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Abstract

Earthquake-triggered landslides significantly contribute to worsening the impact of seis-
mic events; thus, comprehensive landslide inventories are essential for improving seismic
hazard assessment. During complex seismic sequences, landslides are triggered by more
than one event and the final inventory reflects the spatial and temporal evolution of the
sequence. Here, I analyze the landslides triggered by the 2018 Lombok (Indonesia) seismic
sequence. I use high-resolution satellite imagery to map 4823 landslides triggered after
the 05/08/2018 event (M,, 6.9) and 9319 landslides after the 19/08/2018 event (M,, 6.9). 1
analyze the distribution and evolution over time of landslide density and landslide area per-
centage. Despite the significant increase in number and cumulative area of the landslides,
the 05/08 and 19/08 events share the maximum dimension of individual landslides; this
suggests that the maximum intensity is equal for the two events, i.e., X on the Environ-
mental Scale Intensity scale. I compare the distribution of landslides with macroseismic
information provided by eyewitnesses through online questionnaires. Finally, I investigate
the role of earthquake environmental effects within seismic sequences, showing that effects
on the natural environment provide complementary information with respect to traditional
intensity and felt reports.

Keywords Coseismic landslide - ESI scale - Earthquake environmental effects - Internet
macroseismology - Lombok

1 Introduction

Earthquakes and earthquake-induced environmental effects are the deadliest natu-
ral phenomena, and since 2000 they caused over 720 thousand fatalities and 530 bil-
lion dollars of losses worldwide (CRED 2019). Moderate-to-strong earthquakes are
often accompanied by diffuse effects on the environment, such as surface faulting and
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landslides. These impact roads and communication networks, affecting the accessibil-
ity and effectiveness of rescue operations during the emergency phase and after the
earthquake.

Recent seismic sequences show a high degree of complexity, in terms of spatial
and temporal evolution of the earthquakes (e.g., the 2016-2017 Central Italy sequence:
Civico et al. 2018), number of ruptured faults (2016 Kaikoura—New Zealand event:
Hamling et al. 2017) and distribution of earthquake-triggered effects (2016 Hok-
kaido—Japan: Yamagishi and Yamazaki 2018; 2018 Palu—Indonesia: Heidarzadeh
et al. 2018). These events somehow surprised the scientific community, telling us
that our knowledge is still limited. A critical outcome is that the effects of complex
sequences, characterized by repeated events in a short time interval (days to months),
are not fully addressed in seismic hazard assessment practices.

Landslides are among the most impacting earthquake environmental effects, (EEEs)
and the number of earthquakes fatalities is significantly higher if subsequent landslides
are triggered (Budimir et al. 2014). Areas impacted by earthquakes become also more
prone to landsliding due to subsequent events (earthquakes, rainfall, typhoons, e.g.,
Lin et al. 2006; Chang et al. 2007). For these reasons, building comprehensive land-
slide inventories is essential for hazard assessment (Harp et al. 2011). The use of opti-
cal and satellite remote-sensed imagery associated with GIS mapping is particularly
effective, due to the timely image acquisition which enables the distinction between
coseismic features and later movements. Landslide inventories have been compiled
for dozens of earthquakes, and global comparisons have been proposed as well (e.g.,
Keefer 1984; Rodriguez et al. 1999; Malamud et al. 2004; van der Eeckhaut et al.
2007; Harp et al. 2011; Parker et al. 2011; Xu et al. 2013, 2014; Tanyas et al. 2017 and
references therein).

Damage produced by earthquakes is assessed through intensity scales, which tra-
ditionally are based on the effects on humans, buildings and nature (Wood and Neu-
mann 1931; Musson et al. 2010). Currently, environmental effects are overlooked
and intensity is mainly assigned from the effects on man-made structures (e.g., EMS
scale, Griinthal 1999). On the contrary, the ESI scale (Environmental Scale Intensity;
Michetti et al. 2007; Audemard et al. 2015; Serva et al. 2016; Serva 2019) is based
only on EEEs and complements the information provided from traditional, damage-
based intensity scales. Beside traditional field surveys, Web-based questionnaires
allow to collect a high number of macroseismic data, provided by citizens who felt an
earthquake (DYFI “Did You Feel It” approach) and generally expressed in terms of
CDI (Community Decimal Intensity; Wald et al. 1999).

Here, I analyze the sequence of M,, > 6.0 earthquakes that hit the Lombok (Indone-
sia) Region in July—August 2018. This paper aims to:

1. Evaluate the number, extent and spatial distribution of earthquake-triggered landslides
and assess the maximum intensity through the ESI scale; two inventories are built,
related to landslides triggered after the first strong shock and at the end of the seismic
sequence.

2. Compare the results of point (1) with the intensity derived from DYFI data.

3. Move toward a generalization, investigating the role of EEEs within complex seismic
sequences.
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2 Regional setting and the 2018 Lombok seismic sequence
2.1 Seismotectonic setting

Lombok lies in a complex structural setting dominated by the collision between Aus-
tralian Plate and Sunda Block (Fig. 1), which occurs at a rate up to 70 mm/a. Plate
motion is partitioned between megathrust subduction to the S and a 2000-km-long zone
of back-arc thrusting to the N (e.g., Koulali et al. 2016). The latter includes the Flores
and Wetar Thrusts (Silver et al. 1983; McCaffrey and Nabelek 1987). The Flores Thrust
zone encompasses a sequence of imbricated faults running in an E-W direction and
marking the transition between subduction of oceanic crust to the W and continental
collision to the E (Jones et al. 2014). Slip rates along the Flores Thrust are in the order
of 10-20 mm/a, according to GPS measurements (Koulali et al. 2016).

The Flores Thrust was responsible for several strong earthquakes in historical times,
including a sequence of events in 1815, 1818 and 1820 (Griffin et al. 2018) and the 1992
Flores event (M,, 7.9; Beckers and Lay 1995), which generated a destructive tsunami. A
maximum magnitude of M, > 8.0 is proposed for the Flores Thrust (Nguyen et al. 2015;
Griffin et al. 2018), based on the analysis of damage caused by past earthquakes and
ground motion modeling.
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Fig.1 a Seismotectonic setting of the Lombok region: Black arrow shows relative motion between Aus-
tralian Plate and Sunda Block; topography is from ESRI Ocean Basemap, the black rectangle is the area
enlarged in b and ¢. b Overview of the 2018 seismic sequence. The area where landslides have been
mapped is also shown. Focal mechanisms are from USGS. ¢ Slope map derived from SRTM elevation
model. d Monthly rainfall for the year 2018 (PRECL data)
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2.2 The study area

The area investigated in the present research lies between latitude 8§°15-8°35’S and lon-
gitude 116°0'0"-116°40'0"E (Fig. 1b); it occupies the northern part of Lombok Island
for a total of 1798 km? and coincides with the region potentially susceptible to land-
sliding, due to the significant topographic relief (Fig. 1c). The area is dominated by
the Rinjani Volcanic Complex, comprising Mt. Rinjani (3726 m asl) and the Samaras
caldera presently occupied by Lake Segara Anak and resulting from a Plinian eruption
occurred in 1257 (Lavigne et al. 2013). The investigated area lies entirely on volcanic
rocks, including tuffs, lavas, volcanic and pyroclastic deposits of Mt. Rinjani (Mangga
et al. 1994). The average slope is 16°; highest values occur on the shores of Lake Segara
Anak and in the eastern part of the investigated area.

Lombok is highly susceptible to landsliding due to the rugged mountainous terrain,
the presence of weathered volcanic sediments and the humid tropical climate (Cepeda
et al. 2010). Temperatures are almost constant throughout the year (27-33 °C); precipi-
tation concentrates between November and March, whereas the dry season is between
April and October (see Fig. 1d for 2018 rainfall data). The inner part of the island is
covered by dense vegetation and hosts spare population; on the contrary, the flat coastal
region shows a high degree of vulnerability due to the significant population and
infrastructures.

2.3 The 2018 earthquakes

In July—August 2018, the Lombok region was hit by four M, > 6.0 earthquakes in less
than one month (Fig. 1b, Table 1). The seismic sequence started on 28/07/2018 with
a M, 6.4 event with epicenter located inland; on 05/08/2018, a M,, 6.9 event occurred
8 km to the SW and on 19/08/2018, two events (M,, 6.3 and M, 6.9) struck 15 km to the
SE of the first shock. All the events present a thrust mechanism and nucleated at a depth
of 14-34 km along the Flores Thrust zone.

Permanent ground deformation revealed by Insar analysis reaches up to 40 cm of
line-of-sight displacement after the 05/08 event (GSI, 2018). According to Shakemap
models (USGS 2018), ground motion reached 0.4 g and 0.7 g in the 05/08 and 19/08
events, respectively. A small tsunami with waves up to 50 cm was observed after the
05/08 event. The sequence caused 588 fatalities (CRED 2019) and widespread damage.

Table 1 Summary of the

M,,> 6.0 events occurred during
the 2018 Lombok seismic
sequence. Data from USGS

Date Hour Latitude  Longitude  M,,  Depth

28/07/2018  22:47:38  —8.24 116.508 6.4 14
05/08/2018 11:46:38  —8.258 116.438 69 34
19/08/2018  04:10:22  —8.337 116.599 6.3 16
19/08/2018  14:56:27  —8.319 116.627 69 21
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3 Materials and methods
3.1 Landslide inventories

Landslides were digitized on a GIS platform based on computer screen-based visual
interpretation of high-resolution aerial images. Sentinel-2 data (10 m resolution) were
used to obtain a regional overview of triggered landslides, whereas mapping was real-
ized over PlanetScope (3 m resolution) imagery. Ortho-rectified 4-band multispectral
tiles were used (Planet Team 2017), selecting those with low cloud coverage. Few
meters of misalignment between satellite images were observed; this issue is negligible
for the scope of the present paper, because it does not affect landslide number or area.

Landslide identification was based on the analysis of contrast in color and texture
between pre-event imagery and post-event imagery; shallow landslides are clearly
recognizable on aerial imagery because they stripped off the vegetation, resulting in
denuded regions. For realizing the inventory of landslides triggered by the 05/08 event,
I used PlanetScope images acquired on 08/08/2018. This inventory follows the M, 6.4
event of 28/07/2018 and the M, 6.9 event of 05/08/2018; a complete mapping of fail-
ures induced by the 28/07 event was not possible due to persistent cloud cover; however,
no significant landslides are recognized in the cloud-free portions of available imagery
for the 01/08/2018 event. Thus, the mapped landslides are largely the result of the M|,
6.9 event of 05/08/2018, as already pointed out by Ganas et al. (2018). Preexisting land-
slides were recognized from images taken in July 2018 (before the first shock); these
were included in the inventory only if they were reactivated by the sequence.

For the inventory of the 19/08 event, I used images acquired between 20/08/2018
and 27/09/2018. Since post-earthquakes’ images are taken within 1 month following the
sequence and in the dry season (August and September precipitation: 1.75 and 0.28 mm/
day; Fig. 1d), very few non-seismic landslides are expected.

Following the guidelines proposed in the literature (Malamud et al. 2004; Harp et al.
2011), all individual landslides were represented as polygons and mapped as long as
they can be recognized from images. To avoid biases related to amalgamation (Marc
and Hovius 2015), multiple polygons were drawn when small failures coalesce into a
larger landslide.

In order to analyze the spatial characteristics of landslide distribution, two descrip-
tors were adopted: landslide density and landslide area percentage (LAP). First, a grid of
1 km X 1 km squares was created; then, landslide density was computed as the number of
individual landslides per unit area; landslide centroids were used for data computation.
LAP is the percentage of the area covered by the landslide polygons.

Landslide polygons are provided as supplementary material in kmz format.

3.2 Macroseismic intensity assessment

Seismological information and maps of expected ground motion (shakemaps) and ground
failures (landslides and liquefaction) were retrieved from the USGS Web site. Intensity
reported by eyewitnesses through the compilation of online questionnaires (DYFI—“Did
You Feel It” approach, Wald et al. 1999) was downloaded as aggregated intensities in geo-
coded boxes using UTM coordinate boundaries of 1 km size. Data are expressed in CDI
scale (Community Decimal Intensity).

@ Springer



580 Natural Hazards (2019) 98:575-592

The spatial distribution of landslides and DYFI data was then compared to the popu-
lation density determined from the Landscan database of global population distribution.
Landscan represents an ambient population (average over 24 h) distribution with a spatial
resolution of about 1 km? (30" x30").

4 Results
4.1 Distribution of earthquake-triggered landslides

The 05/08 inventory comprises 4823 landslides, whereas after the 19/08 events, 9319 land-
slides are mapped throughout the investigated area; the majority of mapped landslides is of
the shallow disrupted type. Landslides concentrate on steep slopes, and the most affected
area lies along a NW-SE-oriented region W of Mt. Rinjani (Fig. 2). Very few landslides
are located in the coastal region, mainly along river channels (Ganas et al. 2018; Fig. 2f).
Following Malamud et al. (2004), a landslide magnitude scale is defined as the loga-
rithm to the base 10 of the total number of landslides (V1) associated with the event:

my, = log,, (NLT)

The resulting landslide magnitudes for the 05/08 and 19/08 events are 3.68 and 3.96,
respectively.

Summing up the areas of individual landslides, a total of 4.88 and 10.25 km? (i.e.,
0.3-0.6% of the investigated area) is obtained for the 05/08 and 19/08 events. The average
area of individual landslides is 1012 and 1100 m?, respectively.

The most significant landslide in terms of area is a complex slope movement 3 km SE
of Mt. Rinjani, occupying 150,000 m? (i.e., 1.4% of the total landslide area; Fig. 2d). The
average concentration is 2.7 and 5.2 landslides/km?. Maximum values are 76 and 84 land-
slides/km? for the 05/08 and 19/08 inventories.

Figure 3 presents the thematic maps of landslide density and landslide area percentage
(LAP) for the 05/08 and 19/08 inventories. The LAP matches well with landslide density,
showing high values (up to 15.3 and 20.3% for the 05/08 and 19/08 inventories) in the same
region. A general trend of increasing LAP with increasing landslide density is observed (R*
0.4; Fig. 3c); obvious outliers are individual very wide landslides (low-density, high LAP,
e.g., Fig. 2d) and numerous small movements aligned along watercourses (high-density,
low LAP, e.g., Fig. 2f).

The landslide inventories realized in the present study can be compared with the outputs
of the ground failure model developed by USGS, which provides near-real-time estimates
of earthquake-triggered landslide and liquefaction hazard following significant earthquakes
worldwide (Nowicki Jessee et al. 2018). The USGS model seems to underpredict the actual
effects, because significant landslide hazard (estimated area exposed to hazard: 25 km?) is
expected for the 05/08/2018 event, but limited hazard (estimated area <2 km?) is expected
for the 19/08 events. The spatial distribution of expected landslides differs from the actual
distribution, because the highest hazard is expected on the shores of Lake Segara Anak and
in the NE part of Lombok Island; on the contrary, the region most extensively impacted lies
where low hazard is expected. These discrepancies highlight the need of further increasing
the performance of ground failure models (Tanyas et al. 2017).

Starting from the two inventories, I compute an area—frequency distribution, according
to the equation (Malamud et al. 2004):
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where N is the total number of landslides in the inventory and 8N is the number of land-
slides with area between A; and A +0A; ; a log-linear increase between A; and A; + 64, is
adopted, so that bin width is equal in logarithmic coordinates. Size frequency distribution
typically exhibits a negative power-law scaling for moderate to large landslides and a posi-
tive power-law scaling for small landslides, separated by a rollover representing the modal
average of the dataset. This fact has been documented for several case histories (e.g., Mala-
mud et al. 2004; van der Eeckhaut et al. 2007; Xu et al. 2014; Massey et al. 2018; Roback
et al. 2018; Valagussa et al. 2019).

For the Lombok case (Fig. 2g), the rollover corresponds to 200-400 m?. For values
above the rollover, the exponent of the power-law scaling (i.e., slope of the area—frequency
curve) is —2.29 and —2.41 for the 05/08 and 19/08 inventories, respectively. These values
agree with those reported for other inventories worldwide (exponent of —2.3 +0.6; van der
Eeckhaut et al. 2007), suggesting a near complete landslide inventory.

Given the number of landslides triggered by an earthquake, Malamud et al. (2004)
proposed equations to estimate the total landslide area and largest landslide area. Con-
sidering the 4823 and 9319 landslides triggered by the 05/08 and 19/08 events, a total
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landslide area of 14.72-28.41 km? and the largest landslide area of 0.47-0.75 km?
are expected. Observed values are slightly lower than predicted ones (total area
4.87-10.39 km?; largest individual landslide 0.15 km?), possibly due to the limited area
prone to landsliding or inherent variability in landslide occurrence in different events.

4.2 “Did You Feel It” data

Figure 4 presents the distribution of intensity data derived from online questionnaires
and collected as average intensities on a 1-km? grid. Data are expressed as Commu-
nity Decimal Intensity which, contrary to other macroseismic scales, results in decimal
rather than ordinal values of assigned intensities. When compared to the area investi-
gated for landslide occurrence, DYFI data cover a much larger region, with reports up
to 1800 km far from the epicenter. For the 28/07 and 19/08 events, over 75% of the data
belong to intensity lower than 5, whereas for the 05/08 event this percentage decreases
to 37% (Fig. 4d). Highest values reach CDI intensity of 8.6, 9.1 and 7.3 for the 28/07,
05/08 and 19/08 events, respectively.
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5 Discussion
5.1 Evolution through time: the cumulative effect

The occurrence of multiple earthquakes in a short time interval inherently affects the
assessment of earthquake effects and their areal distribution. This fact has significant con-
sequences (1) when earthquakes within a seismic sequence are quite distant, enlarging the
affected areas and (2) for pre-instrumental seismic sequences, where source parameters are
directly derived from earthquake effect, lacking instrumental observations.

In Fig. 5a, I show an example of the evolution in time of the landslides triggered by
the Lombok seismic sequence for a 1-km2-wide region: the pre-event imagery, taken on
02/07/2018, shows no sign of preexisting landslides; after the 05/08 event (i.e., imagery
taken on 08/08/2018), several slope movements can be recognized; finally, in the imagery
taken on 13/09/2018, the number and dimensions of landslides are sensibly increased.

The progression of landslide density and LAP between the two inventories is shown
in Fig. 5b, ¢, respectively. Each point represents the value of a single 1 km? cell used
for density and LAP computation; if no changes occurred between the 05/08 and 19/08
inventories, the points are aligned along the 1:1 line. The graphs show indeed a noticeable
increase: The 19/08 inventory contains a number of individual landslides twice than the
05/08 inventory, resulting in higher density and LAP.

In this study, I quantitatively compared landslide inventories obtained during and at
the end of a seismic sequence; this approach can be successfully exported elsewhere for
studying the cumulative effect of repeated earthquakes. The possibility to accurately map
individual landslides and their evolution over time is a trade-off between data availability
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Fig.5 a Example of the evolution of landslide occurrence before, during and after the seismic sequence
(PlanetScope imagery), see Fig. 3 for location; b Landslide density changes between the 05/08 and 19/08
inventories; ¢ LAP changes between the 05/08 and 19/08 inventories
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and the evolution of the seismic sequence. Satellite imagery should be acquired as soon as
possible after the earthquake, but persistent cloud cover and satellite revisiting time can
be limiting factors. Field surveys can be difficult due to terrain ruggedness and damage on
road networks and infrastructures.

5.2 Intensity assessment: ESI scale and comparison with Community Decimal
Intensity

I used landslide density and LAP to define the maximum intensity, according to the ESI
scale guidelines (Table 2; Michetti et al. 2007, Serva et al. 2016). Hancox et al. (2002)
developed criteria for assessing macroseismic intensity (MM—Modified Mercalli scale)
from landslide distribution of historical earthquakes in New Zealand. More recently, Xu
et al. (2013) quantified thresholds for intensity assessment in terms of landslide concen-
tration and LAP for the 2008 Wenchuan earthquake. Here, I do not provide quantitative
thresholds due to: (1) the slightly different information given by landslide density and LAP
(Fig. 3c¢), (2) the difficulty in comparing various macroseismic scales (e.g., Xu et al. 2013
is based on the Chinese intensity scale) and (3) the fact that for intensity higher than X, ESI
intensity is based on the total area affected by landslides, rather than the dimension of indi-
vidual landslides or their total number (Table 2).

The definition of the ESI intensity class is based mainly on two criteria: (Table 2): (1)
dimension of individual landslides in terms of volume and (2) total dimension of the area
affected by landslides. For the Lombok case history, the latter criterion cannot be applied
because offshore regions prevent the possibility to obtain a complete macroseismic field.
This problem is commonly encountered in coastal regions, either using damage-based CDI
or ESI scales.

In the present study, the evaluation of maximum ESI intensity is based on the dimen-
sion of the biggest landslide (Fig. 2d): This has a 150,000 m? area and was triggered by
the 05/08 event. No bigger landslides result from the 19/08 event; thus, I assign a maxi-
mum ESI intensity of X to both the 05/08 and 19/08 events. This value is higher than CDI
intensity either for the 05/08 and 19/08 events. For intensities higher than X, traditional
scales tend to saturate, and thus, environmental effects represent the better way to assess
macroseismic intensity (Michetti et al. 2007; Papanikolaou and Melaki 2017). Previous
studies also found that in the epicentral region, ESI is higher than damage-based intensity
(Sanchez and Maldonado 2016; Chunga et al. 2018). Beside saturation phenomena, it must
be recalled that CDI values are aggregated intensities rather than individual datapoints,
possibly affecting the maximum values.

Another result worth mentioning is that the CDI values of the 19/08 event are lower than
that of 05/08 event and that very few reports derive from West Lombok (Fig. 4c). Despite
differences in seismological parameters (e.g., wave path, directivity) cannot be ruled out, a
plausible explanation is that the 19/08 event struck a region already severely damaged by
the previous events, and thus, people evacuated the area when the seismic swarm started
and/or are unable or not willing to contribute their response to the USGS website.

Figure 6a shows the population density of Lombok Island and nearby regions. The
southern part and the entire coastal area of Lombok are densely inhabited (thousands of
people per km?), whereas the mountainous northern half of the island has a very low pop-
ulation density. When analyzed according to population density, DYFI data and mapped
landslides are clearly complementary (Fig. 6b, c): Of the over 700 DYFI data used in the
present study, one single point lies in the area investigated for landslide occurrence. More
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Fig.6 a Population density of the study area (Landscan database); b frequency of DYFI data according to
population classes; ¢ frequency of landslides according to population classes

than 90% of DYFI data correspond to population density higher than 100 people/km?,
whereas more than 90% of mapped landslides lie in region with less than 100 people/km?.

5.3 Moving toward a generalization: the role of environmental effects
within seismic sequences

Complex seismic sequences pose a relevant challenge in terms of risk evaluation and miti-
gation, because the impact at the end of the sequence can be much worse than after the
mainshock. The current practice in seismic risk assessment is not tailored to deal with
complex seismic sequences, given the Poissonian assumption and earthquake catalog
declustering (Guidoboni and Valensise 2015).

For instance, the 19/08 events struck an area already hit by previous shocks, which
changed the vulnerability of the physical and the built environments. The progression of
damage is closely related to the spatial and temporal evolution of the seismic sequence. If
a built structure is already damaged by an earthquake and then hit by a subsequent event, it
is not possible to isolate the damage associated with the last event; damage assessed at the
end of the sequence thus reflects the cumulative effect (Rossi et al. 2019).

Similarly, if a landslide is reactivated after each shock, it is possible to retrieve the
cumulative landslide dimension; to ascertain the contribution of each shock is problematic,
because one should evaluate to which extent vulnerability has changed after the former
shocks. Nevertheless, the spatial distribution of landslides triggered by each event offers
useful insights. The upper bound of expected landslide occurrence as a function of magni-
tude (Keefer 1984) can be related to the area affected by EEEs as defined in the ESI scale
(Table 2). In Fig. 7, I use the 2018 Lombok and 2015 Gorkha (Nepal) seismic sequences as
case histories.

Let us discuss the Lombok case at first. For a M, 6.9 event, landslides are expected
in a ca. 12,000-km?-wide region, which corresponds to the boundary between intensity

@ Springer



588 Natural Hazards (2019) 98:575-592

(a) Lombok 2018 sequence (d) Gorkha 2015 sequence
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Fig.7 a 2018 Lombok epicenters; b expected areas of landslide occurrence as a function of moment mag-
nitude (left axis; Keefer 1984) and comparison with ESI intensity degrees (right axis); ¢ schematic sketch of
the regions where landslides are expected, given the epicenter location shown in a; d—f same as a—c applied
to the 2015 Gorkha (Nepal) sequence

XI and XII on the ESI scale. For M,, 6.3-6.4, the area affected by landslides is up to
2800-3600 km?, i.e., ESI IX. In Fig. 7c, I draw circles around the epicenters of the Lom-
bok events, with radius equivalent to the expected maximum distance obtained from Keef-
er’s relations, assuming azimuthal symmetry (i.e., a circular area). The circles largely over-
lap due to the closeness of the epicenters, and the total affected area is slightly larger than
the area expected from a single M, 6.9 event.

In Fig. 7d—f, I apply the same approach to the 2015 Gorkha seismic sequence. A M,,
7.8 event occurred on 25/04/2015 along the Main Himalayan Thrust, followed by several
aftershocks, including a M, 7.3 on 12/05/2015, located 140 km to the E-SE (Martha et al.
2017; Roback et al. 2018). The sequence caused more than 15,000 landslides, which were
mapped from high-resolution satellite data. Landslides triggered by the mainshock and the
M,, 7.3 aftershock were separately identified (Martha et al. 2017).
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For the Gorkha case study, the area affected by landslides can be compared also with
the areas where a certain intensity is expected. Szeliga et al. (2010) developed an inten-
sity attenuation relation, where intensity (expressed as EMS-98—FEuropean Macroseis-
mic Scale, Griinthal 1999) is calculated as a function of moment magnitude M,, and
hypocentral distance R according to the following equation:

I'=a+bM,+cR+dlogR

For the Himalayan Region, a=6.05+0.94, b=1.11+0.10, ¢=-0.0006+0.0006 and
d=-3.91+0.38. Solving the equation for M,, magnitude can be calculated for each
intensity class for a set of hypocentral distances. Assuming a circular area of macroseis-
mic fields, I compute the areas encompassed by each isoseismal; the results are plotted in
Fig. 7e.

For a M,, 7.8 event, landslides are expected in a 83,000 km? wide area (up to 160 km
from the epicenter), and for a M, 7.3 in a 29,500 km? wide area (up to 96 km from
the epicenter), which correspond to the area encompassed by the isoseismal VI on the
EMS-98 scale (Fig. 7e; Szeliga et al. 2010). From Fig. 71, it is evident that the cumula-
tive area where landslides are expected extends 100 km to the E than the one assumed
for the strongest shock.

6 Conclusions
The conclusions arising from the present study can be summarized as follows:

e | compiled two landslide inventories, pertaining to the 05/08 and 19/08/2018 events
that hit the Lombok region; they include 4823 and 9319 polygons, with a total area
of 4.87 and 10.39 km?, respectively. I compute landslide density and landslide area
percentage on a 1-km? grid, and I analyze the evolution over time as well.

e ] assessed the maximum ESI intensity as X for the two events. The spatial distribu-
tion of earthquake-induced landslides is complementary to felt reports gathered by
USGS through the DYFI approach.

e | evaluate the role of earthquake-triggered landslides as a tool to investigate the
cumulative pattern of damage caused by complex seismic sequences.

e Earthquake environmental effects and the ESI scale can flank information deriving
from effects on humans and the built environment, allowing to comprehensively cap-
ture the complexity of seismic sequences, particularly in remote areas. In this sense,
the timely acquisition of integrated datasets and the realization of comprehensive
inventories of environmental effects will ultimately improve seismic risk assessment
and mitigation.
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