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Abstract

Data on landslide locations in the Podsljeme area can be found in three historical landslide inventory maps. Inventory
maps from 1979 and 2007 are made based on geomorphological field mapping and historical records while an inventory
map from 2017, compiled for the study area (21 km?), is based on LiDAR data acquired in December 2013. A comparison
of three landslide inventory maps was performed with three tests based on landslide statistics, frequency-area distribu-
tion, geographical discrepancy of landslides and landslide density maps. The results show significant differences in the
number of identified landslides as well as in the size and distribution of landslides. A comparison of inventories also
showed the unreliability of the existing historical inventories and usefulness of LiDAR data for preparation of complete
landslide inventory maps. LiDAR-based inventory for the Podsljeme area could be a valuable tool for a wide range of users
i.e., decision-makers, land developers and environmental and civil defense agencies. It is also necessary for landslide

susceptibility and hazard mapping, which is a prerequisite for landslide risk reduction.
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1. Introduction

Landslides are defined as the movement of a mass of
rock, debris, or earth down a slope (Cruden, 1991) and
play an important role in the evolution of landscapes.
The term “landslide” describes a wide variety of pro-
cesses that result in the downward and outward move-
ment of slope-forming materials including rock, soil,
artificial fill, or a combination of these. The materials
may move by falling, toppling, sliding, spreading, or
flowing (Cruden and Varnes, 1996). Landslide inven-
tory should give insight into the locations of landslide
phenomena, the types, failure mechanisms, causal fac-
tors, date of landslide triggering, frequency of occur-
rence, volumes and the damage that has been caused.
Systematic information on the type, abundance, and dis-
tribution of landslides in the form of inventory is the pre-
liminary step toward landslide susceptibility, hazard,
and risk assessment (Mihali¢ Arbanas and Arbanas,
2014; Reichenbach et al., 2018). Another purpose of
landslide inventory maps is the information about land-
slide statistics, which includes the analyses of the land-
slide area, shape, and location. The size of the smallest
landslide (Guzzetti et al., 2000) and frequency-size sta-
tistics allow the verification of the reliability and the
completeness of landslide inventory maps. Malamud et
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al. (2004) defined that a substantially complete landslide
inventory map must include a substantial fraction of all
landslides at all scales. Generally, historical landslide in-
ventories do not include a substantial fraction of the
smallest landslides because smaller landslides are often
lost due to erosional processes, anthropic influences, and
vegetation growth (Malamud et al., 2004; Bell et al.,
2012).

According to van Westen et al. (2008), landslide in-
ventories can be prepared using a variety of techniques:
(1) interpretation of aerial photographs, satellite images,
LiDAR (Light Detection and Ranging) shades relief
maps and radar images, (2) (semi) automated classifica-
tion based on spectral characteristics, (3) (semi) auto-
mated classification based on altitude characteristics, (4)
field investigation methods. (5) archive studies, (6) dat-
ing methods for landslides, and (7) monitoring networks.

In the past, the most popular techniques for landslide
mapping were aerial photo interpretation and geomor-
phological field mapping (Guzzetti et al., 2012). When
using aerial photos, the accuracy of an inventory de-
pends on the scale, date and quality of the stereo pairs,
vegetation cover density in the study area, on the type,
quality, and characteristics of the stereoscopes, and also
on the skills and experience of the interpreters. Geomor-
phological field mapping provides very accurate land-
slide inventory if landslide boundaries are geo-refer-
enced using GPS, but the most common problems dur-
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ing field mapping are that landslides are often too large
to be seen completely in the field and old landslides are
often partially or totally covered by vegetation. A com-
mon misconception among the researchers is that map-
ping landslides in the field is more accurate than map-
ping landslides remotely, i.e., the perspective offered by
a distant view of the landslide is preferable and can re-
sult in more accurate and more complete landslide maps
(Guzzetti et al., 2012).

In the last two decades, new advanced methods and
technologies are used for landslide inventory mapping
over large areas (Guzzetti et al., 2012), including: (1)
analysis of surface morphology using high resolution Li-
DAR digital elevation models (DEMs), and (2) analysis
and interpretation of satellite images, including panchro-
matic, multispectral, hyperspectral and synthetic aper-
ture radar (SAR) images. Satellite images with spatial
cell resolutions larger than 3 m (e.g., Spot, Landsat)
and SAR images (e.g., Radarsat, ERS, Envisat) are
very useful for the quantification of small displacements
on single large landslides (Singhroy, 2005), but not for
inventory mapping on the basis of landform analysis
over large areas (wan Westen et al., 2008). Visual inter-
pretation of landslides on bare-ecarth LiDAR DEM is
most often performed using hillshade, slope and contour
maps (Ardizzone et al., 2007; Schulz et al., 2007; Van
Den Eeckhaut et al. 2007; Gorsevski et al., 2016;
Petschenko et al., 2015), but other DEM derivatives can
also be very useful, such as plan and profile curvature
(Amundsen et al.,, 2010; Miner et al.,, 2010), topo-
graphic roughness, slope aspect, wetness and flow ac-
cumulation (Miner et al., 2010). Several research stud-
ies compared landslide inventories prepared by geomor-
phological field mapping or aerial photo interpretation
with LiDAR-based landslide inventories (Haugerud et
al., 2003; Chigira et al., 2004; Schulz, 2007; Ardiz-
zone et al.,, 2007; Van den Eeckhaut et al., 2007;
Razak et al., 2011). They found that the derivatives of
the LIDAR-based DEMs are very useful for landslide
mapping, regardless of the type and size of mapped
landslides (Ardizzone et al., 2007; Van den Eeckhaut
et al., 2007; Kasai et al., 2009; Rmezaal & Pradhan,
2018) or the dense vegetation cover in the mapped area
(Chigira et al., 2004; Van den Eeckhaut et al., 2007;
Razak et al., 2011).

In this research, we will focus on the hilly area of the
southern foothills of Medvednica Mt., also known as the
Podsljeme area, which is a very attractive residential
part of the City of Zagreb. Although, the land use and
development measures have been taken and unsafe con-
struction practices was regulated, the relative proportion
of human induced landslides in the Podsljeme area have
been continuously increasing over the last 90 years (Ju-
rak et al., 2008; Mihali¢ Arbanas et al., 2014). His-
torical landslide data in the City of Zagreb can be found
in landslide inventories from different periods, profes-
sional and scientific papers, graduate and doctoral thesis,

and in reports of geotechnical investigations (Mihalié et
al., 2012). In the framework of the Croatian-Japanese
SATREPS FY2008 scientific project (Mihali¢ and Ar-
banas, 2013) the whole area of 180 km? was scanned by
LiDAR in high resolution in 2013 aiming to make a
landslide inventory map. Preliminary analyses of Li-
DAR hillshade, slope and contour maps showed that vi-
sual interpretation of surface morphology could enable
more reliable identification of small and shallow land-
slides, typical for the Podsljeme area (Mihali¢ et al.,
2013) than geomorphological filed mapping and aerial
photo interpretation.

This paper presents a comparison of two historical
landslide inventories from the Podsljeme area (from
1979 and 2007) with LiDAR-based landslide inventory
compiled for the study area (Bernat Gazibara et al.,
2017b). Landslide inventories from 1979 and 2007 have
a practical application in the City of Zagreb offices for
physical planning and construction, land-use planning
and civil protection. The main purpose of the compari-
son was to evaluate the completeness of these invento-
ries, as well as to evaluate the reliability of landslide
data in both historical inventories. The quality and reli-
ability analysis of landslide inventories in the City of
Zagreb have not been performed so far and the novelty
of'this study is a comparison of landslide inventory maps
prepared by field mapping and interpretation of LiDAR
data in the Podsljeme area.

2. Study area

The City of Zagreb is located in the western part of
NW Croatia (Bognar, 2001) and it is part of the Euro-
pean Pannonian Basin (Malvi¢ and Veli¢, 2011). Within
the city limits, the relief changes in the north-south di-
rection from lower mountain type (the ridge of Medved-
nica Mt.) and hilly type (the south-eastern foothills of
Medvednica Mt., Podsljeme area), through lowland (the
fluvial floodplain of the Sava River) to the hilly type on
the south (the hills of Vukomeri¢ke Gorice), in accor-
dance with changes of geological settings (Mihali¢ Ar-
banas et al., 2012).

The study area comprises 21 km? in the western part
of the Podsljeme area (see Figure 1). This area is mostly
urbanized and densely populated; the current land use
includes 11.7 km? of artificial surfaces, 4.7 km? of agri-
cultural areas, and 4.6 km? of forests. The elevation
ranges from 115 to 612 meters a.s.1., the prevailing slope
angles (44 % of study area) range from 12° to 32° and
90 % slopes have slope angles >5°. The study area is
comprised of Upper Miocene and Quaternary sediments
(Sikié, 1995). The Upper Miocene deposits are stratified
marls, silts and sands with moderately to slightly-in-
clined bedding (bedding slope angle in the range of 10-
20°). The top parts of Miocene deposits are fine-grained
soils, mostly silts. The Quaternary deposits are heteroge-
neous mixtures of mostly impermeable clayey soils. The
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geological contact between the Miocene sandy silts and
the Quaternary clayey soils is highly susceptible to slid-
ing (Jurak et al., 2008). Preliminary analysis based on
the spatial distribution of slope angle units (5-55°) and
Miocene and Quaternary deposits showed that 76 % of
the study area is susceptible to sliding.
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Figure 1: Relief map of the City of Zagreb with the outline
of three existing landslide inventory maps and study area.
Histograms show the elevation and slope angle
for the study area.

In the Podsljeme area, active geomorphological pro-
cesses are linear erosion as a result of flash floods from
Medvednica Mt. and landslides (Jurak et al., 2008).
Dominant landslide types in Podsljeme area are small
and shallow landslides (Mihali¢ Arbanas et al., 2016).
Vrhovec landslide (see Figure 2) is a typical landslide in
the Podsljeme area, formed along geological contact be-
tween Pleistocene (Q,) fine-grained soils and Pontian
(M7) sandy-silty soils, initiated by human activities of
uncontrolled disposal in the upper part of the slope. The
preparatory causal factors of slope instabilities in the
Podsljeme area depend on the geomehanical properties
of soils, geomorphological processes and different types
of man-made processes. Landslides are triggered pri-
marily by rainfall (Bernat et al., 2014a) and man-made
activities. For example, in the winter of 2012/2013, the
prolonged heavy rainfall periods and the rapid melting
of a thick snow cover (with a total of 378.7 mm from
January to March) triggered more than 50 landslides in
the Podsljeme area (Bernat et al., 2014b). The climate
of the City of Zagreb is continental with a mild maritime
influence, with a mean annual precipitation (MAP) of
887 mm, while precipitation is mostly recorded in the
period from May to November (Zaninovi¢ et al., 2008).

3. Landslide inventory maps
for Podsljeme area

In the Podsljeme area, data for landslide inventories
was systematically collected four times in the last 50
years. The first landslide inventory map for the hilly area
of the City of Zagreb was prepared by the Croatian na-
tional geological survey in 1967 (Siki¢, 1967). Land-
slide data from this inventory is not publicly available
today. The second landslide inventory for the Podsljeme
area is an analogue landslide inventory map from 1979
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Figure 2: Composite display of the Vrhovec landslide on: (a) Orthophoto;
(b) Hillshade map overlain by a transparent slope map.
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(Polak et al., 1979), prepared in the framework of the
project ‘Lithological mapping and categorization of the
relative stability in the hilly area of the Medvednica Mt.
at the area of the Zagreb City’. In 2007, a digital land-
slide inventory map in a 1:5,000 scale was prepared by
the Croatian Geological Survey as part of a ‘Detailed
engineering geological map of the Podsljeme urbanized
zone’ (Miklin et al., 2007). All three historical invento-
ries are shortly described and qualitatively compared by
Podolszki et al. (2014). In the framework of the PhD
thesis, Podolszki (2014) prepared two digital landslide
inventories based on visual interpretation of aerial pho-
tographs acquired in 1964 (1:8,000 scale) and 1998
(1:20,000 scale). The latest landslide inventory map was
made for the pilot area of 21 km? of the Podsljeme area,
based on visual interpretation of LIDAR DTM deriva-
tives (Bernat Gazibara et al., 2017b). In this paper,
three landslide inventory maps have been compared,
historical landslide maps based on geomorphological
field mapping and historical records from 1979 (Polak
et al., 1979) and 2007 (Miklin et al., 2007) and a land-
slide inventory map based on LiDAR data acquired in
2013 (Bernat Gazibara et al., 2017b).

3.1. Historical landslide inventory map from 1979

The landslide inventory map from 1979 was made on
the basis of geomorphological field mapping and his-
torical geotechnical documentation at a 1:10,000 scale

(Polak et al., 1979). The landslide inventory covers an
area of 105 km? and includes 812 landslide polygons,
e.g., 406 active landslides, 294 inactive landslides and
112 creeps. The number of landslides is even bigger, be-
cause groups of small landslides are contoured with one
larger landslide polygon. The total landslide area is 2.44
km?, i.e., 2.32 % of the inventory area, and landslide
density is 9.7 landslides per square kilometer. Mapped
landslides extend in size from 452 m? to 289,501 m?,
while the most abundant landslides have an area in range
from 5,000 to 6,000 m?. The landslide inventory from
1979 is an analogue map (see Figure 3a) and only par-
ticular landslides or groups of landslides are described in
the accompanying report. A landslide susceptibility map
depicts four zones of relative susceptibility derived from
direct geomorphological mapping in the field (see Fig-
ure 3b). Susceptibility zoning characterized that 10.5 %
of the area is classified as stable terrain, 78 % as condi-
tionally stable slopes, 11 % as conditionally unstable
slopes and 0.5 % as unstable slopes.

3.2. Historical landslide inventory map from 2007

The landslide inventory from 2007 (see Figure 4)
was made on the basis of geomorphological mapping,
geotechnical reports and historical records at a 1:5,000
scale (Miklin et al. 2007). The landslide inventory cov-
ers an area of 175 km? and shows contours of 538 slides,
125 creeps, 15 flows, 14 rock falls, and 15 unclassified
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Figure 3: Landslide inventory map from 1979 in scale 1:10,000 (Polak et al., 1979): (a) Lithological map
(Q,, - Alluvial deposits; Q, - Pleistocene deposits (clay, silt) ; M_> - Upper Pontian deposits (sand, silt))
with landslide polygons (red polygons are active landslides; green polygons are inactive landslides; blue lines
are wet areas or lines of periodic superficial flows; (b) Landslide susceptibility map (dotted pattern - conditionally
stable slopes; striped pattern - conditionally unstable slopes; black pattern — unstable slopes).
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Figure 4: Landslide inventory from 2007 in 1:5,000 scale
(Miklin et al., 2007) with lithological map (C/M,C;Q,

- Pleistocene deposits (silty clay); S;M; ,M_ - Upper Pontian
deposits (sand, silt)) in background. Landslide polygons
(coloured red) are active landslides and orange polygons are
dormant landslides.

landslides (totally 707 phenomena). Based on activity,
slope instabilities are classified as active (265 land-
slides), dormant (244 landslides), stabilized (13 land-
slides), while 184 mapped phenomena were described as
assumed landslides. This inventory attempts to show
landslide contours but due to inconsistent criteria for
landslide delineation, there is no clear differentiation be-
tween single landslides and zones with many small land-
slides (Mihali¢ et al., 2012, PodolszKi et al., 2014). The
total landslide area is 20.23 km?, i.e., 11.56 % of the in-
ventory area, and the landslide density is 4.0 landslides
per square kilometer. Mapped landslides extend in size
from 284 m? to 927.168 m?, while the most abundant
landslides have an area of 9.000 m*. Landslide data can
only be seen on the official portal of the City’s carto-
graphic data, i.e., Geoportal (https://geoportal.zagreb.hr/).

3.3. LiDAR-based landslide inventory map
from 2013

Airborne laser scanning (ALS) was undertaken for
the Podsljeme area (total area of 180 km?) in December
2013, which corresponds to winter leaf-off period in
Croatia. Moreover, LIDAR data was acquired 8 months
after extreme weather periods in the winter of 2012/2013
when more than 50 landslides were (re)activated in the
City of Zagreb (Bernat et al., 2014a). In this study, the
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Figure 5: Landslide inventory map based on LiDAR data
acquired in 2013 (Bernat Gazibara et al., 2017b). Landslides
are presented on a hillshade map overlain by a transparent
slope map.

LiDAR system was used, and captured data at a pulse
rate of 266 kHz with a surface point horizontal accuracy
of 8 cm and a vertical accuracy of 4 cm (Bernat Gazi-
bara et al., 2017b). The last return of LiDAR data, with
an average density of 5 points per square meter, was
used for creating a bare-earth DEM with a 30 cm resolu-
tion. The landslide inventory map has been produced on
a small part (21 km?) of the Podsljeme area. Topograph-
ic derivative datasets used for interpreting landslide
morphology were hillshade maps, slope maps, contour
lines, curvature and surface roughness maps. All land-
slides were mapped at a larger scale (1:100-1:500) to
ensure correct delineation of the landslide boundaries.
During landslide identification, an orthophoto from 2012
was used to check morphological forms along roads and
houses, such as artificial fills and cuts, which can have a
similar appearance to landslides on DTM derivatives. It
is possible that some very old or prehistorical slides
were overlooked during the landslide mapping process
because landslide morphology was not visible on deriva-
tive LIDAR maps. Furthermore, remediated landslides
and very small landslides (<40 m?) were not mapped be-
cause it was impossible to identify their typical landslide
morphology from LiDAR DTM 0.3 x 0.3 m resolution.
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The landslide inventory map (see Figure 5) consists of
702 landslides, while the total landslide area is 0.5 km?
which covers 2.43 % of the inventory area (21 km?).
Mean landslide density is 33.3 landslides per square ki-
lometer and the smallest landslide identified in the pilot
area has an area of 43 m?. Mapped landslides extend in
size to a maximum of 8,064 m?, while the most frequent
landslides in the inventory have an area of 400 m>. Most
of the landslides can be dated as recently (re)activated
due to sharp appearance or a high degree of preservation
of the landslide morphology. Therefore, the landslide in-
ventory map of the study area represents a combination
of seasonal inventory (landslides (re)activated in the
winter of 2012/2013) and historical landslide inventory
(sum of landslides events activated over a period of tens
or hundreds of years).

4. Research methodology

For the purpose of data analysis, landslides from the
1979 analogue inventory map and 2007 on-line inven-
tory map were digitized to obtain digital landslide
boundaries for the study area (21 km?) located in the
northern part of the Podsljeme area (see Figure 1). A
comparison of three landslide inventory maps was per-
formed using the following analyses: frequency-area
distribution, geographical discrepancy of landslides and
landslide density maps.

The first test compares the frequency-area statistics of
landslides obtained from three different landslide inven-
tories. Frequency-size statistics (Malamud et al., 2004)
allows verification of the reliability and the complete-
ness of landslide inventory maps. Landslide frequency-
size distributions are characterized by a positive power—
law scaling for the small landslides and a negative pow-
er—law scaling for moderate and large landslides,
separated from each other by a rollover. Generally, his-
torical landslides inventories do not include a substantial
fraction of the smallest landslides because geomorpho-
logical features of smaller landslides are often lost due to
erosional processes, anthropic influences, and vegeta-
tion growth (Bell et al., 2012).

The second test aims at evaluating the degree of car-
tographic matching, i.e., geographical discrepancy be-
tween the three historical landslide inventories. The
method proposed by Carrara et al. (1992) was used to
compute the overall error index (E) expressed by the
Equation 1:

E:(Alqu)_(AlmAz),OSEgl (1)
(44.)

Where:
E — error index;

A~ total landslide area in the first landslide inventory

(km?);
A,—total landslide area in the second inventory (km?).

From Equation 1, the degree of matching (M) be-
tween two inventory maps is expressed by Equation 2:

M=1-E,0sM<1 (2)
Where:
E —error index;
M — matching index.

If two inventory maps show exactly the same land-
slides in the same positions (a rather improbable situa-
tion) matching is perfect (M=1) and the error is nil
(E=0). If two landslide maps do not match completely,
cartographic matching is nil (M=0) and the error is max-
imum (E=1).

The third analysis compares the abundance of slope
failures in the three landslide inventories. To obtain this
comparison, the study area was subdivided into slope
units, i.e., distinctly delimited portions of the terrain that
contain a set of conditions that differ from the adjacent
units across definable boundaries (Guzzetti et al., 2000).
Terrain subdivision was done on 5x5 m DTM, using
ArcGIS tools Flow accumulation and Basin. The results
are slope units defined with the crest line and the drain-
age line. Based on three landslide inventory maps, the
percentage of landslide area, i.e. landslide density, was
computed for each slope unit. The result is a landslide
density map for each analyzed landslide inventory,
which provides insight into the expected occurrence of
landslides in any part of the investigated area without
leaving unclassified areas (Guzzetti et al., 2000). Fur-
thermore, Bulut et al. (2000) proposed that landslide
density maps can be used as a weak proxy of landslide
susceptibility.

5. A comparison of landslide inventory
maps in the Podsljeme area

5.1. A comparison based on landslide statistics
and frequency-size distribution

A comparison of landslide contours from three ana-
lyzed inventories, Polak et al. (1979), Miklin et al.
(2007) and LiDAR-based inventory (Bernat Gazibara
et al., 2017b), is presented on Figure 6. Descriptive sta-
tistics are listed in Table 1. In the area of 21 km?, his-
torical landslide inventories from 1979 and 2007 consist
of approx. 160 landslides, while LiDAR-based invento-
ry has 702 landslides or approx. 4.5 times more mapped
landslides. The total landslide area in inventory from
2007 (3.73 km?) is seven times larger than the landslide
area in the inventory from 1979 (0.61 km?) and in the
LiDAR-based inventory from 2013 (0.51 km?). The
largest landslide in the inventory from 2007 extends
over 317,262 m?, which is seven times larger than the
size of the largest landslide in the inventory from 1979
(43,228 m?) and almost forty times larger than the size of
the largest landslide in the LiDAR based inventory
(8,064 m?). The smallest landslide in the LiDAR-based
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Figure 6: Comparison of landslide contours from historical landslide inventories (Polak et al., 1979; Miklin et al., 2007)
and LiDAR based landslide inventory (Bernat Gazibara et al., 2017b). Landslide contours are depicted
on the hillshade map, resolution 1x1 m.

Table 1: Characteristics of the three inventory maps available for the study area (21km?) in the Podsljeme area

Landslide inventory Landslide inventory Landslide inventory
Landslide inventory map from 1979 from 2007 from 2013 (Bernat
(Polak et al., 1979) (Miklin et al., 2007) Gazibara et al., 2017b)
Type of inventory Geomorphological Geomorphological LiDAR-based
Total number of landslides 166 159 702
Total landslide area (km?) 0.61 3.73 0.51
Percent of landslide area (%) 2.88 17.69 2.43
Landslide density (number of 1s/km?) 7.9 7.5 333
Smallest mapped landslide (m?) 467 282 43
Average size of mapped landslide (m?) | 3,666 23,471 730
Size of most abundant landslide (m?) 2,407 11,981 427
Largest mapped landslide (m?) 43,228 317,262 8,064

inventory (43 m?) is ten times smaller than the smallest
landslide in the landslide inventory from 1979 (467 m?)
and six times smaller than the smallest landslide in the
landslide inventory from 2007 (282 m?).
Frequency-size distribution of landslides in the three
inventory maps in the study area is shown in Figure 7.
LiDAR-based landslide inventory shows ‘universal dis-
tribution’ (see Figure 6¢) described by Malamud et al.
(2004) and an inventory map can be described as sustain-
ably complete. Historical landslide inventories from
1979 and 2007 do not show normal distribution (see Fig-
ure 7a, b), and can be described as sustainably incom-
plete. In the 2007 landslide inventory, small landslides
are not present, while large landslides are numerous (28
landslide phenomena with an area larger than 30,000 m?).

Contours of these large landslides are more probably bor-
ders of areas with many small instabilities, than contours
of single landslides. The transition between the positive
and the negative power-law relations can be used to dis-
tinguish between small and medium landslides and to
identify the size of the most abundant (i.e., most frequent)
landslide in the inventory. The size of the most abundant
(i.e., most frequent) landslide in the LIDAR-based inven-
tory is approx. 400 m?, while in the landslide inventory
from 1979, it is approx. 2400 m? and in the landslide in-
ventory from 2007, it is approx. 12,000 m?. Based on the
size of the most abundant landslide in the three inventory
maps, it can be concluded that the area of the most abun-
dant landslides decreases with an increase in the com-
pleteness of the inventories (Galli et al., 2008).
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Figure 7: Frequency-size distribution of historical landslide
inventories (Polak et al., 1979; Miklin et al., 2007)
and LiDAR based landslide inventory
(Bernat Gazibara et al., 2017b)

5.2. Comparison based on geographical position

Geographical discrepancy between the three landslide
inventories was analysed based on the method proposed
by Carrara et al. (1992). In the ArcGIS 10.0, pair-wise
geographical union and intersection of the three inven-

tory maps were performed to compute the error, E (Egs.
1) and matching, M indexes (Eqgs. 2). The results of geo-
graphical comparison of landslide inventory maps in the
study area are summarized in Table 2. The resulting
mapping error is very high (ranging between 0.94 and
0.96) which corresponds to a very low degree of match-
ing (ranging between 0.06 and 0.04). Landslide surface
common to the two inventory maps from 1979 and 2007
is 1 %, the overlap between landslide inventory from
1979 and 2013 is only 0.22 % and the overlap between
landslide inventory from 2007 and 2013 is 0.9 %.

The landslide inventory maps from 1979 and 2007
were made on the basis of geomorphological field map-
ping at a 1:10,000 and 1:5,000 scale. The purpose of the
following analysis was to identify the impact of the loca-
tion, mapping and digitizing errors associated with the
field mapping (mapping without GPS technology in
1979) on mismatch, due to different techniques used for
landslide mapping. A series of mapping errors, E (Eqs.
1) and matchings, M indexes (Egs. 2), were computed
for systematically enlarged landslide areas (buffers of
I m,2m,5 m, 10 m and 20 m) for all three landslide
inventories. The results of the analysis are shown in Fig-
ure 8. With an increasing buffer size, mapping error de-
creases gradually for buffers < 2 m and then decreases
rapidly, reaching its minimum value for the largest buf-
fer of 20 m. Conversely, map matching shows a maxi-
mum value for buffer of 20 m. Mapping match is ap-
proximately 4-15 %, while the reaming mismatch (85-
96 %) can be assigned to different geomorphological
interpretations (1979 vs. 2007) and different techniques
used for landslide mapping (1979 vs. 2013 and 2007 vs.
2013).

Table 2: Landslide inventory comparison in the study area (21 km?), Podsljeme area

Landslide inventory comparison Buffer width (m)
No buffer 1m 2m 5m 10 m 20 m

Landslide area in Map 1979 (%) 2.8 3.0 3.2 3.8 4.9 7.2
Landslide area in Map 2007 (%) 17.7 18.1 18.6 20.1 22.5 27.4
Map 1979 U Map 2007 (%) 19.4 20.0 20.6 22.3 253 31.1
Map 1979 N Map 2007 (%) 1.1 1.2 1.3 1.6 2.1 3.5
Mapping error, E 0.94 0.94 0.94 0.93 0.92 0.89
Mapping match, M 0.06 0.06 0.06 0.07 0.08 0.11
Landslide area in Map 1979 (%) 2.8 3.0 3.2 3.8 4.9 7.2
Landslide area in Map 2013 (%) 2.5 2.9 3.2 4.2 6.0 9.9
Map 1979 U Map 2013 (%) 52 5.6 6.1 7.6 10.2 15.5
Map 1979 N Map 2013 (%) 0.2 0.3 0.3 0.4 0.7 1.6
Mapping error, E 0.96 0.95 0.95 0.94 0.93 0.90
Mapping match, M 0.04 0.05 0.05 0.06 0.07 0.10
Landslide area in Map 2007 (%) 17.7 18.1 18.6 20.1 22.5 27.4
Landslide area in Map 2013 (%) 2.5 2.9 3.2 4.2 6.0 9.9
Map 2007 U Map 2013 (%) 19.4 20.0 20.7 22.7 26.0 325
Map 2007 n Map 2013 (%) 0.9 1.0 1.1 1.6 2.5 4.8
Mapping error, E 0.96 0.95 0.95 0.93 0.90 0.85
Mapping match, M 0.04 0.05 0.05 0.07 0.10 0.15
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Figure 8: Mapping error, E and mapping match,
M showing degree of cartographic matching for three
pair-wise combinations of landslide inventory maps
in the study area (21 km?)

5.3. Comparison based on landslide density maps

The study area (21 km?) was divided into 70 slope
units defined by Carrara et al. (1991). The prevailing
orientation of slope units is north-south and the most
abundant size of slope is 18 ha (min. = 1 ha, max. = 194
ha, mean = 30 ha, median = 18 ha, std. dev. = 35 ha).
Based on three landslide inventories, the percentage of
landslide area was computed for each slope unit and the
results are shown in Figure 9. Moreover, spatial distri-
bution of landslide density varies significantly for the
three inventory maps, which was expected due to differ-
ences in landslide sizes and the mismatch between their
inventories (see Figure 5). Guzzetti et al. (2000) sug-
gest that slope units with a small portion of landslide
area (< 3 %), e.g., landslide deposit crossing a stream
line or a few small, superficial landslides, can be consid-
ered as a stable area. Based on a visual comparison of
the slope units and the inventory maps (see Figure 9),
and relative small landslides in the study area, the cut-
off value was set at 1 % of landslide area, i.e., slope units
with a proportion of landslide area less than 1 % can be
considered as stable. Table 3 shows a number of stable
and unstable slope units in each landslide density map
obtained from three landslide inventories. The density

Landslide density map obtained from the
1979 landslide inventory
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Figure 9: Landslide density maps for the study area (21km?) based on three landslide inventory maps

Table 3: Comparison of stable and unstable slope units based on landslide density computed
for the three landslide inventory maps available for the study area

Landslide inventories No. of stable slopes | Area (km?) | Area (%) | No. of unstable slopes | Area (km?) | Area (%)
Landslide inventory from 40 8.7 413 30 12.4 58.7

1979

Landslide inventory from o1 2.4 11.4 49 18.7 88.6

2007

Igglllgisllde inventory from 2 6.8 32.2 38 14.3 67.8
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map obtained from the 1979 landslide inventory shows
40 stable slope units (57 % of slope units), while the
landslide density map made from the landslide inventory
in 2007 has only 20 stable slope units (29 % of slope
units) and the LiDAR-based density map has 32 stable
slope units (45 % of slope units). The landslide density
map obtained from the LiDAR-based inventory shows
that 68 % of the study area (14.3 km?) is classified as
unstable or landslide prone areas. Unstable areas in the
study area (21 km?) are 30 % larger according to the
landslide density maps obtained from the 2007 invento-
ry, while landslide prone areas are 13 % smaller in the
density maps obtained in 1979.

The degree of matching between the three density
maps can be visually estimated from Figure 9. The least
overlapping is between the density maps obtained from
2007 and the LiDAR-based landslide inventories. The
best matching is between the density maps obtained
from 1979 and the LiDAR-based landslide inventories,
because both maps show small to medium density of
landslides in slope units which corresponds to similar
total landslide areas (0.61 km? in 1979 inventory and
0.51 km? in LiDAR-based inventory). The density map
obtained from the 2007 inventory is substantially differ-
ent from the other two density maps and shows signifi-
cantly higher landslide densities. In the central part of
the study area, landslide densities reached values of 30-
50 % which is primarily affected by large and very large
landslide polygons representing mapped phenomena in
the inventory.

6. Discussion

Three tests designed to assess specific aspects of the
quality of a landslide map were performed to compare
three landslide inventory maps in the Podsljeme area.
Based on landslide statistics for the study area, the size
of the most abundant landslide in the inventory from
1979 is 5 times larger (2,407 m?), and in the landslide
inventory from 2007, even twenty-eight times larger
(11,981 m?) than the most frequent landslide size in the
LiDAR-based inventory (427 m?). It can be concluded
that the size of landslides, and even landslide zones, in
both historical inventories from 1979 and 2007 are unre-
alistic. According to previous scientific investigations
(Mihali¢ Arbanas et al., 2016), dominant landslide
types in the Podsljeme area are small, superficial to
moderately shallow landslides (landslide volume <10°
m?; landslide depth <20 m). In fact, analysis of landslide
sizes from preliminary or detailed investigation reports
performed in the period from 1968 to 2008 showed that
most of the investigated landslides in the Podsljeme area
cover less than 8,000 m? (Mihali¢ et al., 2012). The ex-
ception is the large, deep-seated Kostanjek landslide in
the western part of the Podsljeme area with a landslide
area of approx. 1 km? (Krka¢ et al., 2017).

Based on the frequency-area distribution of the three
landslide inventories, it can be concluded that historical
landslide inventories from 1979 and 2007 are generally
incomplete, because small landslides are missing, while
the LIDAR-based inventory is sustainably complete. In
the historical landslide inventories from 1979 and 2007,
small landslides are not present, which is an important
drawback reflecting the significant limitation of practi-
cal application of both inventories. In the last few years,
initiations or reactivations of small and superficial land-
slides in the Podsljeme area were recorded two or three
times per year (Bernat Gazibara et al., 2017a), usually
during wet periods (November-April), causing damage
on private houses and roads. Inventory compiled on the
basis of LIDAR DTM acquired in December 2013 pres-
ents all landslides with more realistic landslide contours
and gives information about the exact position of land-
slides in a whole range of landslide sizes (small, shallow
and large, deep-seated landslides).

The three landslide inventories were used to calculate
the percentage of landslide area in slope units, which can
be used for a proxy estimation of landslide susceptibility
(Bulut et al., 2000) in the study area. Since the LiDAR-
based inventory is proved to be the most complete land-
slide inventory map, a derived density map can be con-
sidered a more reliable proxy estimation of landslide
susceptibility, comparing to the other two analysed in-
ventories. The derived density map shows that 45 % of
slope units (32 % of the study area) can be described as
stable, and 55 % of slope units (68 % of the study area)
can be considered as potentially unstable or landslide
prone areas. The historical inventory from 2007 shows
much higher landslide densities per slope units and gives
an unrealistic picture of the spatial distribution of land-
slide susceptibility as well as locations of assumed land-
slide prone areas in the study area. Based on the quality,
reliability and completeness of the two historical land-
slide inventories, it can be concluded that these invento-
ries cannot be used for a susceptibility and hazard as-
sessment in the study area.

A very high mismatch (E=85-96 %) between the three
landslide inventory maps could be due to the application
of different techniques used for landslide identification
and mapping. Geomorphological field mapping in the
study area is not an adequate method for landslide inven-
tory mapping because most of the landslides (more than
80%) are located in forested and semi-natural areas
(Bernat Gazibara et al., 2017b). The ability to follow a
landslide boundary accurately in the forest is limited by
the reduced visibility of the slope, a failure due to dense
vegetation cover, the local perspective, the size of the
landslide, and the fact that the landslide boundary is of-
ten indistinct (Santangelo et al., 2010). LiDAR DTM
enables a distant view of the slope and landslide, which
is preferable during landslide inventory mapping to
reach better results, and a more accurate and more com-
plete landslide inventory map (Guzzetti et al., 2012).
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The most important benefit of LiDAR is that it enables
landslide mapping in forested terrain because laser puls-
es can penetrate the canopy, unlike optical aerial or sat-
ellite images that do not penetrate the canopy. Another
advantage of using LiDAR data is that it enables a (semi)
automated detection of landslides (Van Den Eeckhaut
et al. 2012) based on morphological parameters. Com-
parisons over the past few years indicated that landslide
recognition using LiDAR DTMs is up to 5-10 times
quicker than traditional photogrammetric techniques in
the same landscape (Pirasteh & Li, 2017).

7. Conclusions

The historical landslide inventories from 1979 and
2007 and the detailed LiDAR-based landslide inventory
from 2013 provide very different information on the
size, distribution, and density of landslides in the study
area (21 km?). Historical landslide inventory maps from
1979 in a 1:10,000 scale and from 2007 in a 1:5,000
scale are the result of geomorphological field mapping.
Based on field mapping, the size of a single landslide or
landslide zone (area with many small landslides) is in a
range from 467 to 43,228 m? in the 1979 inventory and
from 282 to 317,262 m? in the 2007 inventory. The aver-
age size of landslides in the LiDAR-based inventory is
730 m?, and 75 % of the landslide bodies showed a size
between 160 and 2,000 m> Besides different average
sizes of landslides in inventories, landslide inventory
maps also differ in the spatial distribution of landslides.
Cartographic error between analyzed landslide invento-
ry maps is approximately 85-96 % and it can be assigned
to different geomorphological interpretations (1979 vs.
2007) and different techniques used for landslide map-
ping (1979 vs. 2013 and 2007 vs. 2013). Differences in
landslide size and spatial distribution also result in large
differences in landslide density maps obtained for the
1979, 2017 and 2013 landslide inventory maps. The
highest percentage of unstable area was obtained with
the 2007 landslide inventory, while the density map ob-
tained from the 1979 landslide inventory shows that
only 58.7 % of the study area is unstable. The landslide
density map obtained from the LiDAR-based inventory
shows that 68 % of the study area (14.3 km?) is unstable
or landslide prone, and based on the highest degree of
landslide inventory completeness, it can be concluded
that this density map gives the best proxy estimation of
landslide susceptibility in the study area.

A comparison of the three inventories at the study
area makes it possible to draw conclusions for the whole
Podsljeme area (180 km?). The LIDAR DTM acquired in
December 2013 enables preparation of a complete land-
slide inventory map with a whole range of sizes (small,
shallow and large, deep-seated landslides) starting with
a landslide area of 40 m?.

The LiDAR-based landslide inventory map, in con-
trast to the existing historical inventory maps, is suitable

for practical application, planning, development or civil
protection purposes in the Podsljeme area, because of
the high reliability of its landslide contours. Landslide
inventory from 2013 contains numerous small landslides
which are easier to remediate, in case that they present a
risk for people, material properties or the environment.
The spatial distribution of landslides in the study area
shows different patterns which implies the usefulness of
a susceptibility assessment in the Podsljeme zone, as
preliminary information for measures aimed at risk pre-
vention.

Although the LiDAR-based inventory provides real-
istically accurate landslide information, visual interpre-
tation of LIDAR-based DTM derivatives is still a time-
consuming process and thus limited to large-scale stud-
ies. The advantage of using LiDAR data is that it enables
a semi-automated detection of landslides based on mor-
phological parameters of mapped landslides and further
research will focus on the automatization of landslide
mapping and the creation of landslide inventory and
hazard maps for the entire Podsljeme area (180 km?).
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SAZETAK

Verifikacija povijesnih inventara klizista u podsljemenskoj zoni grada Zagreba
s inventarom klizista dobivenoga iz podataka prikupljenih LiDAR-om

Klizi$ta su vrlo ¢esta pojava u breZuljkastome dijelu grada Zagreba zbog geomorfologkih, geoloskih i klimatskih pred-
uvjeta. Na podrudju podsljemenske zone grada Zagreba postoje dva povijesna inventara klizi$ta, prvi iz 1979. godine i
drugi iz 2007. godine, a oba su izradena na temelju geomorfoloskoga kartiranja i arhivskih podataka. Na temelju poda-
taka laserskoga skeniranja (LiDAR) iz zraka provedenoga tijekom prosinca 2013. godine izraden je inventar klizista za
podrudje povrsine 21 km?, smjesteno u zapadnome dijelu podsljemenske zone. Usporedba triju inventara klizista prove-
dena je pomocu triju analiza koje se temelje na raspodjeli ucestalosti klizista, razlici u geografskome polozaju pojedinih
klizista u inventaru klizista te kartama gustoce kliziSta. Rezultati analize triju inventara klizi$ta upuc¢uju na znatnu
razliku u broju klizi$ta u pojedinim inventarima, veli¢inu klizista i prostornu raspodjelu, na temelju ¢ega se moze zaklju-
¢iti kako su povijesni inventari klizista nepouzdani te kako LiDAR podaci omogucavaju izradu potpunoga inventara
klizista. Inventar klizista za cijelo podrudje podsljemenske zone izraden na temelju digitalnoga modela terena visoke
rezolucije dobivenoga laserskim skeniranjem iz zraka (LiDAR DMT) imao bi $iroku primjenu prilikom izdavanja grade-
vinskih i lokacijskih dozvola, prostornih planova te u sklopu zastite okolisa i civilne zastite, a takoder je nuzdan za izradu
prognoznih karata, karte podloznosti, hazarda i rizika od klizanja.

Klju¢ne rijedi:
inventar klizi$ta, kartiranje klizista, LIDAR, Zagreb
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