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Abstract. Landslide inventories are used for multiple purposes including landscape characterisation and monitoring,
landslide susceptibility, hazard and risk evaluation. Their qualitypletenessan depend on the data and the methods with
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which they were pragced. In this work we evaluate the effects of a variable visibility of the territory to map on the spatia_ltaliano (italia)

distribution of the information collecteny-feurin differentlandslide inventories prepared using different approachesca

studyareasarea

Themethod first classifies the territory in areas with different visibility levels from the paths (roads) used to map landslid
and then estimates the landslide density reported in the inventories into the different visibility classes.
Our results show thdt) the density of the information is strongly related to the visibility in inventories obtained through[

fieldwork, technical reports and/or newspapers, where landslides aresampled in low visibilityclasseareas and 2) the
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inventories obtained byhptointerpretation of images suffer from a marked under representation of small landslides close to

roads or infrastructures. We maintain that the proposed procedure can be useful to evaluate th®mupalitynesof

landslide inventories and then pesly orient their use.

1 Introduction

Landslides affect the evolution of the territory and represent a hazard to the population, structures and infrastrueture (Fel

al., 2008). Detailed information about the spatial and temporal distribution, andtehiatees of past landslides is essential
for susceptibility/hazard statistical (Hao et al., 2020; Reichenbach et al., 2018; StegeR@t&l\/a2016:; van Den
Eeckhaut and Hervés, 201Qalli et al., 200Band physicallypased modelling (Lee at., 2020; Park et al., 2019).
Completédowever,completelandslide inventories are difficult or impossible to achieve (Corominas et al.}-20#4~hen
they-arg. Inventoriesused-they for basin or regional modellinghould at least be statistically repentative of the slope

processes occurring in the studieéares (Cova et al., 2018; Guzzetti et al., 2012; Melzner et al., 2020).
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Bias in sampling can prevent thealizatienealisationof statistically representative inventories and introduce ethatsare

difficult to investigate managepropagat@nd communicate (Guzzetti et al., 1999 gely-incemplete-landslide-inventories Con formato:

Disefio: Claro (Color

. personalizado(RGB(252;252;252)))

021, 2

Differences-inLack of completenessnd-then-quality-of landslide-inventeriean largely depend on the mapping approach,
the study area extent or the analysed time span, the availability of data, time and human resources (Fiorucci et al., 2018;

Mondini et al., 2014; Santangelo et al., 2015). Inventories can be compiled in several ways (Guzzetti etyahnc2012

exploiting different sources of dates-the-case-ef-neautomatic{or-manual-methods-which-include-vidaterpretation-of
remote-sasing-images,—direct-field-investigatioand responding to different requirements according to their usage
example, geographicatcuracyand isati i i istori j isibili
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generatgeneratedinrealistic (or even meaningless) resultsg-enhance-teahanmg anapparent predictive performance of [cOn formato: Resaltar

a-modelthemodek (Steger et al., 2031 [Con formato: Resaltar
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and Guzzetti

According to Guzzetti et al. (2012) the quality of a landslide inventory refersigeographical and thematic information

accur acy, compleenessiieveinicantpletenfsmgfers to the proportion of landslides shown in the inventory

compared to the real (and most of the times unknown) number of landslides studlyearea Full-completeness-is
i i While-A i i ory must include a

smallestlandslides—( Matlamud—et—al-———2004) . Mor e specifically, the

Some authors havalreadysuggested ways to assess guakitgpectsand/orcompleteness of an inventehas-often-been

evaluated-inrelation-to-the-size-of the-landslidédglamud et al. (2004), starting from the workStéark and Hovius(2001),

focused on characteristiandslidesarea statistical distributien(FrequencyArea Distribution- FAD) as an indicator of

&0a8h suggested

pairwise_comparisons to rartke quality ofdlﬂerents&e@lasse&t&eqﬂal%fery—smﬂame%rams%sewed when

onlinweatariesprepared in the same
study areaPiacentini et alean-be-statisticallyopresentativei.e-they-contain-a-representative-sample (@0th@) analysed

the spatial accuracy ohdnistorical geospatial landslide database compatiffgrentperiods within the time laps covered by

the catalogueTrigila et al. (2010) used lankite densities in urban and nembanized areas to rank landslide inventories

completenes$Galli et al.

gual ity across the different administrative regions of I'taly. Finally,

substan

Tany ak

index for earthquakéenduced landslide inventorielgnes+—i—d-e—si+ze—c}+asses—whil e other types of inventories

Currently, only the approach proposedMglamud et al- (2004 is commonly used in the literature as a tool to assess the

completeness of inventoriés.g., Chaparr€ordén et al., 2020; Ghorbaadehetal2 01 9; Tanyak et al ., 2019; Zhang et
2019:Ni cu et al ., 2021 ; Roberts et al . 2021; )PehyHaweveand Lombardo, 2020;

the analysis of FADs does not include the analysis of where landslidesertially missing in an inventory (Lima et al

2021).In fact, an inventory may show different levels of guality where the capacity of mapping of an operator changes

according to the different working conditions across the study area.

Landslideinventories obtained from remotely sensed images are the most recurrent source of information used in landslide
susceptibility studies at regional scale (Reichenbach et al., .2018) inventories produced through the interpretation of

satellite or aedl images, geometric resolution of the image limits the minimum size of the landslides that can be visible apd
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relgince in this casthe visibility of the territory is

referred to the position of the sensor, and it can be assumed almost calostgrthe territory, we assume that inventories

based inremotely senseémages werecompiled inhomogeneous workingondtion and then withuniform Capacity of

Landslide Mapping (CoLM) over the studied aréa contrastmany scientific worksvere and are still based on information

acquired from field surveys or from historical inventories and catalogues derived from heterogeneous information sources
(Bera et al., 2019; Hussain et al., 2019; Jacobs et al., 2020; Knevels et al., 2020; MéeB8H; Reichenbach et al., 2018;
Rohan and Shelef, 2019; Zhang et :

are
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relativeposition or distanceespecto the operatoin fact,sizg distance and orientation determine the visibility of an observed
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with different data and methodwcludingfield-based surveys, aerial and satellite pkinterpretation
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2 Study area

We applied the approach in an area of ~513 km? within the Darjeeling districptiiernmost district of West Bengal state
(north-east of India) (Fig. )1 The area starts just above the foothills of Himalaya in the south and goes beyond the Higher
Himalayas in the north. The area lies within the highly dissected hill ranges oftttie kigher Himalayas with elevation

130  varying from 200 m to 2900 m. About 48% of the area has slopes between 15° and 30°, however the steeper slopes are mainly
restricted in the escarpment or cliffs present in the area. The major part of the area islyoVeeeplantation (39%), followed
by Moderate vegetation (24%), Sparse vegetation (19%), Thick vegetation (8%), Settlement and Cultivated land (4% each).

The area is a part of active fold thrust belt of Darjeeling Himalayas where sedimentary rocksHim@layas, low grade
metasedimentaries of lesser Himalayas and Higide rocks of Higher Himalayas are present with or without the overburden

135  cover of varied thickness. These sequences of different grades of rocks are separatét major teanic features

like Himalayan Frontal Thrust (HET), Main Boundary thrust (MBT) and its splay as well as Main Central Thrust (MCT). The
area is located within the seismic Zelveof seismic zonation map of India
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The Darjeeling study area experiences a temperate climate witsumeters which gradually moves into monsoon season

when the area receives a number of wet spells, notorious for triggering landslides. This part of the Eastern Himalagas receiv

the maximum amount of precipitation within the entire Himalayas.
The Darjeelng Himalayas is perennially landsligieone and frequently experiences landsliding events of variable magnitudes.

145  Most of these landslides are triggered by incessant monsoon rain between June and September, with some occasionallrf@foformato: _Color de fuente: Negro
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Notice that in Darjeeling roads are usually positioned along the reliefds rid
3 Methods and Data
3.1 Methods

Estimated visibility (EV)simulates thevisibility of an objectfrom an observation pointn this papeme-estimatedEV is
measured by t heunifiofmehsurdmentrsguareninut@sFf]f a metric that quantifiethe level of visibility

of the itory-usi v ventories—_obtained-thro

Forfield-based-mapsnve-used-the-solid-angle(SA)-metricaas object, of known size and orientation, located at a certain

distance from an observer or, in other woaisneasure-of the-visibility-of an-ebject—SA-valetric thatmeasures the portion
of the observer fieldfosiew occupied byheanobject:

gh-field-investigation-and-we assumed

We-caledlated-SA-maps-usiWle intend here the visibility of a landslide as the portion of the field of view of an observer{
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minutes min?. The apex is the point from which the slope is observed and the landslide subtends its solid angle from that

point. EV depends then from the size and the orientation of the slope/landslide, and the distance.

We used-.surveyto simulate the E\(Bornaetxea and Marchesini, 2024.surveyis an open source spatial analysis tool useful

to assess how the terrain morphology is perceived by an observer located at a defined observation point, or a group of points

It was designed for evaluating the visibility of features lying on the terrapes| including landslideShe-positiens-of-the

ase) are the

mandatory-inputsAmong the different outputs, the tool provides the map of theimmum solid angle (SA). In the maximum
solid angle map, each pixel has only one value. However, each pixel is potentially observed from several observation points.

Here, the pixel value represents the maximum solid angle value calculated among altiobseoists from which the pixel

is visible. SA value depends on the size of the observed object, the distance (between observers and target) and the relative

orientation of the target with respect to the observation point.

The data required tebtain-SAun r.surveyare adigital-terrain-medeDigital Terrain Model (DTM),a landslide inventory,

anda set of points of observations.

In this work during thefield surveys, the surveyors mainly travel on roads. Consequently, the simulation of visibgity

peformed starting from theoadmap-—Firshetwork. For thigourposewe generated a set of closely spaced points along the

roads Fhesepointsredundantlysimulate the observation points of a surveyor moving along the roads. Then we used r.survey

to catulate the maximum SA map for a circular objsanilar in size to the smallest landslide in the inventéfjerthatwe
obtained-the-visibility-class-map(SAc)-by-thresheldingl tieeSA values were then collapsed into SA classes in order to
obtain anEV_map.Additionally, wesmeetheflltered the SAe-map<£V map byreplacing the central pixel values with the

most frequent class (mode) in a 3x3 moving window, in order to remove isolated pixels belonging to different classes with

respect to the surroundjnones. Finally, we estimated the landslide density counting the number of landslides in each

visibility SA class. Since landslides are commonly collected as polygonal areas, it may happen that a single landslide overlaps

more than oneisibility SA class. h this case, we assigned the landslide to the most present class within the landslide polygon

We used two metrics to measure the spatial density: the Normalized Landslide Count (NLC) and the Standardized Landslide

Density (SLD).

We used NLC to comparedtspatial density of landslides included in different inventories prepared for the same study area

(Eq. 1):

606 —,

(D)

wheren; and n, represent the number of landslidestlie SAclassi and the ttal number of landslides, in the inventory,

respectively.

WeAlternatively, weused SLD(E(. 2)to compare the spatial density of landslidesuded-in-differeninventories prepared [Con formato:  Color de fuente: Negro

for different study areas=§-—2see section 4)3
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whereA andA; are respectively the areaaibility SA classi and the ¢tal area.

The SLD metric normalises NLC according to the percentage of territory occupied bysithétySA classes. These

percentages, in fact, can be slightly different among the study areas, due to the smoothing performed to remove isolated pixe

The entire flowchart is described in Fig.
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Figure 12: Conceptuakchart illustrating the proposed GIS-based approach.
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ds-followed-during-the fiald mpaign-and-5-mete esolution-DTFM-was

available-Forth®arjeeling-study-area;-ti@eological Survey of India (GSI) provided us with an inventory that was the result

0N season

as receiv

of a fieldwork campaign carried out after the monsoon period (that goes from June to September) of 2019. This inventory,

namedGSI Field, provides landsliddéandslides locations as poinise-the FAD-curve-cannot-be-computddditionally, GSI
also provided us with a historical landslide invent@®5| Historic) for the Darjeeling area. It is a mutémporal landslide

inventory devoted to landskdsusceptibility modelling and studying triggering mechanisms, landslide domains and mitigation

actions. This database gathers information about landslides that have occurred since 1968. As it usually occurs with national

or regional multtemporal databas {/anvan Den Eeckhaut and Hervas, 2012), the information in this-biade is

heterogeneous. Out of 1240 landslides, 80% are represented as polygons, while 20% are single points. Almost half of the

landslides (47.6%) were mapped by means of satellitgenpoteinterpretation, using the available images coming from
diverse sources, such as Cartosat PAN)®) (2.5m x 2.5m)LISS IV (1%)(5.8m x 5.8m)and Google Eartbr otherbase
satell ite maps avai |(446%)eThe rest oEtBerdatad came/mainly=ftord legady data, including data

collected from GSI reports, and Toposheet (34.6%). The latter corresponds to a Topobase map of Survey of India (SOI)

surveyed in 19690 at 1:25000 scale. Other sources such aseDafj i ng Hi mal ayan Rail wayds
Newspapers (3.5%) and Fielebrk (6.8%) complete the available information. Debris slides (69.43%) and rock slides (18.4%
are the most frequently reported failures together with debris flows (5.3%)faib¢0.23%), deep rotational slides (1.95%)
and unknown (4.69%)Ve named this-inventory &St Historic. We obtained the corresponding FAD-curve only-using the
{Malamud-et-ak,—2004) astly, we mapped landslides triggered by the 2PA20 monsoon season using a-event pan
sharpened Spot 6 image acquired ofi RRrch of 2019 and a pan sharpened {ga&nt image acquired orf' 2pril of 2020

10
10

database (7.5%), Bl ogs
)
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by the same satellite. We used the two 2.5 x 2.5 m spatial resolution images to detect landslides occurring in between the tw

acquisitions following a photo interpretation approach. In this inventory, referredpoa020 we classified mostf the
landslides (95%) as earth and debris flows, and the rest as complex movements. Figuret8shawsS| Historic and Spot
2020 FAD curves revealgower law shapef-the-FAD-curveon the right of the rollovernd-a-lew-rellovevalue (Malamud

etal., 2004) Fable-1-summarizes-tfihe FAD curve could not be computed for GSI Field inventory due to the absence of the

information about théurlandslide sizes. Fig. 3 also descrilsesnecharacteristics of the availalifventories.

In addition to thdandslide information, GSI also provided us with the road network map of Darjeeling, together with the

10x10 meters resolutiodBTM.
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Figure 3: Frequency area distribution curves (FAD curves) for Spot 2020 (green), GSI Historic (broyrandGipuzkea-inventeries

{red}), Landslide distribution map for Spot 2020, GSI Historic, GSI Field and Gipuzkoainventories. Summary table of the

inventories,
Number-oflandslides 542 82 1240 25
Source Fieldsurvey| Satellite- image photovterpretation|  Miscellaneous | Field-survey)|
Geometry-type Polygoens Polygons Points-and-polygen|  Points
TFable4 Results

4.1: Descriptive table for the landslide inventories.
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Flgure 5 Slope probab|l|ty densny plots and Land Use and L|tho|0gy d|str|but|0n bywsrb#%y—j classes forG+pu%kea—aHd [cOn formato: Fuente: 9 pto, Negrita
U A Be
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trltal ro
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B35 IaneDareelmg study areas. Land use types are Br Barren Cult Cult|vated Iand Mveg Moderate vegetat|0n Riv: River; Stl: [Con formato: Fuente: 9 pto, Negrita

(N

Settlement; Spr: Sparse vegetation; Tea: Tea plantation; Tveg: Thick vegetation; Wt: Waterbody. The lithologypes are Mig:
Banded migmatite, GtBt gneiss, mica schist, biotite gneiss; Brw: Brownish, yellow oxidised soil with bouldepgebbles and latsol;
Cgn: Calc granulite, quartzite, gneiss, Gar, Sil, Kya schists; Csch: Chlorite sericite schist and quartzite, taegraywacke; Myl:
Mylonitic granite gneiss; Qrz: Quartz arenite, black slate, cherty phyllite, quartzite; Snd1: Sand, silt and clay; Snd2: Sastbne,
B40  clay, shale, conglomerate; Snd3: Sandstone, shale with minor coal.

4.2 Description and analysis ofhe results
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Figure 6 shows NLC versus the SA classEthe EV map for the availablelandslide inventoriesFig. 6ashows thatin the

GSI Field inventory (a fiekbasedinventory),most of the landslides are located within the classes having higher SA values

(class 1 and class A)andslidedensityin the other classéas very fluctuating probably due to themall number of landslides

in the inventory
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each column signify the number of landslides in eachisibility-SA class.
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Figure-7cshows the calculated-SNLC values for the Spot 2020 inventory, produeetkly-bythroughphotainterpretation

of satellite imagery. The values calculated in thebilitySA classes are fairly homogeneoasd shewa-rormenstonic
trendvithout trends.

GSI Historic inventory contains two main types of information: landslides mapped exploiting satellite/aerial images or
collected during fielebased survey and from legacy data. $¥parated data obtained by satellite/aerial images from the rest
of the data sources and called them GSI Historic Sat and GSI Historic Others respectively.

NLC values show a pronounced monotonic decreasing trend for the GSI Historic Others invent@aj(Eigpyinga)while

GSlHistoric Sat (Fig. 7bbehaves similarly tthe i i ot 202(nventory (Fig.6)-
6c), with the landslide density not dependent on SA classes.
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