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Abstract Earthquake-induced landslide (EQIL) inventories are essential tools to extend our knowledge of
the relationship between earthquakes and the landslides they can trigger. Regrettably, such inventories
are difficult to generate and therefore scarce, and the available ones differ in terms of their quality and level
of completeness. Moreover, access to existing EQIL inventories is currently difficult because there is no
centralized database. To address these issues, we compiled EQIL inventories from around the globe based on
an extensive literature study. The database contains information on 363 landslide-triggering earthquakes
and includes 66 digital landslide inventories. To make these data openly available, we created a repository to
host the digital inventories that we have permission to redistribute through the U.S. Geological Survey
ScienceBase platform. It can grow over time as more authors contribute their inventories. We analyze the
distribution of EQIL events by time period and location, more specifically breaking down the distribution
by continent, country, and mountain region. Additionally, we analyze frequency distributions of EQIL
characteristics, such as the approximate area affected by landslides, total number of landslides, maximum
distance from fault rupture zone, and distance from epicenter when the fault plane location is unknown. For
the available digital EQIL inventories, we examine the underlying characteristics of landslide size,
topographic slope, roughness, local relief, distance to streams, peak ground acceleration, peak ground
velocity, and Modified Mercalli Intensity. Also, we present an evaluation system to help users assess the
suitability of the available inventories for different types of EQIL studies and model development.

1. Introduction

Losses due to earthquake-triggered landslides can be significant, and for some events they exceed losses
directly due to shaking (Bird & Bommer, 2004; Harp et al., 1984). Approximately 70% of all earthquake-related
casualties not caused by ground shaking are caused by landslides (Marano et al., 2010). From 2004 to 2010 a
total of 47,736 earthquake-induced landslide (EQIL) casualties were reported (Kennedy et al., 2015; Petley,
2012). In addition, EQIL commonly have considerable indirect and long-term effects on society and infrastruc-
ture that intensify their overall damage (e.g., Huang & Fan, 2013; Shafique et al., 2016) such as blocked roads
that hamper medical care (Marui & Nadim, 2009), floods from the failure of landslide dams, increased debris-
flow activity (e.g., Shieh et al., 2009; Tang et al., 2016), and downstream river aggradation and associated
flooding (e.g., Korup, 2006).

Papers having both worldwide (Keefer, 1984; Rodriguez et al., 1999) and national (Hancox et al., 2002;
Papadopoulos & Plessa, 2000; Prestininzi & Romeo, 2000) perspectives have established a baseline for under-
standing the relations among EQIL distributions, landslide types, and areas of coverage. However, several
authors have demonstrated that these relationships have high uncertainty, and they are not always valid
(e.g. Barlow et al., 2014; Gorum et al., 2014; Hancox et al., 2002; Jibson et al., 2004; Jibson & Harp, 2012). A
number of explanations have been given to explain this uncertainty. Hancox et al. (2002) stated that the data
used to derive these relationships might be inadequate to characterize the whole world, as the work by
Keefer (1984) was based predominantly on earthquakes in North America, and data sets belonging to differ-
ent climatic, geologic, and topographic conditions may give different results. Jibson and Harp (2012) found
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that landslide distance limits differ between plate boundary earthquakes, which made up most of Keefer's
(1984) data set, and intraplate earthquakes, where seismic wave attenuation is generally much lower.
Furthermore, Gorum et al. (2014) concluded that estimating the number of coseismic landslides from
earthquake magnitude alone remains highly problematic. It is well established that the ground shaking
experienced at a given location depends on numerous factors beyond just magnitude, such as local site con-
ditions, source mechanism, region, depth, and rupture directivity. Therefore, the existence and the reliability
of the input data such as digital elevation model, geologic map, and ground-shaking parameters are also
essential for a comprehensive analysis.

A few authors have started to develop models that take a more complete view of the driving factors (e.g.,
Kritikos et al., 2015; Marc, Hovius, & Meunier, 2016; Nowicki et al., 2014). However, the literature is still
relatively sparse, in part because it is challenging and time consuming to pull together input data sets
(e.g., EQIL inventories) that cover the wide range of conditions under which EQIL occurs. The importance
of different tectonic, geomorphologic, and climatic settings to landslide distribution patterns and the
internal relation between EQIL-related factors such as landslide number, size-frequency distribution,
and total landslide-affected area still requires further investigation using EQIL inventories from many
different environments.

Even though landslide susceptibility assessment using different statistical analyses has become a common
approach, the use of seismic indicators in these analyses to estimate EQIL hazard is still rare (Budimir et al,,
2014; Carro et al., 2003; Gallen et al., 2016; Lee, 2014; Marzorati et al., 2002; Nowicki et al., 2014; Robinson
et al,, 2017). The generation of EQIL hazard maps for new or scenario events is complicated as each earth-
quake has specific characteristics, and existing EQIL inventories only reflect the characteristics of a single
earthquake. For statistical EQIL hazard assessments, many more EQIL inventories are needed to represent
the response to different amounts of ground shaking and regional differences in landslide susceptibility.
Physically based methods are not prone to the same limitations, but the existing models are still rather simple
and focus mainly on shallow landslides by applying the widely used Newmark method (Jibson et al., 2000).
Other models use weighted approaches that combine a number of factor maps but do not use information
on frequency and expected landslide densities (e.g., Kritikos et al., 2015) or utilize statistical approaches that
assume a single relationship between landslide occurrence and susceptibility to landsliding across the globe
(e.g., Nowicki et al., 2014).

A limited number of preliminary studies have used EQIL inventories to produce globally applicable models
for near real-time prediction of seismically induced landslides (Godt et al., 2008; Kritikos et al., 2015; Marc,
Hovius, Meunier, Gorum et al.,, 2016; Nowicki et al., 2014). Though they are not yet sufficiently mature to oper-
ationally inform disaster response after earthquakes, the development of such models benefits greatly from
the availability of past data for model development and testing. The more data available, the better the mod-
els can become.

Beyond its value for the hazard studies, having more EQIL data could also help us to improve our understand-
ing in terms of some other natural processes such as erosion, sediment transportation, landscape evolution,
and climatic and environmental change. For example, Malamud et al. (2004b) relate the magnitude of
earthquakes to erosion rates using EQIL inventories. Parker et al. (2011) analyze the relationships between
coseismic slip, mass wasting, and relief generation considering the landslides triggered by the Wenchuan
earthquake. Marc, Hovius, Meunier, Gorum et al. (2016) use EQIL inventories to derive total landslide volumes
and area affected. Later, Marc, Hovius, and Meunier (2016) use this knowledge to assess seismic mass-balance
over multiple earthquakes. Gallen et al. (2015) suggest the EQIL inventories can be a useful tool to probe the
near-surface environment for spatial patterns of material strength. On the other hand, Schlégel et al. (2011)
try to detect climatic and environmental change by analyzing landslide inventories. Although the authors do
not use particularly the EQIL inventories in their studies, having a larger EQIL database could also provide
opportunity to increase the quality in such studies.

These findings emphasize the importance of collecting EQIL inventories from as many past events as possible
and making them easily accessible to the EQIL community. We can use them to better understand the causal
factors of the landslide distribution under different conditions, which can help determine landslide suscept-
ibility, hazard, vulnerability, and risk, and can provide rapid assessments of landslide densities after an earth-
quake (Guzzetti et al., 2012). Though there are two national scale EQIL databases for Italy (Martino et al., 2014)
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Figure 1. Schematic graph showing the different types of EQIL data sources. The numbers in the lower right corner refer to
the number of EQIL events of each data type currently available to our knowledge.

and New Zealand (Rosser et al,, 2017), currently no global-scale centralized database exists for recording
these events and storing the available inventory maps.

In this work, we strive to overcome and account for some of these issues, which are mainly caused by the
scarcity of data, in order to create an openly available EQIL database and promote progress in this field.
We have compiled 66 digital EQIL inventories from numerous authors. We have created a centralized repo-
sitory using the U.S. Geological Survey’s ScienceBase platform for sharing the inventories that we have per-
mission from the original authors to redistribute.

In the following sections, we present the results of our compilation. First, we summarize the EQIL data sources
and define different data types to categorize them. Based on the available inventories, we analyze EQIL dis-
tributions for different years, continents, countries, and mountain belts. Frequency distributions are pre-
sented for some of the reported EQIL parameters such as total area affected, total number of landslides,
landslide area, maximum distance from fault rupture and epicenter location, slope angle, ruggedness, local
relief, distance to stream, peak ground acceleration (PGA), peak ground velocity (PGV), and Modified
Mercalli Intensity (MMI). We conclude by establishing a schema for evaluating EQIL inventories utilizing pub-
lished standards for ideal inventories (Harp et al., 2011; Xu, 2014), applying this to the EQIL inventories in our
database, discussing implications for using EQIL inventories for a range of applications, and detailing the
ScienceBase repository we created for openly sharing EQIL inventories with the community.

2, EQIL Data Types

Earthquake-induced landslide information is presented in the literature with large variability in detail and
data format because they were generated by many different researchers with different methods, objectives,
and priorities. For some earthquakes, there are comprehensive spatial landslide data available, whereas for
other cases, we cannot even be sure whether a single landslide was triggered. For example, within 1 week
of the main shock of 15 April 2016 in Kumamoto earthquake (M,, = 7), the Geospatial Information
Authority of Japan provided a basic landslide inventory on their web site (http://www.gsi.go.jp/). This swift
provision is attributed to efficient landslide interpretation and mapping using ortho-photos, produced by
digital aerial photos, Global Navigation Satellite System and Inertial Measurement Unit measured aerial trian-
gulation, and semi-automated mosaic image producing. On the other hand, for the earthquake of 7
December 2015 that occurred in mountainous region of Tajikistan (M,, = 7.2), no information on landslide
occurrence is available. Because of gaps such as this, there are an unknown number of undocumented events
in addition to the known EQIL events presented here.

Figure 1 illustrates how we can evaluate information obtained from different sources. The first major division
separates earthquakes with or without reported landslides. Depending on this division, we have defined five
types of data sources ranging from Type 1 to Type 5.
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Landslide inventory maps are the most useful EQIL data source. Ideally, they contain records on the location,
date of occurrence, and attribute information such as age, depth of failure, degree and style of activity, and
landslide type for each mapped landslide (Guzzetti et al., 2000; Guzzetti et al.,, 2012; Hansen, 1984; McCalpin,
1984; Pasek, 1975; Wieczorek, 1984). However, to our knowledge, no EQIL inventory satisfies all these ideal
conditions. In reality, ancillary information such as landslide size and (or) type can be presented at best in
high-detail EQIL inventories. In this study, we have named these high-detail inventories data source Type 1
(Figure 1). However, such inventories are compiled for few earthquakes that trigger landslides, and we
observe that many of the available inventories lack the relevant attribute information. We have named these
low-detail inventories data source Type 2 (Figure 1).

In this study, we have collected either the digital or hardcopy versions of the inventories after contacting the
authors or organizations producing the inventories. We have converted the hardcopy inventory maps to
shape files that can be used in a GIS. As a result of these efforts, we were able to collect EQIL digital inventory
maps for 46 earthquakes (Figure 2 and Table 1). For some earthquakes, multiple inventories are available
from different sources; therefore, we have 64 digital EQIL inventories that can be classified as either Type-1
or 2-data. More EQIL inventories have been produced, but the originators of these data either did not
respond, declined to share their inventories, or we did not know about them.

In several cases, the publications describing EQIL do not contain actual inventory maps, and only the general
characteristics of the landslide distribution are given (Type-3 inventories). For example, Keefer (1984) used 40
EQIL inventories in his study. Although this is one of the few global-scale EQIL studies, only a limited number
of inventory maps referred to in this study are accessible today. D. K. Keefer (written communication(s), 2016)
indicated that EQIL inventory maps were only available for a few of the 40 reported earthquakes, and the
general relations and conclusions reported were pieced together from various resources, listed in Keefer
and Tannaci (1981). Information from the general characteristics of these events can still be significant,
and thus we add the Type-3 events to our database. Because EQIL characteristics cannot be directly verified
from an inventory, Type-3 events might introduce more uncertainty and outliers into the observations, and
thus these data should be used with care. We carried out an extensive literature review of EQIL events and
were able to find an additional 89 earthquakes having at least one reported EQIL inventory (Type 3 in
Figure 1). We have extracted some landslide characteristics for these events, such as the approximate
landslide-affected area, the total number of landslides, and the maximum landslide distance to the epicenter
and rupture zone. Additionally, we listed fault types, earthquake magnitude, and focal depth for these events.
The complete list is presented in Table S1 in the supporting information.

In addition to the above mentioned EQIL data types, for some earthquakes we only know of the existence of
triggered landslides without any other information. For these events, we do not have reliable qualitative,
quantitative, or spatial information on the triggered landslides. We have named this data source Type 4
(Figure 1). Marano et al. (2010) compiled such events in their study; they used the catalogue of the U.S.
Geological Survey’s Prompt Assessment of Global Earthquakes for Response (PAGER) system, PAGERCAT
(Allen et al., 2009). This database was compiled from news reports and official sources available at the time
of publishing. Based on this catalogue, 276 earthquakes from 1968 to 2008 had confirmed EQIL occurrences,
of which 51 overlap with events classified as Type 3, Type 2, or Type 1. Therefore, the database from Marano
et al. (2010) contributes 225 additional landslide-triggering earthquakes (Figure 2), giving a total of 363
reported EQIL events.

It is also useful to collect data on null events (earthquakes in mountainous environments that did not trig-
ger landslides) in order to understand the causes and mechanisms of EQIL. If no landslides are reported for
a particular earthquake, it may be that the earthquake did not cause any landslides, or that it did but the
landslides were not documented. We classify these as Type 5 (Figure 1). However, no official recording pro-
cedure exists for earthquakes that do not trigger landslides. Therefore, identifying null events with certainty
is not possible.

3. Analysis of EQIL Characteristics

In what follows, we review the characteristics of the EQIL events presented in this database, discussing gen-
eral aspects of each inventory; important characteristics to consider before utilizing these data are discussed,
including specific features of EQIL inventories of Type 1 and Type 2.
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M All reported EQIL events (Type-1, Type-2, Type-3 & Type-4) M Digitally available EQIL inventories (Type-1 & Type-2)
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Figure 3. Number of reported EQIL events and digitally available EQIL inventories shown by (a) 10 year period, (b) region, (c) country, and (d) mountain belt.

3.1. Analysis of Reported EQIL Events

Although our database of 363 reported EQIL events includes events as early as the 1840s, more than 85%
of the known events were documented after 1975 (Figure 3a). Since that time, innovations in data acqui-
sition systems and remote sensing techniques have led to a sharp increase in the quantity of reported
EQIL events and digitally available inventories. Because the data provided from the PAGER system only
covers 1968-2008, and we divide the data into 10 year intervals, an artificial decrease is shown in the
number of reported events occurring after 2005 (Figure 3a). Work is ongoing to continue the PAGER-
related work for the period from 2008 until present.

Overall, only 10% of reported EQIL events have available digital inventories. About 90% of the reported
EQIL events are from America, Oceania, and Asia. Only a few inventories are available for Europe, and
none exist for Africa (Figure 3b and Table 2). About half of the inventories come from the USA,
Japan, New Zealand, China, Iran, Taiwan, and Indonesia (Figure 3c and Table 2). For both Iran and
Indonesia, only one digital inventory is available, although almost 20 EQIL events were reported
for each.

From a morphological point of view, about 80% of all reported events and inventories belong to major moun-
tain belts (Figure 3d and Table 2), such as the Andes, Himalayas, Sierra Madre, Japanese Alps, U.S. Coast
Range, New Zealand Southern Alps, and Zagros Mountains.

TANYAS ET AL.

EARTHQUAKE-INDUCED LANDSLIDE INVENTORIES 1998



@AG U Journal of Geophysical Research: Earth Surface

10.1002/2017JF004236

Table 2

Number of EQIL Reported Events by Country, Region, and Mountain Belt

Country # of Inv/# of Eqs® Region (# of Inv/# of Eqs®) Mountain Belt # of Inv/# of Eqs®
Canada 0/2 North America (9/44) Alaska Range 1/3
Appalachian Mountains 0/3
Cascade Range 0/5
Coastal Mountains 0/1
United States 9/42 Coast Range 6/15
Rocky Mountains 0/2
Sierra Nevada 1/3
Argentina 0/2 South America (3/36) Andes 3/37
Bolivia 0/1
Chile 2/11
Colombia 0/7
Ecuador 0/5
Peru 1/9
Venezuela 0/1
Costa Rica 1/5 Central America and Caribbean Island (8/30) Sierra Madre 4/24
Dominican Rep. 0/1
El Salvador 3/7
Guatemala 1/7
Haiti 2/1
Mexico 1/7
Nicaragua 0/1
Panama 0/1
Bangladesh 0/1 North, East, South, and Southeast Asia (29/113) Alishan Range 2/3
Altay Mountains 0/3
China 10/19 Caucasus 0/7
Central Mountain Range 0/10
India 1/6 Cordillera Central 0/4
Dalou Mountains 3/3
Indonesia 1/16 Himalayas 8/35
Japanese Alps 7/20
Japan 11/37 Kunlan Shan 0/2
Myanmar 0/1 Qinling Mountains 1/3
Nepal 5/4 Pegunungan Barisan 1/7
Philippines 0/7 Xueshan Range 0/5
Russia 0/3 Sierra Madre 0/1
Taiwan 2/18 Tien Shan 0/7
Afghanistan 0/11 West and Central Asia (3/64) Eastern Black Sea Mountains 0/4
Armenia 0/1
Cyprus 0/1 Elburz Mountains 0/6
Georgia 0/6
Iran 1/19 Sulaiman Range 0/1
Kyrgyzstan 0/1
Pakistan 3/7 Tiamat Ash Shan 0/2
Palestine 0/1
Tajikistan 0/5 Toros Mountains 0/6
Turkey 0/9
Uzbekistan 0/1 Zagros 1/13
Yemen 0/2
Guam 0/1 Oceania (5/44) Central Range (Pegunungan Maoke) 1/11
New Zealand 4/28
Papua New Guinea /11
Solomon Island 0/1 Southern Alps 3/14
Vanuatu 0/3
Bosnia and Herzegovina 0/1 Europe (8/26) Alps 1/7
Croatia 0/1
France 0/1 Appenines 4/6
Greece 1/6
Iceland 0/1 Cambrian Mountains 0/1
Italy 6/10
Romania 0/1 Carpathian 0/1

TANYAS ET AL.
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Table 2. (continued)

Country # of Inv/# of Eqs® Region (# of Inv/# of Eqs?) Mountain Belt # of Inv/# of Eqs®
Slovenia 0/2

Serbia 0/1 Dinaric Alps 0/3

Spain 11 Pindus Mountains 0/6

United Kingdom 0/1 Vatnajokull 0/1
Algeria 0/1 North Africa (0/2) Atlas Mountains 0/2
Morocco 0/1 Drakensberg 0/1

South Africa 0/1 Ethiopian Highlands 0/1

Sudan 0/1 Sub-Saharan Africa (0/4) Kenyan Highlands 0/2
Uganda 0/1

@Number of digitally available EQIL inventories/number of reported EQIL events.
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3.2. Analysis of Reported EQIL Characteristics

Here we examined the relation between documented characteristic features of Type-1, Type-2, and Type-3
EQIL events (Figure 1) and four parameters that are reported for the majority of the events (Table S1): the
approximate area affected by landslides, the total number of landslides, the maximum distance from the
fault-rupture zone, and the epicentral distance. To calculate the approximate area affected by landslides,
we defined a polygon including the all landslides for the analyzed inventory and calculate the area of that
polygon. For the maximum distance measures, we took the farthest landslide and calculated its perpendicu-
lar distance to the fault-rupture zone and earthquake epicenter. To identify the fault-rupture zone, we used
the fault trace if there is no surface rupture. For Type-1 and Type-2 events, we obtained the available fault
plane/surface rupture and epicenter location from the literature.

Figure 4 shows the frequency distribution of the EQIL events for these parameters, without taking into
account different levels of completeness. However, the level of completeness influences the total area
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Figure 4. Frequency values and basic statistics for (a) the landslide-affected area, (b) the total number of landslides, (c) the maximum epicentral distance to land-
slides, and (d) the maximum fault-rupture distance to landslides. Red bars show the range of values for 80% of the total number of EQIL events in the database
for which information was available. Since many inventories are not complete, in most cases, these refer to minimum values.
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affected by landslides and the total number of landslides in a given inventory, so these numbers should be
considered minimum values in most cases.

Although there is significant variability, more than 80% of the EQIL events affected areas (area containing all
mapped landslides) less than 10,000 km? the maximum value is 120,000 km? for the Wenchuan event
(Figure 4a). Likewise, for about 80% of the inventories, the total number of landslides is less than 4,000; how-
ever, about 200,000 landslides (Figure 4b) were triggered in the 2008 Wenchuan event (Xu, Xu, Yao et al.,
2014). Additionally, for about 80% of the inventories, maximum distances to epicenter and fault-rupture zone
are less than 150 km (Figure 4c) and 100 km (Figure 4d), respectively.

3.3. Analysis of Digital EQIL Inventories

Type-1 and Type-2 data provide means for detailed EQIL characterization. These data sources include 66 EQIL
inventories from 46 earthquakes, and each has a varying level of quality and completeness. Landslides were
delineated as polygon vector data for 44 of the available digital EQIL inventories; the other 22 were repre-
sented as points. To compare both types of inventories during this evaluation, we reduced each polygon
to a single point by assigning a point at the highest elevation of each landslide polygon (as a proxy for the
initial source point of the landslide). By doing so, we have 554,333 landslide-initiation points in this database;
this landslide population is dominated by the Wenchuan earthquake because 406,144 of the landslides
belong to six inventories for this event, which were made by five independent groups. The inventory of
Xu, Xu, Yao et al. (2014) can be considered as an updated version of the Dai et al. (2011) inventory. Even this
single Wenchuan inventory (Xu, Xu, Yao et al., 2014) contains approximately 76,000 more landslides than the
total of all other inventories. The Wenchuan event was an extraordinary EQIL event where a large magnitude
earthquake occurred along the steepest boundary of the Tibetan Plateau (Fielding, 1996; Liu-Zeng et al.,
2011). The anomalously large number of landslides triggered by this event dominates the observations com-
ing from different inventories. Joint evaluation of Wenchuan and other inventories can bias hazard upward.
Therefore, we decided to evaluate these five Wenchuan inventories separately, excluding the Dai et al. (2011)
inventory to avoid duplications.

The landslide points were analyzed first in terms of topographic factors including slope, local relief, dis-
tance to streams, and vector ruggedness measure (VRM). VRM is a terrain ruggedness measure that quan-
tifies local variation in terrain more independently of slope than other methods such as land surface
ruggedness index or terrain ruggedness index (Sappington et al.,, 2007). It is derived by incorporating
the heterogeneity of both slope and aspect. The Shuttle Radar Topography Mission digital elevation
model (about 30 m resolution) (NASA Jet Propulsion Laboratory, 2013) was used in the analyses.
Frequency distributions for these parameters show that the highest landslide frequencies are concen-
trated in particular intervals for all of these parameters (Figure 5). Landslides related to the Wenchuan
inventories show different distributions and mean values. When we look at the entire data set (excluding
Wenchuan inventories), the mean values for slope, VRM, local relief, and the distance to streams are 27°
(Figure 5a), 0.035 (Figure 5b), 524 m (Figure 5c), and 413 m (Figure 5d), respectively. However, for the
Wenchuan inventories, the mean values for the same parameters are 35° (Figure 5e), 0.09 (Figure 5f), 916 m
(Figure 5g), and 468 m (Figure 5h). Therefore, as explained earlier, we can have a better understanding of
the general characteristics of EQIL if we exclude the Wenchuan event. By excluding Wenchuan, we can con-
clude that about 80% of the remaining population of EQIL occurs within the interval of 10-45° (Figure 5a),
0-0.05 (Figure 5b), 200-800 m (Figure 5c), and 0-700 m (Figure 5d) for slope, VRM, local relief, and distance
to stream, respectively.

We investigated ground-shaking parameters in a similar manner. Estimated values of peak ground accelera-
tion (PGA), peak ground velocity (PGV), and Modified Mercalli Intensity (MMI) were obtained at the location of
each landslide from the U.S. Geological Survey (USGS) ShakeMap Atlas 2.0 (Garcia et al., 2012). As in the pre-
vious analysis, we discussed the Wenchuan inventories separately (Figure 6).

Contrary to what was found for the topographic parameters, the distributions and mean values for the
seismic parameters are quite similar for the Wenchuan inventories and all others. For the inventories exclud-
ing Wenchuan, the mean PGA, PGV, and MMI values are 0.5 m/s? (Figure 6a), 47 cm/s (Figure 6b), and 7.3
(Figure 6¢), and those for the three Wenchuan inventories are 0.6 m/s* (Figure 6d), 35 cm/s (Figure 6e),
and 7.4 (Figure 6f). For the entire database excluding the Wenchuan event, approximately 80% of the
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Figure 5. Frequency values of earthquake-induced landslides in intervals of (a) slope, (b) vector ruggedness measure (VRM), (c) local relief, and (d) distance to stream
for all EQIL excluding the Wenchuan inventories (in first column), and for the (e-h) Wenchuan inventories separately (in second column). The arrows point out

the mean values.

population of EQIL are observed in the interval for PGA of 0.1-0.8 m/s? (Figure 6a), for PGV of 0-70 cm/s
(Figure 6b), and for MMI between 6.5 and 7.0 (Figure 6c).

We also analyzed the landslide-size distributions for the collected polygon-based landslide inventories in our
database. Multiple studies have shown that the frequency-area distribution (FAD) of medium and large land-
slides follows a power law (e.g., Guzzetti et al.,, 2002; Malamud et al., 2004a) with a characteristic power law
exponent. For most landslide inventories, noncumulative power law exponents occur in the range of 1.4-
3.4, with a central tendency of 2.3-2.5 (Stark & Guzzetti, 2009; Van Den Eeckhaut et al., 2007). We calculated
the power law exponents for 43 inventories in our database based on the method proposed by Clauset et al.,
(2009) and analyzed the number of inventories for the obtained power law exponent intervals (Figure 7a).
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The results showed that the mean exponent value is 2.5, consistent with findings cited above. Due to the high
population of medium-sized landslides, the two polygon-based Wenchuan inventories (Li et al., 2014; Xu, Xu,
Yao et al., 2014) yield the highest power law exponent values, which are 3.1 and 3.2. This could be caused by a
large number of amalgamated smaller landslides that increase the frequency of medium-sized landslides. We
also visually analyzed the range of landslide sizes in the EQIL inventories by combining all landslide polygon
areas from the inventories (separating the Wenchuan inventories from the others) and plotting the FADs
(Figure 7b). Similar to the FADs of the individual EQIL inventories, FADs of the combined inventories follow
the power law distribution, with power law exponent of 3.3 for the Wenchuan inventories and 2.3 for the
combination of all other inventories, which included 43 inventories provided by different groups using
different mapping techniques (Figure 7b). Mapped landslides range from a few square meters to a few
million square meters in area. The smaller landslides constitute the majority of the database. For the
Wenchuan inventories, 80% of all landslides are smaller than 8,000 m?, whereas, for the other inventories,
80% of the landslides are smaller than 4,000 m?. The rollover point (most commonly mapped landslide
size) is about 1,000 m? for the Wenchuan inventories but only around 100 m? for the combined FAD of
the other inventories. Also, the rollover in the Wenchuan inventories is relatively sharper in comparison
with the combined FAD of the other inventories. These differences are possibly caused by the mapping
procedure of landslides—so many landslides were triggered by Wenchuan earthquake, that it was not
practical to map the small ones completely.
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4, Evaluation of EQIL Inventories

A limited number of digital EQIL inventories are available worldwide, and the available ones differ greatly in
quality, completeness, and representation. Therefore, establishing guidelines and adequate metadata for
future inventories is essential (Wasowski et al., 2011).

Several studies analyzed the quality and completeness of landslide inventories using a number of criteria
(Gorum, 2013; Harp et al., 2011; Keefer, 2002; Wasowski et al., 2011). Harp et al. (2011) defined three basic
criteria for evaluating inventories: (1) coverage of the entire area affected by landslides, (2) inclusion of all
landslides down to a small enough scale, and (3) depiction of landslides as polygons rather than points.
They listed 10 inventories that satisfied these criteria and thus can be considered comprehensive: 1976
Guatemala (M = 7.5) (Harp et al., 1981), 1978 Izu Oshima KinKai (M = 6.6) (Suziki, 1979), 1980 Mammoth
Lakes (M = 6.5) (Harp et al., 1984), 1983 Coalinga (M = 6.3) (Harp & Keefer, 1990), 1993 Hakkaido Nansei-oki
(M = 7.8) (Tanaka, 1994), 1994 Northridge (M = 6.7) (Harp & Jibson, 1995), 1995 Hyogoken Nanbu (M = 6.9)
(Nishida et al., 1996), 1999 Chi-Chi (M = 7.7) (Liao & Lee, 2000), 2004 Mid-Niigata (M = 6.6), (GSI, 2005;
Sekiguchi & Sato, 2006; Yagi et al, 2007), and 2008 Iwate-Miyagi-Nairiku (M = 6.9) (Yagi et al,
2009) earthquakes.

We have only eight of these inventories (Guatemala, 1zu Oshima KinKai, Mammoth Lakes, Coalinga,
Northridge, Chi-Chi, Mid-Niigata, and lwate-Miyagi-Nairiku) reported by Harp et al. (2011). Therefore, the
majority of the EQIL inventories do not meet these criteria. For a robust statistical analysis, however, we need
to maximize the number of inventories used. This creates a trade-off between quality and completeness. The
2007 Niigata Chuetsu-Oki (Japan) event is a good example to illustrate this. Three inventories are available for
this event. The first inventory (Collins et al.,, 2012) used a combination of field observations and analysis of
oblique aerial photos for a relatively small area. During the detailed field investigation, preearthquake land-
slides were eliminated, and 70 EQIL were mapped as point data. The second study (Kokusai Kogyo, 2007) was
carried out using only 1/6,000 aerial photo interpretation covering about 400 km? in area and resulted in 312
landslides mapped as polygons. In the third inventory (Sato et al., 2008), 1/10,000 aerial photos covering
about 260 km? in area were used for image interpretation followed by field verification, which resulted in
172 landslides mapped. These three inventories were prepared following partly the same method but yielded
quite different inventory maps, both in representation and in the number of landslides mapped.

A much more striking example is the 2008 Wenchuan (China) EQIL inventories. Xu, Xu, Yao et al. (2014) com-
pared four inventory maps that they classified as nearly complete and reported significant differences in the
number of landslides mapped. In those studies, about 196,000, 59,000, 60,000, and 11,300 landslides were
mapped by Xu, Xu, Yao et al. (2014), Dai et al. (2011), Gorum et al. (2011), and Huang and Li (2009), respec-
tively. The number of landslides in two inventories called “nearly complete” prepared for the same event

TANYAS ET AL.

EARTHQUAKE-INDUCED LANDSLIDE INVENTORIES 2004



@AG U Journal of Geophysical Research: Earth Surface 10.1002/2017JF004236

differs by a factor of about 17. As a consequence, although all inventories contain valuable information, the
use of these in our analysis would yield contrasting results. Therefore, we need a methodology to evaluate
the comprehensiveness of inventories to provide a basis for selecting which inventories to include in a given
analysis. By combining the evaluation of quality, completeness, and representation, we can picture the com-
prehensiveness of any inventory.

The quality of any EQIL inventory can be defined based on its accuracy, which is the geographical and the-
matic correctness of the information shown on the map (Guzzetti et al., 2012). To evaluate the quality of
EQIL inventory, ideally we could address the following questions: (i) Were the landslides mapped at the right
location? (ii) Were the landslides mapped using a comprehensive mapping methodology? (iii) Were the land-
slides mapped by experienced people? (iv) Were the landslides types classified with a consistent classification
method (e.g., Keefer, 1984)? (v) Were the results of individual landslide mappers crosschecked by others? (vi)
How much total time did producer(s) spend on the landslide inventory map? (vii) Were contiguous landslides
mapped separately or as a single landslide? (vii) How long after the earthquake was the inventory com-
pleted? (ix) Were problematic areas field checked after creating the inventory? (x) Was the boundary of
mapped area indicated?Completeness measures the extent to which an EQIL inventory includes all coseismic
landslides for a specific earthquake (Guzzetti et al., 2012). To evaluate the completeness of EQIL inventory, we
need to address the following questions: (i) Were the landslides mapped for the entire landslide-affected area
or only for a part of the area? (ii) Was a minimum size threshold used for mapping landslides? (iii) Were pre-
earthquake and postearthquake landslides removed from the inventory?

Evaluating an EQIL inventory based on these criteria is complicated because many of them, especially the
quality evaluation criteria, cannot be evaluated. For example, evaluating the landslide interpretation skills
of the mapper, the detail of the mapping, and whether coalescing landslides are mapped separately or as
a single polygon are difficult to evaluate without going back and examining the original imagery.
Therefore, any evaluation regarding the quality and completeness of EQIL inventories has some limitations.

Quality and completeness of an inventory are two different terms that do not have to be met for the
same inventory. For instance, a high-quality EQIL inventory can be incomplete if the inventory is pro-
vided partially, or a complete inventory can be low quality if landslides are not located, differentiated,
or classified appropriately. Beyond that, to evaluate the comprehensiveness of the inventory, there is
another component: representation.

The methods of evaluating how well an inventory represents reality will be different depending on the repre-
sentation type. For a point-based inventory, under ideal conditions, the point should be assigned to a consis-
tent and clearly defined part of the landslide, ideally the scarp. Furthermore, we would expect to have the
type and size of landslides in the attribute table. For a polygon-based inventory, we would expect to have
an inventory with different landslide types, and differentiated source and depositional areas.

We have developed an evaluation methodology to provide a basis for selecting which inventories to include
in a given analysis. To accomplish this task, we have defined a mixed set of criteria that we can evaluate with-
out having detailed metadata of each inventory. We have used eight criteria (Table 3) that are partly derived
from earlier studies (Gorum et al., 2011; Harp et al., 2011; Xu, 2014). The criteria defined for the evaluation of
EQIL inventories are described in the following sections.

4.1. Evaluation Criteria

The methodology used for generating an EQIL inventory is very important for the overall evaluation of the
inventory. Guzzetti et al. (2012) categorized the different methods used to prepare landslide inventories into
four groups: (a) (semi) automated satellite image classification; (b) observations based on aerial reconnais-
sance (helicopter flights, fixed-wing aircraft or UAVs (Unmanned Aerial Vehicles); (c) field survey, and (d)
visual image interpretation (using satellite images or aerial photography).

If preearthquake and postearthquake images are utilized, (semi) automated image classification techniques
can be the most effective approach, especially because they provide rapid results (e.g., Lacroix et al.,, 2013;
Martha et al.,, 2010). However, these methods are still not capable of identifying coalescing landslides or land-
slides that are mostly vegetated, and they cannot classify landslides by type. Moreover, automated techni-
ques are prone to errors due to misidentification of features such as bare-earth slopes, recent fills, rock
quarries, road cuts, and other excavations as landslides.
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Table 3

Evaluation Scheme for EQIL Inventories, Using Two Sets of Criteria, With Score

Category

(A) (B) Criteria Execution performance Score

Essential criteria  Essential criteria (i) Was the study area analyzed systematically by visual interpretation? 0-100% 0-1
(ii) Was the boundary of the mapped area indicated? No/Yes 0/1
(iii) Were the preearthquake and postearthquake landslides eliminated from the 0-100% 0-1

inventory?
(iv)  Was the mapping resolution of inventory enough to differentiate the individual L>25m: <05 0/1
landslides? (L = Linear resolution of rollover point) 25m>L>5m:>0.5
5m=>1L:1

Preferred criteria (v) Were the landslides mapped as polygons? No/Yes 0/1

(vi) Did landslide polygons differentiate source and depositional areas? No/Yes 0/1
Preferred criteria  (vii) Were the landslides field checked in problematic areas? 0-100% 0-1

(viii) Were the landslides classified according to type? No/Yes 0/1

As another alternative method, aerial reconnaissance, either by fixed-wing aircraft, helicopter, or UAV, might
provide detailed information for specific areas but cannot cover the entire affected area. Field mapping of
landslides (Brunsden, 1985) allows characterization of landslide features such as type, depth, source, and
depositional area, which might not be obtainable by any other methodology. Nevertheless, mapping land-
slides in the field is hampered by difficulties of landslide detection because it is not straightforward to identify
the boundary of landslides, especially if they are large (Guzzetti et al., 2012). Moreover, this method is limited

by the time and resources available and the accessibility of the area.

Utilization of the multiple approaches to get the most information possible within monetary and time con-
straints could be the idealized method for EQIL mapping. On the other hand, if you evaluate the methods
individually, of all available methods, visual image interpretation leads to the best results, because expert
interpreters can omit nonlandslide features and can systematically scan the whole affected area as long as
cloud-free imagery is available. If high-resolution imagery is available, landslides can be classified by type,
and source and depositional areas can be identified. Visual image interpretation can be carried out for the
entire landslide-affected area or for specific sample areas to support and validate other methods such as

(semi) automatic image classification.

To analyze the conditions that cause landslide initiation, both the presence and absence of landslides are
important information that should be obtained from the inventories. Harp et al. (2011) stress the importance
of indicating the boundaries of the mapped landslide area. Due to limitations in the available images,
resources, time, and cloud cover, mapping of the whole region affected by landslides might not be possible,
but as long as the boundary of the mapped area is defined, it can still be valuable information. If the inven-
tories do not indicate the mapping boundaries, but the extent of the utilized satellite imagery or flight lines of
aerial surveys are indicated, such boundaries can still be defined. Based on this approach, the availability of a

mapping boundary can be evaluated.

Removing landslides that occurred before and after the earthquake is essential to provide an accurate inven-
tory of triggered features. For example, the 2015 Gorkha earthquake in Nepal occurred in a mountainous area
that is highly susceptible to rainfall-induced landslides; thus, if the preearthquake landslides are not elimi-
nated from the inventory, many landslides not caused by this earthquake could be erroneously related to
the seismic triggering event. Therefore, the imagery must be acquired as soon as possible after the earth-
quake to capture the initial aspects of the landslides and the terrain (Harp et al., 2011). Several approaches
can be used to remove preearthquake landslides from the inventory, including through information gathered
from local people (e.g., Chakraborty et al., 2011), field observations (e.g., Harp & Jibson, 1995; Harp & Keefer,
1990), or the use of preevent and postevent imagery (e.g., Barlow et al., 2014; Papathanassiou et al., 2013; Xu,

Xu, Yao et al., 2014). The last method is considered the best option.

Harp et al. (2011) stated that an ideal inventory should include all detectable landslides down to sizes of 1-
5 m in length. However, it is difficult to determine the completeness of the mapping of such small features.
The minimum landslide size observed in an inventory is generally not representative of the resolution of
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inventories because such small landslides might be mapped only for a limited part of inventories where the
imagery is of the highest quality.

Malamud et al. (2004a) suggest a functional definition of completeness that requires a landslide inventory to
include a substantial fraction of all landslides at all scales. In this definition, the rollover point refers to the
most commonly occurring landslide size in the inventory. Parker et al. (2015) take the position of rollover
as the minimum size where landslide mapping is complete. Based on this approach, we evaluated the roll-
over points of the inventories. If the linear resolution of the rollover point is less than 5 m, we assumed that
the inventory satisfies the ideal conditions in terms of mapping resolution, and if it is higher than 25 m, we
assumed that it is far from the ideal conditions. A caveat is that the rollover position may also be controlled
by the mechanical properties of the substrate (Frattini & Crosta, 2013; Stark & Guzzetti, 2009), and therefore,
some inventories may not be “incomplete” but only occur in place where the mechanics do not allow small
landslides (<5 m) very often.

Since, the rollover point is not only related to the resolution of utilized imagery but also the mapping tech-
nique, this evaluation is not enough to be sure whether the mapped landslides are well delineated or not.
Furthermore, except for the producer of the inventory, it is difficult for anyone to evaluate how successfully
the individual landslides were mapped. There is a methodology (Marc & Hovius, 2015) proposed for the auto-
matic detection of amalgamated polygons, and it works based on geometric and topographic considerations.
In this EQIL inventory database, we have five inventories that were corrected based on the referring method
by Marc, Hovius, and Meunier (2016): 2007 Aysen Fjord (Gorum et al., 2014), 1999 Chi-Chi (Liao & Lee, 2000),
1976 Guatemala (Harp et al., 1981), 1994 Northridge (Harp & Jibson, 1995), and 2008 Wenchuan (Dai et al.,
2011) EQIL inventories. However, the methodology provides only a partial correction for amalgamated land-
slides. Along the same slope, multiple landslides can be triggered and amalgamated. For such cases, the sug-
gested methodology is not capable of detecting amalgamation. Therefore, through the aforementioned
mapping resolution evaluation, we can only reach a conclusion about whether the completely mapped mini-
mum landslide size of inventory is enough to differentiate the individual landslides. Beyond this evaluation,
any user who works on mobilized landslide masses or frequency-area statistics of landslides should give spe-
cial attention to amalgamated landslides.

Having landslides mapped as polygons rather than points is important to evaluate the overall area of
landslides related to a given earthquake and to estimate the mobilized total volume of material using empiri-
cal relations relating landslide area and volume (e.g., Klar et al., 2011; Larsen et al., 2010). Moreover, the source
and depositional areas of landslides can be represented only with a polygon-based inventory. Therefore, it is
preferred to delineate landslides as polygons (Harp et al.,, 2011).

While it is preferable to delineate landslides as polygons, it is even better to separate landslide source and
depositional areas into separate polygons (Gorum et al., 2013); landslides mapped this way provide a
basic demarcation of landslide processes, and only the conditions in the source area are relevant for
the analysis of causal factors. For example, in terms of slope steepness at the landslide source we typically
find much steeper slopes than in the depositional area. Also, it is important to separate source and
depositional areas in order to calculate the runout distance and the total mobilized mass volume trig-
gered by an earthquake. The lack of differentiation of source and depositional parts of landslides is
one of the most significant sources of uncertainty in all landslide frequency-size related discussions.
Despite the importance of this information, there are only two EQIL inventories (the 2004 Mid-Niigata
by GSI of Japan, 2004 and the 2015 Gorkha by Roback et al., 2017) in our database that separated source
and deposition areas. On the other hand, estimating source areas from polygon inventories is possible;
Jibson et al. (2000) mapped landslides as single polygons and then used the upper half of those polygons
as the assumed source area.

Field surveying is not generally the optimal method to produce a landslide inventory map because it is time
consuming and often impossible to cover the entire affected area. However, it is still necessary for validating
any inventory map prepared using other techniques (Guzzetti et al., 2012). With the advances in remote sen-
sing techniques (related to very high resolution images and UAVs), the emphasis on field surveys has
decreased. Field surveying for validation is suggested only for a limited part of the inventory area, generally
less than 15% (Galli et al., 2008), or for verifying specific problematic areas that are difficult to identify from
satellite imagery (Guzzetti et al., 2012).
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Keefer (1984) evaluated EQIL by considering the type of material, landslide movement, degree of internal
disruption of the landslide mass, and geologic environment and classified them into three main types of
landslides. Different landslide types have different combinations of causal factors (Crosta et al., 2012).
Nevertheless, few EQIL inventories include landslide types (e.g., 1989 Loma Prieta (M = 6.9) by Keefer,
2002; 1997 Umbria-Marche (M = 6.0) and 2009 Abruzzo by Guzzetti et al., 2009; 2011 Lorca (M = 5.1) by
Alfaro et al., 2012; and 2011 Eastern Honshu (M = 9.1) by Wartman et al., 2013).

In addition to the details of EQIL inventories, Table 4 also includes the relative quality grading of each
ShakeMap as developed by Wald et al., (2008). This grading scale allows users to evaluate the relative uncer-
tainty level of each ShakeMap for postearthquake or historical earthquake ShakeMap analyses (Wald et al.,
2008). In this grading system, meant primarily for the quick evaluation of near-real-time maps, uncertainty
levels of ShakeMaps are presented by letters from “A” to “F,” based on high- to poor-quality constraints, respec-
tively. Lower grades are typically assigned to larger (M > 6) events for which there are few stations and the
fault rupture area is not available. Higher grades are typically given to ShakeMaps with numerous seismic sta-
tions and/or intensity observations, and for which the fault dimensions are constrained. For landslide analyses,
those ShakeMaps with higher grades can thus be considered more reliable than those with lower grades.
However, often the data constraints used to compute these grades are from reported or assigned intensities,
and the summary grades do not necessarily address whether or not there were seismic recordings in the areas
where landslides occurred. Thus, in principle, since each ShakeMap has spatially varying uncertainty estimates,
site-specific uncertainty values should be used to consider the reliability of shaking at landslide sites.

4.2. Evaluating EQIL Inventories Using the Criteria

Making an overall evaluation of the inventories using a single score ignores the fact that each of the inven-
tories was created for a different purpose. Furthermore, the available information about inventories is not
enough to make an accurate quality or completeness evaluation. Therefore, instead of such an evaluation,
we separated the proposed criteria into two groups of essential and preferred criteria (Table 3). The essential
criteria can be considered as the minimum criteria for any application of the EQIL inventory to work. The pre-
ferred criteria can be considered as the criteria we prefer for most EQIL-related applications, but they are not
as significant as the essential criteria.

The content of the essential and preferred criteria can show variety based on the scope of the study. For
instance, in landslide susceptibility and hazard studies, the mapping unit does not have to be represented
by a polygon. Similarly, differentiations between the source and depositional areas or landslide types are
not necessarily available for every landslide susceptibility or hazard study. In this case, the mentioned cri-
teria can be considered as preferred criteria instead of essential. Likewise, for landslide risk assessments, if
authors do not consider the runout behavior of landslides, they do not really need the landslide polygons
or source versus depositional area to be differentiated. However, this information might also be required
for specific hazard analyses that focus on particular landslide size range or landslide type. On the other
hand, if authors focus on landform evaluation caused by EQIL, the mobilized landslide mass volume/area
would be important, and in that case source and depositional areas of landslide polygons would be essen-
tial. Therefore, we considered several purposes of landslide-inventory applications (Guzzetti et al., 2012)
and defined two categories for EQIL inventory-related applications: (1) inventories to make a landslide sus-
ceptibility or hazard assessment, or to investigate the distribution, types, and patterns of landslides in rela-
tion to morphological and geological characteristics, and (2) inventories to study evolution of landscapes
dominated by mass-wasting processes (landslide dynamic and erosion studies). For each category, we
defined sets of different essential and preferred criteria (Table 3). The user can check these essential criteria
to complete an overall evaluation of which inventories are appropriate for their application of the data.
Also, they can take a particular set of criteria into account for a specific application and evaluate the
available inventories.

Table 4 presents the results of applying the criteria described above to each of the EQIL inventories in the
database. Each EQIL inventory is evaluated with a score between 0 and 1 for each criterion, some of which
are binary (Table 3). If the criterion is fully satisfied, then the score is one; if the criterion is fully ignored, then
it is zero. Intermediate values between zero and one indicate that the criterion is partially satisfied. To make
an overall evaluation on each criterion, if the score is equal or greater than 0.5 for a criterion, we assume that
the criterion is satisfied.
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Table 4
Summary Chart for the Evaluation of EQIL Inventories and Uncertainty of Shakemaps for the Corresponding Events

Criteria
ID Inventories (i) (ii) (iii) (iv) (v) (vi) (vii) (viii) Quality of Shakemap (grade)
1 San Fernando v v A
2 Guatemala v v v v v v B
3 Friuli v v v v A
4 Izu Oshima Kinkai v v v v v v v C
5 Mount Diablo v A
6 Mammoth Lakes v v v v v A
7 Coalinga 4 v 4 v v v A
8 San Salvador v v v C
9a Loma Prieta v v v A
9b Loma Prieta 4 v v v v
10 Limon 4 v v v B
11 Finisterre v v v v N/A
12 Northridge v v v v v v A
13 Hyogo-ken Nanbu v v v v v v A
14a Umbria-Marche v v v v v A
14b Umbria-Marche v v v v v
15 Jueili v v v v C
16 Chi-Chi v v v v v A
17 Santa Tecla B
18 Santa Tecla A
19 Avaj v v A
20 Denali 4 v v v B
21 Lefkada v v v v A
22a Mid-Niigata v v v v v v v A
22b Mid-Niigata v v v v v v v v
22c Mid-Niigata v v v v v v v v
23a Kashmir v v v v v v A
23b Kashmir v v v v
23c Kashmir v v v v
24 Kiholo Bay v v v v A
25a Aysen Fjord v v v v v v N/A
25b Aysen Fjord v v v v
26a Niigata Chuetsu-Oki v v v v A
26b Niigata Chuetsu-Oki v v v
27 Pisco v v v v A
28a Wenchuan v v v A
28b Wenchuan v v v v
28c Wenchuan v v v v
28d Wenchuan v v v v v
28e Wenchuan v v 4 v
28f Wenchuan v v v v v v
29 Iwate-Miyagi Nairiku v v v v v v v A
30a L'Aquila/Abruzzo v v A
30b L'Aquila/Abruzzo v v v v v
31 Sumatra v v C
32a Haiti v v v v v A
32b Haiti v v v v v v
33 Sierra Cucapah v v v v v A
34 Yushu v v v v v v C
35 Eastern Honshu v v v v v v v A
36 Lorca v v v A
37 Sikkim v v N/A
38a Lushan v v v v v C
38b Lushan v v v v v
39 Minxian-Zhangxian v v v v v C
40 Cook Straight v v A
41 Lake Grassmere v v C
42 Eketahuna v v A
43 Ludian v v v v v C
44 Wilberforce 4 v C
45a Gorkha v v v v C
45b Gorkha v v v v v
45¢ Gorkha v v v v v
45d Gorkha v v v v v v v
46a Kumamoto v v v v A
46b Kumamoto v v v v
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Some inventories lacked the information needed to determine the score of the individual criteria. If an ana-
lyzed criterion is not addressed in the referred study, we assumed that it was not satisfied. For instance, in
some cases the specific attribute information, which was mentioned in the referred paper, did not exist in
the available digital inventory. In these cases, we evaluated the inventory based on the available data. The
evaluation results for the individual criteria for all EQIL inventories in the database are given in Table 4,
and scores are given in Table S2 in the supporting information.

It is important to note that some EQIL inventories in the database represent landslides triggered by an earth-
quake sequence rather than a main shock. For example, the 1993 Finisterre Mountains (Papua New Guinea)
landslide inventory contains 5,000 landslides that were triggered by two earthquakes having magnitudes of
M,, 6.7 and 6.9 (Meunier et al., 2008); the inventory does not distinguish which landslides were triggered by
which earthquake. Such inventories are indicated as footnote a in Table 1.

5. Discussion

We compiled information on 363 earthquakes that triggered landslides; this includes 46 events for which 66
digital inventories were generated, 89 events for which some landslide characteristics were reported, and 230
events for which triggered landslides are known. We contacted individual researchers and organizations and
asked them to share their data with us to compile this database.Many additional inventories have been
compiled that were not included in this analysis either because we could not contact the authors, or we
did not get their permission to use their inventory. Other inventories may also exist that are not published
in international literature or are in non-English language journals or gray-literature reports. In the future,
we anticipate that the number of digital EQIL inventories will increase substantially, paralleling advances in
remote-sensing data and techniques, particularly the use of semi-automated image classification from
high-resolution satellite images and the use of UAVs. However, guidelines are needed for the generation
of EQIL inventories that take into account the quality, completeness, and representation criteria outlined in
this study. Therefore, further studies are necessary in order to prepare such guidelines, and to bring together
scientists to share their inventories in a common platform. When inventories are generated according to such
guidelines, the criteria for evaluating their quality, completeness, and representation might also differ from
the ones we proposed here for existing inventories. A recommended standard practice could include the
following:

(i) Generate inventories through semi-automatic image classification.
ii) Use preearthquake and postearthquake images to isolate landslides triggered by the earthquake.

)
)
(iii) Perform a quality check through visual image interpretation and field checking.
)
)

—

(iv) Map landslides as polygons and separate the source and depositional areas.
(v) Classify landslides according to type and style of movement.

The scoring system we suggest can be helpful in evaluating the suitability of EQIL inventories for a variety of
applications. However, its utility is limited by the lack of knowledge regarding the analyzed EQIL inventories.
The scoring system does not evaluate whether landslides are mapped correctly, how well the inventory is
registered to a given coordinate system, or whether landslides are correctly classified. These are important
aspects of a quality assessment but are much more difficult to evaluate without access to independent data.
One solution is to make the satellite or aerial imagery used to generate the landslide inventory available so
that others can examine the quality of the mapping. Developing a metadata description procedure for
EQIL inventories that takes into account such criteria will also provide all users with a uniform way to evaluate
the inventories.

The current paucity of publicly available EQIL data limits the range of scientific questions that can be
addressed and impedes improvements in hazard assessments. One way to remove barriers to progress
is to make the data easier for the community to access by collecting and share digital EQIL inventories
through a centralized clearing house. To address this need, we have created a ScienceBase Community
titled “An Open Repository of Earthquake-triggered Ground Failure Inventories” dedicated to making
EQIL and liquefaction inventories openly available to the community (Schmitt et al., 2017). ScienceBase
(www.sciencebase.gov) is a collaborative scientific data and information management platform developed
by the USGS. Community pages are designated project spaces that can be expanded over time to include
more data sets.
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Our aim is to enable the contribution and sharing of published EQIL inventories and accompanying meth-
odological details based on the guidelines and criteria presented in section 4 of this paper. The EQIL com-
munity and the general public will then have access to the inventories in the system, and they can be used
for research and other applications. Researchers that generate EQIL maps will be able to submit their inven-
tories for inclusion as they become available. By centralizing data access and making methodological
details available, we anticipate that the platform will lead toward the development of inventory mapping
best practices and will ease visualization and analysis of the data with reference to other geospatial data
such as climate, lithology, and topography. It would also provide means to meet data availability require-
ments imposed by funding agencies and publishers. In the future, the existing ScienceBase Community
could be used as the data source for the development of interactive tools, for example, presenting sum-
mary statistics and visualizations of landslide size, number, geographic extent, and earthquake parameters
of one or many inventories. Qualitative and quantitative improvement of the data contained in the clearing
house will also enable the development and delivery of near-real-time estimates of EQIL impacts driven by
near-real-time earthquake products such as the USGS ShakeMap, PAGER, and ShakeCast. Such estimates, as
proposed by Nowicki et al. (2014), would provide situational awareness to government agencies, aid agen-
cies, the media, and the general public. Next steps toward such a system require expanded data sharing
and metadata documentation.

6. Summary

The aim of this study was to catalogue the available information on EQIL data, assess their relative quality and
limitations, and review the characteristics of EQIL events, both broadly and with reference to individual inven-
tories. We discussed the quality, completeness, and representation of EQIL inventories and proposed a scor-
ing method for an overall evaluation of EQIL inventories. We suggest that expanding current data-sharing
practice is essential to make breakthroughs in our understanding regarding earthquake-induced landslides,
and critical for the reduction of future societal losses.
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