Landslides triggered by the 2015 Mw 6.0 Sabah (Malaysia)

earthquake: inventory and ESI-07 intensity assignment

Response to Editor

I wish to thank the editor and reviewers for their thoughtful comments, which helped in improve the
quality of the manuscript. Here | provide a point-to-point answer to all the comments. Original
comments are shown in italic, while my answer is in plain text.

Following the editorial comments, | added the copyright icon in Figure 2c and | now use the color
scheme of Crameri et al. (2020).

Following the comments from the reviewers, the editor suggests to reconsider the paper after major
revisions. In particular, the author should add more details on the revised version of the manuscript

on the following topics:

1- Landslide inventory:

Impact of the 8 months delay between the earthquake and the mapping of the landslides? What are
the associated uncertainties?

| agree that this is a critical point that have to be better addressed in the paper. In the discussion, |
added a paragraph (Section 5.1) specifically dealing with the challenges in landslide mapping,
including the 8 months delay between the earthquake and the image acquisition. The new text is as
follows:

Several processes can trigger landslides, such as seismic shaking, heavy rainfall, anthropic
disturbances. These processes may act concurrently or have complex interdependencies among each
other, resulting in a so-called chain of hazards. The identification of the precise event that triggered
the landslides can be challenging, and subsequent remobilizations may occur as well. In the Sabah
case, slope movements were firstly triggered by the seismic shaking; later on, prolonged rainfall
reactivated the landslide deposits as debris flows (Rosli et al., 2021). In this work, landslides were
mapped on optical satellite images, whose availability depends on satellite revisit time and local
weather conditions. The co-seismic landslide inventory is realized on images acquired about 8
months after the Sabah earthquake, since persistent cloud cover hampered the analysis of a shorter
time interval. This point is a significant source of epistemic uncertainty, which is difficult to reduce,
unless other data sources are present (e.g., field surveys, helicopter/drone flights).



Chain of hazards affects the territory for prolonged times: the remobilization of deposits results in
enhanced rates of slope movements; these processes may take 5-10 years (Avsar et al., 2016) and
generate bank erosion or floodplain accretion downstream, thus affecting flood frequency (Fan et
al., 2019). Stochastic natural processes (e.g., earthquakes) and seasonal hazards (e.g., rainfall, flood)
imply different modeling tools and calls for complex risk reduction strategies (Quigley et al., 2020);
understanding cause-effect relationships and latent vulnerabilities helps in informing such efforts
(Pescaroli & Alexander, 2016). Additionally, landslide phenomena triggered by human activities
are increasing and have an influence comparable, if not higher, than natural processes such as
rainfall or earthquakes (Froude & Petley, 2018; Tanyas et al., 2022).

What about re-vegetation of the areas?

| think that re-vegetation does not affect the possibility to map the landslides. The study area is
covered by thick forest; landslides are easily recognizable since they completely stripe off the
vegetation cover. Figure 1 shows satellite images acquired at different times; panel a) is pre-
earthquake; panel b) is acquired in March 2016 and is a sample of the imagery used to draw the
landslide inventory; panel ¢) shows the same spot 2 years later, when landslides are still clearly
identifiable.

a) image taken on 29/09/2008 b) image taken on 18/03/2016 c) image taken on 9/03/2018
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Figure 1: multi-temporal images, showing the evolution of landslides through time; a) Google Earth image taken on 29/09/2008
(before the earthquake); b) PlanetScope image taken on 18/03/2016 (10 months after the earthquake); c) PlanetScope image taken
on 9/03/2018 (ca. 3 years after the earthquake).

How are coalescent landslides mapped? The use of the « split » tool (line 125) should be explained
in more details.

Text modified as follows:

Landslide inventories may suffer from problems related to amalgamation of coalescing polygons,

i.e., the mapping of several adjacent landslides as a single polygon (Marc and Hovius, 2015). This



problem is especially severe for inventories realized through automatic mapping and may introduce
a bias in the computation of landslide number and other statistics (e.g., ESI-07 assessment). When
multiple sources areas coalesce in a single toe sector, it is difficult to identify individual landslides.
In such cases, | first mapped the entire polygon, then I used the “split” tool to delineate the different
source areas. This GIS tool allows to draw contiguous polygons, avoiding the overlap of different

polygons, or unmapped areas in between.

Pre- and post-earthquake landslides inventories: the influence of pre-earthquake landslide
inventory has to be shown explicitely as suggested by reviewer 2.

Comments provided by the author on the supplementary material to questions from reviewer 2
could serve as a basis to improve this topic on the manuscript.

Agreed. In the original paper, | did not focus on pre-existing landslides, since from a visual
overview of the satellite images they seemed negligible.

Following the reviewer suggestion, | now realize an inventory of landslides that were already existing
before the earthquake occurred on 4 June 2015; the role of pre-existing landslides is discussed in
Section 5.1.1, where | also added a new image showing LND and LAP for the pre-existing landslides.
The new text is as follows:

A co-seismic landslide inventory should include only those slope movements triggered, or
reactivated, by the seismic shaking. The inventory presented in this paper is realized on a
homogeneous dataset of satellite images provided by PlanetScope; similar images are not available
for the timeframe antecedent the earthquake, introducing a difficulty in the evaluation of whether a
landslide was already present before the earthquake. Thus, | realized a dataset of pre-existing
landslides by inspecting Google Earth historical images, ranging from 19 May 2008 to 2 June 2015.
Cloud-free images are not available for a 186 km? wide region, corresponding to 23% of the total area
(blue region in Figure 6). | mapped a total of 225 pre-existing landslides and compute LND and LAP
with the same procedure adopted for the co-seismic inventory. It is evident that pre-existing landslides
exert a very limited role, either in terms of total number (225 pre-existing vs 5198 co-seismic) and
area (0.55 vs 18.84 km?). In Figure 6, | adopted the same color scheme as for the co-seismic inventory
(Figure 4), to highlight that more than 95% of the grid cells belong to the lowest LND class (less than
2 landslides per cell), while more than 99% of the cells belong to the lowest LAP class (max LAP
value is 0.09%).



a) Pre-existing landslides b) Pre-existing landslides
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Figure 2: Grid maps of Landslide Number Density (LND, a) and Landslide Area Percentage (LAP, b) for pre-existing landslides; the
blue area represents a region where cloud-free pre-earthquake imagery is lacking. Colormap follows Crameri et al. (2020).

2- area-volume scaling laws: As highlighted by reviewer 2, are the area-volume scaling laws all
valid for the types of movements included in the current landslide inventory? This should be
checked and shown in the paper. Besides, are the area-volume scaling laws all valid for landslides
identified by their « source area + deposit »?

Thanks for the comment, this is indeed a point | should have considered more cautiously since the
early stages.

In the revised version | consider 7 A-V relations; | based the selection of these relations among the
many published ones on some (rather subjective) criteria, favoring those with global validity
(Guzzetti et al., 2009; Larsen et al., 2010) or explicitly related to earthquake-triggered movements
(e.g., Xu et al., 2016). I deleted the Massey et al. (2020) equation, since it is valid for “source only”
polygons. | checked the original papers and the equations by Guzzetti et al. (2009), Larsen et al.
(2010) and Xu et al. (2016) are valid for “source area + deposit” polygons, so I retain them in the
paper.

I added 2 relations specifically dealing with rockfalls. Benjamin et al. (2018) investigated rockfalls
on coastal cliffs at Staithes (UK); they compute the volumes adopting 2D and 3D change detection
algorithm from Terrestrial Laser Scanner point clouds. In the paper, | consider their 2D equation,

since | believe this method is more similar to the other considered relations and can be more widely



applied. Caputo et al. (2018) studied rockfalls on coastal cliffs at Coroglio (S Italy), estimating the
A-V relations from Terrestrial Laser Scanner data.

The authors should further comment on their choices of the 6 laws and add one for rockfalls as
suggested by reviewer 2. Comments provided by the author on the supplementary material to
questions from reviewer 2 could serve as a basis to improve this topic on the manuscript.

In the Sabah inventory, | did not attempt to classify the slope movements according to their type,
since my mapping is based on satellite images only. Indeed, such classification would have required
detailed field data. It must be underlined that only a small part of the available earthquake-induced
landslide inventories includes a genetic description or a classification of the type of movement. For
the purposes of the current study, i.e., classification of the earthquake effects using the ESI-07 scale,
the input data is the volume of individual slope movements.

One limitation of the equations specific for rockfalls (Benjamin et al., 2018 and Caputo et al., 2018)
is the dimension of the individual rockfalls, which in both cases do not exceed 30 m2. The
extrapolation of the A-V relations to much bigger landslides should be carefully considered;
nevertheless, the 7 relations considered in this study clearly show a similar picture in terms of ESI-
07 distribution, testifying that input data (i.e., landslide inventory) are far more important than the
choice of the area-volume relation.

In Section 5.1.2 | further discuss the implications of the selection of the A-V relation, the new text
is as follows:

Another source of epistemic uncertainty is related to the area-volume scaling relations adopted to
compute ESI-07 values. Many equations have been proposed in the literature, referring to different
triggering processes (e.g., seismic shaking vs rainfall), climate conditions (specific regions vs global
validity), landslide type (slides vs rockfall), mapping procedures (e.g., landslides delineated as
single polygons vs separation of source and deposit area) and methods for data acquisition (e.g.,
manual vs automatic mapping; satellite vs drone images vs laser scanner techniques). Thus, the
selection of the most suitable equation may not be straightforward. In Section 4.2 | used seven
different equations to derive the ESI-07 macroseismic field; results demonstrate that the epistemic
uncertainty related to the choice of the area-volume relation is much lower than other sources of

uncertainty.

3- Quantitative relation between LAP / LND and ESI-07 (line 210): according to this editor, it is

not clearly outlined in the paper. Besides, isn’t the correlation between LAP and ESI-07 expected



because both parameters depend on landslide area?
Thanks for the comment. | address this point in two ways:

-l added a new figure in the methods section, to highlight the role of number and dimension
of landslides on the computation of LND, LAP and ESI-07.

- I moved the section on scaling relations between LND, LAP and ESI-07 toward the end of
the paper, to answer the request for a clearer distinction between results and discussion, and
to introduce the final section of the discussion, dealing with the prospect for future work.

Text added in the methods section:

LND, LAP and ESI-07 focus on different aspects, as illustrated in Figure 3. The three panels have
the same LAP (36% of the “study region”, i.e., the black square); the area of the biggest landslide is
used to compute the ESI-07 value, as done for the real case study. In this example, the Guzzetti et
al. (2009) equation is used to illustrate the results. The first scenario (Figure 3a) shows one wide
landslide, resulting in an ESI-07 value >X. The second case shows 36 small landslides and is
equivalent to ESI-07 VIII. The third case shows the presence of one medium-sized and 30 small
landslides, resulting in ESI-07 value of 1X. Figure 3 highlights that the concurrent evaluation of
LND, LAP and ESI-07 provide an added value in the understanding of the distribution and
characteristics of the landslide inventory, due to the role played by the number and dimension of

individual landslides in the calculation of the different metrics.



Number of landslides 1 36 31

Dimension biggest landslide (m) 600 x 600 100 x 100 300 x 200

Area biggest landslide (m2) 360000 10000 60000
Cumulative area (m2) 360000 360000 360000
Landslide area percentage (LAP) 0.36 0.36 0.36
ESI-07 intensity >X Vil IX

Figure 3: Sketch illustrating the role of number and dimension of landslides (coloured squares) on the computation of LND, LAP and
ESI-07. The upper panels represent simplified scenarios: a) one wide landslide; b) many landslides, all of small dimension; c) many
landslides with variable dimension.

4- Comparison to other case studies: is the Wenchuan landslide inventory a good candidate for this
comparison. To this editor, it appears that this event has specific characteristics that do not mimic
most of the earthquake-triggered landslides inventories worldwide. Therefore, work presented in
particular in Fig. 6 raises questions. Besides, what is the purpose of comparing two very different
intensity scales (larger densities of landslides in Wenchuan require additional classes in the chinese
intensity scale)?

I agree that the Wenchuan earthquake may not be representative of available landslide inventories. |
moved the comparison with the Wenchuan earthquake in the last section of the discussion, entitled
“prospect for future work”. Indeed, even though the Wenchuan earthquake may not be optimal for a
comparison, it is the only case where an attempt has been made to compare LND/LAP with an
intensity scale. In the revised text, less emphasis is put on the comparison Sabah vs Wenchuan
earthquake, since this is presented as an avenue for future research.

The modified text is as follows:

as a research hypothesis, | propose to apply the workflow presented here for the Sabah case to
several inventories of earthquake-triggered landslides (Schmitt et al., 2017; Tanyas et al., 2017).



The ESI-07 scale seems the most appropriate classification, since it is based only on earthquake
environmental effects, and it has a global validity. A statistical approach can then be pursued,
investigating either the intra-event (e.g., dispersion of LND and LAP values for each intensity class)
and inter-event (comparison among different earthquakes) variability. Geostatistical models (e.g.,
Lombardo et al., 2021) could be applied as well.

The methodological workflow presented here can be applied to other case histories, to obtain more
reliable scaling relations among LND/LAP and ESI-07, eventually tuned according to climatic or
seismological parameters, or to the type of slope movement or hillslope material. One way to
measure the impact of the methodological workflow presented in this research is its eventual
implementation into near real-time products. Currently, Shakemaps and ground failure models are
routinely produced following strong earthquakes; these maps provide information on the expected
ground motion (expressed in terms of Modified Mercalli intensity, PGA or PGV) and
environmental effects (landslides and liquefaction). A similar map expressed in terms of ESI-07

intensity could be provide an added value with respect to the extant practice.

5- Discussion: As suggested by reviewer 1, the quality of the paper would be enhanced if the author
separates results from discussion, adding a discussion section focusing on more aspects, such as
data, methods, results, and comparing with previous work to analyze the advantages and
disadvantages of this work. In addition, there is a need to have a prospect for future work.
Comments provided by the author on the supplementary material to questions from reviewer 1
could serve as a basis to improve this topic on the manuscript.

| re-organized the second part of the paper; now results and discussion are two separate sections.
Please see previous responses for more details on the single aspects. The new outline of Section 4
(results) comprises two sub-sections, describing the spatial distribution of the mapped landslides
and the ESI-07 macroseismic field.

Section 5 (Discussion) is organized as follows:

- Insection 5.1 | address the challenges in the landslide mapping, with the issues concerning
input data and the methodological steps, such as the role of pre-existing landslides and the
date of acquisition of satellite images (8 months after the earthquake). Here | briefly touch
the main sources of uncertainties and data limitations; | also added a new figure, i.e., the
grid map of LND and LAP for the pre-existing landslides.

- Section 5.2 deals with the comparison of the Sabah case histories with other events
worldwide; this part was already included in the original manuscript and allows to move

from the single case study to a broader view.



- In Section 5.3 I describe the scaling relations between LND, LAP and ESI-07. This part was
formerly in the Results section, but | acknowledge that it is better to place it in the
discussion, since this represents the main novelty of my approach.

- Following the reviewers and editor comments, | added a new Section (5.4), delineating the
prospect for future work. I moved here the comparison with the Wenchuan landslide
inventory, since this topic should be the ground on which a wider study can be realized,
investigating all the existing earthquake-induced landslide inventories, to assess inter-event

variability.

Non-public comments to the Author:

Others:

- Which GIS platform is used in this work (line 112)?

It is QGIS, sentence modified.

- Please specify that magnitude (Mw) is used in equations (2), (3).

Done.



