Response to referee comments

[Seismic monitoring of small alpine rockfalls validity, precision and limita-
tions]
July 13, 2017

We would like to thank the referee for the encouraging and helpful com-
ments, all of them obviously devoted to improve the quality and impact of
the manuscript.

Referee 2.1: Title: When first reading the title of the paper I was expect-
ing an analysis of the feasibility to study rockfalls with seismic methods
in different contexts, or an enriched review of past studies on this subject.
“Validity” and “limitations” of seismic rockfalls monitoring in general are
not discussed in this paper and I find that what the authors propose is es-
sentially an interesting case study. This should be explicit and clarified in
the title. I would suggest for example: “Validity, precision and limitations
of the seismic detection and location of small rockfalls in the Swiss Alps*.

Reply: We understand the arguments and changed the title (almost) as
suggested.

Referee 2.2: P2 L17: Please order the references chronologically. There is a
wealth of studies on landslides seismic signals. If you decide to select some
of them as examples, use ”e.g.” before citing them.

Reply: All reference lists were checked for chronological order and corrected
where necessary. The term “e.g.” was inserted as suggested.

Referee 2.3: P2 L18: While it would be an honor to share the name of David
Hilbert, I am not. Here and everywhere else please correct the references to
“Hibert et al.“ (no “L”).

Reply: Indeed, this was an unecessary bug that sneeked into the tex file. It
has been corrected throughout.

Referee 2.4: P2 L21: “cf” not necessary here or elsewhere.

Reply: Terms have been removed where necessary/appropriate.




Referee 2.5: P3 L14: Is this different from spectrograms?

Reply: The term has been replaced by “spectrograms”.

Referee 2.6: P3 L19: Burtin et al. [2016] were not the first to show that
seismic signals generated by rockfalls are dominated by surface waves. In the
references here you can add Deparis et al., [2008], Dammeier et al., [2011],
and Levy et al., [2015].

Reply: References included as suggested.

Referee 2.7: P3 L22: “Vital” seems a bit strong. Interesting? Significant?
Crucial?

Reply: Changed to “unique, important”. We believe that this is the best
phrase to describe the value of seismic data with respect to the level of detail
they can provide in some cases, e.g., as shown in the example figure 2.

Referee 2.8: Section 3: Is this section necessary? Could you move this into
the introduction?

Reply: We had thought about adding this chapter to the introduction dur-
ing the writing process but then decided to keep it separate, mainly to ad-
equately set the scope for the entire manuscript: i) “We know that seismic
monitoring works for characterising rockfall, but there is a set of unknowns
at the moment” and ii) “For those who are unfamiliar with the seismic ap-
proach, this is what the data looks like one can record and has to interpret”.
Furthermore, this section already presents results of this study, which makes
it difficult to include it to the introduction. Thus, we prefer to keep the sec-
tion in its current form, also backed up by no such impression by any of the
three other referees.

Referee 2.9: P3 L28: What is the “limit of detection”? Is it the targeted
(or the possible?) resolution of the point clouds?

Reply: This term is common jargon among the TLS community. We added
a short definition in brackets for comprehension by a wider readership.

Referee 2.10: P4 L3: Are the seismometers 3 components? Please add this
information here. Figure 2 — caption: Do you know the volume of this



particular event? If so this information could be added in the caption. Are
the signals filtered?

Reply: Component information was added as suggested. Released rock
volume, event ID and link to table 1 are provided in the caption, now.
Filter window (1-90 Hz) is given in the caption, as well.

Referee 2.11: P6 L17: The STA-LTA ratio picker was first proposed by
Allen [1982].

Reply: Reference was changed as suggested.

Referee 2.12: P6 L18: Envelopes of seismic signals are commonly computed
from the Hilbert transform of the signal. I think using the absolute ampli-
tude is not a problem for detection, but for a localisation method based on
the cross-correlation of envelopes,the Hilbert transform might yield better
results. While I certainly do not think it is necessary to redo the current
analysis with Hilbert envelopes, I would suggest testing this in future stud-
ies.

Reply: Absolutely correct. The utilised algorithm used the Hilbert (with 1
this time) transform to calculate the envelope. The main idea in the original
manuscript was to provide the unfamiliar reader with a short explanation
of the term “envelope”. However, obviously this plan was misleading. We
removed the short and wrong definition, now.

Referee 2.13: P6 L24: Can you indicate here what are the threshold values
chosen?

Reply: Since these values are part of the results, we provide here now the
link to the adequate chapter (5.2), where these values are presented and
justified.

Referee 2.14: P7 L1 and 11: You choose here a velocity for S-waves but
as stated before rockfalls seismic signals are dominated by surfaces waves
(which are slower than body waves). How many events have you excluded
based on this criterion?

Reply: We have added further credit to earlier studies that point at the
value of 2000 m/s for land slides and rock falls. Actually, after a test re-run
of the approach on a short section of the data base with lower velocities,



all additionally included events were rain drop impacts (based on the short
duration of the picks and relation to the meteorolgical data).

Referee 2.15: P7 L10-11: This is a bit confusing. You first had an automated
exclusion criterion based on the time delay between the onsets of the waves
recorded at each station of the network and then you still check manually if
this criterion is verified? What is the point of the first automated exclusion
then? Maybe reorganize this paragraph and the one just before to improve
clarity.

Reply: Indeed, point i) and ii) are redundant. The initial idea was to have
all decision/rejection criteria at one place as a summary. However, this was
confusing. We removed these two points.

Referee 2.16: P7 L13-14: Criterion iv): Does this imply that you know the
location of the events before manually selecting the signals?

Reply: The section was rephrased to be more general, it now simply ex-
presses that the signals are expected to show a significant difference in their
amplitudes due to the different source-receiver distances causing attenua-
tion. If the source is inside the network, the differences between source and
receiver for all possible station pairs is expected to be much higher than for
a source location outside the network, especially if the source is away several
times the network aperture, when only site amplification effects may modify
the picture.

Referee 2.17: P7 L17: References : “e.g.“ or add at least Surinach et al.
[2005].

Reply: Both suggestions were implemented.

Referee 2.18: P7 L20: ”Multiptaper” Typo?

Reply: Yes, the typo has been corrected.

Referee 2.19: P7 L21: References : “e.g.”. Hibert et al. [2011] and
Dammeier et al. [2011] seem more appropriate references here.

Reply: Included/corrected as suggested.




Referee 2.20: P7 [.29-34: The approach proposed by Hibert et al. [2014 and
not 2011] is designed to overcome all the issues regarding the specificity of
rockfall seismic signals you enumerate before this sentence (emergent onset,
waveform discrepancies, absence of seismic phases, high-frequency). More-
over if the dominant issue is the “differences between waveform properties
at different stations” the cross-correlation approach would not work. In
your case you can use a method based on the cross-correlation of the sig-
nal waveforms because the signals recorded at different stations are not too
dissimilar. I suspect this is the case because the aperture of your network
is not large (inter-station distances of 1 km). This is not the case at the
Piton de la Fournaise volcano and is one of the difficulties that forced us to
develop a new kurtosis-based first-arrival picker that is accurate enough to
pick emergent signals. Please rewrite this paragraph by taking this remark
into account.

Reply: As suggested, the paragraph has been rewritten.

Referee 2.21: P8 L19-21: Topography correction is necessary because rock-
falls generate surface waves that propagate following the topography. Also
the correct reference is Hibert et al. [2014] and not [2011] here.

Reply: The text was changed as suggested and the reference was corrected.

Referee 2.22: P8 L8-18: If you change the frequency range used to find the
time lag that yields the best cross-correlations this should have an impact on
the optimal velocity, and vice versa. Can you elaborate on the interdepen-
dence of the optimal frequency bands and the optimal velocities found? It
can be interesting to add in Table 2 the velocity that gives the best location
for these 10 rockfalls.

Reply: As suggested, this section does now discuss the interconnectivity of
wave velocity and frequency range used in the location routine. Since we
kept the wave velocity constant for the different frequency bands there is
limited value in adding it to the data table.

Referee 2.23: P8 L21-22: Not all FEarth surface processes generate seis-
mic signal dominated by surface waves. I suggest to change “other Earth
surface processes” into “other mass movement processes” or ”gravitational
processes ‘. Also see comment on P3 L19 regarding the reference to Burtin
et al., [2016].

Reply: Changed as suggested.



Referee 2.24: P8 1.22-25: It is not clear how you performed this correction.
What is: ”that part where direct distance is above the actual surface eleva-
tion “? Does this mean that you corrected the direct straight line distance
from pixel to pixel by the slope angle? Did you compute profiles for each
pixel-station pair from the intersection of the straight line between those
two points with the grid points of your DEM? Integrating the topography
in propagation maps is not a trivial task but as you mentioned is critical
to have accurate locations of rockfalls. This should be a bit more detailed,
especially if the main focus of this paper is the capability to locate rockfalls
from the seismic signal they generate.

Reply: We added further explaining sentences. The approach is a direct
translation of the Matlab based technique discussed by Burtin et al. (2014,
ESurf) to the language R and is part of the freely available package eseis.

Referee 2.25: P8 L30: Please define what is the ”likelihood quantile” before.

Reply: This value is now defined at this position and used throughout the
text. P is the location cross-correlation value of a given pixel and the 0.95
quantile is the threshold value arising from all P values of the location grid
used to, e.g., clip the location polygons.

Referee 2.26: P9 L26: What caused this tilting? Do you know when it
started? What is the influence of this tilting on the seismic signals recorded
before dismantling those stations?

Reply: The (most likely) cause of the tilting is now mentioned in the text.
It is hard to say when this started because the TC120s sensors can compen-
sate tilting up to about 10 degrees by using additional battery power but
suddenly fail to record further data once beyond this tilting angle. Anyhow,
we think this technical detail about the utilised sensor is of limited use for
the reader and prefer not to infuse it into the text.

Referee 2.27: P11 L16-18: I am a bit sceptical regarding the “rain drop
sources” because you have buried your stations at 30-40 cm depth. This
should prevent any direct contact between the seismometers and rain drops
and I think rain drops are too weak seismic source to generate signals that
would not be attenuated in the first few centimeters of propagation. Other
common sources that can generate impulsive signals with energy in high-
frequency bands are thunder, numerical glitches or close footsteps (animal
or human). You based your attribution of those signal to rain drops from



the observation that “it only occurs in the records when it was raining in the
Lauterbrunnen Valley during deployment and maintenance of stations”. So
you observe these noise signals on the days you were on the sites. There is a
possibility that these signals are your footsteps, but without clear evidences
we do not know. So did you observed those signals on days where you were
not on site? Can you provide other arguments to attribute those signals
to rain drops? For example, did you observe that those signals appeared
and disappeared gradually over a period of times of several tens of minutes
(or few hours), mimicking the passing of scattered showers? If so could you
show this on a figure to definitely convince your readers that those signals
are indeed generated by rain drops? If not I would suggest to rename this
class of source to “impulsive noise “.

Reply: We added a further figure showing the co-occurrence of the seismic
signal pulses and a rain data record. The data is also interpreted in the text
and we argue for the rain cause with respect to passing animals or humans
on the base of the irrgularity of the signals.

Referee 2.28: P14 L.3-4: What is "n“? What is "r“?

Reply: "n = 8“ has been replaced by ”eight cases“ and ”r* has been removed
completely, see comments of referee three.

Referee 2.29: P14 L4: If you want to provide to the readers an analysis
based on the SNR you need to indicate how you have computed this quantity
before.

Reply: The term SNR is now defined where it is used for the first time
(chapter 4.3).

Referee 2.30: P17 L13-14: What are those relationships? Do you refer to
the studies of Hibert et al. [2014], Manconi et al. [2016]7 Dammeier et al.
[2016]7

Reply: The statement is now supported by some of the suggested references.

Referee 2.31: P17 L20-21: Levy et al. [2015] used a different approach
(first-arrival picking and not cross-correlation back propagation as in the
present study) and had a network with a much larger aperture (inter-stations
distances of few kilometers).

Reply: Corrected as suggested.



Referee 2.32: P18 L7-9: I agree with the assumption that a rockfall with
a higher volume should generate a higher-amplitude seismic signal if the
travelled path and the fall height are the same. However you say latter that
in your case there are no correlation between seismic energy/amplitude and
the volumes of the events.

Reply: We rewrote the statement further down to say explicitly that it refers
to relationships based on volume, only. In the Lauterbrunnen Valley case
we would have to include many more parameters than just rock volume, as
explained in the rest of this paragraph. So in summary, both parts are true:
in the case where only the rock volume is different while all other parameters
(e.g., height, fragmentation, debris entrainment and impact location) are
identical, the seismic signal of a larger rock mass will undoubtly be larger.
But when all the other parameters can vary, as well, this energy-volume
relationship will fade.

Referee 2.33: P18 L12-13: The volume of the rockfalls in the study by
Hibert et al. [2011] had volumes as low as few cubic meters.

Reply: The sentence was rephrased and more appropriate references were
used, now.

Referee 2.34: P18 L18-19: Indeed, you are working with complicated events
and I acknowledge that extracting quantitative laws might be difficult in this
case. However, as shown by the example discussed in section 6.3, you are able
to identify the different stages of the rockfall propagation. Is this true for the
10 rockfalls in your database? If so, you have every information you need
(location of the events, volumes/masses, average velocity of the medium)
to go further in your analysis. For example, what are the relationships
between the first impulsive arrival amplitude (corrected from propagation
effect) (phase 1) and the volume? The relationships between the seismic
energy and the potential energy lost at the first impact with the topography
(phase 2) ? The same relationships during the propagation phase on the
talus (phase 3)7 Those are fundamental issues that you might be able to
contribute to answer with your dataset. Even if no relationships are found,
this would still be very interesting as it will nourish discussion on the validity
for small rockfalls of the relationships found by others [e.g. Deparis et al.,
2008; Vilajosana et al., 2008; Hibert et al., 2011; Dammeier et al., 2011;
Yamada et al., 2012; Ekstrom and Stark, 2013; Farin et al., 2015; Levy et
al., 2015; Hibert et al., E-Surf in press]. I understand that this might be out
of the scope of this study, but I think that adding this deeper analysis will
significantly improve the impact and the reach of your paper.



Reply: Indeed, for some of the events there is a comparably favourable
situation as for the event shown in figure 2, but this would reduce the number
of suitable cases to about four. We believe this is not a sufficient amount of
data to hypothesise about quantitative laws. As suggested by the referee,
the topic is out of the manuscript scope and extending the discussion to this
theme would inevitably require a significant redesigning process of the entire
mansucript, a point we consider not balanced by the number of suitable
events that can be used to support claims in the light of this goal. We have
however opened the door for the reader to think about this possibility at
the end of the paragraph (last two sentences).

Referee 2.35: P18 L31: references : add ”e.g.” and/or other references, for
example : Helmstetter and Garambois [2010], Yamada et al., [2012], Zimmer
and Sitar., [2015], Hibert et al. [2017].

Reply: Both suggestions were included.

Referee 2.36: P19 L3-5: While it seems reasonable to think that large mass
detachments are preceded by cracking and fracture opening that generates
an increasing rate of micro-earthquakes, this is more debatable for very small
rockfalls such as the ones in this study. Another assumption to explain this
first impulsive signal is that it is generated by the rebound of the Earth in
the departure zone due to the detachment of the mass. This was observed at
Piton de la Fournaise volcano [Hibert et al., 2011]. I think both assumptions
should be mentioned here.

Reply: Implemented as suggested.

Referee 2.37: P19 16-17: If larger particles have higher momentum they will
reach the bottom of the slope more rapidly than small particles. In fact this
is what is observed in many cases on video recordings of events: large blocks
preceding the flow of small granular materials. The loss of high-frequency at
the end of seismic signals generated by gravitational instabilities is complex
and still not yet fully understood. Analytical models [e.g. Okal, 1990; Farin
et al., 2015] suggest that events with larger volume will indeed generate
signal with a lower corner frequency, but the overall amplitude of the signal
across the whole frequency range will be higher. To this adds the fact that
high frequencies generated by small particles are more attenuated. The
combination of those two processes suggests that the loss of high-frequency
at the end of those seismic signals is due to the early immobilization of
the largest particles, not the smallest. This is highly speculative, and any



interpretation of this frequency shift has to be done carefully and supported
by data. If you want to comment on this, please add references.

Reply: As this part of the anatomy section is not a central part of the
scope of the manuscript we followed the referee suggestion. We removed the
speculative part and provide a reference to support the first part.
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Response to referee comments

[Seismic monitoring of small alpine rockfalls validity, precision and limita-
tions]
July 13, 2017

We would like to thank the referee for the encouraging and helpful com-
ments, all of them obviously devoted to improve the quality and impact of
the manuscript.

Referee 3.1: This manuscript presents a new approach for detecting and
locating rockfalls using seismic signals, applied to a case study in the Swiss
Alps. I find the manuscript well written, well organized and the results inter-
esting. Validity and precision of the method have been carefully discussed,
while I found the discussion about possible limitations a bit dry. I suggest to
improve this part, especially given the fact that several manual adjustments
and optimizations are needed in post-processing. Below are some minor
comments about the main text and the supplementary materials. Specific
comments on the main text.

Reply: We reorganised the discussion and especially the conclusion chapter
to highlight the limitation of the seismic method. Also, the need for manual
supervision has been added to the abstract, introduction and discussion
chapter 6.1 (also see referee comment 17).

Referee 3.2: Title: I find the title too vague. The title should reflect that
the manuscript is about one possible method for seismic rockfall monitoring,
applied to a specific case study.

Reply: As suggested, also by referee 2, the title has been focused with
respect to location and event size.

Referee 3.3: P. 3, Lines 19-20: this would be true if seismic waves were
travelling in a homogeneous medium. When looking at high frequencies, like
in this study, seismic waves are mostly sensitive to the crust and therefore
their travel time is strongly affected by crustal heterogeneities and shallow
slow velocity layers. Seismic tomographies of the Alps have shown crustal
heterogeneities as large as 20.

Reply: The additional information is now included, making lcear that the
homogeneous medium is an idealised case and that under natural conditions



there can be significant alterations.

Referee 3.4: Figure 1: a large-scale map, showing the Lauterbrunnen Valley
on a larger context, would be informative.

Reply: Overview map of Switzerland and the location of the study area
therein has been added.

Referee 3.5: Figure 2 and 4: the power spectral density is usually normalized
to the frequency bin width and therefore the unit is (m/s)/Hz. Why this is
not the case here?

Reply: The missing legend item has been added.

Referee 3.6: P. 6, Line 23: how the length of the STA and LTA windows
affects your results? How these two values have been chosen?

Reply: Indeed, the window length obviously affect the number and timing
of initially picked events. We added an explaining sentence for clarification.
Our reasoning for chosing these values is and was based on the referenced
study of Burtin et al. (2014), as stated in the manuscript. It is hard to
inspect how different values of STA and LTA window lengths would affect
the results because the picking is just the start of a long chain of further steps
to remove spurious events. We think adding information of other window
lengths would add little further information to trace the overall contribution
to the final number of events.

Referee 3.7: P. 6, Line 28: the authors set the minimum cut-off frequency
of the filter to 10 Hz, but in Table 1 they also showed that, after adjusting
by hand the frequency range for location, 5 rockfalls over 10 are detected at
minimum frequencies lower than 10 Hz. Please discuss this point.

Reply: Indeed, the filter frequency window for location is different than
for picking. For picking, the main goal is to have it matching most of the
envisioned events and not to already focus on the actual frequency content
of the individual rockfalls. We believe that this point is clear by referring
to the four studies that noted the typical frequency content of rockfalls.
The referee is absolutely correct that the filter frequencies to optimise the
location estimate are lower than 10 Hz for many events. We comment on
this point now in section 6.1.




Referee 3.8: P. 7, Lines 13-14: criterion (iv) is basically the geometrical
spreading, which is also characteristic of seismic waves generated by earth-
quakes.

Reply: The criterion (now cirterion ii) has been clarified to point at the
difference of a source inside the network versus a source far away from the
network.

Referee 3.9: P. 7, Line 19: “windows of 1.4 and 1.1 s” are referred to what?

Reply: The term “moving time windows of 1.4 and 1.1 s to generate the
spectra” has been added for clarification.

Referee 3.10: P. 8, Line 4: “700 to 4000 m/s” is referred to which seismic
phase?

Reply: The term has been replaced by “apparent velocities” and essential
references to support it, see comments of referee 2.

Referee 3.11: P. 10, Lines 2-3: how do you choose the STA/LTA threshold?

Reply: The values were not chosen from best guesses but are based on the
measured waveforms of the control events. The link to this sentence before
the statement is now strengthened by linking these two sentences.

Referee 3.12: Table 2: the default frequency range varies from rockfall to
rockfall. How it has been chosen?

Reply: Please see the justifications in section 4.4, third paragraph.

Referee 3.13: P. 14, Line 4: The signal-to-noise ratio is strongly related to
the amplitude of ambient seismic noise, which may vary in time and space. 1
think it’s difficult to find a correlation with the duration of the event (and in
fact, the correlation coefficient r is pretty small). Please discuss this point.

Reply: We removed the discussion of the SNR relationships, since — as the
referee points out — it is difficult to find these relationships. Furthermore,
the information is far from being essential for the scope of the article.




Referee 3.14: P. 14, Line 9: is 2700 m/s the velocity of S waves? Please,
specify the seismic phase associated with the velocity here and everywhere
in the paper.

Reply: As also pointed out by reviewer 2, we clarified the term to “ap-
parent velocity” throughout the manuscript and give adequate references to
underline that for such signals it is often not possible to identify the different
phases.

Referee 3.15: P. 16, Line 9 and P.17, Line 28: please, define the threshold
value using 3 digits or use the exponential notation.

Reply: As suggested, we rounded to three digits.

Referee 3.16: P. 17, Lines 14-16: it seems that, although the algorithm
should work automatically, a lot of small manual adjustments are needed
in order to get a precise location of the rockfalls. I encourage the authors
to discuss more in detail this point, and not just in three lines. Manual
adjustments imply a certain level of subjectivity and, in order to ensure
reproducibility of the results, this limitation should be discussed carefully.

Reply: In fact the described workflow is not intended to result in a recipe
for automatic rockfall detection and location, especially not for such small
events as faced in this study. We added a clarifying sentence about this scope
now at the beginning of section 6.1 and also at the end of the introduction
and the abstract.

Referee 3.17: P. 18-19, section 6.3: a recent paper (Gualtieri and Ekstrom,
2017) discussed a similar rockfall behavior. Please discuss your findings
in relation with this reference. In particular, they describe the first stage
of a rockfall as related to the elastic rebound of the FEarth following the
mass detachment rather than to the opening and propagating of fracturing.
Figure 2 also shows a strong signal at 9:03:48, potentially related to a fourth
stage.

Reply: The article by Gualtieri and Ekstrom (2017) focuses on an event
about 10* m3, which is very different from the rockfalls our study focuses
on, mainly below 10° m3. The potential source of the signal due to the
elastic rebound of the cliff after detachment is now discussed in chapter 6.3,

cf. comments of referee 2.

Referee 3.18: P. 20, Line 17: sensu strictu should be sensu stricto.



Reply: The term has been corrected.

Referee 3.19: I have tested the code and I have two main remarks: 1) the
pdf with the detailed explanation of the code is very useful, but it would
be also good to have the actual code (a file .R) in the folder. 2) The code
worked as promised, except for the installation of the package eseis. I had
to download and install the package manually. I am working on a Mac OS
v. 10.12.4 and I am using Rstudio v. 1.0.136.

Reply: We are thankful for the invested time to reproduce the results of
the study using the same software we used. Initially we considered adding
also the set of R scripts to the supplementary materials. However, each
fo the about 8 scripts contains hundreds of code lines and would require
significant manual adjustments of paths and are actually optimised to auto-
matically create the figures of the manuscript. Thus, they are not optimised
for comprehension but for performance.

The installation issue is know to the main author, and related to both
the Mac OSX and the current way to host the package on the website. It is
intended to release the package on the Comprehensive R Archive Network
(CRAN), which will fix the problem. Meanwhile, additional information
about installing the package manually is provided on the website of the first
author (http://www.micha-dietze.de/pages/eseis.html).


http://www.micha-dietze.de/pages/eseis.html

Response to referee comments

[Seismic monitoring of small alpine rockfalls validity, precision and limita-
tions]
July 13, 2017

We would like to thank the referee for the encouraging and helpful com-
ments, all of them obviously devoted to improve the quality and impact of
the manuscript.

Referee 4.1: This manuscript applies two methods for studying rockfall
activity in the Lauterbrunnen valley. Coupling seismic monitoring and ter-
restrial laser scanning (TLS) allows a good resolution in time and space, and
allows the detection of very small rockfalls. TLS data is used to validate the
seismic detection and location method. While seismic monitoring and TLS
have been frequently used, coupling both methods is innovative and inter-
esting. The authors obtain impressive results in terms of location accuracy
and sensitivity. For these reasons this manuscript is very worth publishing
in ESDD. But some changes should be made to clarify a few points.

Reply: We are thankful for the encouraging feedback and refer to the
changes as suggested by the points below.

Referee 4.2: p6-7. Events detected at different stations are considered to
be the same event if the time delay between stations is less than 1.75 s
corresponding to an S wave with a velocity of 2000 m/s. I suggest increasing
this value to about 10 s, because it is likely that some stations may detect
the detachment phase, while other stations may only be triggered by the
impact at the cliff base. Another possibility is to merge events at different
stations if there is some overlap in time between the signals.

Reply: In an earlier stage of the project we pursued this concept. However,
location of the rockfall events in this study is only possible when the same
seismic source (e.g., detachment process or impact) is recorded by all (at
least four) stations. Allowing for larger time windows would indeed cause
triggering of different event phases by different stations and thus, at best, a
smearing of the location estimate. Thus, we need to keep this narrow time
window. We explain this necessity now in the STA/LTA paragraph of the
revised manuscript.




Referee 4.3: p13: Events longer than 20 s are removed because this is longer
than the expected rockfall propagation. But rockfalls frequently occur in
sequences of events, so that this constrain may remove true rockfall events.
Here are a few ideas to distinguish automatically earthquakes and rockfalls:
Did you use earthquake catalogs to remove earthquakes? The variability of
amplitude among stations should be higher for rockfalls (or other nearby
sources) than for earthquakes. The time delay between stations should be
smaller for earthquakes and other distant sources (deep source implying a
higher apparent velocity).

Reply: Correct, rockfalls — also some of the events described in this manuscript
— consist of sequences of activity, including talus slope mobilisation (e.g.,
event 8). However, the constraint of 20 s is only used for the STA/LTA
picker phase. Sequences of releases would result in several subsequent but
short STA/LTA picks, as shown in figure 4b of the manuscript. The earth-
quake catalogues certainly contain the large events during the instrumented
period. But smaller, still not rockfall-related events might not be contained
in them. We initially tested the variance of signal amplitudes among the
stations as a discriminator for earthquakes versus rockfalls but found that
the power of this criteria is not high. Indeed, the time delay between sta-
tions is usually smaller for earth quakes than for rockfalls. But the duration
criterion performed very well in our case, as shown by the average values in
the discussed in the text. These points are now mentioned or discussed in
the manuscript (chapter 4.3).

Referee 4.4: P7, 130. You should also cite here Lacroix and Helmstetter
(2011) who used a very similar method to locate rockfalls (using the seismic
waveforms rather than the signal envelope)

Reply: Included as suggested.

Referee 4.5: p8, 130. I do not understand “Locations with a likelihood
quantile below 0.95 ...”? Do you mean that you select grid points with cross-
correlation smaller than the 0.95 quantile of the distribution of the cross-
correlation across the search area? Or do you have a method to estimate
the actual probability of a point to be the source location, e.g., as done by
Lomax for the nonlinloc location algorithm?

Reply: We mean the quantile concept. This is now expressed clearly in the
manuscript, chapter 4.4, paragraph 5. As suggested by referee 2, the entire
section has been revised to clarify this and other points related to better
explain the location approach.



Referee 4.6: I don’t see the interest of adjusting the frequency range indi-
vidually for each event. Of course, it makes the location error smaller. By
adjusting more parameters (time interval ...) you could probably lower the
location error event more... But what do we learn from that? Adjusting the
velocity using all events makes sense, but adjusting one parameter for each
event individually does not. Even without optimizing the parameters based
on known event location, the location accuracy is quite good considering the
number of stations (between 4 and 6)!

Reply: The main point we want to work out with this exercise is to explore
the highest possible location precision available with the data, methodology
and landscape setting in this study. Tweaking any other parameters did
actually not help improving the location estimate. Obviously, there will
never be the chance to go beyond the “unimproved” location frequency
approach. We mention this clarification now in the location chapter.

Referee 4.7: Did you test your location method on synthetic signals? For
instance, you can take a real rockfall signal, and shift this signal in time by
the difference in travel time to define the signal at the other stations, and
add seismic noise. This would provide an optimistic estimate of the location
accuracy, because real signals are quite different from one station to another
one. It can be useful to estimate the influence of errors on seismic wave
velocity.

Reply: Although such a test with synthetic data would shed more light onto
the algorithm performance and capabilities, this manuscript rather follows
the natural scale experiment setup. The location approach itself has been
discussed in previous studies (cf. Burtin et al., 2013, 2016) and the R-
version is a mere translation of it from the Matlab script by Arnaud Burtin
and has been validated against this script before releasing the package. See
also comment by referee 2.

Referee 4.8: p17,124 : The station spacing in your study is quite different
from the study of Lacroix and Helmstetter (2011). This study used antennas
of 7-24 sensors, with distance between sensors inside an antenna of 20-50 m,
and distances between antennas of several hundred meters. Using shorter
inter-sensor distance allows correlating the rockfall waveforms rather than
their envelope and provides a better location accuracy.

Reply: The unsuitable reference has been removed to correct the context
of the sentence.



Referee 4.9: p8I5. TLS locations are used to constrain the seismic wave
velocity V used for locating the seismic events by minimizing the difference
in location between TLS and seismic events. Similarly, the frequency range
used to filter the seismic signals is adjusted by minimizing the error with
the TLS location. But you already need an accurate location of the seismic
events to associate seismic and TLS events! Where did you start from? How
did you deal with ambiguities? This part needs more explanations. Maybe
you could select the rockfall seismic signal with the largest amplitude and
assume it corresponds to the largest volume detected by TLS, and adjust
the seismic wave velocity for this event? Then run the location with this
velocity for all events, associate TLS and seismic events, and only latter
re-optimize V for all events?

Reply: Indeed, the section was confusing. One misleading part arose from
the optimised frequency section. This has been rewritten, see above. For
the rest, in principal we treated our data and approach as if there were no
independent TLS-based location constraints. Thus, the second paragraph
of chapter 4.4 has also been rewritten to clarify.

Referee 4.10: In figure 7, the duration of signals does not seem to match
the duration listed in Table 2. For instance, events 7 and 9 have duration >
30 s when looking at the spectrograms, but the duration listed in Table 2 is
much shorter. Could you add symbols in each PSD plot showing the start
and end of each event?

Reply: The issue has been clarified by explicitly mentioning when a duration
was based on the STA-LTA-ratio method (cf. end of section 5.2) versus
manually inspecting the waveforms (cf. caption of table 2). In the caption
of figure 7 we have now added information about the time axis, i.e., that
event start is indicated by the zero tick and duration can be found in table 2,
since the end is mainly after a few seconds, which would be tricky to visualise
in this figure. The definition of duration does not include subsequent slope
activity (e.g., event 8).

Referee 4.11: Interpretation of seismic signals: impact or detachment? p19.
A figure showing a profile of the cliff at the location of the rockfall would
be useful to interpret the rockfall signal. Does the topography of the cliff
supports the hypothesis of an impact 1.7 s after the initiation phase? I think
that the first low-frequency peak (“phase 2”) is more likely the detachment
phase (elastic rebound) than an impact. Indeed, I have seen such a signal
for many rockfalls that occurred under a roof above an over-hanging cliff,
with no possible impact before the cliff base, and with a time delay between



the detachment phase and the impact at the base that is consistent with
free fall.

Reply: The interpretation has been widened to include the possibility of
rock detachment and cliff rebound (see also comments by referee 2). The cliff
geometry with a few small ledges along the about 88 degree steep topography
has been added to the study area description. The main point that would
argue against phase 2 being the rebound is that the rock mass, as it reaches
the cliff base, does not result in a single strong signal but rather a emergent
wave form, which we tend to interpret as a shower of already fragmented
rocks. This fragmentation must take place somewhere, and most probably
this is phase 2 when the detached rock mass hits the cliff higher up.

Referee 4.12: You discuss only one event in section 6.3. What about the
other 9 events?

Reply: Indeed, we could discuss other than the one example event. We
chose to spotlight only this rockfall because the scope of the manuscript is
on comparing the TLS data with the seismic detection and location results to
pursue the goals mentioned in the title. A more thorough and rich discussion
of seismic insight to rockfall can be found in another manuscript by Dietze
et al., also submitted to ESurfD: Dietze, M., Turowski, J. M., Cook, K.
L., and Hovius, N.: Spatiotemporal patterns and triggers of seismically
detected rockfalls, Earth Surf. Dynam. Discuss., https://doi.org/10.
5194/esurf-2017-20, in review, 2017. We think that including further
rockfalls into this discussion section here would blur the focus or make it
difficult to define which ones to include and which ones not. We provide the
full seismic data to invite readers to reproduce and explore the properties
of other events.

Referee 4.13: Can you identify fracture, detachment, impact and/or prop-
agation phases? If you see both the detachment and impact phases, do
you find a good agreement between the free fall height estimated from the
seismic signal and from the source location?

Reply: Discriminating fracture from detachment is hardly possible with the
data of this study, as discussed two points above. Based on the inferred free
fall phase explained in figure 2 we indeed find a reasonable agreement of TLS-
based detachment height and the cliff base/talus slope, a point we discuss
in the second paragraph of chapter 6.3. However, the other manuscript
(reference see above) gives a much deeper and more appropriate insight to
this topic, based on a larger data set.


https://doi.org/10.5194/esurf-2017-20
https://doi.org/10.5194/esurf-2017-20

Referee 4.14: Fig 3: Add a scale bar and all plots

Reply: The images in a) and b) are perspective views, not orthorectivied
imagery, which makes it difficult to add globally valid scale bars. We mention
now in the figure caption the approximate extent of the cliff stretch and link
to figure 1a) where the station distances are given. For c) the pixel sizes are
not equal but modified to scale the detachment area for the plot.

Referee 4.15: Fig 7 : For which station is the PSD computed?

Reply: Information has been added to the figure caption.

Referee 4.16: Figure 5 : There are 5 solid lines corresponding to events
with Ppee > 0.94. But according to Fig 6 there should be 10 events with
Pgz >=0.947

Reply: The usage of the 0.95 quantile threshold and P4, was confusing
and has been clarified throughout the manuscript, see also comments by
other reviewers. With respect to figure 5, there are only five lines because
these are the only ones that reached an R? for the location estimate above
0.94. This value may not be confused with the quantile threshold used
to clip the location estimate polygons, such as the 0.95 quantile or the
0.973 quantile. In the figure, 0.94 was used because the other lines reached
significantly lower (< 0.8) values and were not used for the velocity estimate
approach. In summary, Puaz, APnae, R? and the 0.95 (or 0.973) quantile
are now explicitly defined in chapter 4.4 and consistently used throughout
the manuscript.

Referee 4.17: Table 1 : can you add the number of available stations?

Reply: Basically, the number for all events was four. The overlapping pe-
riod, when five stations were operating yielded no rockfall event. This num-
ber of four stations is now explicitly mentioned in the beginning of chapter
5.2.

Referee 4.18: Table 2 : Could you also add magnitude (and/or amplitude
range) for each rockfall?

Reply: Table column added as suggested.
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Abstract. Rockfall in deglaciated mountain valleys is perhaps the most important post-glacial geomorphic process for de-
termining the rates and patterns of valley wall erosion. Furthermore, rockfall poses a significant hazard to inhabitants and
motivates the monitoring for rockfall occurrence in populated areas. Traditional rockfall detection methods, such as aerial
photography and Terrestrial Laser Scanning (TLS) data evaluation provide constraints on the location and released volume of
rock, but have limitations due to significant time lags or integration times between surveys, and deliver limited information on
rockfall triggering mechanisms and the dynamics of individual events. Environmental seismology, the study of seismic signals
emitted by processes at the Earth’s surface, provides a complementary solution to these shortcomings. This approach is limited
amongst others by the strength of the signals emitted by a source and their transformation and attenuation towards receivers.
To test the ability of seismic methods to identify and locate small rockfalls, and to characterise their dynamics, we surveyed
a 2.16 km? large, near vertical cliff section of the Lauterbrunnen Valley in the Swiss Alps with a TLS and six broadband
seismometers. During 37 days in autumn 2014, ten TLS-detected rockfalls with volumes ranging from 0.053 £ 0.004 to 2.338
+ 0.085 m® were independently detected and located by the seismic approach, with a deviation of 81'_"32 m (about 7 % of the
average inter-station distance of the seismometer network). Further potential rockfalls were detected outside the TLS-surveyed
cliff area. The onset of individual events can be determined within a few milliseconds, and their dynamics can be resolved
into distinct phases, such as detachment, free fall, intermittent impact, fragmentation, arrival at the talus slope and subsequent
slope activity. The small rockfall volumes in this area require significant supervision during data processing: 2175 initially
picked potential events reduced to 511 potential events after applying automatic rejection criteria. The 511 events needed to be
inspected manually to reveal 19 short earthquakes and 37 potential rockfalls, including the ten TLS-detected events. Reekfalls
do-Rockfall volume does not show a relationship to-with released seismic energy or peak amplitude at this spatial scale due to
the dominance of other, process-inherent factors, such as fall height, degree of fragmentation and distribution, and subsequent
talus slope activity. The combination of TLS and environmental seismology provides, despite the significant amount of manual
data processing, a detailed validation of seismic detection of small volume rockfalls, and revealed unprecedented temporal,

spatial and geometric details about rockfalls in steep mountainous terrain.
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1 Introduction

Rockfall is a dominant geomorphic process shaping the steepest slopes and landforms that constitute significant portions of
mountainous terrain. Despite their small volumes (10~1~10% m?) in comparison with other mass wasting processes, such as
rock avalanches (10?—10° m?) and rockslides (> 10® m?) (Krautblatter et al., 2012), rockfalls can pose a significant hazard, due
to their rapid evolution, high velocity and impact energy, and proximity to infrastructure. Thus, precise information on released
volume, timing, location, dynamics and triggers is essential for understanding the underlying mechanisms, improving process
based models, and to build robust mitigation and early warning systems. The unpredictable occurrence of rockfalls hinders de-
tailed investigation of their dynamics and drivers under natural conditions. Direct observation of events is rare and restricted to,
for example, the Yosemite Valley with thousands of camera-equipped tourists per day (Stock et al., 2013). Typical approaches to
deliver information about rockfalls are deterministic and probabilistic susceptibility analysis, predictive modelling, a posteriori
mapping of detachment zones, released volumes and pathways by aerial and satellite imagery or repeated TLS surveying (Volk-

wein et al., 2011). The latter technique (Ring, 1963) provides high-resolution spatial data of topographic change attributable to

rock detachment (Rabatel-et-al; 2008 Zimmer-et-al; 2042 Strundenet-al; 2044 (e.g., Rabatel et al., 2008; Zimmer et al., 2012; Strunden

but is time consuming during recording and evaluation and primarily suited for longer, monthly to annual lapse times. Over the
integration time between two consecutive scans it is possible to identify spatial activity patterns, released volume ranges and
magnitude-frequency relationships (Strunden et al., 2014). However, multiple rockfall releases from the same location cannot
be resolved. Likewise, the relation between processes and external triggers remains obscured by the relatively coarse time res-
olution associated with many repeat TLS studies. Hence, insight into the individual stages of a single event (i.e., detachment,
fall, impact and disintegration, duration, multiple failures) is impossible.

Seismic methods provide a solution for this shortcoming. Broadband seismometer networks have been used to detect and lo-

cate a wide variety of Earth surface processes, such as landslides

rockslides and rock avalanches (?Eaeroix-and Helmstetter;2604-H(e.g., Hibert et al., 2011; Lacroix and Helmstetter, 2011), de-

bris flows (Burtin et al., 2014) and bed load transport in rivers (Burtin-et-al52008:-Gimbert-et-al5 2044 (e.g., Burtin et al., 2008; Gimbert et

This emerging research field as well as using seismic noise cross-correlation methods to investigate the states and changes of
subsurface conditions are referred to as environmental seismology (ef-Larose-etal;2045)(Larose et al., 2015). With a few
exceptions, the current studies have focused on monitoring activity at catchment or sub-catchment scale, usually either with
limited validation against independent data, focusing on detachment volumes above 102 m?, or working under very controlled,
laboratory-like experimental conditions.

Combining TLS and seismic data may provide essential and complementary information on rockfall dynamics and charac-
teristics. This could allow assessment of the performance of the seismic approach in terms of correctly identified events, missed
events, additional events and spurious events. Further, the combined approach could contribute information beyond the TLS
data, such as the existence of rockfalls from the same location but subsequent activity periods or insight into individual stages
of a rockfall sequence. In this study, we investigate the validity of environmental seismology to detect and locate rockfall events

that are independently identified by TLS surveys in a steep valley of the European Alps. This validation includes exploring the
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limits of seismic detection in terms of rockfall size and the accuracy of individual event location. Providing a workflow for

automatic event detection, location and description is not one of the major goals as it stands in conflict with the above aims

focused on small rockfall yolumes.

2 Study area

The Lauterbrunnen Valley in the central Swiss Alps is a deglaciated U-shaped valley. It is flanked by up to 1000 m high,
Mesozoic limestone cliffs with sometimes almost vertical walls (88.5 ©) and several hanging valleys that host more than 70
waterfalls. Talus slopes at the base of the cliff, reaching around 150 m above the valley floor, argue for substantial and sustained
rockfall. The steepest wall section separates the town of Miirren above the cliff from the town of Lauterbrunnen in the valley
(fig. 1). Our study focused on this wall, which has minimal snow and vegetation cover throughout the year. The wider area
contains further rockfall-prone locations that can deliver rockfall signals, such as the steep slopes of the Chinelegg and the
ridge south of the Agertenbach (fig. 1 a). The steep topography of the Lauterbrunnen Valley with a few small ledges (fig. 3 b)
implies a significant free fall phase of detached rocks, followed by rockmass impacts on the cliff face or the talus slopes below,
perhaps grading into moderate translocation processes on the less than 250 m long depositional areas. Rockfall activity in the
Lauterbrunnen Valley has been monitored by repeated TLS since 2012 (Strunden et al., 2014), yielding 122 detected rockfalls
(523.72 m? in total) over an 18 month investigation period. These events appear to be evenly distributed throughout valley

walls (15.13 events per year and km?) with most frequent events being smaller than 1 m?.

3 The seismic view on rockfall

The seismic approach to study-studying Earth surface processes (fig. 2) utilises the ground motion recorded by a network

of sensors. These signals can be studied in the time domain (i.e., time series of ground velocity) and frequency domain

(i.e., the frequency spectrum of the entire signal), or in combination (i.e., pewer-—speetral-density-estimatesin—moving-time
windewsspectrograms, stacked spectra of time slices of the signal). A rockfall event manifests as a series of short and long

pulses of ground velocity above the ambient background noise level (fig. 2 a), with characteristic frequency contents over the
entire frequency band above 5 Hz (fig. 2 b), usually dominated by the 10-30 Hz band (e.g., Hibert et al., 2014). This character-
istic pattern makes rockfalls distinct from other seismic sources, such as earthquakes and anthropogenic noise. The individual

pulses and their spectral properties can be interpreted genetically, e.g., as successive rock mass impacts, fragmentation and sub-

sequent slope activity fe-g5Burtinetal520H4+2)(e.g., Burtin et al., 2014; Hibert et al., 2014). Each signal pulse, emitted at a

source location, travels predominantly as a surface wave (Burtinet-al5-20+6)-(e.g., Dammeier et al., 2011; Levy et al., 2015; Burtin et al., 2

a finite velocity;-and-thus-. Thus, in a homogeneous medium, the seismic signal arrives at different seismic stations at different

times —This-time-offsetbetween-and with systematic, frequency- and distance-dependent changes of the signal properties. These
roperty changes can be significantly altered due to heterogeneous rock and structure characteristics in natural environments.
Nevertheless, the time offsets with which signals are recorded at the stations allows finding a location in space that best ex-
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Figure 1. The study area Lauterbrunnen Valley. (a) Schematic map with location of seismic stations, TLS positions and anthropogenic noise
sources (settlements, technical infrastructure). (b) Photograph of the instrumented east-facing cliff face of the Lauterbrunen Valley with the

Breithorn and Tschingelhorn in the background. Seismic stations (yellow stars) are separated by 1200 m on average.

plains the overall spread of signal arrival times at all stations. Thus, seismic signals have the potential to deliver vital-unique,
important information about rockfall dynamics and location, if comparison with independent data confirms the validity of the
approach. The example of fig. 2 is actually one of the events detected in this study. After the validity of the method has been
demonstrated, it will be interpreted genetically to highlight the level of detail that environmental seismology can provide to

5 describe Earth surface processes.
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Figure 2. Anatomy of a reekfall-event0.891 &+ 0.038 m?® large rockfall event (event 7 from table 2). (a) Seismic waveforms (filtered between

1 and 90 Hz) of four stations (see fig. 1 for locations). (b) Power spectral density estimate of station “Funny Rain”. Two distinct, short seismic
activity phases (yellow polygons 1 and 2) are followed by an emergent and prolonged period of activity (yellow polygon 3) after 7.5 s of

calm.
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4 Methods

4.1 Equipment and deployment

High resolution point clouds ¢with a limit of detection (i.e., the smallest resolvable length fraction at the cliff surface) of about

11 cm )»-were generated by TLS, using an Optech ILRIS-LR terrestrial light detection and ranging (lidar) scanner with a scan
frequency of 10 kHz and a reflectivity of 80 % at 3 km distance. Scans were recorded during two field campaigns on 22
September 2014 and 28 October 2014. The TLS data collection and processing approach used in this study is identical to that
of previous work conducted in the same study area (for details see Strunden et al., 2014). To ensure sufficient overlap and to
avoid topographic shading effects, the study area was scanned from five different positions (see fig. 1 a). Seismic activity was
measured by six Nanometrics Trillium Compact 120s three component broadband seismometers. The ground velocity signals
were recorded with Omnirecs Cube ext? data loggers, sampling at 200 Hz, with gain set to 1 and a GPS flush time 30 minutes.
Deployment sites were chosen to optimise the potential for rockfall location along the east-facing rock wall below the town of
Miirren. Stations were separated from each other laterally by 1000-2050 m and vertically by 650-850 m. Three stations were
deployed along the upper limits of the talus slopes at the cliff base and three stations on top of the cliff (ef-fig. 1). Each seismic
sensor was installed in a small hand dug pit at 30—40 cm depth. Seismic activity was recorded for 89 days, between 1 August
and 28 October 2014. In this study only the period bracketed by the two TLS surveys is used (22 September—28 October).
For further analyses a digital elevation model (DEM) of the wider study area with 5 m grid size (swissALTI3D) was used,

transformed to the UTM coordinate system and resampled to 10 m grid size.
4.2 Lidar data processing

Point clouds were processed with the “Joint Research Center 3-D Reconstructor 2 software, adjusted manually and merged
using control points and a best fit algorithm to minimize differences in the overlapping data. Rockfall detachment locations and
volumes were calculated from the two data sets using the inspection tool and the cut and fill algorithm. Photographs recorded
during scanning were used to confirm that the detected volume changes were not caused by processes other than rockfall (e.g.,
vegetation growth). Measurement uncertainty was estimated based on scan differences from stable control regions (for details
see Strunden et al., 2014). Detachment area coordinates were obtained by georeferencing the rasterised point cloud data on
referenced topographic maps and orthoimages. Given the typical rockfall volumes < 1 #3-m? (Strunden et al., 2014), location
uncertainty should mainly result from the georeferencing process and is quantified by the root mean square error (RMSE). All

location coordinates were rounded to the full meter and transformed to the UTM coordinate system.
4.3 Seismic data processing: Event detection

A single seismic station records 200 samples per second and spatial-geometric signal component, resulting in more than 311
million measured values per day. Hence, potential rockfall events must be identified (picked) automatically from the stream of

data. However, for rockfall events with volumes usually below 1 m? (Strunden et al., 2014) it is challenging to find reasonable
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parameter settings for any picking algorithm. Therefore, the seismic time series of all operating stations were manually screened
during a control period, 22 September—1 October, to find reference events for parameter definitions.

We used an STA-LTA-ratio algorithm (Havskov-and-Alguacil, 2606)(Allen, 1982), calculating the continuous ratio between
a long term average (LTA) and a short-term average (STA) of the signal envelope(i-e-the-abselute-value-of each-measurement).

When the onset of an event is recorded it will not affect the LTA value but have a significant effect on the STA value, thus
increasing the ratio. When the seismic signal returns to background, the STA values approach the LTA value again, which
lowers the ratio towards one. The STA-LTA-ratio picker thus has four relevant parameters: the lengths of the STA window and
LTA window, a threshold value to define the start of an event and another threshold value defining the end of an event.

In the case of the Lauterbrunnen Valley the STA window was set to 0.5 s and the LTA window to 180 s, similarte-the-values
based on the experiences of Burtin et al. (2014) from another steep mountainous catchment(Burtin-et-al52044). The window

lengths obviously affect the number and timing of the initially picked events. Thus, to be sensitive to short lasting and low

magnitude rockfall events, we used this short STA versus long LTA value. The threshold values for defining the event start
and end were adjusted based on manually identified events from the control period (cf. chapter 5.2). The LTA value was set to

constant after an event onset to avoid spurious changes of the ratio for long lasting events (Burtin et al., 2014).

The STAATFA-STA-LTA-ratio algorithm was applied to the bandpass-filtered (third order Butterworth filter) envelope of the
vertical component signal of the central cliff top station “Gate of China” (ef-fig. 1). The filter cut-off frequencies were set to 10
and 30 Hz to isolate the typical frequencies of rockfalls and rock avalanches
Since a significant rockfall should be detected by more than one station we require that all events interpreted are identifiable
at this central station. Furthermore, this station was chosen because of its remote location, away from potential sources of
anthropogenic and fluvial noise, in order to reduce the initial number of spurious detections. Events that were not co-detected
by at least two other stations within a time window of 1.75 s were removed from the data set. The value of 1.75 s corresponds

to the maximum travel time of a seismic S-wave within the entire seismic network when using a low S-wave velocity in lime-

stone of 2000 ms~! (Bourbie et al., 1987). AlsoThis value is also similar to the apparent velocities of local earthquakes and
of multiple block releases and impacts, and subsequent hillslope activity, all at different locations. Not accounting for such

consecutive picked events showed a time offset smaller than 12.8 s, then only the first one was kept. This ensured that rock-
falls with multiple impacts were not identified as separate events. However, this also implies that in the case of two unrelated
rockfalls, occurring within this time window, the latter one would be ignored. The selected value of 12.8 s corresponds to the
maximum possible free fall time of a rock mass from the top of the highest cliff part.

Further options used-to reduce false detections are-can be to set thresholds for minimum and maximum event duration, signal

amplitude variance throughout the network, comparison with existing catalogues (e.g., the Swiss earthquake catalogue), and

signal-to-noise (SNR) ratio {ef-Burtinet-al52044;2646)(Burtin et al., 2014, 2016), the latter being the ratio of the maximum
and average value of the signal envelope of an event. However, all these thresholds must be adjusted to an existing data set of
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potential rockfall events and their effects should be inspected. For the subsequent analysis, minimum and maximum duration
as well as SNR ratio were used as rejection criteria, with parameters adjusted based on the control period (cf. chapter 5.2).

The waveforms of all remaining events were inspected manually for plausibility, validity and the possibility to locate their
source. This included the following criteria (ef—figsee fig. 2 for an example of how the criteria are matched): i) signals-mustbe

-75-s;see-above)ii-they should not exhibit the typical features of earthquakes, such as distinct P- and S-wave arrivals, a
long coda (i.e., the exponentially decaying tail of the signal), frequencies below 2 Hz, and similar amplitudes at all seismic
stations for low frequencies, ivii) they must show a-systematic-relationship-of-decreasingsignal-amplitude-with-inereasing

distance-from-souree-to-senser-and-vsignificant differences in signal amplitudes due to the source receiver distance-related
attenuation within the network iii) they should either exhibit the presence of one or more erratic peaks in the seismogram

as the result of impulsive impacts (Zimmer and Sitar, 2015) or show an avalanche-like emergent signal, i.e., several seconds
rise time of the signal from background, followed by a long decay into background noise after reaching a maximum amplitude

.g., Surifiach et al., 2005; Vilajosana et al., 2008; Zimmer et al., 2012). The tem-

poral evolution of potential event signals was further inspected using power spectral density (PSD) estimates. These were calcu-
lated according to the method of Welch (1967) with moving time windows of 1.4 and 1.1 s to generate the spectra, each with an
overlap of 90 %, and the individual spectra were corrected using the multiptaper-multitaper method. Rockfall events typically
exhibit a burst of seismic energy over a wide frequency range during the first impulsive impact, possibly followed by subsequent

activity in the 10-30 Hz frequency band (Vilajesana-et-al52008:-2)(Vilajosana et al.

The detected potential events should agree with these observations. All successfully evaluated events were used for subsequent

2008; Dammeier et al.

2

2

analyses.
4.4 Seismic data processing: Event location

Locating the source of the seismic signals emitted by rockfalls can be challenging due to the emergent onset of events, su-
perposition of many impact signals, significant high-frequency content, missing constraints on specific seismic wave types
and differences between waveform properties at different stations. The latter is due to the preferential signal attenuation of

higher frequency waves, fragmentation of rocks during impact and changing amplitudes with time due to the moving source

approaching or passing by a station

s—(Burtin et al., 2013, 2016). Approaches that use the

full waveform (Lacroix and Helmstetter, 2011) or its envelope (Burtin et al., 2013) are more appropriate to locate the source
of seismic signals resulting from such processes. They are based on calculating average cross-correlations of signal pairs,
each shifted by the time delay they-experienee-experienced due to the distance of a grid peint-cell to a seismic station. The
grid peint-pixel with the highest overall correlation value is deemed to be the most likely source location. This-probabilistie

approach-When encountering moving sources, signal migration needs to be performed for each impact signal separately to

2011; Hibert et al., 2011).
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avoid “smearing” of the location estimate, The probabilistic signal migration approach further requires constraints on the aver-
age seismic wave velocity within the area of interest, a suitable frequency window for processing the signals and a topographic
correction of the ray paths tef-Burtin-et-al;2643)(Burtin et al., 2013).

Velocity tests were performed with two approaches. For all pieked-37 picked potential rockfall events the seismic wave ve-
locity within rock was changed between 700 and 4000 m.s~! to inspect its influence on the average cross correlation strength of
the signal envelopes at different stations. In a secondstep;-using-, independent approach we used the TLS-based rockfall detach-
ment locations +to evaluate the effect of the different wave velocities considered(700-and-4000-ms—)-was-evatuated-, based
on the average difference between the seismic and TLS locations. This second approach is only possible when independent
information of rockfall locations are present and can also be seen as a validation of the first approach.

The-Similar to the velocity, the frequency band used in the location routine can have a-strong-an influence on the location
estimate. Both parameters are interconnected and may be optimised with respect to the overall highest cross-correlation value
of the location estimate. However, in this study the average seismic wave velocity is regarded a global, spatially and temporally.

constant parameter and was not adjusted for different frequency bands. For rock avalanches along the steeply inclined slopes
of the Illgraben catchment and a widely distributed network of nine seismometers, Burtin et al. (2013) chose the frequency

window with the highest signal-to-noise ratio. In the case of the Lauterbrunnen Valley, the seismic signals were much more
heterogeneous among the stations. There was no common frequency with high signal-to-noise ratio at all stations. Hence, we
used fixed windows of 5-15, 10-20 and 15-25 Hz, depending on the dominant frequency range of the first impact signals.
Usually, an event could be located at comparable positions with all three frequency windows. In that case, the window with
the highest cross-correlation value was chosen. In cases where none of the three windows resulted in a stable location along
the cliff face or other potential rock release zones inside the study area, the frequency windows were adjusted manually
based on the dominant frequency range in the PSD. In a second step, the frequency windows of all events were subsequently

adjusted manually to minimise the difference between the seismic and TLS-based location estimates of rockfall eventsin-erder

to-investigate-the-maximum-possible-aceuracy-of the-approach. Qbviously, this optimisation is only possible when independent
location constraints are present and will have different frequency values for each event. Thus, it is used here to evaluate the
appropriateness of the fixed frequency window approach and to explore the maximum possible location precision available

with the data, methodology and landscape setting of this specific experiment.
Topography correction is necessary i it

because rockfalls and other gravitational mass wastin

rocesses generate surface waves that propagate following the topography (Dammeier et al., 2011; Hibert et al., 2014; Lin et al., 2015; Bur

The results of this correction were stored in distance maps. These are station-specific grids of the same resolution as the input
DEM (10 m) where the cumulative direct distance of each pixel to a seismic station has been modified by that part where the
direct distance is-was above the actual surface elevation (Burtin et al., 2014). Specifically, the distance between each pixel and

roximated as a straight line of pixel-sized segments in three dimensional space (xyz vectors) and whenever the




10

15

20

25

30

z value (elevation) of a segment is above the DEM-based z value, it is replaced by the latter. The final distance is calculated
as the sum of vector magnitudes. To ensure that topographic modification of the wave path is resolved, it is important that

the wavelength (i.e., the ratio of wave velocity and frequency) is several times smaller than the average distance between
seismic source and the recording station. For typical S-wave-wave velocities in limestone between 2000 and 3300 ms—+
(Boeurbie-etal51987)-_1 (Bourbie et al., 1987; Helmstetter and Garambois, 2010) and useful frequencies of +0-26-10-30 Hz,
the wavelengths are a few hundred metres, which is adequate for the average distance between seismic stations (ef—fig. 1 b).

All picked events were clipped with a buffer of 3 s before and after the event and then migrated. Locations with a likelthood
quantile-below-cross-correlation value R? below the 0.95 guantile were removed and the remaining values were normalised
between 0 and 1. Events located along the margin pixels of the distance map of the study area were rejected. Only events
inside the area of interest (ef—fig. 1) were used for validation. The threshold quantile value of 0.95 to clip location areas is
arbitrary though in the range of values from the literature tef-Burtin-et-at-264+4)(Burtin et al., 2014). To investigate the effect
of varying this value on the number of rockfall locations inside the resulting uncertainty polygon was tested by changing the
value from 0.9-1.0 and recording the number of TLS-based detachment locations and corresponding downslope trajectories,
which remained inside the uncertainty polygons.

Location differences AP, , were calculated as the minimum planform Euclidean distance between the highest value of
the seismic location estimate (P,,,;) and the downslope trajectory line of the corresponding TLS-based detachment pixel.
The direction of the trajectory line was defined by the average cliff face azimuth (99 + 44°). This approach was chosen
because seismic signals can only be emitted at the detachment zone or rockfall impact sites below it, and since the cliff face is
nearly 90° steep there is a high likelihood that the rock mass will follow the line of steepest descend without much deviation.
Uncertainties arising from deviations of the rock mass from this line cannot be accounted for.

All seismic analyses were performed in the R environment for statistical computing (R Development Core Team, 2015)
(version 3.3.1) using the packages eseis (Dietze, 2016), sp (Pebesma and Bivand, 2005; Bivand et al., 2013; Pebesma and
Bivand, 2016) and raster (Hijmans, 2016).

5 Results
5.1 Lidar-detected rockfalls

Between 22 September and 28 October, ten rockfall events were detected by TLS. The events were spread over the entire
monitored part of the cliff, but the southern section, near stations “Sweaty Herbs* and "Confident Pulse®, hosted 50 % of all
events. The smallest detected rockfall (event 5 in table 1) had a volume of 0.053 + 0.004 m? while the largest rockfall (event
10 in table 1) had a volume of 2.338 + 0.085 m?. The average volume of rockfalls in this period was 0.482 m3. A summary of
all rockfall events including location coordinates based on TLS and seismic data is shown in table 1. With only one exception
(event 6), all rockfalls detached from the lower part of the cliff, some almost at the base (ef-fig. 3 b, table 1). The georeferenced
RMSE in the event locations was between 4.8 and 17.5 m. The range in RMSE values calculated depends on the number of

identified ground control points (between 8 and 17 per scene) as well as the size and perspective of the referenced image.
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Figure 3. Rockfall detachment zones determined from TLS mapping. (a) Overview (aligned point cloud data) of the about 2.7 km long,
instrumented east-facing wakl-stretch of the Lauterbrunnen Valley with rockfall detachment zones (red dots) and seismic stations (yellow
stars, station names and distances see fig. 1). (b) Close-up of the southern rock wall section with the detachment zones of events 3 — 5 at
elevations less than 100 m above the talus slope. (c) Boxes show rockfall detachment patterns on the rock wall. Released rock volumes and

uncertainties are given below each box. Event numbers are the same as in (a) and tables 1 and 2)

5.2 Continuous seismic data processing

Over the entire monitoring period there were always at least four seismic stations operating simultaneously. The-Due to

topographic shielding, the basal stations needed several days after deployment and maintenance to receive a GPS signal,
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Table 1. Rockfall location summary. Subscript TLS denotes UTM coordinates from aligned TLS point cloud data. Subscript seis denotes
coordinates based on seismic signal processing, i.e., site/point of the highest location probability (Pr.q..). Ranges of z-coordinates are
determined as min-max range of a 3 by 3 pixel matrix around the detected location. P diameter is the greatest lateral diameter of the
location uncertainty polygon (ef—fig. 8). A P4, is the deviation of the most likely seismic location estimate from the rockfall trajectory as
determined from TLS surveys. The values outside brackets give deviations after-eptimisationwith default settings, values in brackets give the

ayailable).

ID z7rs(m) yrrs(m) zrrs(m) Vrrs (m®) Tseis (M) Yseis (M) Zseis (M) P diameter (m) AP, (m)
1 415511 5156535 964-1036  0.201 £0.005 415485 5156551  1063-1119 860 760 (31)
2 415523 5156542 952-1022  0.063 £0.006 415505 5156541  1005-1063 792 50 (18)
3 415541 5156844  1084-1138  0.201 £0.005 415515 5156841  1141-1192 943 27 (27)
4 415566 5156845  1018-1100 0.175 £ 0.011 415505 5156871  1184-1218 968 92 (66)
5 415591 5156934  1009-1062  0.053 £0.004 415635 5156991  999-1054 587 147 (63)
6 415950 5158213  1170-1314  0.416 £0.021 415965 5158241  1182-1224 687 21 (21)
7 415952 5157829  1048-1123  0.891 £0.038 416015 5157781 907-927 858 117 37)
8 416005 5157897  916-1026  0.258 £0.014 416015 5157891 889-954 614 251 (4)
9 416116 5158797  919-1002  0.192 £0.010 416065 5158811  1117-1217 498 70 (53)

10 416037 5158649  979-1114 2338 £0.085 416095 5158691 922-939 361 60 (52)

necessary for time synchronisation;-due-to-topographie—shielding. Two seismic stations failed during the monitoring period
(“Basejumpers Mess” on August 29 and “Confident Pulse” on September 27), due to progressive sensor tilting caused by slope
movement or sediment settling. However, the remaining stations provided sufficient data for detection and location of events,
Manual screening of seismic records during the control period (22 September and 1 October) yielded evidence of two
rockfalls, events 7 and 10 of the final data set (table 2). One of these rockfalls (event 7, fig. 4 b) generated two short, distinct
bursts of seismic energy, less than 2 s apart, followed by a rise of the seismic signal about 7.5 s later (ef-see fig. 2 for details).
The first burst contains frequencies between 30 and 60 Hz, while the second peak mainly has frequencies below 20 Hz. The
subsequent strengthening signal is again dominated by frequencies between 30 and 80 Hz. The entire sequence was recorded
by all operating stations, though with different amplitudes, from about 4 0.38 ###s=L-ums ! at station “Sweaty Herbs” to =&
4.9 ps=L-pums~! at station “Funny Rain”. The maximum time offset between event onsets at the stations was 0.51 s. The
STA/ETA-STA-LTA -ratio values reached up to 7 for the first two peaks and decreased below 2 before grading to the next rise.
Based on the above characteristics of event 7 and similar properties for event 10 from the control period, the parameters
for event picking of the entire data set were defined—The-STA/ETA-, i.e., the STA-LTA-ratio threshold to define the start of an

event was set to 5, the threshold for defining the end of an event to 3. Note that this approach does not yield a correct start and
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Figure 4. Example day (September-25 September 2014) showing seismic characteristics of environmental sources in the Lauterbrunnen
Valley. (a) 24 h PSD with interpreted sources indicated. Data recorded at station “Mosquito Fabric” and filtered between 1 and 90 Hz. (b)
Seismic record of rockfall event 7 (ef-table 2). (c) Seismic records of other sources registered by the station “Gate of China”. Note change
in axes scales for the earthquake event. (b) and (c) contain the PSD (background image, colour bar applies to (b) and (c)) and waveform data

(semitransparent line graph) as well as the picker algorithm characteristics (STA-LTA-ratioas-wel-as-, “on”- and “off”’-thresholds).

end time. However, the location approach is not based on exact onset times but is used with the addition of a 3 s wide buffer

before and after an event. The minimum SNR of an event at the picking station “Gate of China” was set to 6.
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The instrumented study area comprises many further environmental sources that generate seismic signals with frequencies
above 1 Hz. Fig. 4 a shows a 24 h PSD as an example. From 4 am—9-am to 9 pm (UTC time, i.e., +2-2 h to local time) there
are pulses of seismic activity in the 5-80 Hz range, occurring every 20 minutes. Until 2 am there is continuous activity with
frequencies above 30 Hz and over the day there is a progressively decreasing signal between 5 and 15 Hz, which in general

depicts the runoff of the Weisse Liitschine (FOEN, 2017), the main river draining the Lauterbrunnen Valley, and is in agreement

with the seismic signature of turbulent water flow (Gimbert et al., 2014). Around 2:45 am, 5:10 am and 5:50 pm and 6:05 pm

there are seismic events with very low frequency content (maximum energy below 2 Hz). Fig. 4 ¢ shows that the seismic

properties of all these other sources can be very similar to the waveforms of rockfalls. Between 4 am and 9 pm (UTC time) a
train runs every 20 minutes between Miirren and the cable car station of Lauterbrunnen. The passage of this train is recorded
in a repeating succession of spikes of seismic energy in the PSD from fig. 4 a. Although this signature is easily discernible
because it repeats at expected times during the day (i.e., Swiss trains alyways-always run on time), it also shows two distinct
peaks that cross the STA/AETA-STA-LTA-ratio start and end thresholds for rockfall detection, and it shows similar amplitudes
and amplitude differences between the recording stations. Also the SNR values are comparable with those of rockfalls. The
second panel of fig. 4 ¢ shows the impact of rain drops on the ground above the seismic sensor. Attribution of this signal to

rain drops is based on the

s—notion that these irregular short pulses only occurred during.
rainy conditions (fig. 5 a and b) and, furthermore, were predominantly registered by stations under forest cover in contrast to
sensors deployed at grass covered sites (fig. 5 ¢ versus d). We attribute this phenomenon to trees collecting small rain drops
and releasing them after some time as larger drops. Trees continue to release such drops even after the atmospheric rain input
has stopped. In contrast, grass covered areas receive the precipitation directly and are subject to systematically smaller drops,
especially during gentle rain events. The irregular occurrence of the seismic pulses make an origin due to passing animals or
humans unlikely, as one would expect a growing and decreasing amplitude during approaching, passing and leaving the station
(a_signature inherent to many base jumpers hiking past the stations on top of the cliff during sunny days). The signal of a

raindrop is also similar to the rockfall signal although it contains seismic energy over nearly the entire frequency range and
lasts less than half a second. Such signals can trigger the STAAFA-STA-LTA-ratio algorithm if they were recorded by chance
at more than two stations within the defined maximum tag-time-time window of 1.75 s. The last panel of fig. 4 ¢ shows an
earthquake. The signal of this tele-seismic event is dominated by frequencies below 4 Hz and lasts more than one minute. There
are also local earthquakes in the seismic records that show a more sudden onset, contain higher frequencies and last much less
than a minute. But all earthquake signals are clearly different from rockfalls. Their waveforms usually show the distinct arrivals
of P- and S-waves and the-exponentially-deeaying-a coda, their PSDs exhibit a significant portion of energy below 10 Hz, and
their waveforms and spectral properties are relatively uniform among records of the different seismic stations.

Thus, to eliminate false events picked by the STA/ETA-STA-LTA-ratio approach the minimum duration of an event was set
to 0.5 s to remove rain-related picks and the maximum duration was set to 20 s to remove earthquakes. Additionatty;the-The
minimum average SNR value among all stations was set to 6. The STA/ETA-pieking-STA-LTA-ratio approach yielded a total of
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Figure 5. Seismic signal characteristics during a gentle rain event without windy conditions (hourly meteorological data from Meteomedia
station in Mirren). Panels a to ¢ show the vertical component signal (filtered between 1-90 Hz) of station “Basejumpers Mess”. Panel d
shows the same time interval as ¢ but for station “Funny Rain”. Background images of ¢ and d show the deployment situation of the two
rain event and and short irregular signal pulses only under forest cover, interpreted as impacts of large drops collected and amalgamated by.

2175 potential events. After application of the automated rejection criteria the number decreased to 511. These 511 events had to
be manually screened and included 455 spurious or unknown events, 19 short earthquakes and 37 potential rockfall signals. The
most common spurious event type was associated with train traffic. This type of signal could not be eliminated by any automatic
routine and had to be removed manually. The remaining earthquakes had an average STA-LTA-based duration of 11.9755
s (median and quartiles) and were also removed manually. The 37 detected potential rockfall events had STA-LTA-based
durations of 4.7f§:§ s. Several of the potential rockfall events had very weak seismic signals, with average SNRs below 8 (i

=8eight cases) but the majority generated average SNRs of 11.2738.
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Table 2. Rockfall events detected by seismic monitoring. IDs correspond to those in table 1. Duration as estimated from signal wave form

interpretation (not including subsequent talus slope activity). SNR denotes range of signal-to-noise ratios among all recording stations.
fdefaur describes the default frequency range for location, f,,: denotes the frequency range after optimisation. A is the amplitude range

among the stations.

D Time (UTC) duration (s) SNR facfaur Hz)  fopr Hz) A (nms™b)
1 2014-10-12 22:45:50 1 8.7-25.9 10-20 10.0-23.0  1356-11945
2 2014-10-15 01:58:32 4 5.2-49.4 10-20 11.0-21.0  1062-4128
3 2014-10-20 19:11:09 5 10.7-35.8 10-20 10.0-20.0  619-2405
4 2014-10-20 15:05:34 7 14.0-55.86 15-25 16.0-26.0  722-3229
5 2014-10-22 11:47:28 2 57-11.9 10-20 11.0-19.9  1442-3831
6 2014-10-02 17:59:50 4 6.48-11.76 5-15 50-160  1055-2077
7 2014-09-25 07:03:13 6 7.5-19.9 10-20 2.8-5.6 962-5980
8  2014-10-26 20:08:45 2 6.0-14.2 10-20 7.0-13.0  1277-306905
9 2014-10-17 00:09:25 8 5.5-11.1 5-15 47-152  828-1806

10 2014-10-01 09:23:05 10 17.0-59.1 5-35 1.0-35.0  3123-4491

5.3 Seismic wave velocity estimate

A necessary step for successful location of the potential rockfall events is-was to find a plausible estimate of the average
seismic wave velocity (fig. 6). Both approaches, optimising the average location ?2-estimate value (i.e., R at Pp,q.) and
minimising the difference between seismic location and TLS-based coordinates, point at a common value around 2700 ms~*.
While for the latter approach the velocity range with minimum offsets is narrow, with not much argument for an uncertainty
range, there is no such clear result for the former approach. The solid black lines in fig. 6 show two velocity ranges with high
P,,q. values, between 1000 and 1800 ms—! and between 2200 and 3000 ms—1. Due to the recent deglaciation and persistent
rockfall activity, the limestone cliffs of Lauterbrunnen appear rather compact and only marginally weathered. Thus, there is
no reason to assume much lower values than those of 2000-3300 m.s~! for S-waves in limestone from empiric tests (Bourbie
et al., 1987). Accordingly, the first local maximum at lower velocities did not yield any consistent rockfall locations along the
cliff, even when the other criteria clearly pointed at a rockfall. The average +%;:—R? values for the higher velocity range from a
broad plateau of equally likely velocities including 2700 ms~*. Thus, based on information from both approaches, the average
seismic wave velocity for running the location routine was set to 2700 ms~'. Without the existence of independent locations

of rockfall detachment zones, seismic velocity can only be constrained with low uncertainty by active seismics.
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Figure 6. Tests of the most likely average seismic wave velocity. Black solid lines show location gualityapproach correlation coefficient
WRQ) for velocity values ranging between 700—4000 m.s~* for all events MW%MMM. Dashed
grey line (median) and shaded area (interquartile range) depict deviation of seismically detected from TLS-based event locations. Both
measures point at 2700 ms~* as the most likely average seismic wave velocity in the study area. The secondary Jﬁ& maximum at

lower velocities did not yield locations inside the area of interest despite high JWNRi values.

5.4 Location of rockfalls

Applying the location routine to the 37 potential rockfall events placed nine of them in the area of interest covered by our
TLS surveys and the seismic network (ef—fig. 1). Eight further events were located along the west-facing valley side. Most of
these had poor location constraints due to low SNR or inappropriate fits of the overall time delays of the signal envelopes. The
other events could either only be located along the margins of the distance maps as the closest approximation for more distant
sources, or were located west of the Lauterbrunnen Valley, higher in the catchment. One event, which showed all characteristics
of a very proximal rockfall and subsequent rock avalanche but exhibited an extraordinarily wide frequency range (ef—event 10
in fig. 8) could successfully be located within the area of interest by manually setting the location frequency window to 5-35
Hz.

Thus, after extensive processing and manual verification, all ten TLS-detected rockfalls could be independently located
by the seismic approach. SNRs of all ten events were above 5 and up to 59, depending on the magnitude of the event and the
distance of the source to a seismic station. With the exception of the manually adjusted settings for event 10, the default settings

resulted in an average difference between TLS (i.e., line of steepest descend from detachment zone) and seismic location of
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Figure 7. Number of rockfall trajectories inside location estimate polygons as function of minimum location estimate quantile.

81f33 m. The maximum difference was 761 m (event 1, eftable 1) because a significant part of the location estimate polygon for
this event, including the location of P,,,., was placed on the other valley side, separated from the cliff face by the entire valley
floor. However, all TLS-based events were located within the default 95-%-threshotd-uneertainty-areas-uncertainty areas defined
by the 0.95 quantile, most of which were elongated by several 100 m in the north-south direction in plan view (ef—table 1).
Some areas of uncertainty extend into the valley floor (events 6—8) but most were entirely within the cliff face. In five of the

ten cases, Py, i located higher on the cliff than the TLS-based detachment zones (i.e., events 1, 2, 3, 4, 9). We see the main

causes for deviations in inhomogeneities of the solid media, resulting in spatially non-uniform seismic velocities. Specificall
there should be a velocity difference between the solid limestone that forms the cliff and the debris fabric that constitutes the
talus slopes. Thus, especially impact locations close to or at these talus slopes may be affected by larger deviations because the

average seismic velocity successively fails to explain the arrival times of signals at the seismic stations.
Adjusting the frequency windows for the location routine to minimise the differences to the TLS data usually required shifts

by less than 4 Hz. Events 7 and 8 required greater adjustments, as low-frequency windows yielded much better results (ef-
table 2). Optimising the location settings resulted in average location differences of 33f§0 m with a maximum deviation of 66
m and a minimum deviation of 4 m.

Increasing the quantile thresholds to define the uncertainty polygons for each location estimate reduces their area, which
eventually leads to a drop of the number of matches with TLS-based event location (fig. 7). Up to a threshold value of

0:97260.973, all ten rockfalls are included in the uncertainty areas.

6 Discussion
6.1 Rockfall detection from continuous seismic data

The challenge of detecting rockfalls with the seismic approach is to identify a few short target signals in month-long records

of hundreds of samples per second. This is especially relevant for the small rockfall events of this study. Thus, the described
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Figure 8. Seismic location of the 10 TLS-based rockfall events. Compound location map shows an overlay of all 10 detected events with
coloured polygons corresponding to leeationtikelihood42>-0:97]ocations with cross-correlation values above the 0.973 quantile. Location
close-up boxes are centred at Pqz, i.€., the location with the highest leeation-tikelihoodcross-correlation value. PSD boxes show the spectral

evolution of each event as recorded by station “Funny Rain”. Event start is indicated by time zero. For event duration see table 2. APy,q2 18
the deviation of seismic location estimate from rockfall trajectory along steepest path. Locations of all rockfalls shown based on optimised

location frequency windows for illustrative reasons (table 1 for default deviations).

data processing routine is neither intended to be nor capable of coming close to automatic detection and location of rockfalls

of this size. The work flow of signal processing and analysis significantly reduced the number of initially picked events by a
factor of 4. This provided a reasonable base for the subsequent manual identification of likely rockfall events. The STAATA:
STA-LTA-ratio threshold values (i.e., 5 and 3) as well as the SNR threshold value (i.e., 6), determined from the two manually
identified events in the control period, allowed detection of all ten rockfalls shown by the TLS data, even though all other events

involved smaller volumes than the two manually identified ones. The initial filter frequency window for the STA-LTA-ratio

approach of 10-30 Hz might have benefited from a lower cutoff frequency since some of the rockfalls showed optimal location
frequencies well below this value (table 1).
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The monitored section of the Lauterbrunnen Valley is a comparably noisy environment. The example PSD (fig. 4 a) shows
ample signals from sources other than rockfall activity. A major source of falsely picked events was passing trains (87 %).
For rockfalls as small as those detected in this study, raising the initial SNR threshold to exclude signals associated with train
activity would result in rejecting most of the rockfall events. However, for rockfall volumes one or more orders of magnitude
larger, this simple parameter adjustment should yield a significantly better detection result. The 19 detected earthquakes could
have been removed based on differences in the relationships between magnitude, duration erfreguency-content-and frequency

Manconi et al., 2016) or multivariate classification a Provost et al., 2017). However, the duration

distributions of rockfalls versus earthquakes already allowed a sufficient discrimination. Thus, although the data processing

work flow is far from automatic and leaves one order of magnitude more events than the actual number determined from

content (e.g. roaches (e.g.

manual evaluation, it provides a systematic and reproducible way to detect rockfalls close to the lower limit of detection.
6.2 Rockfall location

All ten TLS-based rockfall events were confirmed with an average location error along the rockfall trajectory of 33 m when the
frequency window of the location algorithm was adjusted manually. Without this optimisation, which is only possible when ref-
erence data are available, the location deviation was 81 m on average. This is comparable with errors of about 80 m from a rock
avalanche study on Montserrat, Lesser Antilles, using-a-simtlartocation-approach-with a network of 11 stations (Levy et al.,
2015). However, that study had a larger network aperture and focused on event volumes of 10~10° m?. Instead, rock mass

volumes in the Lauterbrunnen Valley were generally well below 1 m? and our study had only four operating seismic stations, or-

ganised in topology and station spacing comparable to those from other studies (acroix-and-Helmstetter; 201--2; Burtin-et-al52016)(Hibe

The TLS-based detachment locations and their rockfall trajectories are within the areas defined by the 0.95 quantile threshold
(fig. 8). Only when independent constraints on the location of the seismically recorded events are available, is it possible to
investigate the validity and effectiveness of this arbitrary threshold. In this study area, the threshold can be increased up to
0:9726-0.973 to still provide a valid uncertainty estimate for possible rockfall locations/trajectories. Effectively, this means that
the area of each uncertainty polygon can be decreased by 45 %.

An important issue is that for some rockfalls the best location estimate (P, ) is above the actual rockfall detachment zone.
This may be related to the extreme topography of the Lauterbrunnen Valley. The studied rockwall is up to 800 m high, yet it is
represented by as little as four plan view pixels in the 10 m DEM and distance maps (cf. ranges of zs.;s in table 1). Arguably,
the lateral offset of rockfall location P,,,, from the line of steepest descend is more important from a hazards point of view.

Assigning the locations of the ten seismically detected rockfalls to those detected by TLS is unambiguous in most cases.
However, rockfalls with comparable volumes from similar detachment heights can be hard to distinguish. For example, events
3 and 4 are located 44 m apart, at 1108 and 1064 m asl., and released 0.201 and 0.175 m? of rock, respectively. Accordingly,
their seismic waveforms and PSDs (fig. 8) look very similar and there remains ambiguity about the seismic identification as
stated in table 1. This has consequences for the temporal information associated with the seismic data. But in this case, both
events occurred on 20 October, one at 3 pm, the other at 7 pm. Ambiguity also arises for events 1 and 2. However, there the

rockfall volumes allow for a better matching with the seismic results. Event 1 entrained 0.201 m® whereas event 2 displaced
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mobilised only 0.063 m? from a near identical position and fall height. Accordingly, the emitted seismic energy of event 1
should be significantly higher than event 2, which is reflected in the corresponding PSD, where event 1 shows a much longer
and more powerful signal. Hence, if the geometric properties of the released rock masses are sufficiently distinct, it is possible
to disentangle nearby events from the detailed seismic information.

For large (> 10% m?) m%dwmemmww&mmem appear to be robust relation-

ships between released volumes and a series of seismic attributes (2

However, such large events affect significant areas, even entire slopes. In contrast, the small volumes mobilised in the Lauter-
brunnen Valley do not show such relationshipsclear volume-based relationships (apart from the one example described above).
The largest event (2.338 m?) did not yield the highest signal intensities or longest duration, and vice versa for the smaller
events. The combination of released volume, detachment height above cliff base, the number, distance and strength of inter-
mediate impacts, the degree of fragmentation during the fall phase and the fate to the rock mass on the talus slope (direct
deposition, subsequent downhill translocation, entrainment of impacted talus) result in a polymorphic seismic signal, which

complicates direct links of seismic parameters with geometric or kinetic properties of the detected rockfalls at this spatial

scale. To explore such guestions about relations among volume, detachment height, fragmentation and debris entrainment
upon impact - all obviously more useful for larger rock volumes than found in this study — the combination of TLS and seismic
monitoring provides all necessary sources of information. The high temporal resolution and ability to detect small volumes
makes especially the seismic technique perticularly interesting for studies of relations between rockfalls and environmental
conditions that are suspected to cause them (Dietze et al., 2017).

The apparent seismic detection limit for rockfall volumes in the Lauterbrunnen Valley is well below 1 m®. This is remarkable
given that the stations are mostly more than one km apart and that most of the rockfalls used for validation originated at the
lower cliff parts, resulting in limited kinetic energy upon impact. Location feasibility is however not only determined by the
rockfall volume and drop height. The distance between impact location and location of the seismic stations, the inelastic
attenuation properties of the rock and the energy dissipation due to rock fragmentation (e-g=2)-(e.g., Hibert et al., 2011) also
determine the potential to successfully locate the rockfall. The possibility to analyse rockfalls as small as 0.053 m3, impacting
at distances of 170-1950 m from the seismic stations, makes seismic monitoring a method that is able to reveal events well
below the resolution of most other post-event survey techniques with the exception of TLS surveys.

Unlike other rockfall survey techniques, seismic methods allow for monitoring of rockfalls with high temporal resolution,
down to fractions of a second. During the first half of the monitored month only two rock masses were released, while the other

half of the month saw the majority of events. Beyond this, the high temporal resolution allows connecting the events to ambient

conditions and trigger mechanisms, and to study process interactions (ef-Burtin-et-al;2044)(e.g., Helmstetter and Garambois, 2010; Burtir

6.3 Rockfall anatomies

Seismic monitoring allows detailed insight into the dynamics of rockfalls. The example event (fig. 2) consists of three dis-
tinct phases and lasts in total for almost a minute. Phase 1 (Iess than one s duration) is the first notable seismic activity after

minutes of calm at all stations. It reflects the seismic signal associated with initiation of the rockfall event. The high fre-
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quency content mestlikely-corresponds-te-the-may either correspond to the rebound of the cliff after detachment of the mass
e.g., Hibert et al., 2011) or the opening and propagation of fractures rather than impacts of a moving rock mass. Fhis-The

latter interpretation is supported by seismic records from the Iligraben, Rhone Valley, Switzerland, that show an exponentially
increasing density of signals, which indicate cracking or fracture propagation (Zeckra et al., 2015) starting days before a 10*
m? large rock avalanche took place (Burtin et al., 2016). The spectral properties of these signals (short, less than 1 s pulses at
20-50 Hz), recorded by a seismic station about 150 m away from the initiation zone of the rockslide are very similar to the first
phase of the rockfall from the Lauterbrunnen Valley (fig. 2).

Phase 2 (one s duration) begins 1.7 s after this fracture propagation phase and may reflect the impact of the released rock
mass on the cliff face. The predominantly low frequency content implies that the mass is still intact upon the first collision. Low
frequencies can only be generated by large rock masses that convey a high momentum rather than a series of smaller particles
hitting a surface simultaneously (Burtin et al., 2016). The strong impact likely caused fragmentation of the rock, because there
is no low frequency content in any of the later signals from this event. The rock fragments experienced a free fall phase (calm
period in all signal waveforms) of approximately 7.5 s, corresponding to a drop height of 271 m. With a detachment elevation
between 1048—1123 m asl. this places the impact somewhere in the central part of the talus slope that reaches from 910 m asl.
at the cliff base to 820 m asl. on the valley floor.

Phase 3 (about 40 s duration) represents the continuous impact of the fragmented rock mass on the talus slope for tens of
seconds. This activity very likely graded into a phase of downslope translocation of debris and entrainment of further talus;
beeause-the-, The PSD of phase 3 shows a-gradua

is-the typical properties characteristic for rock avalanches (e.g., Surifiach et al., 2005).
Similar insights to event anatomy is possible for the remaining nine events, though often with less rich detail or variability.
Readers are invited to explore the data contained in the supplementary materials. This one anatomy of an example event

highlights the universality of seismic sensors to investigate the dynamics of a rapid mass wasting process at a level of detail that
would otherwise require an expensive and time-consuming multi-sensor approach, consisting of, for example, video imagery,
prior and a posteriori TLS scans, perhaps further acoustic sensors, and post-event field mapping. Furthermore, the area of
interest can only be small to be covered by these alternative techniques. Thus, the installation must be placed at “the right

spot”, instead of relying on the flexibility to monitor a wider area with a seismic network.

7 Conclusions

The detachment locations of ten rockfall events, totalling a volume of 4.789 & 0.100 m?, were detected by TLS over 37 days.
Using broadband seismometers, these events were independently detected and located with an average deviation of 811“33 m.
Further seismic rockfall signals were detected and located outside this instrumented cliff area. The seismic signatures allow
1) insight into the dynamics of single events, ii) quantification of the exact event onset time and duration, and iii) calculating

minimum fall heights. ¥
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on-the-talus-slope—However-the- The method allows detecting rockfalls with volumes as small as 0.053 m?.

Results presented in this study suggest that seismic monitoring is a valid approach to holistic detection;loecation—and
charaeterisation—of-detecting, locating and characterising rockfall activity, also for comparably small events in terms of mo-
bilised volumes and fall heights. The aperture of the seismic array (3 km) is comparable to other natural scale experiments
te-gBurtinetal;20+4; Lacrotxand Helmstetter; 264-H)-(e.g., Lacroix and Helmstetter, 2011; Burtin et al., 2014) and allows al-
most catchment-wide monitoring of Earth surface activity in an exceptionally steep terrain. Results from this study complement
work that has focused on the coupling of rockfall to other processes in the sediment cascade of mountainous landscapes (e.g.,

Krautblatter et al., 2012).

The main limitations include that volume estimates based on the emitted seismic energy or peak ground acceleration were
not possible for the small rockfall events identified in this study. This was mainly due to the influence of intrinsic factors, such
as the proportion of energy consumed for fragmentation during the event or contribution of mobilised debris to the seismic
signals upon impact on the talus slope. A further challenge is the high effort due to manual removal of false events under such
conditions. This drawback represents a serious issue when attempting fully automated approaches of rockfall detection.

The combined description of event location and precise timing information of rockfall activity is a key step te—assess
triggering-mechanisms-towards assessing trigger mechanisms (Dietze et al., 2017). However, the number of events detected
over the observation period of this study prohibits a statistical analysis of the triggering-trigger mechanism for each event be-
cause the population size is too small. At larger scales (regarding released volumes and monitored area) there are first order ef-

fects that allow relating seismic metrics to process parameters

Thus, when increasing the monitored area and focusing on larger released volumes (> 10* m?), environmental seismology
could become a real alternative to classic rockfall observatory instruments, with the capability to go beyond these by simulta-
neously recording proxies of environmental triggers and resolving process coupling and interaction.

It is possible to monitor rockfalls sensu strietu-stricto with a significant free fall phase and a pronounced short impact phase.
This extends the previous field of applications of environmental seismology to more extreme settings. Furthermore, seismic
monitoring is not restricted to the instrumented cliff face but allows detection of rockfall signals from other areas such as the
other valley wall and locations higher up in the catchment, though with sometimes only poor constraints on the location of
these events.

There is signifieant-potential to optimise the parameters for event location but there is no straightforward way to do this with-
out independent auxiliary information. Hence, a realistic location error range along the trajectory of released rocks is 52-140
m (interquartile range). The height and location of the detachment zone can only be provided by seismic methods if the detach-
ment process can be recorded and the subsequent impacts of the released rock mass can be located with sufficient confidence to
allow back-calculation of the falling time. Rockfall release zones that are separated below the level of seismic location confi-

dence can be deciphered from each other if the released volumes are different from each other and generate sufficiently distinct
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seismic characteristics. Hence, combining seismic and TLS methods can provide a very detailed complementary picture of

rockfall activity.

8 Data and code availability

The seismic data used in this study is available in the supplementary materials, along with a detailed documentation about how

to use it to reproduce the results of this study. The digital elevation model data set cannot be made freely available, but may be
replaced by equivalent data to reproduce the results. TLS point cloud data are available upon request.
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