET) N&sy—aﬂd—khgy—zm—lég Allen et al .
1998)- : ~

wm%Ffeneh—Alp&

. The K. sub-areas are defined according to the type of vegetation (e.g., meadow, forest...)
obtained from aerial photographs. The dominant vegetation species assigned to each
vegetation type can be obtained from literature (e.g., forest agency data) or from field
observations. Since the K. parameter depends on the stage of development of the vegetation,
it varies from a minimum value during winter to a maximum value during summer. The
minimum and maximum K. values are estimated from the literature and are assigned
respectively to the 4™ of February (middle of winter) and the 6™ of August (middle of
summer) of each year. A daily linear interpolation is performed for K. between these two
dates (Verstraeten et al., 2005).

| 11
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The SAWC parameter refers to the difference between a maximum water content above
which all free water is drained through gravity (field capacity) and a minimum moisture
content below which plant roots cannot extract any water (permanent wilting point). The
SAWC is mainly affected by soil texture and thickness, both depending primarily on the
geological substratum and the vegetation. The SAWC sub-areas are defined according to the
type of vegetation (obtained from aerial photographs) and to the geological substratum
(obtained from geological maps). SAWC values can be either calculated with pedotransfer
functions (Bruand et al., 2004; Pachepsky and Rawls, 2004) from soil properties (type of
horizon, texture and bulk density) and thickness or obtained directly from the literature. Soil
properties and thickness can be obtained from the literature (e.g., pedological maps) or from
morphological description or laboratory measurements of auger hole cores.

The method used to estimate the surface runoff is similar to the commonly used ‘runoff
rational method’. The R parameter depends mainly on topography and vegetation. The
Reoert_sub-areas are defined according to the vegetation (obtained from aerial photographs).
An average slope gradient obtained from the DEM is assigned to each vegetation sub-area.
The R..efr values can then be calculated from vegetation cover and slope gradient through the
use of charts such as the Sautier chart (Musy and Higy, 2011).

2.4.4—Infiltration strueture

flrst located through exammatlon of aer1a1 photographs (hneaments}— analys1s} and geolog1cal

mappingmaps, and are then inspected in the field-ebservations.

2524, Seil-water—balanees—reeharse—Step  3:  Recharge
computation —Step-3with soil-water balance

Recharge-is-estimated-aceordingto-the-followingThe soil-water balance workflow used

to estimate the recharge at a daily frequency is detailed in Fig. 2. All terms
required for the soil-water balance estimation are expressed in water amount
(millimetres), except for Rcoeri €xpressed in %. The soil-water balance wwith-the
EFecomputed—with-thecombination—of Ry-andEFreduced-setealibratedmethods—and—+he

A ho ago on ava' an N 2 an dad ad om ho (1N mmaotihnA
V = l O O cl O

B )

%@%1%18 based on ET SAWC KC and Rcoeff The Qrec1gltat10n ng is the amount of

liquid (rain) or solid (snow) water which falls on the recharge area.—Hewever;—in—the
remaining part-of-the papersthe The precipitation will be eensideredto-be-the-sametaken
here as the sum of snow melt and rainfall. A part of this water amount is intercepted by the
vegetative canopy (interception)-Figure-2; Fig. 2A). The remainder of precipitation reaches
the ground surface and forms: (i) the runoff (Rf), which is the water joining the surface
drainage networks and (ii) the infiltration (I) into the soil layer which supplies the SAWC

al Hed—soil Jabl . itv)_The SAWC is ¢l . a1
eontent-available for-evapeotranspiration. The remaining part of the precipitation whieh-has
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not been-taken-offuptaken by evapotranspiration and runoff and whieh-has-not-been stored
in the SAWC is called the recharge (R). It corresponds to deep percolation and it-is the
component of the rainfallprecipitation which recharges the saturated zone (Figure2(Fig.

FheThe ET,is a lumped parameter mcludmg potentlal transplratlon potentlal soil evaporatlon
and canopy resery

b&&h&mtereeptlon preee&%taken—eﬁﬂ&h%@resewem@gur%#&pe&aﬁpﬁa&eﬂ
is—the—total—evaporativeJloss—{rom—the—surface;—+e—evaporation froem——set—and—plants

¢(Verstraeten et al., 2005). In the proposed computation diagram workflow (Fig. 2B) the

%&speaﬁ&veg%%&a%%&pmﬁe&éﬂe%éeé&eed—&emﬂ@md—%d%%gem&%

coeffietent;_component is therefore integrated in the ET. component. The ET, is the water

evapotranspired without any other restrictions ether-than the atmospheric demand (assuming
unlimited soil water availability). However, field conditions do not always fulfil these
requirements, particularly during low rainfall periods; when water supplies are inadequate to
support vegetation uptakes. AetualThe actual evapotranspiration (ET,) corresponds to the
actual amount of evapotranspired water.

Runoff takes place when the intensity of a precipitation event exceeds the soil infiltration
capacity. The use of a daily measurement frequency for precipitation does not allow an
accurate estimation of rainfall intensity-theurbyrainfallreselutionisnot-available).. Instead, a

runoft—eoethicient (R o) 1S applied only for days when precipitation is greater than the
average. Such days are considered as high intensity rainfall days. The runoff-coefficientR oefr

is applied only to excess precipitation, after the demands of evapotranspiration and SAWC are

met—(Ll e., when SAWC is fulﬁlled}éﬁgur%zl% (Fig. 2B).

2:6:2.5. Step 4: Sensitivity analysis of the recharge—-area
parameters

In the landslide recharge area, infitrationrecharge can be assumed-to-beconsidered as spatially

heterogeneous. Indeed, in fractured rock-hydrozeologyrocks, the groundwater flow is mainly
driven by an anisotropic fracture network. The proportion of infiltrated water which flows
| toward the landslide aquifer can be-significantly differentdiffer between two zones of the
recharge area. Nevertheless, the GIS composite method considers that any part of the recharge
area has the same weigh—relativelyweight with respect to the filtrated—watergroundwater

which flows toward the landslide aquifer-(-e-hemeogeneous-infiltration).. This homogeneous
recharge assumption can lead to a—bias—estimationbiased estimations of the recharge—-area
parameters. On the other hand, uncertainties in the delimitation of the recharge area can also
lead to biased estimations.
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OnA _ sensitivity analysis evaluates the other—hand;—numerous—uncertainties—rematn—about—the
recharge-area-delimitation;the-SAW-C-possible over-estimation afdor under-estimation of the earopy

fesewefr—mﬂuene%he%mee&aﬂmes—eaﬁ—a}se%ead%e—bmses—m—eheset of recharge—-area

feehafg%afea—pafamﬁefs—mﬁkfaﬁeﬂ—s&u&ufes The 1nf11trat10n structure sub areas are used

as a-fitting faetorfactors (varying from O to 100% of the recharge area_surface) to adjust the

recharpearedpuarateter-estimation based-opr—aheteroceneous—assumptiondentealtanduse
Sreperde el citoren e b copeibe b oent toof the el et of

recharge-area parameters. A variation of the infiltration structure percentage corresponds to a
variation of the contribution weight of the infiltration structures eentribution—weightto the
recharge of the landslide aquifer. As-a-consequenceapercentage-Consequently, a variation of

the infiltration structure percentage does not affect the relative proportion of the other sub-
area surfaces—wh&eh—rem&m—kh&sam% but only thelr contrlbutlon Welghts I—n—summzﬁ&y—wﬁh

The sensitivity analysis is based on rainfal-the performance of a linear correlation between
daily time series of recharge and displacement—eerrelation—performanece. The landslide

displacement wveleecity—of-thetandslide—triggered by rainfall-depends—on—the—groundwater
saturation—state—and—pore water pressure is therefore representative—ofrelated to the

hydrodynamic variations_of the landslide aquifers. For this reason, rainfall-the performance of
the correlation between recharge and displacement eerrelation—performanee-informs whether

the recharge--area parameters are suitable-to-characterise-the-water-infiltrationflowingtoward
thehmdshdeaguiter:

satisfactorily estimated. The sensitivity analysis allows to determine the optimal set of

recharge——area parameters Wthh maximize the f&mﬁa}bldfsp}aeemem—eefrek&ﬁeﬂ—peffefmaﬂe%

saturation—state—Correlation between water input and

displacement
2.6.1. Antecedent cumulative sum

The correlation between water input and displacement requires measurements of landslide
displacements at the same temporal frequency (daily frequency in this study) as the
measurements of water input (precipitation or recharge). The groundwater hydrodynamic
processes in aquifers are non-linear. A former rainfall event displays less impact (though not
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negligible) than a recent one on the aquifer hydrodynamic fluctuations (Canuti et al., 1985;

Crozier, 1986; Diodato et al., 2014). As—a-—consequenece—inthisstudy—theaquifer saturation
state—is—approximated-by—-anThe daily precipitation/recharge time series cannot therefore be
used without appropriate corrections. An antecedent cumulative sum ameunt—of
precipitation/recharge weighted by a deereasing—factor fo)—+Equation—5) is applied as a
moving window to the daily precipitation/recharge time series (Eq. (3)). The antecedent
cumulative sum eerrespondsallows to approximate the tetal-ameountdaily triggering impact of
rainfal—that—oceurred—over—a—definedperiod—priorto—athe aquifer AT/ on the landslide
destabilisation. In order to take into account the groundwater transit time, a 3 time-lag factor
is 1ntr0duced This factor can shlft the moving w1nd0w from the target date—l—n—eqﬂaﬂeﬂé—felc

Decreasing—sum—=—)- if .
“l+a(i-1)
t+f+n w
ATI, = — 3
2 a -G B )
where:
ATI, ————cumulative-pertod{dayAquifer Triggering Impact at the date t (in mm)
B time shift of the moving window (in days)
1 —i*dayi™ day from the date t (i=t+p: start of the moving window and i= t+@ +n:
end of the moving window)
n length of the moving window of the cumulative period (in days)
W, water input:, i.e., precipitation or recharge at the i' day (in. mm)

a

weighting factor

iterative grld search algorlthm is used to find the optlmal set of parameters of the antecedent
cumulative : : : e : ecreasing s

raneingsum. The optimal set of parameters is the set that maximizes the correlation
performance itself based on the R? indicator. The grid search algorithm investigates the
following parameter ranges: n from 1 to 250 days (+-day-increment: 1 day), a rangingfrom 0O
to 0.5 (increment: 0.06+0001) and B-rangine from 1 to 10 days (increment-)—TFhe-coefficient

| 15
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2.6-3.2.6.2. __ Significance of rainfallthe water _input-displacement
correlation

The bootstrap method, which is an inference statistical resampling method, is used to estimate
the confidence interval (CI) of estimated parameters and to perform statistical hypothesis tests
(Chernick, 2008). The bootstrap method uses resampling with replacement and preserves the
pair-wise relationship. However, for inter-dependent data (such as time series), the structure
of the dataset has to be preserved during the resampling. The moving block bootstrap is a
variant of the bootstrap method. It divides data into blocks for which the structure is kept;
which—makes—it-—suitablefortimes—series (Cordeiro and Neves, 2006). The moving block
bootstrap method is performed with a 90-day block size (season) and 50,000 iterations for
each run.

To estimate the significance of the linear regression, the lower bound of the confidence
interval (LBCI) of R? is used at the level of confidence of 95%. An LBCI value greater than O
means that the relationship is significant.

Particular to statistical hypothesis tests is the definition of the tested null hypothesis which is
often a default position opposite to the aim of the test, i.e._by stating that “there is no
relationship between the two considered quantities”. The null hypothesis is assumed to be true
until it is rejected by statistical evidence in favour of the alternative hypethesis{(thatis—the
eontrary)-opposite hypothesis. The recharge estimated with the LRIW workflow is hereafter
called Ry riw. The recharge estimated by subtracting a non-calibrated ET( from precipitation is
hereafter called Rpvne, PMINE standing for Precipitation Minus Non-calibrated ET,.

To estimate whether the recharseRpyne/displacement correlation R” is significantly better
than the precipitation/displacement correlation R? value, the Null Hypothesis 1 (NHI) wasis
tested. The NH1 states that the rechargeRpynp/displacement correlation R? value is not
significantly greater than the R? value obtained svithfrom precipitation. In other words, the
NHI1 statistic test is the difference between the rechargeRpyng R? value and the precipitation
R? value, expected to be 0 if no differencesdifference. Similarly, the Null Hypothesis 2 (NH2)
and the Null Hypothesis 3 (NH3) are tested. NH2 estimates whether the Rjrw/displacement
correlation R” is significantly better than the precipitation/displacement correlation R” value.
NH3 estimates whether the R;rmw/displacement correlation R’ is significantly better than the
Rpmne/displacement correlation R” value.

| 16
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| To estimate whether the best rainfaliprecipitation-R;rjw/displacement correlation R? value

computed from the sensitivity analysis is significantly better than the other R* values
obtained, the Null Hypothesis 2-NH2)}—~was4 (NH4) is tested. The NH2NH4 states that the
best R® value is not significantly greater than the ones obtained with all the remaining
combinations. In other words, the NH2NH4 statistic test is the difference between the best R®
value and the R? values obtained with the remaining combinations, expected to be 0 if no
differeneesdifference.

For bethall null hypotheses—NH1—=and—NH2, the decision te—rejeet—thenulthypothesisof
rejection is made by determining how much of the bootstrap distribution (among 50,000
iterations) falls below zero by using the lower bound of the confidence interval (LBCI) at the
level of confidence of 95%. An LBCI value greater than 0 alewallows to reject the null
hypotheses.

3. Application to the Séchilienne landslide

70>-Geological settings and rainfall triggering

The Séchilienne landslide is located in the French Alps on the right bank of the Romanche
river, on the southern slope of the Mont-Sec Massif (Fig. 3). The climate is mountainous with
a mean annual precipitation height of 1200 mm. The geological nature of the area is
composed of vertical N-S foliated micaschists unconformably covered by Carboniferous to
Liassic sedimentary deposits along the massif ridge line above the unstable zone. Quaternary
glacio-fluvial deposits are also present. The Séchilienne landslide is limited eastwards by a N-
S fault scarp and northwards by a major head scarp of several hundred meters wide and tens
of meters high below the Mont Sec. The slope is cut by a dense network of two sets of near-
vertical open fractures trending N110 to N120 and N70 (Vengeon—1998)(Le Roux et al.,

2011).

The latter-dividesSéchilienne landslide is characterized by a deep progressive deformation controlled by the
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3.2 Deformation-mechanismnetwork of faults and rainfall- triggering

An—ortginahityfractures. A partrcularltv of the Séchilienne landslide is the absence of a well— defined basal
sliding surface. The
%m%—éseen%m&t&es—@&a#s%ﬁae&wes}—ﬂ%ﬂepelandshde is affected by a deeplv rooted (about
100-150 m) toppling movement of the N50-70°E-strikinsblockstoward slabs to the valleys (accumulation
zone) coupled with the subsideneesagging of the upper part-of-the-slope near-(depletion zone) beneath the
Mont-_Sec—Fhis-mechanism-has-been-deseribed-by—Vengeon (1998)(Vengeon, 1998; Durville et al.,
2009; Lebrouc et al., 2013)—%—&9%&&&4%%%&%%{&41&&@%&&%&6&%%@%

dlstlngulshable from the unstable slope where hlgh dlsplacement velocities can be 10-time

higher than the rest of the landslide.

The landslide shows a higher hydraulic conductivity than the underlying stable bedrock (Vengeon, 1998; Meric

et al., 2005; Le Roux et al., 2011);—shows—a-higher-hydraulic-conduetivitythan-the-bedroek-, thus
leading to a landslide perched aquifer (Vengeon;+998)(Guglielmi et al., 2002)-and-constitutes-a-perched

aquifer—. The recharge of the landslide perched aquifer is essentially local, enhanced by the trenches and the
counterscarps which tend to limit the runoff and to facilitate groundwater infiltration in the landslide area.

However the hvdrochemlcal analvses of Gughelmr et al. (G-H-ghel-mi—et—al—2002)—rl:h%l&ndsh€le

the sedimentary deposits distributed above the landslide hold a perched aqulfer which can recharge the landslide

perched aquifer. The fractured metamorphic bedrock beneath the landslide contains a deep satured zone at the

base of the slope and an overlying vadose zone. The groundwater flow of the entire massif is mainly controlled
by the network of fractures with high flow velocities (up to a few kilometres per day; MudrV and Etievant,

shows that the deep aqulfer can also trigger the Sechlhenne landshde destablhzatlon as a result of stress transfer
and frictional weakening. Thus, the Séchilienne landslide destabilisation is likely triggered by a two-layer
hydrosystem: the landslide perched aquifer and the deep aquifer. The Séchilienne landslide behaviour is

characterized by a good correlation between precipitations and displacement velocities {2002)(Rochet et al.,

1994; Alfonsi, 1997; DurV111e et al., 2009; Chanut etal., 2013)%9wed—that—th%ma+n—reeharg%ﬁgmates

The-selected-weather-—stations—satisfytwo-conditions—(i)-they-.The seasonal variations of the

daily displacements are clearly linked to the seasonal variations of the recharge (high
displacements during high flow periods and low displacements during low flow periods).




3.2.Method implementation

The recharge computation uses the daily rainfall recorded at the weather station located at
Mont-Sec, a few hundred meters above the top of the landslide (Table 1 _and Fig. 3). This
station is equipped with rain and snow gauges and a temperature sensor. However, the
temperature measurements at the Mont-Sec station are considered unreliable because of a
non-standard setting of the temperature sensor and numerous missing data. Consequently, the
temperature at the Mont-Sec station has to be estimated in order to estimate the
evapotranspiration at the landslide site (see details about the computation in appendix B).

Since the Mont-Sec station does not record al-the requiredfull set of parameters to-cempute

ETg-with-standard FAO-56- PM-(wind-speed;—(relative humidity, temperature, wind speed and
solar radiation-er—relative—sunshine-duration,—measured-datly)—and(-theyare), a regional

calibration of ET, and Ry reduced-set methods is required. Three weather stations located_at
less than 60 kilometres from the studied site—TFhree- are used as reference weather stations;
manased-by-MétéoHraneefultil- these requirements: Grenoble-Saint-Geoirs, Saint-Jean-Saint-
Nicolas and Saint-Michel-Maur (Table 1-ard-Figure3) and Fig. 3). The Saint-Michel-Maur
weather station does not measure Rg—HoweverRg-can-be-caleulated-, which is estimated with

the Angstrom formula (equation-A3Eq. (AS) in Appendix A) using sunshine duration data
recorded at the station+EAO-56—guidelines;—Alen—et—al5—1998).. The Angstrom formula

empirical default coefficients wereare tuned with the two others weather stations (as = O 232
and bs =0. 574) m e o . R

me&s&rmg—tempefa%ufHamed—Lu&el—aﬂd—La—MﬂfH%ed—(The dehmltatlon of the
recharge area of the two laver hvdrosvstem (Fig. 3-and-Freure 3)Fhe-estimation-of-the Mont-

) of the Séchilienne landslide is based on the geological and hydrochemical studies of

Vengeon (1998), Guglielmi et al. (2002) and Mudry and Etievant (2007). The recharge area is
delimited by the spatial extent of the sedimentary cover of which the hosting perched aquifer
recharges the two-layer hydrosystem. Groundwater flow of the entire Mont-Sec massif is
controlled by faults and fractures. The N20 fault bordering the sedimentary cover to the east
as well as the N-S fault zone bordering the landslide to the east are structures which delimitate
the recharge area. The scarcity of information does not allow to accurately define the actual
extent of the recharge area. The sensitivity analysis mentioned in Section 0_allows to
compensate for the possible biases introduced by this uncertainty. The following spatial
datasets are used for the estimation of the parameters of the recharge area. The aerial
photographs (0.5 m resolution) and a DEM of 25 m resolution are provided by the “Institut
National de I’Information Géographique et Forestiere” (IGN) and geological maps are
provided by the French Geological Survey (BRGM).
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The Séchilienne landslide is permanently monitored by several-displacementstationsusinga
vartety-of techniques{extensometers;radar;a dense network of displacement stations managed

bV the CEREMA Lvon (Duranthon et al., 2003) In thlS studv one 1nfra-red—mehﬁemetef&

%O%—F%Eh&pfesem—smdy—eﬂ%mffa—fed—mamed— station g1101) and three extensometer
(named-stations (A16, A13 and G5) statiens-have-been-are used. Stations 1101, A13 and A16

and-Al3-arelocated-on-thesurfaceare representative of the most active unstable-zone whichis

ratnfal-(median displacement eerrelation—purposes—of 2.5, 1.75 and 2.98 mm/day,
respectively), while G5 is located on a much less active zone (median displacement of 0.05
mm/day, Fig. 3 and Table 2).

The sensitivity analysis is performed on the A16 extensometer on the period from 01 May
1994 to 01 January 2012, period during which both A16 extensometer and recharge datasets
are available. Jn-orderto-compare-therainfall-displacementcorrelation_The performance test
of the four-selected-stationsthe-correlation LRIW workflow against precipitation and Rpmng 1S
performed on the four displacements stations on the period from 01 January 2001 to 01
January 2012, period during which the feurs—extensometers—and—recharse—datasets—are
avatlable—four stations and recharge datasets are available. The Rpmng 1S estimated with the
non-calibrated Turc equation (Eg. (A8)) which is the most appropriate ET, reduced-set
equation for the Séchilienne site. Indeed, the Turc equation was developed initially for the
climate of France. The Turc equation requires the estimation of Ry which is performed with
the non-calibrated Hargreave-Samani equation (Eq. (A2)).

34.3.3. Displacement data detrending
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The long-term displacement monitoring shows that displacement rate and amplitude

exponentially increased with time as illustrated by the records of extensometer A16 (Fig. 4A).
The rainfall data series does not show any trend over the year, meaning that the displacement
trend is independent of the recharge amount. Consequently, on the Séchilienne landslide, for
the same amount of rainfall, the displacement rate and magnitude responses increase steadily
with time. The observed trend is the consequence of a progressive weakening of the landslide
due to long-term repetitive stresses. The accumulating deformation can be assimilated to long-
term creep (Briickl, 2001; Bonzanigo et al., 2007) and can be explained by a decrease of the
slope shear strength (Rutgvist and Stephansson, 2003). As shown by the detrended
displacement, the Séchilienne landslide is constantly moving and shows large daily to
seasonal variations which seem to be the landslide response to the precipitation trigger.
Consequently, the precipitation-displacement correlation is performed on the detrended

displacement.

The exponential trend is removed with the statistical multiplicative method (y, =7,S,1,)

where the time series (y,) is composed of three components (Madsen, 2007; Cowpertwait and
Metcalfe, 2009; Aragon, 2011): trend (73), seasonal (S,) and irregular (/,). In this study, the
irregular and seasonal components are both assumed to be linked to the rainfall triggering
factor (y, =T,D, with D, = §,1,). The trend is determined by curve fitting of a fourth-order

polynomial (parametric detrending). The result is a detrended unitless time series (D,) with
both variance and mean trend removed. The time series decomposition process is illustrated
with the A16 extensometer in Fig. 4.

4. Results of the recharge estimation with the LRIW method

4.1.Calibration of Rs and ET, methods

calibrated Rg_ methods show good results with respect to Rg measured at the reference weather
stations—Fable2).. The BCpoq Ry method is selected as it shows a better performance (R
0.864; RE-=0-119RMSE = 1.567) than the HSmoq Rs method (R* = 0.847; RE- = 0.123).
Equation-6RMSE = 1.625). The equation (4) presents the calibrated BC Ry method with all the
calibrated coefficients.

2.053

mod s

BC,,, R, =0.669 Rall—expl—0.010 (aAT)*™ )|+1.733 @

mod

The cloud cover adjustment factor a is either equal to 0.79 (ealibrated)-orto—t—acecordingto
the—conditions—mentioned—in—Seetion—25-cloud impact) or to 1. All the equation terms are
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used to compute R, input data of the five ET( reduced-set methods.

Fhe-data—pertod—used~HorET -method-regtonal—calibratton—was—the same—as—the-onetor Rg
calibration—Howeverstrong—wind-days—wereremoved—Overall, all of the ET, methods tested show

good results for regional calibration; and are all suitable for the Sechlhenne site (Table 3)—%—E:FQ—T—‘H'F&E:FQ
{‘II(I ~I l;lg €h H H H . . l Cl

). Among the ET(y methods tested, the PM,.q ETy method shows the best performance (R2 =
0.932; RERMSE=0.221505) and requires only a low regional adjustment-_(a = 0.994 and b
0.013). Therefore, the PM,.q ET¢ method swasis selected to compute ET, for the Séchilienne
site (hereafter referred to as ETy Séch). Figure 45 displays the estimated PM...-ET¢ Séch
versus the FAO-56 PM computation for each reference weather station.-Eguation7

The equation (5) is the final-ealibratedPM, . EF;-method-with-all-the calibrated PM,.q ETy
method with all the calibrated coefficients. The input R, term is deduced from the calibrated
BCi0d Rs method- (Eq. (4)).

0.408A(R, —0)+y————
ET, .., =0.994 L

0.408A(Rn—0)+yﬂ. .
T, +273

ET, e, =0.994 = +0.013 )]
A+y(1+0.34 1.5)

4.2.Recharge--area parameters
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Sub-areas are expressed in percentages of the whole recharge area (fable—4—and Fisure
5)(Table 4_and Fig. 6). Two types of vegetation cover, pasture and forest, are
delineateddefined using aerial photographs, with proportions of 23% and 53%, respectively.
The Séchilienne forest is mainly composed of beeches (Fagus sylvatica) and conifers (Picea
excelsa), which are associated occasionally with ashes (Fraxinus) and sweet chestnuts
(Castanea sativa). Three main geology sub-areas, micaschist bedrock (15%), sedimentary
cover (20%) and superficial formations (41%), are defined through examination of the
geological map and field investigations. Infiltration structures are eentredcentered on the
major faults as-identified on the geological map, theon lineaments deduced from araerial-
photograph analysis ef—theﬁal—phefeegfaphs—and theon geomorphological features

(sinkholes, cracks—fer—which=a...). A 50-meter wide influence zone surreundingis added to
the identified objects-is-added, leading to aan infiltration-structure sub-area representing 24%

of the recharge area.

4.2.1—For K, estimation, the proportion of beeches and conifers is
assumed to be identical for the Séchilienne forest (each 50% of forest
sub-area) and other species are ignored. K. are set to 0.71 and 0.97
for conifers, and to 0.78 and 0.9 for beeches according to Verstraeten
et al. (2005). Most pastures are anthropogenic and consist of grass. K,

are set to 0.85 and 1 according to Allen et al. (1998). Infiltration

structure sub-areas are not taken into account in the K. estimation,
so_the relative proportions of pasture and forest become 30% and
70% , respectively. Vegetation coetticient (k)

els The contrlbutlon of each sub -area w—es&ma{ed—@able
4r§Table 4 column “Kc RAl)—aHewmg ) allows the determination of the recharge area K.

values at the scale of the recharge area (0.777 to 0.955).

AnThe combination of geology and vegetation sub-areas results in six types of SAWC sub-

areas (Table 4). For each SAWC sub-area, at least one auger hole was drilled. For each soil
auger core, the soil texture, the stoniness and the organic-matter content are estimated by
morphological description (Jabiol and Baize, 2011). Based on these estimations, the SAWC is
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then computed using the pedotransfer functions of Jamagne et al (1977) and Bruand et al.
(2004). The average estimation of SAWC at the recharge area scale is 106 +10 mm (rounded

to 105 mm).

To estimate the R, an average slope gradient is computed from slope gradient analysis of

the DEM and is assigned to each vegetation sub-area._Pasture and forest sub-areas show an
average slope gradrent of 14° and of 20.6° resgectrvelg -~ = I

22% for pasture and 15% for forest are deduced from %h&Sautrer chart- (Musv and Higy,
2011). This chart was developed for Switzerland where environmental conditions are similar
to the French Alps. A 12.8% runoff coefficient is then estimated at the recharge area scale,
according to the respective proportions of sub-areas—in-therecharge-area{Table4)-vegetation
sub-areas (Table 4).

4.3.Sensitivity analysis of the parameters of the recharge area

analysrs is performed for SAWC ranging from O (IOO% of 1nf11trat10n structures
corresponding to precipitation) to 145 mm of SAWC (0% infiltration structures +10 mm of
SAWC uncertainties measurement) with an—inerementincrements of 10 mm. The coupled
surface runetteoetficientR . ranges from 0 to 16.3% (inwith increments of about 1%). For

each combination, recharge is computed according to the soil-water balance (Figuret+(Fig. 1 —
Step 3 and Figsuwre—23Fig. 2) with: (i) the temperature estimated for the recharge area
(Appendix B). (ii) the precipitation recorded at Mont-Sec weather station, and (iii) the

parameters of the recharge area—(AppendixB)—(Gtheprecipitation—recorded—atMeont-See
e e

All the best computations have a one- day lag, with periods ranging from 56 to 104 days
Fable-5)(Fig. 7A and Table 5). The best R? obtained from recharge is obtained with both the

hemege&eeus—mﬁkr&&ea—a&se&npﬁea—(%ﬂ%k@é—rrm% —O—éi%}—aﬂd—th%heteregeﬂee&s
Maﬁen—a&s&mp&eﬂ—fer%AW&ﬁrem—Sé—éR —96%8}49—1—15—%—(—1% =0.617—estimated

recharge-area parameters (SAWC = 105 mm, R = 0.618) and the recharge-area parameters
for SAWC adjusted from 75 (R*= 0.616) to 115 mm (R*= 0.617, Fig. 7B and Table 5). One
of the best correlation performances is obtained for the estimated recharge-area parameters.
This shows that the delimitation of the recharge area properly reflects the actual field
conditions. The best correlation performance is assumed to be obtained, with the estimated
parameter-recharge parameters for the NH4 null hypothesis, i.e. testing R* obtained with the
estimated recharge-area set (SAWC = 105 mm) minus R” obtained with each of the other
adjusted recharge-parameter sets of the sensitivity analysis (Table 5)

For all the recharge combinations tested, the LBCI values from bootstrap testing of NHINH2

are greater than 0, allowing to reject the null hypothesis NH1{(Figure 7C-NH2 (Fig. 7C). In
other words, it shows that the R* obtained with recharge is always significantly higher than
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the one computed with precipitation (R2 = 0.311) even for a SAWC of 5 mm (R2 = 0.426)

adlusted recharge-area parameters scenarios having SAWC Values above 5545 mm, the LBCI
values from bootstrap testing of NHHremNH4 are lower than 0, not allowing to reject the

null hypothesis NH2(Table-5-and Fisure 7DNH4 (Table 5_and Fig. 7D). In other words, it
shows that the R? obtained with the homoseneous-assumption{ta SAWC =of 105 mm) is not
significantly hlgher than the ones obtained from %h%heteregenee&s—ass&mp&en—wr&h—SAWC

45 mm. Recharge-displacement correlations for SAWC values ranging from 75 (runoff = 9%)
to 115 mm (runoff = 13.9%) show (i) a cumulative period computation (n) below 101 days,
that is within the third quartile, (ii) an R” greater than 0.616, that is within the third quartile
and, (1i1) LBCI values of NH2 greater than 0 (Fable-Sand (iv) LBCI values of NH4 lower than

0 (Table 5 and Figure-7H—TFhisFig. 7). These SAWC and runoff ranse-seemsvalues seem to
statistically reflect the recharge area properties of the landslide; and is—+ecommendedare

uggested for further work on the Sechlhenne landshde Fer—th%remarmag—part—ef—ehﬁ—papeﬁ

4.4.Estimation of the recharge for the Séchilienne landslide

For the remaining part of this paper, the Rirrw _is based on the estimated recharge-area
parameters (infiltration structures = 24%, SAWC = 105 mm, and Rioerr = 12.8%). Indeed,
among all solutions giving satisfying performances in the sensitivity analysis, these
parameters arise from actual field data. The Rygrw is compared with the precipitation signal in
Fig. 8.

The Ririw_signal differs significantly from the precipitation signals, marked by a high
seasonal contrast. This is especially true during summer when ET, is important. Indeed, the
first rainfall events after a dry period do not reach the aquifer until the SAWC is exceeded.
Figure €9 shows the best correlation results ef—eumulativefor precipitation and recharge
SAWE=105-mm)R riw, together with A16 detrended displacementdaily displacements. The
cumulative recharge signal reproduces well the displacement acceleration and deceleration
phases, and especially the dry summers where displacement drepped-dramatically dropped

(summers 1997, 1998, 2003, 2004 and 2009, Eigsure—8BFig. 9B). On the contrary, the
cumulative precipitation signal is more contrasted and more noisy, and does not manage to
| reproduce manyseveral peaks (in_width andas well as in intensity) of the detrended

displacement signal (winters 1997, 2000, 2004, 2005 and 2010). In addition, the cumulative
precipitation signal shows a weak correlation with displacement deceleration phases
(summers 1998, 1999, 2000 2006, 2009 and 2010).




5. Discussion

4.4.5.1. Relevance of recharge—sicnal for —the Séchilienne
landslidethe LRIW method

th%preer—pr—t&t}eﬂ—sa-gﬂal—(Frgure H&Hedaarg%ﬂgiwl—dﬁfers—ﬁgﬂﬂﬁeanﬂ-y;ﬁremlo
summarizes the comparison of the performances between the precipitation-signal—espeecially
durieswmmer-whenET —s—important—Indeed—thefirstratnfall-eventsattera-dry perfod-do
noetreach-theaquifer-unti, the SAWCis-exceeded-

In-erder-to-assess—whether-Rpvng_and the recharge-is-arelevantparameterR riw based on the
NHl NH2 and NH3 tests for the Seek&herm&mﬂdshd%th%eerrelaﬁeﬂ—betweeﬂ—ramﬁaﬂﬁaﬁd

é}extensometers All LBCI values from bootstrap testrng of NHl NH2 and NH3 are greater
than zero, allowing to reject the aut-hypothesis NHI-Rejection-of NH1-three null hypotheses
for the four stations (Fig. 10A). Rejection of the NH1 null hypothesis shows that R* obtained
with Rpmng are significantly higher than those computed with precipitation. Rejection of the
NH2 null hypothesis shows that the R? obtained with rechargeRpw are 31gn1flcantly higher

than the-enesthose computed with prec1p1tat10n—fer—th%fear—staﬂe&s—€l%gar%l—9}—}% i
M%%M%%%éwg%qdﬁem% Similarly, rejection of the NH3 null hypothesis

shows that R* obtained with Ry gw_are significantly higher than those computed with Rpyixe.
R? values vary from 0.0006 to 0.343 for precipitation, from 0.076 to 0.444 for Rpyne and
from 0.243 to 0.586 for Rigrmw, for G5 and A16 extensometer respectively (Fable—6)-
However—the 25" _and 975" p, —pereenﬂl%ef—N%—beet&trap—é&tﬁb&t}eﬂ—aﬂd—th%ebsewed
gTable 2) On average, RpMNp allows to 1ncrease the R® Value ef—NHl—test—ar%rather—eeﬂstaﬁt

a aa - aa o 5 a a a o e
RLRIW allows to increase the R by 78% (Fig. 10B). The R obtained with Ririw_are 38%
higher on average than those obtained with Rpmneg.

These results are confirmed by the LBCI and by the observed values of the NH2 test which
are always ereater than those from the NH1 test as well as by the positive LBCI values of the
NH3 test (Fig. 10). The correlation performance for the recharge estimated with the LRIW
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method significantly exceeds the performances of the two other signals, making the LRIW
method particularly appropriate to be used in landslide studies. A discussion about the benefit
of this study for the understanding of the rainfall-displacement relationship in the case of the
Séchilienne landslide can be found in appendix C.

4.5.5.2. Applicability of the LRIW method to other landslides

Bogaard—e&al—zgl%ﬂmstabl&embankmenkslopﬂandshdes—Several studles have shown the

relevance of the recharge signal for various landslide types: coastal landslides (Cartier—and

Pouget,—1987—DelmasMaquaire, 2000; Bogaard et al., 1987 Matichard—andPouget;
19882013)-and-deep-seated—earthflow, unstable embankment slope landslides (Malet-et-al
2993—@9&19%—29@6}(Cart1er and Pouget 1987 Delmas et al 1987 Matrchard and Pouget
1988)—1In—= I ]

anteeedent—sorl—mewtur%and—preerﬁtat}on— and deep seated earth flow landslrdes
(BreeeaMalet et al., 20H2:-Garel2003; Godt et al., 2042;: Ponziani-et-al520422006). Recharge;

whichimpheithgatherstogether In addition, destabilization of shallow landslides is known to

be 1nﬂuenced bV antecedent soﬂ moisture and prec1p1tat1on e&n—b%a—srgr&ﬁeant—p&rameter—to

methods—(xlan—ArsehBrocca et al., l—9992012 Garel et al 2012 Ponzram et al 2012)

3 Recharge,
which implicitly gathers antecedent soil moisture and precipitation, can be a significant

parameter to consider.

Although the method proposed in this study has not yet been tested at other sites, there are
several arecuments which suggest its applicability elsewhere. First, the FAO Penman-Monteith
method used in this study is considered worldwide as the evapotranspiration method standard

(Maguaire;2000;BinetAllen et al.,-20074izioli_1998; Shahidian et al., 2043 Padilaet-al;
20144 2012).

Monterth—method—nsed—m—thw—stn@—rs—ased—world%qd%as—the Several evapotransprratron

method-standardmethods were developed locally and many of them can be calibrated against
reference methods in other contexts (Hargreaves and Allen, 2003; Yoder et al.,—+998& 2005;
Alkaeed et al., 2006; Igbadun et al., 2006; Trajkovic, 2007; Alexandris et al., 2008; Lopez-
Moreno et al., 2009; Sivaprakasam et al., 2011; Tabari and Talaee, 2011; Shahidian et al.,

2012 Tabari et al., 2013)%%&%&%%@%

Several solar rad1atron methods were developed and can be applied worldwrde if locallV

calibrated, allowing estimation of evapotransprratron from temperature alone (Allen et al.,
1998 Almorox 2011). A-numbe educe 1 meth 3 can deve

evapetransprraﬁen—wrth—temper&&rr%alen% Recharge area parameters can be estrmated
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locally or with local or global literature reference values. The use of global values will
increase recharge estimation uncertainties. However, the implementation of a sensitivity
analysis allows a refinement of recharge-area parameters in order to compensate for the lack

of site- spemﬁc data. Pachepskv and Rawls @%len—et—al—l%S—A%memH@%ﬂOOM—

and-Rawls— developed pedotransfer functions to estimate SAWC for various regions of the
world. Reeefr Values from the widely used rational method can be applied, as well as most of
the runoff coefficients from the literature (260043(McCuen, 2005; Musy and Higy, 2011)-have
developed. In addition, pedotransfer functions te—estimate—SAWEC—can also be used for
dffferem—regieﬂs—ef—%h%weﬂd.—}%uﬂeﬁfmnoff estimation. Lastlv Vegetatlon coefflclents are

available from th

eeef—ﬁeten%s—f—rem—th&htef&&melocal surveys Me@aen—’&@@é—M&sy—&&d—khgy—zOl—H( Goch1
and Cuenca 2000; Verstraeten et al., 2005 Hou et al., 2010)—In—addmeﬂ—pede&&nsfer

#em—lec—al—s&weys— but can also be found in the hterature for many species (Gec—hrs—aﬂel
Cucnea. 20000 VerstractenAllen et al., 2005: Hou ct al.. 2010_1998). but can also be tound in
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5:6. __Conclusion and perspectives

wﬁh—hmrted—rneteoro}egreal—datasetsﬁét—woﬂeﬂew—methedA method based on a soil-water

balance, named LRIW, is developed to compute recharge on a daily interval, requiring enly

f ane fﬂ-}ﬂfﬂﬂ as HipHES I WO SG}?H fﬂdiaﬁeﬂ (¥%S) met—hed—s—aﬂd—ﬁ—v%eef&meﬂl—y—u-sed
reference-vegetationthe characterization of evapotranspiration (EF)-reduced-set-methods—are
tested—at—the—Séchilienne—site—However,—the—method—and parameters characterising the

recharge area (sorl avarlable water—caoaortv and runoff) A workflow is developed to bHs

and—runeﬁﬂeeeﬁﬁerent—ar%esﬁmated—atoompute darlv groundwater recharge and requires the
records of precipitation, air temperature, relative humidity, solar radiation and wind speed
within or close to the landslide. The determination of the parameters of the recharge area seale
with-a-GlS—compeosite-method;—andis based on a spatial analysis requiring field observations
and spatial datasets (digital elevation models, aerial photographs and geological maps). Once
determined, the parameters are refined with a sensitivity analysis.

The-sensttivityanalysisThe method has been tested on the Séchilienne landslide. The tests
demonstrate that the performance of the correlation with landslide displacement velocity data
is significantly enhanced using the LRIW estimated recharge. The R* obtained with the LRIW
recharge are 78% higher on average than those obtained with precipitation and are 38%
higher on average than those obtained with recharge computed with a commonly used
simplification in several landslide studies (recharge = precipitation minus non-calibrated
ETy). The sensitivity analysis of the LRIW workflow appears to be an appropriate alternative
to estimate or to refine soil-water balance parameters of the recharge area, especially in the
case of insufficient field investigations or in the absence of the necessary spatial dataset.For

steral LRIW vvorkﬂow is developed to be as un1versa1 as possible in order to be am)hed to

other landslides. The propesed-method-for-estimation-of-therecharge-workflow is developed

in order to be sufficiently simple feruse-byto guide any non-hydrehydrogeology specialist-
Theproposed—method who intends to estimate the recharge signal in the case of rainfall-

landslide displacement studies. Within this scope, a software is planned to be developed in the
near future in order to provide a user-friendly tool for recharge estimation. In addition, the
LRIW workflow also enables the reconstruction of retrospective time series for sites recently
equrpped with weather statlons de31gned to measure a full set of parameters —’Ph+s—metheekean

rec—harge A further step  will behave to account for the spat1a1 and temporal

vartabilityvariabilities of precipitation and recharge area properties, which—wil-providethus
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providing a better estimation of the recharge. In addition, taking recharge i-e-into account can

assist in determining a warning rainfall threshold for water-budcetcomputation):the deep-
seated slope movements.
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Appendix A: Equations for evapotranspiration and solar
radiation methods

A.1 Equation parameters terms for all equations—are—defined—as

foHeow:
R-R, extraterrestrial solar radiation [MJ m™ day™']
R-R, solar radiation [MJ m™ day™']
R-R, net solar radiation [MJ m™ day ']
NN maximum possible duration of sunshine [hour]
Hn actual daily duration of sunshine [hour]
T‘Tgng average air temperature at 2 m height [°C]
T minimum air temperature at 2 m height [°C]
FrT o maximum air temperature at 2 m height [°C]
G- E soil heat flux density [MJ m> day'l]
>y psychrometric constant [kPa °C™']
s U, wind speed at 2 m height [m s™']
e, mean saturation vapour pressure [kPa]
€ e, actual vapour pressure [kPa]
e e_" saturation vapour pressure at the air temperature T [kPa]
A slope of vapour pressure curve [kPa °C™']
RH-RH relative humidity [%]

o cloud cover adjustment factor [unitless]

The procedure for calculating these equation terms are given in the FAO-56 guidelines for
computing crop water requirements (Allen et al., 1998).
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A.2 Solar radiation (Rg)-

The solar radiation -BC-R- BC R, obtained-from-the Bristow-Campbell-method:

T
_ . A -~ min(j)+ min(j+1)
s ZigC BC Dlpge =1 N Ab

Mﬁﬁa‘(ﬂ—%ﬁ—wﬁh—is obtained from the Bristow-Campbell method (Bristow and
Campbell, 1984):
T T . .
BCR, = Ay Rall—expl- B, (AT, ) )with AT, =T, - — ) (A1)
The solar radiation AL =T I __-HS R, A2)

SEHST Cmax(j)  min())

obtained from the Hargreaves-Samani method (Hargreaves and Samani, 1985):

HS R, = A,sRa (ATHS )BHS MATHs = Tma_x(j) - Tmin(j) (A2)

where:
j is for the current target day and j+1 is for the following day
AgesBie+Coe Ape» By Cy  are the Bristow-Campbell empirical coefficients (no default

values)
A Bys Ays, By  are the Hargreaves-Samani empirical
coefficients{Ay;=016-and B;;=0-5) (A,, =0.16 and B, =0.5)

In this study, the modified forms of Rg equation of Bristow-Campbell and Hargreaves-Samani

are implemented: (i) a constant is added to take into account the possibility of a Rs estimation
shift, (ii) the £ from the Bristow-Campbell method is used in both equations, and (iii) a

cloud cover adjustment factor a is applied to R—=—a—+b- N R,

(AR
X7

where:—_since, for cloudy conditions, &—+b-AT'is_can produce an estimate larger than the

incoming solar radiation (Bristow and Campbell, 1984).

Bristow-Campbell modified equation (BC, , R, ):

BC,,, R, = Ay, Ra|l-expl—B,. (aAT)™ )+ D, (A3)

Hargreaves-Samani modified equation (HS, , R, ):
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HSmod Rs = AHS Ra (a AT )BHS + CHS @4)
T 3T .
with AT =T, _ Zmin(j 1+ min(j+1)
2
where:

11s for the current day and j+1 is for the following day

Agc, By, Cye. Dy are the Bristow-Campbell regional calibration coefficients

Ayss Bygs Chg are the Hargreaves-Samani regional calibration coefficients

The o coefficient is applied for the two first rain-event days since, for a rain period longer
than two days, the value of the Rs estimated from AT _and the actual Rg value become almost

identical. If £ on the day before a rain event ( ATH) is less than AT, , by more than 2°C,

the coefficient o is also applied assuming that cloud cover was already significantly present.
For the remaining days, o is not applied (oo = 1). A 2°C threshold and a 2-day period is used
(Bristow and Campbell, 1984). In this study, the calibration of a is based on the principle that
if this adjustment is not relevant, a calibrated a coefficient would be equal to 1 (no effect).

Rs can also be calculated with the Angstrom formula using sunshine duration data recorded at
a weather station (FAO-56 guidelines, Allen et al., 1998):

n
R = a+b — R
) s SN a KAS)

where: a_+b,is the fraction of extraterrestrial solar radiation reaching the earthEarth surface

on clear days—By (default values, a;=0.25 and by = 0.5-Cwithoutecalibration).

A.3 Reference vegetation evapotranspiration (ET):)

The reference vegetation evapotranspiration EAO-56-PM-ET-obtainedfrom—the Penman-

EAO - pap &
a t

QMBAU@—Gﬁy;fﬁ%Equ—%)

FAO-56 PM ET, = o8 FAO-56PM ET,———

A+y(1+0.34 u,)

C L
110 17

71X

o 1178) (A5
e ) |llQU} \ }

obtained from the Penman-Monteith method modified form from the FAO paper number 56
(Allen et al., 1998) is:
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T o~ 2( s a)

u,le
Tavg +273 (A6)
A+y(1+0.34u,)

0.408A(R, —G)+y

FAO-56PM ET, =

The reference vegetation evapotranspiration HS ET,_obtained from the Hargreaves-Samani

method (Hargreaves and Samani, 1985) is:

HS ET, =0.0135 0.408 Rs (T, +17.8) (A7)

avg

The unit conversion factor 0.408 wasis added to the original formula in order to compute
ET; ET, in mm day ' with Rg in MJ m™ day ™.

The reference vegetation evapotranspiration FureET;Turc ET obtained—trom—the—Ture
method:

_ Tavg
i " =0. :
T, +15
_ T, 50— RH
’ o T +15° 70

avg

obtained from the Turc method (Turc, 1961) is:

T
For RH >50% , TurcET,=0.01333—2%—(23.9001Rs +50
o ) T ) (A8)

avg

T
For RH <50%, Turc ET, :0.01333%(23.9001 Rs + 50)(1 +
+

avg

50— RH j
0 (A9)

For the Séchilienne landslide, the Eguation{A6)vasequation (A8) is preferred to Eguation

fAZthe equation (A9) because of an average relative humidity (RH) of the nearby mountain
weather stations greater than 50% (Chamrousse, 70%; Saint-Michel-Maur, 66 %; Saint-Jean-
Saint-Nicolas, 66 %).

The reference vegetation evapotranspiration -PT-ET; PT ET,—obtainedfrom—the Priestley-

obtained from the Priestley-Taylor method (Priestley and Taylor, 1972) is:
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PT ET,=1.26 (R,-G) (A10)

A+y

The reference vegetation evapotranspiration M ET,_obtained from the Makkink method

(Makkink, 1957) is:

A R
M ET, =061 *_0.012
0 (A+7) 245 (All)

The Penman-Monteith reduced-set method which allows to calculate the reference vegetation
evapotranspiration -PM—_ET; PM , , ET,is identical to the PM FAO-56 method (Eq.—-A+2)

(A6)). but humidity and wind speed are estimated according to FAO-56 guidelines {AHen—et
al—1998)(Allen et al., 1998). The actual vapour pressure is estimated with the Equation

AtO)-equation (A12):

17.27T

e—=e{T—)=0.61-exp it A10)
o7 Vi) T . +2373
1727 T, .
0
e =e (T )=0.611exp ——
=€ (T.) P e (A12)

min

In the case of the Séchilienne landslide, the wind speed +asis fixed at 1.5 m/s at a 2-#eters-
meter height (2 m/s by default), which is the daily average of the nearby mountain weather
stations (Chamrousse, 2.33 m/s; Saint-Michel-Maur, 0.95 m/s; Saint-Jean-Saint-Nicolas, 1.26
m/s).

A.4 Practical informations

The ET, methods used in this study were developed for irrigation scheduling, for which the
scope of application involves positive temperatures (plant water supply during the spring-
summer growing period). However, in mountainous sites, winter temperatures are often below
0°C, and ET, empirical methods can compute negative ET, values. Negative ET, computed
values do not have any physical meaning and are therefore set to zero for this study.

The Priestley-Taylor and Penman-Monteith ET, methods use net solar radiation (R;) instead
of Rs_which can be deduced from R following the FAO-56 guideline (Allen et al., 1998).

ET,_reduce-set methods do not take into account the wind speed variations. By removing
saturated air from the boundary layer, wind increases evapotranspiration (Shahidian et al.,
2012). Several studies show the influence of the wind speed on ET, method performance and
therefore on calibration (Itenfisu et al., 2003; Trajkovic, 2005; Trajkovic and Stojnic, 2007).
For this study, the days with average wind speed above the 95t percentile of the dataset
(extreme values) are disregarded for the calibration.
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Appendix B: Temperature estimation at the Mont-Sec weather
station

B.1 Method

The temperatures at the Mont-Sec weather station are estimated with the characterisation of
the local air temperature gradient using two surrounding weather stations recording the
temperatures at a daily rate (Luitel et LLa Mure weather stations). Once the local air
temperature gradient is characterized, one of the station is used to estimate the Mont-Sec

temperatures.

The decrease in air density with elevation leads to a decrease in air temperature known as the
lapse rate (Jacobson, 2005)-. A commonly used value of this rate is -6.5 °C / 1000 m. The air
temperature can thus be related to elevation. In order to compute a local air temperature
gradient, two weather stations surrounding the Séchilienne site swereare used-Cweatherstations
of: Luitel and La Mure)- (Table 1_and Fig. 3). The Luitel station is located on the Séchilienne
massif whereas the La Mure station is located about 18 km from the landslide. Both stations
have weather conditions similar to the Séchilienne recharge area. Although, the temperature
estimation from the Luitel station would probably be more accurate, in order to maximize
common interval lengths of temperaturetemperatures with displacement recerdrecords from
1994 to 2012, the La Mure station with recerdrecords from 1992 to 2012 swas—selected-as—a

retereneels preferred to estimate temperataretemperatures at Mont-Sec.

The local air temperature gradient in relation to elevation is defined by Equation (B1H-(B1).
The La Mure station temperatures (minimum and maximum) are used to estimate the
temperatures at Luitel in relation to elevation, over their common recording period. A linear
regression between temperaturetemperatures measured at La Mure and Luitel wasis
performed to determine the a and b coefficients. The b coefficient, which sgather
togethergathers the lapse rate (A) and the elevation difference, wasis then divided by the
elevation difference of the two stations used for the calibration.

T =T ) - ’T' wath D fF — ELlovating L] oy atioga
*(Station) — % * (Mure) +b *(Mure) +ALD ’JJ elevation "' i 2T elevation — ¢ Vuhu”’Mure Ltevatior "V Station
T(Statir)n ) =a T(Mure) + b =a T(Mure) + ﬂ’ Dl:ﬁ‘elevation

, (B1)
with Diff ,,,..... =Elevation,, , — Elevation,,,
where:
aandb regional calibration coefficients
T temperature minimum or maximum [°C]

-1

A temperature lapse rate [°C m' ]

Diff ejevation difference of elevation between two weather stations [m]

Elevation weather station elevation [m asl]

| Station target station (Luitel for the-calibration, Mont-Sec for computation)
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B.2 Results

The recording period used for temperature calibration is from 06 July 2006 to 23 July 2012
(2193 records). This is a common data interval for the two weather stations used (La Mure
and Luitel). The estimation of the local air temperature gradient shows a very good
performance with R? equal to 0.895 (LBCI at 5% level = 0.826) and 0.916 (LBCI at 5% level
= 0.850), and RERMSE equal to 2.12 and 2.48 respectively for minimum and maximum daily
temperature calibration.-EquatienB2) The equations (B2) and 83}(B3) are used to estimate
temperatures at Mont-Sec with temperatures measured at La Mure. Instead—efRather than
taking the elevation of the Mont-Sec weather station (1147 m), the average elevation of
recharge area (1200 m) is used, resulting in a difference of elevation with La Mure of 319 m.

ordinoc-n od a a pat a¥a Q a' a¥al
v qe cane Ol i

02 reco ommon—d Interva o—weath q used—(LaMure,
Euiteb- The estimated local air temperature gradient is 0.7°C per 100 meters of elevation (the
average of the A of the two following equations).

T =0011 T 00056310 (B2
lmin(Mont SCC) AV as e lmin(Mure) \V VAV LAY, [ g \U /
T =002 T 0. 00R7 210 (BR)
lmaX(Mont SCC) A\ rpar~ie ) lmaX(Mure) O O00U7 [ g \UJ/

ijn (

1 =0.911 T ) — 0-0056 X 319 (B2)

Mont Sec

T

max (Mont Sec )

=0.928 T 0.0087 x319 (B3)

max (Mure )
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Appendix C: Rainfall-displacement relationship in the case of the
Séchilienne landslide

The rainfall-displacement relationship is hereafter discussed for the precipitation and the
Rirw signals. Although the R? values are significantly variable from one station to another,
the 2.5™ and 97.5" percentiles and the observed value of the NH2 test are rather constant for
the four displacement stations (respectively about 0.145, 0.250 and 0.325, Fig. 10A). These
results show that the improvement of the correlation performance by using recharge rather
than precipitation has the same order of magnitude for the four stations, whereas R* values
vary considerably between the four stations. This may be explained by the fact that
groundwater hydrodynamics probably triggers the entire Séchilienne landslide while the
displacement velocity response depends on the damage level of the rock at the location of the
displacement station. This interpretation is supported by the variability of the cumulative
period, the shift factor, the weighting factor and the R value, especially between G5 and the
three others stations (Table 2).

The cumulative period and the shift factor deduced from the antecedent cumulative sum allow
to determine the response-time of the Séchilienne landslide to rainfall events. Displacement
stations located in the high motion zone show homogenous time delays with shift factors of 2
to 3 days. The average cumulative periods beyond which precipitation or Rirrw _have no
longer any influence on the landslide destabilisation are estimated at about 50 days for
precipitation and 75 days for Rirrw. The station G5 shows significantly different time delays
and cumulative periods, whatever the precipitation or Ry riw_data used. This difference can be
explained by the low signal-to-noise ratio which makes the correlations difficult to interpret.

Concerning the A16 extensometer, regarding precipitation R” is better for the recent-short
testing interval (0.343) than for the former-long interval of the sensitivity analysis (0.311).
Conversely, regarding the recharge, R is better for the former-long interval (0.618) than for
the recent-short testing interval (0.586). This could be the consequence of a degradation of the
near-surface rock mechanical properties of the Séchilienne landslide (as suggested by the
displacement trend, Fig. 4), which makes the landslide more sensitive to precipitation events
in the recent period.

Lastly, the best correlations from the sensitivity analysis suggest that infiltration structures
could gather a large proportion of the flow (up to 68% for SAWC = 45 mm; NH4 LBCI <0)
with respect to their recharge surface area (24%, Table 5). If so, fractures can play an
important role in the groundwater drainage from the massif towards the landslide aquifers.
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Table 1-: Summary of weather datasets used-in-this-study-with parameters used (o) at each
lecationthe various locations. Distance is the distaneemeasured from_ the Séchilienne

landslide, Rg is the solar radiation, N is the sunshine duration, W is the wind speed, H is the

| humidity, T is the temperature and P is the preeipitations.precipitation depth

Elevation Distance Number
Station Name (m asl) (km) From To Rs W H of days
with data
Saint-Jean- 01 JanvaryJan o1
Saint-Nicolas 121 > 2004 eEvn.e * 2876
2012
Saint-Michel 01 JanuaryJan o1
CCICIEE 608 54 0 Januaeylan. o o 2864
Maur 2004
2012
Grenoble- 08 Fulylul 01
Saint-Geoirs 0 31 2000 eeslan e ° 207
2012
12 01
| Chamrousse 1730 9 SeptemberSep.  MarehMar. o o 3261
2002 2012
9 01
La Mure 881 18 September Sep.  JanuaryJan. 7517
1992 2012
| - 06 JulyJul. 23 Julylul.
Luitel 1277 4 2006 2012 2193
9 01
Mont-Sec 1148 0.2 September Sep.  Januarylan. 7517
1992 2012
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: Statistics of the displacement records and results of the best linear correlation between

precipitation/R; giw_and displacement records for 4 displacement stations (1101, A13, A16

and G5). The displacement column indicates basic statistics of the displacement records: 1*

quartile (Q1), median and 3 quartile (Q3). Cumulative period (n), shift factor () and

weighting factor (a) are the terms of the equation (3). P stands for precipitation, R; stands for

Rpmne and R2 stands for Ry riw.

Displacement  Cumulative Shift Weighting factor
Station mm/day period (n)  factor (3) (o) R? _

AQl/mediay R R R R . RER {cellules:
Method Q3 P > P Bp CR, DR, P R'R 2 \i\\\:\ 1 Cellules

\ \ \\ ~
HSwea 0106175/ 4 5 6 0662 0.6760 0#4 084 042 " (cellules
Rs1101 250/384 2 4 8 2 2 2 071 65 -0.091 028 735 350 @
1.18/1.75/ 5 8 8 R .
Al3 341 2 0 2 3 2 2 0102 0.070 0.091 0.28 0.37 0.52 \\@
BCuos 0669194/ 6 7 1 0010 2656 1733 079 086 04 [cetutes
RsAl6  298/439 4 1 6 2 2 2 163 0125 0168 O34 444 950 "\ [cellules
1 1 _\1 Cellules
0.02/0.05/ 6 3 0.00 10 ((cellutes

G5 0.08 8 9 2 0 6 6 0.039 0.003 0.011 1 0.08 0.24 AR
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Table 3: Calibration and performance of the reduced-setfive tested ETy methods relatively to
the FAO-56 PM ET, standard (Penman-Monteith method defined in the FAO-56 paper). All
redueed-setthe ETy methods are detailed in the appendix A.

‘a, b and R? are the results of linear regression between FAO-56 PM ET( and reduced-
settested ET o RE methods. RMSE is the relativeroot mean square error-

Method a b R? RERMSE
HS Et, 0.920 0.130 0.917 0.24548
Turc ET 0.880 0.434 0.900 0.257588
PS ET, 0.352 0.365 0.919 0.2314533
M ET, 1.107 -0.018 0.910 0.246565
PM,.q ETy 0.994 0.013 0.932 0.2214505
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Table 4-: Estimation of Kc (vegetation coefficient), SAWC (soil available water capacity) and runoff estimationfor
the recharge area of the Séchilienne landslide.

Geology and vegetation are the sub-area typesfactors identified and expressed in proportion
of the recharge area. AverageThe average slope gradient is the slope gradient for each
identified vegetation sub-area type-identifiedfactor. Kc, runeffR ;s and SAWC columns are

the estimated values frem-the spatial-dataset-or-auger-helesfor each sub-area typefactor.
Kc RA, SAWC RA and runeffR...;r RA columns are the contribution of each sub-area type

relatively—to—sub-area—surfaceprepertionparameter at the scale of the recharge area.
Reeharge-The recharge-area bottom-row stands for the average-estimation at whelethe scale

of the recharge areas-

Geology Vegetation Averag§: Kc Kc .RA R R, RunoffR oefr SAWC SAWC
sub-area sub-area  slope gradient min. min. %) RA (mm) RA
(%) (%) ©) max.  max. ’ (%) (mm)
Micaschist 3 173 5
Sedi 9 Pasture 0.85 0.256 100 9
edimentary . .
” 14.0 1 0301 22 5.1
Superf1.01al 11 112 12
formations
Micaschist 12 254 30
Sedi 11 Forest 0.745 0.521 81 9
edimentary . .
53 206 0.935 0.654 15 77
Superfl'c:lal 30 133 41
formations
ouerop 5y g4 . . . 0 0 0 0
no soil
Recharge 0.777
area 100 100 - - 0955 - 12.8 - 106
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Table 5:5: Sensitivity analysis results of the best correlation between
precipitation/recharsgeR| gjw and A16 extensometer detrended displacement.

IS are-theis for infiltration structures. SAWC is the soil--available water--capacity. LBCI is
the lower bound of the confidence interval. R* row is the R* computed from recharge—area
parameters indicated in each table row. Cumulative period (n), shift factor () and weighting
factor (o) are the terms of the Equation{5)-equation (3). Null hypothesis NHINH2 test: R 0w~
R precipitation- Null hypothesis NH2NH4 test: R*sawc 105-R rows

Cumulativ . Weightin
Runoff e Shift g Lpc LBCI LBCI
SAWC  eoeff. IS period(m) OB g or R I of of
mm %Bt:()cff % 2 NH_]'E NH%E
P of R
% day 2 4
day ()

0.23

0 0.0 100 56 1 0.1697 0311 ¢ 0 0.241
0.33

5 0.6 96 92 1 0.1362 0426 0.073 0.139
0.43

15 1.8 89 101 1 0.1226 0522 0.158 0.055
0.48

25 3.0 82 104 1 0.1259 0563 0.194 0.022
0.50

35 4.2 75 104 1 0.1317 0585 7 0.214 0.005
0.52

45 5.4 68 103 1 0.1374 0599 7 0.227 -0.004
0.53

55 6.6 61 102 1 0.143 0608 0.234 -0.008
0.54

65 7.8 53 101 1 0.1484 0613 0.238 -0.009
0.54

75 9.0 46 100 1 0.I55 0616 g 0.240 -0.009
0.55

85 10.3 39 98 1 0.1609 0618 0.242 -0.007
0.55

95 11.5 32 94 1 0.1648 0618 0.242 -0.004
0.55

105 12.8 24 92 1 0.1689 0618 0.241 0.000
0.55

115 13.9 18 89 1 0.1727 0617 0.240 -0.002
0.54

125 15.1 10 86 1 0.1745 0614 "y 0.237 -0.003
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145

16.3

16.3

82

77

0.1746

0.1731

0.611

0.609

0.54
5

0.54
3

0.235

0.234

-0.003

-0.003
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Step 1 - Reference weather station(s): equation calibration

Step 3 - Study site: computation

Dataset input

l( Windlspeed )(

Recharge area

Precipitation ) ( Temperature )
I

R, ) ( Temperature ) @elative humidit)a
\Z T T
[ SAWC )( Runoff
fficient
Standard (Temperature based ) (" Reduced-set v e
evapotranspiration solar Radiation evapotranspiration
Standard ) . K
ET, equation R, equation 1 ET, equation ‘ '
L]
l Standard ) ! ) Evapotranspiration
Calibrated
R, equation ET, equation R, equation
calibration calibration
NN
R, calibrated
Calibrated Calibrated
R, equation ET, equation
Calibrated
ET, equation
R_calibrated I:T0 calibrated
\ K—) Y, \. k—) Y,

Step 2 - Recharge area : composite GIS

Dataset input

E DEM

) Q—\erial photographg (Augerholes ) (Geological maa

’_I

—

Vegetation

cover

Pedo-transfer
function

)

(

Substratum
cover

|
( Slope gradient )(
I_;_I

l

ET, calibrated

Soil interface

Runoff (Punctual SAWC)
chart
I 1
1
. Y (X subarea) (Area subarea)
Composite X =
Area recharge area
|
Y Y Y
Runoff
K
coefficient ( ¢ ( SAWC

Generalization to recharge area
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Sinkholes Soil-water
faults - fractures balance
¥
Infiltration ' Raclege
structures \—
Equation

( Intermediary )

Data processing result

Cal|br§t|op IFinaI equationl ( Final result )
Generalization
SAWC : Soil available water capacity
R : Solar radiation

K. : Vegetation coefficient
ET, /ET_: Reference /Specific vegetation evapotranspiration
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Step 1 - Reference weather station(s): equation calibration

Step 3 - Study site: computation

Dataset input

. ] |
lg Wind speed )( R:S

)( Temperature )@elative humiditQ
| |

ET, equation

Standard ( Temperature based )
evapotranspiration solar radiation
Standard

(  Reduced-set

evapotranspiration

\

R equation

Standard
ET,

R estimated

R, equation
calibration

Calibrated
R, equation

\

R, calibrated

ET, equation

ET, estimated

ET, _equz-_xtion

calibration

Calibrated
ET, equation

J .

ET, calibrated

Step 2 - Recharge area : composite GIS

Dat

t input

(Geological map) @erial photographg (
1 1

DEM ))

Sinkholes Substratum Vegetation .
Slope gradient
faults - fractures cover cover
|
Y

Soil avallab!e Vege?a_tlon Runoff

water capacity coefficient
Field investigations Runoff

Literature chart

Infiltration

structures Composite X =

Z(X sub-area) (Area sub-area)
Area recharge area

!

)
SAWC )( K,

Y
(-

Parameters estimation at the recharge-area scale

Factor
sub-area

Parameter
sub-area

Parameter
values (X)

Dataset input

—g Precipitation ) (Temperature)
|

=

R

echarge area parameter

( SAWC R

( Evapotranspiration '\

computation
Calibrated

R, equation

Calibrated

ET, equation

( ool imtorares )
Soil interface

3

Soil-water

balance

Y
Recharge

N~—«—

Dataset input Equation )
Data processing

( Intermediary

result

Calibration
Generalizatio

r> IFinaI equationl ( Final result )

ET, : Reference vegetation evapotranspiration
ET, : Specific vegetation evapotranspiration

R, : Solar radiation

Fig. 1: Landslide Recharge method-workilow-

Input  Workflow (LRIW)

diagram. Step 1:

evapetranspiratiom-and Ry (selarradiation)-methods.
Step 2: estimation of recharge—-area parameters required for the soil-water balance (ranoff—coefficient;
vegeta&eﬂreeeﬁﬁeiemgw,gs and SAWC) and the infiltration structures.

_Step 3: computation of the recharge with the soil-water balance.

Referenee— *In the case of a landslide having a weather station recording the full set of

calibration of standard ET, {reference—vegetation

parameters, the first step can be skipped and the ET, methed-matches—with-—Penman-

Moenteith-method-defined-in-the-of step 3 can be estimated directly at the study site with the
standard ET, (FAO-56 paper-and-reduced-set ET,method-with- T, methodsrequiring
minimalmeteorologieal- data-inputs:PM method)
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Figure 2:-Fig. 2: Soil-water balance: (A) soil-water balance conceptual representation and (B)
soil-water balance diagram used for recharge computation on a daily frequency. SAWC: soil--
available water—-capacity, SAWCj,ax: SAWC threshold (possible maximum), P: precipitation
(rainfall + snow melt), avg (P): precipitation average of the entire record, I: part of
precipitation which infiltrate the soil, Rf: surface runoff, Rf.oceReoerr: runoff coefficient, ET.:
specific vegetation evapotranspiration, ET,: actual vegetation evapotranspiration, and R:
recharge. Units: mm of water, except Reqefr in percent. JSubscript j is the computation day and
subscript j-1 is the day before. TRUE and FALSE are the answers of the conditional
inequality statements-
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Figure—6:Fig. 4: Trend removal of A16 extensometer displacement data—with. A: A16«”W Mis en fc
displacement data and the fourth order polynomial curve fitting considered as the 0 pt
displacement trend; B: A16 detrended data (unitless) whieh-eorrespondcorresponding to A16

displacement data for which the trend wasis removed by a multiplicative method-
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Figure 7+ Fig. 5: ET,_regional calibration results at the three reference weather stations
(Grenoble-Saint-Geoirs, Saint-Jean-Saint-Nicolas and Saint-Michel-Maur). A: ET( s¢n_and
FAQO-56 PM ET, as a function of time. B: linear regression between ETy secn (X axis) and
FAO-56 PM ET, (Y axis). ETy se¢n_stands for ET, computed with the combination of
calibrated ETy Penman-Monteith reduced-set method and calibrated Rs modified Bristow-
Campbell method
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Fig. 6: Factor sub-areas, auger holes and infiltration structures used for the estimation of
recharge-area parameters
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Fig. 7: Results of the sensitivity analysis relative to SAWC (soil--available water--capacity)+ - -

hypothesis NHANH?2 and (D) the LBCI of the null hypothesis NH2ZNH4. LBCI is the lower

bound of the confidence intervals
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Figure—10OFig. 9: Best linear correlation for precipitation and recharge computed with the
LRIW method. IS is for infiltration structures. SAWC is soil-available water-capacity.

Cumulative period (n) and shift factor () are the terms of the equation (3). A: Linear
regression between precipitation/R;rrw_and A16 detrended displacement. B: Correlation

between precipitation/R; rrw and A 16 detrended displacement as a function of time
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Fig. 10: Performance of the LRIW workflow. A: Bootstrap distribution of null hypothesis+ -~ - { Mis en fc
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bound of the confidence interval. Null-hypothesis NHItest: R epuec R precipiaionB: R” values

for the four displacement recording stations obtained with the precipitation, recharge-PMNE,
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value obtained at G5 from precipitation is close to 0, therefore leading to a non-representative
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