Final response to Reviewers

Dear Reviewers and dear Editor,

My co-authors and myself would like to thank Emmaiach (Reviewer #1) and Andreas Kdéhler (Reviet#&yr
for reviewing our manuscript and for providing uishawery constructive comments. We've also muchrapiated
a non-anonymous review!

In this letter we have responded first to the geheomments and critics made by the two reviewEngn, we
have addressed each comment individuadlyed and applied the suggested and related modificatiorthe
revised manuscript using a track-change mode. e&tsections included in the response letter atedtedin

greenwith reference to the page and line numbering id bbthe revised track-change manuscript.

We hope that our changes and clarifications, bothis letter and in the revised manuscript text figures, fully
address the remarks made by the two reviewers.

Again, we would like to thank you for your time aefforts in helping us improving this manuscript.

With my best regards,

Naomi Vouillamoz

Response letter

The main critic arising from the two reviewers, whe lack of a clear and structured discussion abwihods
and results. We agree and have now removed réstdtpretation parts previously disseminated intisaes 1, 4,
5 of the original manuscript to create a new, wéllictured dedicated discussion section (see Pe6tio the
revised manuscript):

6 Discussion of microseismicity catalogs at clayégndslides

6.1 Landslide-induced microseismic events detediuh classification

6.2 Landslide-induced microseismic event locatind mterpretation

6.3 Landslide-induced microseismicity rates

The main concern of Reviewer #1 was thastilts are limited, but not the informatiariVe disagree with that
statement: the information IS indeed limited! Tleéssiic network operation is difficult. The terraimughness
makes it only partially accessible, rendering awnius seismic recordings challenging. The seisratevark
cannot be deployed with optimal station geometabise of fissures, vegetation, creeks, etc. egistirthe slope.
With slope movements (up to 50 cm per day), 1-@ostayet tilted; 3-C stations get tilted and rotht€hese points
impact the seismic record quality and completeriBiss.target landslide-induced microseismic evergsilow
magnitudes. Because of the heterogenous mateddtsihigh saturation, waveforms are strongly atééad and
scattered. As a consequence, landslide-inducedsdismic events are not recorded optimally by @mic
stations, signals display low-SNR onsets and phasedifficult to pick.

This leads to the sad situation, that despite g gense seismic network (station-station distarfce-®0 m), a
source generated within the seismic network cabedibcated by standard seismological approachdsless
than about 50 m uncertainty. Whereas this kind rafentainty is well adapted for microseismic studi¢she

kilometric scale, it is problematic for us, whefrh scales with the seismic network and with timel&ide itself.



In other words, such results do not allow to disimate between a source within or outside the ladeland thus,
the source cannot be interpreted unambiguouslys Wais the main reason that drove us to developnplesi
approach based on waveform attenuation to bettesti@in receiver-source distance, to discriminaarsource
area microseismic events from distant microseigwent and diminish bias in the estimation of laiggsinduced
microseismicity rates. We reworked the correspapd@ections 5.1, 5.2 and 6.3, so that the aim ofdbation
exercise is made clearer to the reader.

An important comment by reviewer #2 concerns aut@naproaches for event detection and classificative
totally agree that the future is about developimgpomated systems to detect and classify landstidaeged
microseismicity (as mentioned already in the alb$tralowever, automatic detection algorithms warleffor
well-known routine seismic signatures but fail fbe unknown and unexpected low-SNR microseisminadgy
The feature space that we describe in the Sectipro@des the most primitive subset of the evalddtegh-
dimensional feature space of landslide-induced asiEismic events. As an example, Provost et al. 2826 71
seismic features to train their random forest di@s®on a large training set at Super-Sauze ladésT he classifier
developed by Provost et al. 2016 works fine forladefined single microseismic events such as eagkes,
guakes, rockfall but fails to classify complex t@nsignals. Other automatic classifiers to be teste clayey
landslides include for example unsupervised patteecngnition (e.g. Sick et al. 2015) or Hidden MariModels
(e.g. Hammer et al. 2012). However, the high valitglof tremors radiations as observed on clayaydslides is
still best identified by an analyst in the enhanegelialization provided by the sonograms. This papms at
providing an initial signal library of microseisméignals at clayey landslides including tremors tfee future
development of automatic systems and their bendhimaerms of success rate and scalability. In cdseterest,
the data can be requested to the authors, as wlmeadtioned in the data and resource section. Kedaby
reviewer #2, we have now developed and better Bpeéthese issues in the discussion of SectiorafdLin the
conclusion.

Taking into account the remarks made about the &ty of Figure 14, we decided to remove the ‘Iglitk
dynamics’ interpretation part of Figure 14. Thesaafor this is that the data provided originatiyFigure 14 was
not completely discussed and beyond the scopesp#per. Each seismic campaign described in #pepwas
part of a multidisciplinary field campaign, whereher geophysical, hydrological, geomorphological an
geotechnical data were acquired at high repetitate (daily), simultaneously to the passive micisrae
measurements. The comparison of all dataset, @&dishussion about the gain of the various mettmdsnstrain
passive microseismic observations was the centlgést of a PhD thesis, submitted in December Z&hBbrina
Rothmund, Geodatische und fernerkundliche Beitrage Verstandnis rutschungsinduzierter Seismizitat a
tonreichen Lockergesteinsrutschungen). The preisdysis of these data will be the topic of a nedidated
paper. In the present paper, we thus limit theudision to landslide-induced microseismicity ratasda on the
average daily displacement rates observed duriagtttree seismic campaigns. The Figure 14 was neadifi

accordingly.

Comment by E. Surifiach (Reviewer #1)

A) This is an interesting paper that deals with seisignals associated to clay rich debris landslidor the
characterization of these signals the authors @dlekwown seismological tools. The authors are \egest and
prudent when presenting their results. It is a emd work to deal with such a lot of signals; heere results

are limited but not the information.



We answered this comment in the response lettereamorked Section 5.1.

B) The presentation of the paper is clear althoughstismic terminology is used in a not appropmadaner. |
recognise that it is difficult to use an approprthterminology but | do not agree with the usesidmicity when
the subject are not earthquakes. We are dealingeviénts that produce seismic vibrations and seisignals,
but not earthquakes. Seismicity is related to eadkes (e.g. Geological Survey or EnciclopediaaBritca
definition). This observation is valid for the useseismicity catalogue or seismicity rates.

- Landslide induced seismic signals or Seismicagmduced by landslides could be a good term.

Indeed, the conservative terminology refers toheprakes. We therefore uskhdslide-induced microseismic
eventsor landslide-induced microseismicityhen referring to signals generated by the laddsiiynamics in the
paper.

C) Regarding the localizations, in Seismology it isliviknown that one of the conditions for a goodal@ation
of events is to have a good and dense distributiogtations. As much as the readings you use lseitel
localization. The authors present a localizatiorreise with 4 readings, but they have more. In tamdi to
characterize the signals, the authors neglecttioennation of the horizontal components. A comnmamill this
will be illustrative.

We agree. The aim was not clear. We added an indtimh to the Chapter 5.1, so the reader understhatier
the aim of the location exercise, which was to $ateuthe location procedure of a ‘real’ landslideticed
microseismic event and test which parameters &entbst influencing ones in the location solutianolr case,
with an average station-to-station distance of $r5@nost landslide-induced microseismic eventaufeato more
than four unambiguous phase information. The usleooizontal traces to picking of S-phase is naotiati for
near-source area landslide-induced microseismiatev& 50-100 m), S-waves and surface waves capmot
discriminated. The location procedure of a reatifdide-induced seismic event is therefore not rsgsttforward
as the location of a calibration shot where maight8NR phases information are available.

The first part of the Section 5.1 reads star®i@ L32

“Seismic velocities and source location quality barestimated and verified by calibration shotssanmer blows.
Calibration shots and hammer blows were carriedadu$210 and PG16 and could be located with average
accuracies of about £ 50 m, when using all avadldiot arrivals and back azimuth information wétthalf-space
velocity model. Our results concur with previousulés by Tonnellier et al. (2013) at Super-Saurdséide, where
uncertainties of 40-60 m where estimated for catibn shots carried out within the seismic netwdirkis worth
mentioning that this corresponds to the size oktismic network and scales with the landsliddfitS&us, even
if the seismic network is dense, locating landslituced microseismic sources in clayey landslided
discriminating between a source originated withirootside the landslide body is challenging: (1 Melocity
structures show drastic variations in short distan@omplex material mélange, topography), and elsdves
with time (slope deformation, hydrological stateélocity models are thus only approximated by torapgic
analysis for a specific time (Fig. 10a-b). (2) $&dhg and attenuation of the waveforms resulbim-SNR onsets
where phases are difficult (if not impossible)deritify. (3) The seismic network geometry relativghe source
is in most natural cases not optimal. (4) With warage station spacing of 5-50 m, as it is the gaser study,

most landslide-induced microseismic events shownaee than four unambiguous phase information.”



D) The authors in the interpretation of the differgnes of signals make some assertions relatdbioftequency
content, attenuation, etc. (for example, small seurange of distances, apparent speed ...). Plemdede a
comment on the physics below or references.

We added the references Aki and Richards 2002 aedrtér et al. 1981; and answered to related speeifinarks
below individually.

E) It is necessary an introduction on the tools wws®tiwhat is the purpose of using them. Also thiedifit roles
and benefits of them or what the authors expeat fiteeir use. This would be useful for readers.

We reworked the Section 3 accordingly and remokiedSection 3.1 as also suggested by Reviewer #2.

F) It seems that there is redundancy in the appliethous. In addition, the explanation of the resulthe text
is very limited.

We agree that sonogram and spectrogram are batbsepations of the frequency content over time.ua&d
sonogram specifically for the detection of the déseibecause they feature a dynamic, frequency diepén
adaptation to the background noise and thereforiitéde the detection and discrimination of weagnsl
energies. We presented spectrograms because ¢his tavidely used in the community and also becathse
spectrograms provide a finer appreciation of thmidant frequencies by applying a non-logarithmidioate. We
specified more clearly the intention of using saamg in the text of Chapter B4 L20 to clarify

“The enhanced visualization of sonograms has urtmedt@ower to facilitate the detection and recognitbf
various type of weak signal energies in low-SNRyrfal-to-noise ratio) conditions without a-prioridwledge
(Joswig, 1990; Sick et al., 2012; Vouillamoz et 2016).”

G) In addition, the purpose of creating a cataloquelme explained in the introduction.

We added a sentence in the introduc®$L8: “Microseismic observations were gathered in a cahensive
catalog. The final catalog of landslide-induced noseismic signals provides an initial microseismignals
library to train automatic detection and classiiima systems as well as an important basis for lidmciplinary
comparative analysis with other landslides obs@matsuch as displacement, cracks and fissuredagewent,
or hydrometeorological data to gain knowledge altemdslide dynamics..”

H) As far as the FFT is concerned, this is not saalri Are you using the spectral amplitude or ttf&DR(Power
Spectral Density)? The FFT of a function has a paal and an imaginary part (Phase). In additioe,units are
not specified in the figure and this does not helthe interpretation.

We computed spectral amplitudes with units in nmt,How indicated in the text and in the caption iofufe 2.
We added a reference line af hdn Hz!, which corresponds about to the background nbissshold, to help the
reader in comparison of the different events.

[) In general, the resolution of the figures is I&i@r example, in the spectrograms, a change of sale
necessary to observe in detail the behaviour ofidneal. A comment on the resolution of the scakedun the
analysis is needed. Or is it the same as showneifigures?

We will provide vector files in the final versioff the paper. We applied the same layout for allriég
presenting the event typology to facilitate the panson between different event types. Of couagelr figures
with higher resolution, as well as table with qutatitze values were used during the analysis.

J) A Discussion section on the results is neededorAment on the useful parameters and methods uskd wi

regard the expected. In the conclusions is indit#tat information related to the frequency contend its time



evolution was non relevant. This is due to theescakd? Please, an explanation on this is needizulrélate
your outputs to previous results.

Yes, as said in the response letter, we gatheredtsaliscussion previously disseminated in Chaht€&hapter
4 and 5 in the Section 6, discussion.

K) The most important contribution of the paper & ¢halibration of a magnitude scale (ML-SL) to thedfic
case of the clayey landslides for the locationstofly. Also, the description of the conditions dogood study is
valuable. The clarification that the magnitude sdal earthquakes is different to that used fod&ides and
also the differences in the ground motion pararsdtartheir determination is a valuable contribntié remark
in this regard to the community was necessarytemptroper use of seismological parameters.

We truly appreciate that comment. Thank you!

ABSTRACT.

Pag. 1 L-13The signals are generated, they are not triggered.

Modified P1 L13 as asked.

Pag. 1 L-15.Include a magnitude order for the duration ofldrgest signals (hours?).

SpecifiedP1 L15as asked(> 2 s — several mih)

Pag. 1 L-18Replace ML to ML-Is in the local magnitude scale.

Modified P1 L20 as asked.

Introduction.

Pag. 2 L-17Specify rock avalanches. Snow avalanches areamsidered in the mentioned references.
Modified P2 L20 as asked.

Pag. 2 L-27.(3) sensor network geometry. Specify what typaetfvork.

We specified seismic network geometry in the comeptiocument. This occurrence was removed from (see
next comment)

Pag. 2 L-24.The last part of the Introduction (from Pag. 2 ) Mostly corresponds to results or discussion.
Eliminate this part from here.

We removed that part from here and included ihandiscussion (Section 6)

Pag. 2 L-28.Split the sentence: event location. Uncertainties:

Correction referring to previous comment. The secgevas removed.

Pag. 2 L-31.Since the uncertainty: : : Please, explain béltisrsentence. What do you mean by seismicity rate?
Note that you are not referring to earthquakes. thiedword seismicity is specific for earthquakes.

We agree the sentence was not clear.

At the considered short epicentral distances (<rhjCa mislocation of about 50-100 m can impact the
evaluation of the magnitude by as much as 3 orfieragnitude units (in theory, the event could higinated in
1 m, 10 m or 100 m distance and the magnitude $ese logarithmic dependence to distance). High
uncertainties in the magnitude estimations compsertiie evaluation of landslide-induced microseiggnic
rates. By microseismicity rates, we consider thgmtade-temporal occurrence of events generatetidy
landslide. We included this in the discussion (BBecb)

Pag. 3 L-7.mm d-1 are not in S| units. | recommend to usarfils (m. s-1).

We changed t®3 L17: “with moving rates ranging between a few mm upeweesal tenths of cm per day”



We indicated landslide displacement rates in cisihce this is the range of velocities observeithén
difference field campaigns. mtsre then not so easy to read.

Pag. 3 L-10.Lindner et al., 2014 and 2016 are not includedefarences.

We added the references and apologize. It seems/#e had a problem of project synchronizatiowim
reference softwareitavi.

Pag. 3 L-12-14Indicate the source of the displacement valudsetier explain how they are obtained.
We added explanations R8 22

- Super-Sauze 2010 (SzZ10May 28-July 24, 2010; 58 days; 18 sensors in; 2harage displacement of
0.4 cm d, obtained by daily dGNSS (differential global rgation satellite system) measurements.

- Pechgraben 2015 (PG150ctober 7-15, 2015; 9 days; 12 sensors in 6\Vexrpge displacement of 2 cm
d?, obtained by weekly dGNSS measurements.

- Pechgraben 2016 (PG16November 8-12, 2016; 5 days; 12 sensors in laberage displacement of
more than 20 cm Y estimated by triangulation, using grids of fixealls both on the stable and on the
active part of the slide and daily photo-monitoring

Pag. 3 L-17.The data were collected.

Modified P3 L31as asked.

Pag. 3 L-18.Please, include the references of Agécodagis §@odagis ?) instruments.

It is indeed Agécodagis instruments and Kephrea fefger, we are sorry for the misspelling. Agéapsiés a
French company (S.A.R.L), located 16, rue d’Aurfat310 Rieux Volvestre, France. We corrected tlediag
P3 L32-P4 L1but did not add more references as the othewimgnts are also only referred by their corporate
naming.

Pag. 3 L-31.Replace the word seismic.

The sentence was modifiedRd L13: “This aspect must be considered when evaluatingdhepleteness of
landslide-induced microseismic catalogs.”

Line 25-26.This sentence is related to objectives does noéspond to data.

Rephrase the sentence or move it to the introductio

We removed the sentence. The text readsPédw4: “A comparison of the data collected by the différen
installation systems proved consistent: identicaveforms featuring similar amplitudes are obseffeed
microseismic events recorded at the co-locatetbamat1.5, S2.6 and S3.6. No significant differeincerms of
waveform scattering was found for signals recoroledtations installed in the more stable areas.”

Pag. 4 L-5.Differentiate between sonogram and spectrogratinarcontext of this document. Both functions
show the temporal evolution of the frequencies.@deling on the parameters of the display, the same
information can be displayed.

We differentiated sonograms and spectrograms. @hegsam applies a logarithmic scaling of the fretes
on the ordinate axis as well as frequency-depenugire adaptation as described in Figure 2 of 8iecd. 2012.
We rewrote the senten&& L20. “The enhanced visualization of sonograms has uriredtpower to facilitate
the detection and recognition of various type oékvsignal energies in low-SNR (signal-to-noiseati
conditions without a-priori knowledge (Joswig, 199k et al., 2012; Vouillamoz et al., 2016).”

Pag. 4 L-22.Complete this information explaining a little mdhe tools applied with respect to what you

expect. This will help the reader.



Responded in comment E.

Pag. 4 L-23.Indicate the aim to design a catalogue. This cbeléthcluded in the introduction. However, is
design the correct word? Do you want to generaggalogue with a good design?

Yes, we wanted to generate a catalog of microseisivservations at active clay-rich debris slidethaigood
design. In our opinion, a well-designed catalogdatabase) gathers in a systematic way importaht an
discriminating parameters about each event. Weidled a sentence in the introduct®® L8 “Microseismic
observations were gathered in a comprehensiveogcatahe final catalog of landslide-induced micresaic
signals provides an initial microseismic signatsdry to train automatic detection and classifmasystems as
well as an important basis for a multidisciplinagmparative analysis with other landslides obs@matsuch as
displacement, cracks and fissures developmentydnometeorological data to gain knowledge aboutistide
dynamics.”"We also modified the sentenceRb L1: “Much attention was paid to design a comprehensive
database gathering all microseismic signals obddrygassive microseismic monitoring on active debr
slides.”

Pag. 4 L-24.Replace seismic catalog by catalog of seismicadsgimduced by landslides or similar.

We systematically modified to landslide-induced nroggismic events / microseismicity.

Pag. 5 L-7.Explain why the signals are expected to be sevattiynuated and give references.

We specified and added references in the senf@bde?7: “ The signals of landslide-induced microseismic
sources are expected to be severely attenuatealseeof their source proximity and their propagatiough
heterogenous clay-rich soils of various water sdtoin (e.g. Aki and Richards, 2002; Koerner et381).
Pag. 5 L-17.Specify to what previous studies are you referfing

We specified the references (already mentionelarrttroduction)

Pag. 5 L-26.landslides seismicity catalogs. Better replacédnyslides induced sismic signals catalogs.
We modified seismicity systematically in the text.

Pag. 5 L-32.The content of Fig. 2 should be explained in the.tin addition, somewhere in the text should
include an explanation of the selection of thesamded in the Figure, their role and benefit. Asafathe FFT is
concerned, this is not so trivial. Are you using pectral amplitude or the PSD (power spectraditig The
FFT of a function has a real part and an imagipary (Phase). In addition, the units are not sptinh the
figure.

We explained Figure 2 in the text as an introdurctm Section 4:

“To help the reader in the comparison of the défeérmicroseismic signals, we apply the layout ofué 2 for
all representative events of the classificationgrehonly vertical traces are presented):

a. Displays the signal sonogram (Joswig, 1990) upghéoNyquist frequency with a logarithmic
ordinate, which corresponds to 1.95-250 Hz for gesden data and to 3.91-500 Hz for Super-
Sauze data. Darker colors indicate higher relaiergies.

b. Shows the non-logarithmic spectrogram of the sigmih an ordinate up to 250 Hz. The time-
window is taken as the signal length divided byad@ an overlap of 90 % was applied. Red
colors indicate higher energies. Both the MATL®ABpectrogram code and colormap were
provided by Clément Hibert, of the EOST (Ecole d&is€rvatoire des Sciences de la Terre),

University of Strasbourg, France.



c. Displays the unfiltered seismogram with maximumadite O-to-peak amplitude indicated
above the trace in nm‘s
d. Provides a selection of bandpassed waveforms ig'fiitered from bottom to top between 1-
5, 5-20, 20-50, 50-100 and 100-200 Hz using a skarder Butterworth filter. Maximum
absolute 0-to-peak amplitudes are indicated in him®ve each respective trace.
e. Provides the amplitude spectrum in nntHzomputed by FFT for the time window indicated
by the red bar in (d).
Pag 6 (4.4.2) and Fig 3You affirm that in type Il there are surface waJealso observe in Type Il similar
shapes of better developed surface waves. Thisrinal because distance is longer. In the casecaf lo
microearthquake (Type IV) | observe perfectly theface waves at 3 s from the first arrival. Thergge
immediately 0.2 s are S waves (although is a \@rtiomponent).
Yes.
Pag. 6 L-14.Indicate the reasoning to assume that the distaarees 50 m or other in the different types of
signals.
We removed numbered distance estimations fromdmeaencluded this in the discussion (Section 6).
Pag. 6 L-15.SI units, 10-5 ms-1.
We leave it to the editor to decide if all refererto velocity units in the paper must be changetd &3.
We consider that information indicated in nrhfacilitates the lecture as well as the comparisovarious
signal amplitudes, as amplitudes of microseisngoals in environmental seismology usually scalenns?.
Pag. 6 L-18.What do you mean by later phases? Later arrithtb®y correspond to surface waves, the speed is
lower, but if they are wave phases that travelapth, the velocity must be greater although theadee affects
the apparent speed. ... Explain this better ontel¢te parenthesisVe delated the parenthesl$he seismograms
in figure 3 are presented following the stationdesdout please, indicate which the time originhaf t
seismograms is. The apparent velocity is in refatiothe distance source-sensor and this is natatetl. Or is
it unknown?
The apparent velocity of a wave front can be coegit HypoLine, by using relative wave-packets geak
arrivals in the records of seismic tripartite agayhe procedure is illustrated in Figure 5b of Mamoz et al.
2016. In the Figure 3, the seismograms are altgrdatn a same time line. Fig 3a represents lesslttsaof
signal.
Pag. 6 L-22.Indicate the figure in detail (for example, Fig-%), when referring to the dominant frequencies.
We specified in the text as following for all sianlcommentgsee spectrogram, bandpassed waveforms and
amplitude spectrum iRig.xx)
Pag. 7 L-4.Please, indicate the epicentral distance. It seerme that P and S waves and also superficial svave
are observed clearly. See Fig 3d.
Yes, we agree that P, S and surface waves arevelsdihis indeed suggests a location origin outsfdée
recording seismic network, rendering the epicemistnce quite uncertain to approximate. We medithe
sentencé8 L23accordingly “ P- and S-phases can be identified.”
Pag. 7 L-5-15this could also be part of the conclusions. Moegpyou obtained similar signals Pl and PII at
both sites (SZ10 and PG6). This is remarkable.



Yes, it is remarkable! We mentioned this in theaswed conclusio®20 L1Q “Despite the complexity of the
waveforms, similar landslide-induced microseisnigmals were detected at both landslides, thereggesting
that comparable microseismic source processeskirgtplaces at different landslides and that tie¢had is
therefore scalable and reproducible.”

Pag. 7 L-7.Explain why a large attenuation is evidence oéarhy source.

We see it empirically. We removed that part indiecussion and reworked Section 5.2. where caldratata
are discussed according to the comment 10 by Revig@/

Pag. 7 L-9- 10Please explain why you infer these statementsteéseaource, small source ... This could be
discussed in the introduction or elsewhere.

We removed that part from here and better spedifiede discussion (Section 6)

Pag. 7 L-12-16 Some explanation or references are needed to Huppassertions.

We removed that part from here and better specéietireferred in the discussion (Section 6)

Pag. 7 L-23.The mentioned publications are not indicated ertiferences.

Again, we apologize for the synchronization probierthe references. We added the references.

Pag. 7 L-25.The mentioned publications are not indicated enrééfferences. In addition, in figure 5 in Biescas e
al, 2003 (Surveys in Geophysics, 24, 447-464)aditist time that helicopters and moving vehicles a
mentioned in this context. In relation to the Dagy@ffect, it is necessary to vary the speed ofrihbile source
with respect to the stationary observer and anl@@i®n to observe a change in the frequencigs/tirg in
time in the spectrogram (gliding).

We added Biescas et al. 2003 in the referenceglifting harmonics/helicopters.

Pag. 7 L-27.The correct word is generated, it is not triggered

Modified as asked.

Pag. 7 L-28.What is the reason for including this sentencesiation to the Q factor? Presented in this waysdoe
not contribute to anything. Remove it.

We removed the end of the sentence.

Pag. 8 L-7.Specify seismic network here and in all the cases.

Modified as asked in the complete document.

Pag. 8 L-13.Replace 4.3.1 by 4.3.2.

We corrected the numbering.

Pag. 8 L-15, 16 and 2Replace are by were.

We did not modify to past because the sentenceaffaimmations.

Pag. 8 L-24.Similarly to previous sections accompany the slaistivith a dash e.g. - ETS-like signals (episodic
tremor and slip); - Confirmed rockfall events..: :.

Modified the style to bullet as asked.

- ETS-like signals. How do you deduce that the aigjcorrespond to episodic tremors or slip? lsldted to
previous studies? You have to mention that inshissection.

We referred to Gomberg et al. 1995 and 2011, whverte the first to consider the analogy between ET&ult
zones and landslide-induced tremors at the stligesBear zones of the landslide in the previousice 4.3.1,
P9 L6 reads now:Various tremor-like signals were observed at dlayr instabilities. Gomberg et al. (1995)

and Gomberg et al. (2011) report episodes of trdikeradiation and sinusoidal waveforms lastingstef



minutes and coherent across the seismic networichvthey infer as ETS (episodic tremor and slipglag of
strike-slip faults.”

We also modified?10 L14 - “Seismic signals showing similarities to ETS signal strike-slip faults were
observed.”

Pag. 8 L-25.seismic network.

Modified as asked in the complete document.

Pag. 8 L-26.fig. 5b Specify better and give more details.

We provided more details in the bullet ETS-likersits.

Pag. 8 L.31 Fig. 6b Specify better and give more details.

We specified better the reference to the figures Jilibsection about confirmed rockfall was reworked.
Interpretation were removed to the discussion Fdnis applies also to other tremor like signals.

Pag. 9 L-6 Do you mean low topography or smooth topogragPgrhaps a short description of the sites is
necessary.

We rephrased (smoothed topography) and moved énatgthe discussion (Section 6)

Pag. 9 L-10 This subsection is not very clear. No descriptibthe signals is presented.

The only result is that since they are very simitaETS they can be eliminated if there is a figbdervation..
However, as the physical process of rocksfalls &otg) and slip is different, if the signals areayled in more
detail they can possibly be separated. Additiondilyou consider the 3 components you can observe
differences between a slip and a rockfall. SeeZfiig Vilajosana et al., 2008. The signals areedéht in the
horizontal and vertical components.

As mentioned the response letter, we do not tiukD@% our horizontal component data. Of coursealse see
differences in our 3-C data, as it is observediguie 3 of Vilajosana et al. 2008, and for soméhtggality
events, the differentiation can be done. Howewmrpiost of the low-SNR signals, it is difficult.

This has been removed and better specified inidmsision (Section 6)

Pag. 9 L-13 Fig. 5a and 5c Specify better and give more Betai

We specified and referred better to the figure nernly in the harmonic tremor subsection

Pag. 9 L-17 Fig. 5a -c? Specify better and give more details.

Yes, we refer to Figure 5a-c. We specified andestied in the text.

Pag. 9 L-20 Figures 5d and 6d show two signals from Waltexl.e®2012. However, no reference is made to
these figures in the text. A discussion or comarisf the signals with those of this contributismeeded.
Figures 5d and 6d are now referred in the text.od&erved signals similar to the ones of Walteld.e2G2. We
decided to show signals from the Walter et al. 26tliRly to present the variety that the signalshzare
depending on the source distance and the evenfidieediscussion of the signals from Walter e28l2 is
provided in the previous section 4.3.1.

Pag. 9 L-24 In Fig 7 there is quantity of information thatrist explained in the text. More description of the
images is needed. Maybe | am lost, but how do ymwkthe source situation?

We agree that there is a quantity of informatioovied in the Figure 7. We dedicated a posterédsdtsignals
alone at the EGU 2017 (Vouillamoz, Naomi; Rothmusdbrina; and Joswig, Manfred, 2017. Passive seismi
monitoring of propagating seismic sources triggdrgdreeping landslide at Super-Sauze (SoutheaBtarce)

and Pechgraben (Upper Austria). The file is avéglab research gate:
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https://www.researchgate.net/publication/3164808%sive_seismic_monitoring_of propagating_seismic_s

rces_triggered by creeping landslide at Super-S&meheastern France and Pechgraben Upper Austria

We rephrased, better specified references to figréhe subsection about dispersive tremors adddithe
source distance specification in Figure 7a.

Pag. 9 L-26 Why does the temporal evolution of dominant fierry content suggest a mobile source? Indicate
the appropriate figures and better specify thermfdion you want to communicate. Also indicate refees.
We added Biescas et al. 2003 as a reference. tigpersive events, you see a temporal shift ofitain energy
content in between different stations. This isalsderved for quake events or for other tremor4ldaiations
(compare Figure 7 with Figures 3 and 5). Howewvachsa shift is observed for example in snow avdiasc
signals (see for example Figure 11b in Biescas €083) or signals generated by a person walkargss the
seismic network (see Figure 8a). We modified tié ds indicated in previous comment.

Pag. 10 L-1 The information in this subsection is anecdotal annecessary. It does not contribute anything to
the knowledge of the phenomenon. These signalsaext-independent. And its characteristics depanthe
distance from the sensor to the seismic sourceaydywwhen the location of a station is inapproprittiere are
external sources and noise. Fortunately, as maadtionthe text, in some cases they are in the fnegfuency
range and a high pass filter eliminates it. As impossible to collect all kinds of signals, loetmend that the
authors mention the possibility of registering emée sources and eliminate this part with the gpoading
figures and devote the space to analyse the signadsiced by landslides.

We disagree to that comment. Of course, it is wssjble to collect all kind of signals. However, want to
present the most common ones. External sourcesisdésiconstitute the major part of the observedassy This
is also mentioned by other studies (e.g. Gombead} @011; Provost et al. 2016). In many instarecbgh pass
filter is not sufficient to eliminate the high fregncy noises. Indeed, most of these signals atse shergies
below 50 Hz and could then be misinterpreted (seelfpassed waveforms in Figure 8). We therefotdHat
subsection and the related figures in the text.

In addition, we added a senter®E0 L11 “Anthropogenic noises can share similarities in @favm amplitudes
and in spectral content with landslide-induced tesignals. It is therefore important to gain kneside about
the characteristics of such events for the mamlaautomatic detection of landslide-induced tresignals.”
Pag. 10 L-28 Is the coda important for the locatioN®! In addition, as indicated, the attenuation is J@gh,
so the coda disturbs little.

Answered in the response letter and comment C.

Pag. 11 All the points related to geometry and distribatof the elements of the network with regard thedy
location of the source are well known in seismizakion. This is not new. The only doubtful pointhe low
impact of the velocity model to locate the supéafisource. Normally velocity model affects locaiso Are
significant these mentioned few meters with regheddistances involved? | propose the authors nstcact
travel time curves for the direct and reflected &sin the range of 150 m for the 3 velocity modelsee the
effect in the travel times and discus the resutidifionally, you are using only 4 readings. Whyials/, more
readings are necessary to obtain an over-determsiystdm. Comments on all this are necessary.

Answered in the response letter and comment C.
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Pag.11 L-31 Seismicity map is not an appropriate term. Saigynmap is related to the distribution of
earthquake epicenters. You are dealing with otlients. Perhaps a good term is "map of landslidasec:
events location".

We agree and modified #14 L14 “Consequently, the risk of including biased dataniaps of landslide-
induced microseismic events is high.”

Pag.12Estimation of source proximity trough waveformeatiation. This is an option, but Fig. 11a showslloc
site effects, which are also observed in the dgperon Fig. 11b. It's not so easy for me to vatidde
distances of the source. Explanations or refereacegaecessary.

We agree there are site-effects, of course. Howewedo think that the estimation of the sourcéadise
through attenuation pattern is better as a staridaadization for landslide-induced microseismiepts
originated near the seismic network (< 50 m) ~iibich uncertainties reach several 10’s of metethérbest
cases - even in the case of site-effects. Maximiisolate vertical traces 0-to-peak amplitudes odll@nd
distant earthquakes never reach S values above g¥¥the definition of S value in the new sectd) as

shown in the graphic below:

1 Mio
O sz1o Landslide-induced
X PG15/PG16 microseismic events readings
® | ocal and regional earthquakes readings
§ ..............................................
n |
1000} 8 %% x 3. !
100}
10}
1 x [8 B =
0 3 6 9 12 15 18

Station number

NB: station numbering corresponds to S1, S2 andr&8g. Station number 13 corresponds to statiof &3.
SZ10 with corrupted records during the 8-week fiddhpaign.

Pag.12 L-14.seismicity rate is an inappropriate term. PeriRate of landslide related events.

We agree and modified #15 L1Q “... and are therefore used in the analysis of laddshduced microseismic
events rates (see Section 6.3).”

Pag. 12 L-16. 5.3 agree with the authors that it is necessargmimd the origin of the magnitudes to avoid an
inadequate use of this concept. Very interestimgipion regarding the differences between magnisedées.
Thank you!

Pag. 12 L-17 Specify: Earthquake local magnitude scale ML.

Modified as asked.

Pag. 12 L- 24 Fig 12 is the correct Figure.

We corrected the figure number reference.
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Pag. 13 L-1...define Ao-LS and indicate its units.

Ao.isis the distance attenuation function in landslidis. indicated it in the text.

Pag. 13 L-1.is logfit a MATLAB script? Indicate.

Yes, it is a MATLAB script, we indicated in the tex

Pag. 13 L-7 In units Sl is KJoule not KiloJoule.

We corrected it

Pag. 13 L-11 Better to express A= 5.10 -3 m/s (Sl units).

We left it in nm &' as this is the unit requested in the M function.

Pag. 13 L-14 A is the absolute value (include <0 values).

We specified consistently in the tertaximum absolute vertical trace 0-to-peak amplitude

Pag. 13 L-17 Homogenize terminology in Pag.12 L-19 and here.

We homogenized the terminology.

Pag. 13 L-26 Consider my previous comments on the use ofethra seismicity.

Catalogs of clayey landslides events.

We modified to6. Discussion of microseismicity catalogs at clalandslides

Pag. 14 L-1 and L-4 Consider my previous comments on the use ofdim seismicity. Landslides-induced
events or landslides-induced seismic events are cmrected terms than seismicity.

Answered in previous comments.

Pag. 14 L-5. Section 5.4.% too short. | recommend the authors expandxp&aeation to give value of the
results. Figure 14 shows amount of information tlegds comments. Pag. 14 L-5. Consider my previous
comments on the use of the term seismicity. laddstinduced seismic events rates. Although, | neisegs a
long title. In addition, what do you mean by seisityirates, activity of seismic events?.

A Discussion section on the results is needed.ment on the useful parameters and methods usatlisAs
indicated in conclusions information related to fileguency content and its time evolution was redavant.
Please, an explanation on this is needed. Alstergtaur outputs to previous results.

We agree. We reworked and completed the discussi@sked and added the Section 6

Pag. 14 L-7 indicate Fig. 14 a and c.

Modified as asked-igure 14 was modified, see commentrogure 14.

Pag. 14 L-10 Sl units (?).

Modified to cm d*

Pag. 14 L-13landslides-induced events.

Modified to landslide-induced microseismic events.

Pag. 14 L-14. Conclusions and outlook .

Split the content and include it in the discussiention to give it more.

We removed the discussion part from the concluarmmhput it in the discussion, we focused the caiciu
(Section 7) on the outputs and the future direstiointhis studies that includes the correlatiosa@$mic data
with high repetition rate displacement data (dGM&B-InSAR), daily orthophotomosaics and photo-
monitoring, hydrometeorological data...

Pag. 15 L-5 indicate ML-LS.

We specified M.s.
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Pag. 15 L-6 Where are the mentioned displacements?

We use average daily displacement rates, indidatdee Figure 14e and specified now in the tex$ettion 2
for each campaign.

Pag. 15 L-24 Consider my previous comments on the use ofetira seismicity.

We modified consistently the use of the term seigimi

Figures and Figure captions.

Figure 1. Seismic arrays Si should be presented beforeilN®tWe referred arrays in Figure 1cAlbetter
explanation of the colours will improve the undarsting of the figureWe indicated that colors refer to
individual tripartite arrayHigher and lower dynamics of what®e removed specification to lower and higher
dynamics as this is not discussed anymore in titeTe help the reader, indicate what 3C seismometers a
S1.1, S3.0 and S2.1 in SZ (c) and S1.1, S3.1 arldiSPG (d)We specified in the Figure caption the three
component seismometers.

Figure 2.-Show first, in a), your time series. These areryaata. Indicate that is the vertical component
We did not modify the Figure layout sequence bezaus methodology starts with sonograms.

-a) sonogram of the vertical component. Explainstieogram in the text and not in the legend ofithee; the
same for the spectrogram.

Answered previously.

-e) Specify amplitude spectra or PSD instead of BRd indicate the units.

Answered previously.

-Include the colour scales in a) and b). Thereitain incongruence between the information forsheogram
and the spectrogram. | do not understand whatttligy of the spectrogram is.

The color bars are relative, we specified the cetale in the text, in the introduction of Sectébn

a. Displays the signal sonogram (Joswig, 1990) uph&oNyquist frequency with a logarithmic
ordinate, which corresponds to 1.95-250 Hz for Beaiben data and to 3.91-500 Hz for Super-
Sauze data. Darker colors indicate higher relaivergies.

b. Shows the non-logarithmic spectrogram of the signidh an ordinate up to 250 Hz. The time-
window is taken as the signal length divided bya®@ an overlap of 90 % was applied. Red
colors indicate higher energies. Both the MATL®ABpectrogram code and colormap were
provided by Clément Hibert, of the EOST (Ecole dis€rvatoire des Sciences de la Terre),
University of Strasbourg, France.

-The information of the spectrogram and sonograrstrba the same with an appropriate scale and aatorr
overlap.Yes.

-Moreover, what is the role of the different fiker bandpass signals if you do not mention therhartext?

In our opinion, the bandpassed waveforms help ickguevaluate the signals. The higher band-passefeams
provide information about landslide-induced micissgc event proximity.

For example, in Figure 4, it is well observed titet energy content in higher bandpass decreasesneieasing
distances (or event types).

- Also, because the frequency content of the eagkeis up to 40 Hz, showing the scale up to 25(sHz

meaningless and leads to loss of information. @intbmments for figures 4 and 6.
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We wanted to provide the reader with easy to comfigures. This is the reason why we applied tmeesa
scaling on each diagram and whenever possible, sisgldr time window for event type of similar cgteies.
Figure 3. What is the disposition of the seismograms? Whiikria have you follow?. Replace rectangles by
bands.

We used the station numbering, starting with thpattite array number 1, in order to see the signal the
complete seismic network. Empty traces indicatesimgsor corrupted data. We specified this in thguFe
caption. We modified the rectangles to red dasime.|

Figure 4. Number columns 1-5 in each row to help the desorign the text, Could you explain the difference
in the frequency content of the sonogram and teetspgram? Is there a filter between the two caloohs?.

We referred the figure numbering more specificalljhe text. Sonogram and spectrogram are nowrbette
explained, see comment E and section 3.

Figure 5. Indicate that the number of the stations is orridiet. As regards the amplitude, note or spedift it

is the absolute value. Events a) and/¢ specified absolute values consistently in tke te

We also modified the stations indication positioritte left and the axis label for consistency Viglre 3.

Figure 6. Consider my comments for figures 2 and\swered in previous commeihhdicate the distance to
the sensor of the confirmed rockfall to help readéfe indicated the receiver-source distance (29 ritf)én
caption.Are the signals reproducible and repetitive? A ca@mton this is necessary in the text.

We specified in the discussion SectiorP@8 L2: “ Despite many landslide-induced microseismic evesi®e
observed to occur in sequences, thus suggestinteati@l common source process, a cross-correlatiatysis
performed in the time domain within 1-30 Hz retudm® evidence of similar events among the consitlere
sequences.”

And in the conclusioP20 L11 “Despite the complexity of the waveforms, compagdbhdslide-induced
microseismic signals were detected at both lanels|ithereby suggesting that similar microseismizc®
processes are taking places at different landstiddshat the method is therefore scalable anadeible..”
Figure 7. Consider my comments for figures 2 4 and\Gswered in previous comment. We added information
about the probable receiver-source distance in#ag.

Figure 8. This figure shows some of the external sourcesséries is not complete and the signals depend on
the cases and distances. It does not contributiiagyto the paper. Remove it.

Answered in commerRag. 10 L-1

Figure 9. Consider the comments in Figure 8. Remove itolf gresent these signals, you should explain their
characteristics fully in the text, not just showthg plots Answered in commeriRag. 10 L-1

Figure 11.If | understand correctly, data in a) correspaméxperiments showing different amplitudes for
similar distancesYes, we carried out one SISSY at seismic statiéht S2.2 S2.3 S2.6/S1.5 and one SISSY
close to station S3.0 at SZ10 and several hammersbéht each station as well as offset blows atipgtaces

in the seismic network at PG16.

(e.g. squares in 40-60s in a) possible due to leffatts.At SZ10, the stations at 40-60 m distances of the
SISSY shot on 06.07.20 in red squares are mosapiplilted, the signals are of low quality on thesations.
How do you correct the site effect in this procesazxplanation is needed in the tékte did not correct for
site effects since amplitudes observed for regieagthquakes or teleseismic earthquakes are veilasisee

for example Figure 3e, bottom panel, for a locairmiquake and discussion and additional Figuréenanswer
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of commentPag.12). The discussion about waveform attenuation has bempleted (See comment 10 by
reviewer #2. In addition, we added in the concln$@0 L20:“Since S values of local and regional earthquake
stay systematically below 200 %, we did not corfecpotential site-effects and Ms were computed for near-
source area events (< about 50 m), applying ardistattenuation function calibrated for clayey HEiuks
(Section 5.3).”

Replace dotted lines in the figure caption by dddhmes.

Dashed lines modified as asked in the figure captio

Figure 12.a) Specify that it is for regional earthquakes

We rephrased td(a) Distance attenuation functions (-log(A0)) of Ecales empirically calibrated for regional
earthquakes with receiver-source distances betd@emd 600-1000 km.”

Figure 13.Better to place empty symbols because grey igcdiffto see. Replace the word seismicity.

We replaced the grey symbols to empty symbols epthced the word seismicity to microseismicity.

Figure 14.Figure very interesting that corresponds to tiselts. More explanations in the text are needed.
Replace the word seismicity.

We replaced the word seismicity.

The Figure 14 was modified. We removed precipitatiod displacement data for clarity since we dodituss
this in the text anymore. The motivation for thigange is that our paper discusses the eventsfidaien. The
final catalog provides the basis for a further mdigtiplinary study, where the seismic data arealated to
other geophysical information for a better intetatien of landslide dynamics. This analysis wasddetral
topic of a PhD thesis, submitted (S. Rothmund, 28&& response letter) and will provide the mdtetibject of

a new dedicated paper.

Comment by A. Kéhler

General comments:

The authors do a great job analyzing and categuyitie seismic emissions of very complex sourceqssges. It
is a laborious task, but essential to be able ¢osegssmic monitoring as a reliable tool to foret¢hstbehavior of
debris slide. The authors try to establish an dhje@nd consistent processing scheme, which afseolas its
limitations for such a complex seismic record. Paper is well-written and presents in most partshsive
and comprehensive results, giving all the necessatails.

However, some clarification are necessary and theréssues that should be discussed in more defainain
concern is the temporally varying completenessiefseismic event record resulting from the mantzdgssing
scheme applied. This could have important impl@aion the interpretation of how well the seisraies
correlate with measured displacement of the slide.

We agree some clarifications were necessary ang femponded and discussed more specifically thpdeatty
varying completeness of our microseismic databssecomment (2) below.

Specific comments:

(1) Page 4, section “3 Methods”: | would suggest toaee the sub-section 3.1 since only a single meihod
introduced.

We removed the sub-section, and reworked and cdeapthe chapter 3 as also asked by reviewer # 1.

(2) Only sonograms on night time measurements weeesed to minimize false detections: What impliaaio

does this have on the fact that you use the seisateédn the end and compare it to slide displace™®r does
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it not matter because the displacement data hasrdablution (see also comment about Fig. 14 bEdw there
any process that could lead to an increase of semmissions from the landslide body during daytintgch
you would miss (e.g. diurnal temperature forcinig)there a changing noise level at nighttime tloaild affect
the observed seismic emission rate (change of dligletection threshold)?

We apologize for the misunderstanding. We did stdsgy-time measurements, however, paying attemtloen
screening data contaminated by the noises produgcéte geophysicist activity on the slope. Duehi® higher
noise level during the day, the catalog of landslitduced microseismic events may be uncompletaglitine
day. However, this does not impact our interpretetj as displacement rates are measured at basdaity
(24h) basis. We don'’t have a sufficiently robusatistic dataset to derive conclusion about for gxerdiurnal
or seasonal temperature forcing. The noise levefl ¢®urse lower for night time measurements; haxgethe
dynamic frequency-dependent noise filter of theogpam provides a powerful tool to detect eventgeiry bad
SNR conditions.

We rephrased the senterR® L1: “Much attention was paid to design a comprehendatabase gathering all
microseismic signals observed by passive microseismnitoring on active debris slides. Continuous
sonograms of the three seismic datasets (SZ10, AZAHG) were visually screened in SonoView. To @voi
false noise detection, special attention was pdidnascreening day-time measurements contaminated by
anthropogenic noise caused by geophysicists oegknical work carried out on the slope. Only signal
recorded coherently by three sensors at least emrgidered as a detection.”

(3) Features presented on Page 5: Maybe it is wdrthta use an automatic clustering method in tlaéuiee
space. That would open up the possibility to useessort of STA/LTA network trigger and then perfopst-
classification afterwards. Showing some scattetsphould help to evaluate if the feature distribatfrom all
events actually shows a clustering related to pwent classes, or if the classes rather represdamembers of
a continuous distribution. Even if implementingariomatic clustering method is beyond the scopbisf
paper, the potential of such an approach coulddmissed.

The five criteria enumerated Rb L25 are a minimal subset of the evaluated high-dinmradifeature space,
which is best represented in the graphical dispfagonograms. We wrote Section 6.1:

6.1 Landslide-induced microseismic events detectiand classification

Automatic detection algorithms work fine for weltdwn routine seismic signatures but fail for unkncand
unexpected low-SNR microseismic events. In ordeyaio knowledge about the existing types of lawuisli
induced microseismic event signatures, we therafseel an enhanced visualization alternative, where
continuous seismic data were screened for visutdnparecognition in the form of sonograms (Jos\&ig)8;
Sick et al., 2012; Vouillamoz et al., 2016). Usaginimal number of seismic features, detected tsveould be
gathered into three main groups (Section 4): eagkes, quakes and tremors signals. The shalloalatsbn of
seismic stations in the landslide body resulteldigh level of noise contamination of the data dreldistinction
between landslide-induced microseismic events &mer @nvironmental (or anthropological) sources n@s
straightforward. Due to the near-source area ofatgeted microseismicity, individual source sigegismic
signature can show tremendous variations betwesmds from different stations, depending on theeetve
receiver-source distance (e.g. Figs. 3a-b, 5a-c7andespite many landslide-induced microseismenesy were
observed to occur in sequences, thus suggestintgatial common source process, a cross-correlatiatysis

performed in the time domain within 1-30 Hz retudm® evidence of similar events among the consitlere
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sequences. This stresses out the complexity dfimals radiated by near-source area microseisrotepses
and hence the variability of the related seismatuee space. Individual microseismic sources csm @tcur
simultaneously on a complex debris-slide, therelayling to time-overlapping tremor signals with hgbr
characteristics, where individual source radiaticeusnot be unambiguously separated. Several iretarfc
guakes doublets (type Il and IIl), similar to shduration ETS-like signals were observed at batldstides. At
Pechgraben, frequent near quakes (type | anddtyifing short duration harmonics were observedsTihwan
be concluded that an unequivocal manual or autahr@sesification of landslide-induced microseissignals
is possible for well-defined landslide-induced $ngnicroseismic events. This is supported by previesults
of Provost et al. (2017) at Super-Sauze landslithere quake and rockfall microseismic events coeld
successfully detected and classified using a Rarfelmmst supervised algorithm trained with 71 seisieatures
on a large training set. However, inputs from thalgst are still a requisite in the analysis of pter, hybrid
tremor signals recorded at active clayey landslidesder to obtain comprehensive and robust |asels|
induced microseismic events libraries for the fregrof automated detection systems and classifiers.

(4) Array processing: How reliable is beamforming hgireen that source-receiver distances are rathat sh
compared to the array apertures (non-planar wants)y®

Based on SISSY shots and hammer blows calibratitaséts, we see that when the source is near (9G0R)
to the tripartite seismic array used for the beafoutation, the back azimuth can still be consedito about
one quadrant. However, if the source is withinttigartite array, no solution is found! The applsampling
rate does not affect these results: no differemee found for data sampled at 500 or 1000 Hz. @aseother
personal experiences, a sampling rate at 250 dmealso the same order of values. Thereforeambe
provides a directional location constraint of obewt one quadrant, which makes tripartite arrageful tool in
environmental seismology.

(5) Page 8: 4.3.1 change to 4.3.2.

We corrected the numbering.

(6) Page 6: If Type IV are most likely events outdide landslide, wouldn't it be better to describerthin
section 4.1. (local earthquakes)? In this casecsedt2. “quakes” could be renamed to something fdeismic
landslide signals” or “slidequakes” (which has besad previously).

We agree with the comment and modified the termraréarthquake to micro-quake for clarity and caesisy.
The goal was to provide the reader with a continefirquake events’, from very near landslide-indidice
microseismic events recorded only at a few neatdityosis and local micro-quakes recorded consigtdntithe
complete seismic network. At recording receiverrseudistances of more than about 100 m, it isaiffito
discriminate if the source is related to the laidshctivity or not.

We reworked the section 4.2.2 and introduced fobswing P7 L22

“Based on waveform attenuation pattern, dominadudency content and duration of the signals, wpqee
four types of quake events which represent a continbetween very near-source area quake eventslegto
only at a few nearby stations to local micro-quakents recorded consistently across the completmige
network (Table 1; Fig. 3 and Fig. 4).”

(7) Page 10, line 9: Since you wrote you just usedtittilge records for manual data inspection and theze
signals corresponding to “geophysicist walking”ths consistent? (Of course geophysics might sk at

night sometimes : : Ye actually worked at night, in winter the evenaagnes early>)
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We responded to this issue in comment 2.

(8) Page 11: Please explain what you mean with “threailo of existence of the hypolines was tested ..."
This sentence was indeed unclear. We observedatiability of the mathematical solution represented
graphically by the hyperbolae. We rephraBd@ L30“At + 20 samples (£ 0.02 s), no more mathematical
existent solution is found.”

(9) Page 11: Line 23-27: See previous comments (censioh-planar wavefronts in addition to scattedng
inhomogeneities).

We added receiver-source distance informationertétt and reverted the order of the bullets faritgl P14
L5:

- Complex velocity structures and resulting waveforsaattering impedes array-processing and back
azimuth information can be significantly biasedeTalibration datasets at Super-Sauze and Peclmgrabe
derive uncertainties in the order of one quadrant%°) for well constrained beams (using high
correlation values of four and more coherent wawvafepikes), for source located at 50-100 m outside
of the seismic mini-array.

- Sources originated within the seismic network meincoherent array-processing and back azimuth data
(10) Page 12, Section 5.2: “normalized difference betwthe maximum amplitudes of the signals and the
median value of all maximum amplitudes”: This isiaunclear. | would suggest to add an equatiothetine
your variable “scatter about the median amplitudéien, you could refer to this quantity simply wéhetter.

Also, what is the percentage of this variable bé@mger than 200% for each of the 4 event types® keu just
give percentage of all events (type I-IV (?) quaked tremors). | would expect a clear differenaeTfgpe | and
Il compared to Type IV.

We totally agree to this comment and thank you.iftt®@duced the value S with a formula, and therduse
consistently in the discussion for the interpretaif different landslide-induced microseismic evevurce
type.

The section 5.2 was rewritten and S values wereaddTable 1:

5.2 Waveform attenuation pattern to estimate sourcgroximity

Because of the high uncertainties returned by stahskeismological approaches to event locationgtastic
attenuation of waveforms observed within the laidgésbody was used to constrain the source proxiofityear-
source area landslide-induced microseismic evertie tused in the calculation of events local magieit
Distance attenuation data of SISSY calibration slhaotd hammer blows at Super-Sauze and Pechgratwan sh
that signals are strongly attenuated within th&t 50 m. The water content of the landslide mdtarfuences
the waveform attenuation: signals are less atteduahen dryer conditions prevail (Fig. 11a). THis@rvation
is consistent with laboratory experiments (e.g.ikeeet al., 1981). To quantify the waveform ateian
pattern of an event, we use the scatter about gtkam amplitude, S, which we compute for each tthat
recorded the signal (Eqg. (1)):

S = Asta—Med(Asta)
Med(Asta)

@)

where Auwis the station maximum absolute vertical trace laoge of the signal in nnr’sand Med(Ay) is the

X 100 %

median value of all A&swhere the signal was recorded. S values computetid¢acalibration dataset of Figure

11a show a drastic diminution with increasing reeeisource distances (Fig. 11b). Based on thesenedison,
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we use maximum S values of landslide-induced maismsic events to approximate receiver-source distsn
We infer S values higher than 200 % to correspor@deiver-source distance of less than about 5bhis.is
consistent with the observation that local andaeagi earthquake never return S values above 20% %maller
distances, we selected thresholds (in an arbitbaryyery conservative way) of 1,000 % and 2,00t %
correspond respectively to receiver-source dissn€about 20 m and 10 m from the recording stafidre
source distance of natural events for which S \sateenain below 200 % is considered as uncertairomgnthe
inferred landslide-induced microseismic events kgsaand tremors), 28 % of events at SZ10, 42 %s46Rand
39 % at PG16 feature at least one station withattescabout the median amplitude value above 200/%h
estimated source-receiver distance of less thant&fom, these events can be reasonably assunweijiasited
within the landslide body or at its edges and heedfore used in the analysis of landslide-induced
microseismicity rates (see Section 6.3).

(11) I suggest to discuss some potential methods fonzatizing the event detection. You mentioned textapl
matching. What about cross-correlation of (arrayedopes instead of waveforms? See also commentabo
about clustering. It could be an option to introelacseparate discussion chapter which includeisshes of
catalog completeness, automatization, and coroelati event rate with slide displacement.

We agree with that comment and discussed it imalew letter. In our opinion, the automated détects not
the issue. Nowadays, automatic detection algoritbumeseed in detecting all kind of signals. Theessuhe
automated classifier for complex hybrid signals. féeeloped and specified in Section 6.1.

(12) Table 2: Is this Vp or Vs?

We specified w.

(13) Fig 3: Why are Type Il events absent for statiSfsl-S1.5 ?

The stations were tilted or the data was corrupiéel specified in the Figure caption.

(14) Figure 10d: This panel is a bit hard to read, eisflg because you use two colors (red and blag#t) two
different meanings (Red for picked stations and @h@)l. Maybe | misunderstand, but it looks like the
hyperbolas intersect always close to the centdtefrray used for beamforming, but the true loceai$ outside
the array. Is this coincidence and what could keed¢ason?

It is not coincidence; when working with tripartéerays in place of a network, the observationasbpelized
hyperbolae, crossing at low angle, provides theatiion of the beam. The zone of intersection themen away
from the array when forcing the solution in the theprofile.

We agree that the panel was difficult to read i default colors of the HypoLine software. Westichanged
the colors: picked stations are labelled in blaecid non-picked stations in grey; velocity modets displayed
by orange to brown colors and beam in light blue.

(15) Figure 11: It is not clear how you defined theeththresholds. | can follow the choice for T3, BRtand T1
seem a bit arbitrary. Please explain in more detail

It is unfortunately arbitrary. However, we chooszdand T1 in a very conservative way, in order toiéa bias
in the high magnitude events (better discard eviats having one too much). In that sense, we denshat the
landslide-induced daily microseismicity rates aiable.

(16) Figure 14: The comparison between seismic ratéslaplacements from this figure is very difficult,
especially to prove your statement on Page 1411820, that seismicity rates show a clear increate

increasing displacement. Consider to increaseitieeo$ the sub-figure. Also, red symbols (slidecgjatnay be
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hidden by tremor symbols. As far as | understodicgveents only occurred at nighttime. In this cgee could
indicate the data time periods you did not scréégase also indicate where you see correlationdsatw
seismicity and displacement. | suppose “endogenuests” is the same as “land-side induced evemd” a
includes both tremors and slidequakes?

We agree this was too much in one Figure. We dddioleemove the more detailed interpretation asipuosly

discussed in the response letter and in commegtsé-iL4 by Reviewer #1.
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