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Abstract. The Faroe Islands in the North Atlantic Ocean are 1 Introduction

highly susceptible to landslides. Following recent landslide

incidents, Jardfeingi (Faroese Earth and Energy Directorate) he Faroe Islands in the North Atlantic Ocean (Fig. 1) are
has pointed out, that the risk of human lives or of property highly susceptible to landslides. The 18 islands, covering
being lost or affected by landslides may be increasing. Thisah area of 1397 kf are dominated by high mountains ris-
paper aims at presenting and testing a simple qualitative apg from the ocean to a height of app. 900 m above sea level
proach for mapping regional landslide susceptibility in the (M a.s.l.). Landslides are mainly rock falls and debris flows
Faroe Islands, using few key parameters. The susceptibilit@s defined by Cruden and Varnes (1996). Particularly the
model holds information about both landslide initiation areaslatter are very common (Dahl, 2007), due to steep land-
and runout zones. Landslide initiation areas are determinegcape, high precipitation (900-3200 mm/yr), (Cappelen and
from slope angle thresholds (25(°) and soil cover data, Laursen, 1998), and basaltic parent material overlain by a
while runout zones are delineated using the angle of reach ageolluvial soil layer ranging from 0 to 8 m (Dahl, 2007). Dur-
proach taking into account the presence/absence of geolodd recent years damaging landslide events, mainly triggered
ical benches in the runout path, which has not been Considby extreme rainfalls, have led to increased focus on loss of
ered in earlier studies. Data inputis obtained from a landslidehuman lives and property caused by debris flows. Jarfeingi
database containing 67 debris flows throughout the Faroe IsFaroese Earth and Energy Directorate) has pointed out, that
lands. Angle of reach values differ significantly with the landslide risk to the population and to human activities may
presence/absence of geological benches in the runout patR€ increasing due to climate change and to the fact that hu-
Two values of angle of reach, 22.8nd 27.8, are used for ~mMan activities are taking up still larger areas of the Faroese
calculating runout zones. The landslide susceptibility modellandscape (Mortensen, 2001, 2004). There is hence a grow-
is tested in a study area at the town of Klaksvik in the north-ing need for developing landslide susceptibility maps which
ern part of the Faroe Islands. A map validation comparingmay be used for planning purposes.

predicted susceptibility zones with a validation-dataset of 87 Landslide susceptibility is generally seen as expressing the
actual landslides in the study area reveal that 69% and 929dikelihood that a landslide will occur in an area as a function
respectively, of actual landslide initiation areas and runoutof local terrain conditions (Soeters and Van Westen, 1996).
zones are correctly predicted. Moreover 87% of the actualn other words, a landslide susceptibility map points out ar-

landslides are included in the overall predicted landslide sus€as, which are likely to hold landslides in the future (Brabb,
ceptibility areas. 1984). Several authors have emphasized, that mapping land-

slide susceptibility should include both recognition of land-
slide initiation areas and an assessment of runout behavior
of the landslide material (Dai et al., 2002; Corominas et al.,
2003; Hurlimann et al., 2006; Guinau et al., 2007).

The available methods to map landslide initiation suscep-

Correspondence tav.-P. J. Dahl tibility can be divided into qualitative and quantitative ap-
m (mpjd@ruc.dk) proaches. Qualitative approaches include landslide inventory
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mapping or expert evaluation (Malgot and Mahr, 1979; Ivesal. (2007) identified app. 10 organic-rich layers which had
and Messerli, 1981; Rupke et al., 1988; Wachal and Hu-been buried by debris flow runout material. Of the 10 layers,
dak, 2000; Morton et al., 2003; Sarkar and Anbalagan,7 were dated to between 7940-2060yr BP (Christiansen et
2008), while quantitative approaches can be divided intoal., 2007). Dahl (2007) conducted a mechanistic landslide
mechanistic (Terlien et al., 1995; Wu and Sidle, 1995; susceptibility assessment on a 1:1000 scale using the infi-
Alcantara-Ayala, 2004; Collins and Znidarcic, 2004; Dahl, nite slope model (Ward, 1976; Selby, 1993). The result was
2007) and statistical methods (Ayalew and Yamagishi, 2005highly affected by the large local variations of soil depth and
Dominguez-Cuesta et al., 2007; Guinau et al., 2007; Magli-cohesion (Dahl, 2007). Large variations in Faroese soil prop-
ulo et al., 2008). Mapping landslide initiation susceptibility erties are also found in Hansen (1990), and Veihe and Thers
by the use of expert evaluation is the qualitative approach(2007). The large local variation in soil parameters is a major
most broadly used (He and Beighley, 2008), and is also thebstacle for potentially assessing regional landslide suscep-
method chosen for this paper. Expert evaluation allows land{ibility in the Faroe Islands using a mechanistic approach.
slide prone areas to be determined through fieldwork and The purpose of this paper was to test a simple qualitative
subsequent analysis, taking into account a variety of geologapproach for mapping regional landslide susceptibility in the
ical, hydrological, geomorphologic and land use parameterg-aroe Islands, using only few key parameters. The suscepti-
(Rupke et al., 1988; Huabin et al., 2005; Sarkar and Anbal-bility model contained information about both landslide initi-
agan, 2008). Although the subjectivity involved in weighing ation areas, which were determined from slope angle thresh-
and rating the parameters as well as the reproducibility ofolds and soil cover data, and runout zones, which were de-
the results constitute disadvantages to the approach (Dai antheated using the AOR approach. A novel approach taking
Lee, 2002; Dai et al., 2002; Huabin et al., 2005), mappinginto account the presence/absence of geological benches in
landslide initiation areas by the use of expert evaluation inthe runout path, were used for calculating AOR values. The
many cases can be done successfully at any scale (He andodel was tested in a study area at the town of Klaksvik in
Beighley, 2008). the northern part of the Faroe Islands by producing a GIS-
When mapping runout distances of landslides, empiri-based landslide susceptibility map. A simple approach for
cal (Cannon and Savage, 1988; Corominas, 1996; Dai andssessing susceptibility was chosen because of its advantage
Lee, 2002; Corominas et al., 2003), analytical (Hutchinson,of being easy and fairly inexpensive to carry out and to ex-
1986; Sassa, 1988) or numerical approaches (McDougall antfapolate to other landslide prone areas in the Faroe Islands,
Hungr, 2004; De Blasio et al., 2005; Valentino et al., 2008; as discussed in Sect. 6.
Wang et al., 2008) can be used. A simple empirical method
which is used in many papers, although it cannot delineate
a travel path (Dai et al., 2002), is the angle of reach (AOR)2 Landslide characteristics
approach. The AOR, which was first introduced by Heim
(1932) as the Fahrbdschung, is defined as the angle con-andslides in the Faroe Islands are mainly rock falls and
necting the crown of a landslide with the distal margin of rainfall-triggered debris flows as defined by Cruden and
the runout material. Since introduced by Heim, correlationsVarnes (1996). Particularly debris flows are very common
between AOR and changes in landslide volume, type andand are the only landslides considered in this paper. Hence
runout path have been investigated by many authors (e.gnly these landslides are described in detail in the follow-
Scheidegger, 1973; Hsu, 1975; Corominas, 1996; Dai andng section. Most debris flows are open-sloped, while few
Lee, 2002; Corominas et al., 2003). However, an aspect ofre channelized. Landslide initiation is shallow and trans-
the approach not yet examined is the change in AOR as a corlational with slide planes either occurring within the soil, at
sequence of a stepwise landscape seen as geological benchke contact zone between the soil and the underlying rocky
in the runout path. In this paper, different AOR values were parent material, or in combination between the two. Slide
calculated taking into account the presence/absence of geg@lanes never occur within the rocky parent material. In most
logical benches in the runout path and implemented in theof the landslides, runout material reaches valley bottoms, but
landslide susceptibility model. do not travel further down the valley. In general, erosion and
Previous works on landslides in the Faroe Islands are venentrainment along the runout path is negligible.
sparse. Jgrgensen (1978) described the morphology of 9
mainly rock slides, originating from late or post glacial time,
in Suduroy (the southernmost island of the Faroe Islands)3 Study area
three of which have later been redefined as rock glaciers
(Humlum, 1998). In a multidisciplinary study by Lawson The study area has an extension of 8.15 lamd is located at
et al. (2005) it was found that from 2000—4000 yr BP, a gen-the town of Klaksvik (62.13 N; 6.34 W) on the island Bordoy
eral slope destabilization in the Faroe Islands occurred, mosn the northern part of the Faroe Islands (Fig. 1). The town
likely due to climate changes. When analyzing 4 soil pits has app. 4700 inhabitants, making it the second largest town
on a slope at Klaksvik on the island Bordoy Christiansen etof the islands.
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Fig. 1. Location of the Faroe Islands, the study area and landslides included in the landslide database.

Klaksvik is located at sea level surrounded by fjords and The Faroe Islands are remnants of an ancient basalt plateau
steep mountain sides, which rise to app. 650m a.s.l. As iroriginating from volcanic activity related to the tertiary open-
many other towns and villages of the Faroe Islands, newing of the NE Atlantic Ocean (Rasmussen and Noe-Nygaard,
buildings and infrastructure can be established mainly up-1969a). The plateau mainly consists of three tholeiitic basalt
hill on the steep slopes, thus increasing the landslide thredibrmations which are built up of numerous lava flows (Ras-
to the population and to human activities. A large num- mussen and Noe-Nygaard, 1969a). In the study area, the par-
ber of landslide scars and runout deposits on the mountaient material consists of the middle basalt formation (Malin-
sides surrounding Klaksvik and several historic events indi-stindur Formation), and the upper basalt formation (Enni For-
cate that these slopes are highly susceptible to landslides andation), respectively (Rasmussen and Noe-Nygaard, 1969b;
snow avalanches. In 1745 and in 1765 large snow avalanchd3assey and Bell, 2007). The upper part of the Malinstindur
struck the town, the latter killing 19 people (Christiansen etFormation which make up the parent material from sea level
al., 2007). Moreover, in 2000 following heavy rain (200- to app. 120 m a.s.l. in the study area (Rasmussen and Noe-
300 mm/48h), a debris flow struck a house and a construcNygaard, 1969b), consists of plagioclase-phyric lava flows
tion area in the town (Christiansen et al., 2007). with a thickness from<1 to app. 10 m (Rasmussen and Noe-

The climate in the Faroe Islands at sea level is temperaté&ygaard, 1969a). The Enni formation, making up the par-
oceanic, humid and windy with mild winters and cool sum- ent material in the rest of the study area mainly consists of
mers. Annual precipitation in the study area is 2710 mm,aphyric, crypto-phyric and olivine-phyric lava flows with a
measured at the nearest climate station app. 3km north ahickness from app. 8 to 11 m (Rasmussen and Noe-Nygaard,
Klaksvik at 6 m a.s.l. (Cappelen and Laursen, 1998). Thel969a). The two basalt formations in the study area are dip-
mean annual air temperature (MAAT) a.s.l. for the Faroe Is-ping app. 1.4 towards SE, and interbasaltic tuff-layers with
lands is 6.5C (Cappelen and Laursen, 1998). However, aa thickness of>1 to app. 4m are mainly found between
mean annual lapse rate 6f0.0077°C/m (Christiansen and the lava flows in the Enni Formation (Rasmussen and Noe-
Mortensen, 2002), results in a MAAT about 2@ at the  Nygaard, 1969a).
highest points within the study area.
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Water and wind erosion, together with chemical and phys-using two criteria: 1) They should have a surface of rupture
ical weathering and the quaternary glacial erosion has brolength> 10 m to be considered large enough to cause dam-
ken down the original basalt plateau and created the presemtge to human activities, had they occurred near infrastructure
glaciated Faroese landscape (Humlum, 1996; Christiansergr populated areas. 2) If possible they should be placed in
1998). The lower parts of the study area are dominated byclose vicinity to each other, making it possible to visit a large
a concave landscape, cirque valleys and streams in betwearumber of landslides in a limited period of time. There were
free face geological benches, which are remnants of the amo preferences regarding slope angle, altitude, geology, land
cient lava flows. The geological benches (henceforward reuse, vegetation, soil depth or slope aspect.
ferred to as basalt benches) and steeper slopes become more-qr each of the 67 landslides (Fig. 1) surface of rupture
dominant with altitude a.s.l. until reaching the top of the an- depth, slide plane, slope angle and AOR were determined in
cient basalt plateau, which is seen as essentially flat mountaifhe field. The surface of rupture depth was measured accord-
tops and upper convexities. Present soil formation began afyyg to the definitions of landslide dimensions in Cruden and
ter the Weichselian ice age, and soil depths in the study aregarnes (1996). The slide plane was designated either to be
vary from 0 to app. 3.5m. Soil formation in the study area ithin the soil, at the contact zone between soil and underly-
and in the Faroe Islands in general is highly dominated bying rock, or a combination between the two. The slope angle
sedimentological processes (Dahl, 2007; Veihe and Thersynq the AOR were measured using a hand held inclinometer.

2007). This is exemplified by organic-rich soil layers buried The two angles were measured from the bottom of the land-
by landslide runout material (Christiansen et al., 2007; Dahl,glige scar and from the distal margin of the runout zone to
2007) as well as a high gravel and stone content in the SOithe crown of the scar, respectively (Fig. 2).

(Rutherford and Debenham, 1981; Veihe and Thers, 2007;

Dahl, 2007) originating from downslope landslide and wa- o

ter transport processes. Thus the soil can be characterizéf2 The susceptibility model and map

as colluvial. Analysis from three soil pits in the study area

define soil texture as sandy loam and loamy sand accordin@xploiting digital orthophotos (resolution: 0.5m) georefer-

to the USDA (1975) soil texture classification system (Dahl, enced with a digital elevation model (DEM) in a TIN envi-

unpublished), which is in good agreement with results fromronment in GIS (ESRI ArcMap 9.3) (the DEM was derived

Dahl (2007) and Veihe and Thers (2007). Grasses and herb$om a 1:20 000 scale topographic map; equidistance: 10 m),

which is the only vegetation covering the area, is grazed byit was possible to measure surface of rupture width, horizon-

sheep throughout the year. tal surface of rupture length and horizontal landslide length
(Lh) (Fig. 2). The two latter, together with observed values
of slope angle and AOR, were utilized to compute landslide

4 Methodology height (H), surface of rupture length and landslide length
(L) (Cruden and Varnes, 1996). Landslide volumes were es-

The landslide susceptibility zonation was prepared considertimated using Eqg. (1) (Cruden and Varnes, 1996).

ing slope angle thresholds, soil cover data (presence/absence

of soil on the underlying parent material) and runout zones,

determined using the AOR approach. Input data were col{ gndslide volume= }n DyW, L, (1)

lected from a database containing 67 landslides visited and 6

examined throughout the Faroe Islands. Subsequently, land-

slide initiation areas, based on observed critical slope anwhereD; is the surface of rupture depth is the surface of

gles for landslide initiation, and runout zones were delineatedupture width and, is the surface of rupture length. Lower

within the study area by the use of GIS (ESRI ArcMap 9.3), and higher slope angle thresholds for landslide initiation and

creating a landslide susceptibility map. The susceptibil-an overall average AOR were determined. Furthermore, po-

ity model was validated by comparing it with a validation- tential correlations between AOR and landslide volume as

dataset showing the spatial occurrence of actual landslides iwell as occurrence of basalt benches in the runout path were

the study area. Thereby two different landslide datasets anihvestigated. This was done because several studies have

geographical areas were used for constructing and validatinghown correlations between AOR and either landslide vol-

the landslide susceptibility model. ume or obstructions in the runout path (Scheidegger, 1973;
Hsu, 1975; Corominas, 1996; Dai and Lee, 2002; Corominas
4.1 Landslide database et al., 2003). The purpose of calculating average AOR values

was to use these to delineate runout zones in the final suscep-
To define the susceptibility zonation and to describe the landtibility map. A correlation which was found between AOR
slide characteristics, a database was prepared with the infoand the occurrence of basalt benches in the runout path led
mation collected from 67 debris flows throughout the Faroeto calculation of two different average AOR values depend-
Islands. Landslides included in the database were selecteitig on whether or not any basalt benches were present in the
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Fig. 2. Landslide dimension terminology used in this paper.

runout path. All AOR values were calculated through linear the drawn landscape profile, and declining with AOR were

regression (cf. Sect. 5.2) and simple trigonometry, Eq. (2). calculated and visualized together with the drawn landscape
" profile in GIS. At landscape profiles without basalt benches

AOR=tan ! (_> (2) an average AOR value of 22.Was used (cf. Sect. 5.2), and
Lh the runout length was defined to the point where the AOR-

A maximum horizontal landslide length.if) of 374 m, was  line intersected the landscape profile (Fig. 3a). At landscape
used to calculate AOR values, since this was the maxiProfiles with basalt benches an average AOR value 0f°27.6

mum horizontal landslide distance measured in the landsliddvas used (cf. Sect. 5.2), and the runout length was defined to

database and in the Faroe Islands. the farthest point where the AOR-line intersected the land-
Areas having slope angles betweer? 2md 40, which scape profile (Fig. 3b), since runou'FmateriaI was observed to

from data in the landslide database had been recognized 4 able to overrun basalt benches in the landscape.

being susceptible to landslide initiation (cf. Sect. 5.1) were At all landscape profiles, estimated runout lengths were

delineated within the study area using the DEM. Areas rmtwsgahzed as downslope endpoints in GIS and connected to

covered with soil were identified on the orthophotos and ex-delineate final runout zones.

cluded from the landslide initiation susceptibility zones as

well as susceptibility zones less than 10 m in length.

b Rurt;ou_t Z0 neﬁ w_er:eB;:jIcu_lated fro_m avefr_?g; Aé)iv?]luesrhe landslide susceptibility model was evaluated by com-
h'y iu Str']t.tljlt'rg‘ W't. (Tl'g eque;uons?] z €. ;t e paring predicted landslide initiation areas and runout zones
Ighest hillslope point an m above the bottom of each i, 5 yajigation-dataset showing the spatial occurrence of
defined landslide Initiation area as well as for every 100 Mg7 |0 hggjides observed in the study area. Each landslide was
along the mountain side a Iapdsca}pe profile down' the SIOpqocalized from digital orthophotos, and split up into an ini-
paralel to_the_slope af‘g'e orientation, was drawn n _GIS' Aliation area and a runout zone. After pointing out the actual
each profile, it was visually estimated from the digital or- 5 yqjiges in GIS, the percentage of observed initiation ar-

thophotos and from the shape of the drawn profile, Whethereas and runout zones present in the predicted landslide ini-

or not any basalt benches were present n the _runout p_atrﬁation areas and runout zones, as well as in predicted non-
Figure 3 shows examples of landscape profiles with and W'th'susceptible areas was calculated. Furthermore, actual land-

out basalt benches. ) slides included in the overall predicted landslide susceptibil-
Dependent on whether basalt benches were estimated ¥ areas were counted

be present or absent in each runout path, X and Y coordi-
nates for a straight AOR-line starting in the same point as

4.3 Validation
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Fig. 3. Graphs showing landscape profiles (black lines), AOR-lines used in the susceptibility model (red lines) and AOR-line representing
“true” dynamic friction coefficient when basalt benches are present in the runout path (blue dashed line). Black dashed lines are showing
runout lengths(A) Landscape profile without basalt bench@), Landscape profile with basalt benches.
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landslide lengthl(h) with basalt benches either present or absent in

runout path.
5 Results P

5.1 Landslide database characteristics ation in the susceptibility map at 2&nd 40, respectively.

. i Slope angles between 28nd 25 were excluded because of
Examining the 67 landslides throughout the Faroe Islands reg, very low landslide ratio of 0.5. Moreover, Table 2 shows

vealed the following characteristics. Mean surface of rupturey, 4+ no landslides occur on slope2®® and>40C°. Slopes

length and width were 36.7m and 18.4 m, respectively (Tayyphich are gentler are considered too flat to provide landslid-
ble 1). Surface of rupture depth varied from 0.2m t0 5.0 M, \yhile the absence of landslides on very steep slopes is
partly reflecting the variation in soil depth in the Faroe IS- .5, seq by the fact that soil has already slid away in this steep

Iaan, since 60% of the landslides had slide planes _Occurringandscape. Furthermore upper slope angles on straight slopes
entirely or partly along the contact zone between soil and UN4re not much steeper than40mited by the angle of repose.
derlying rock (Table 1). Surface of rupture lengths, widths,

depths and landslide volumes all had high CVs (Table 1),5 2 Runout characteristics

reflecting the large variation of the size and shape of the in-

vestigated landslides. AOR values varied from 9%0to 42.0°. The highly significant
Slope angles for landslide initiation varied from°2® (r?=0.827,p < 0.01) regression lineH=0.43.h+10.80 (Ta-

40°, with a mean value of 32and a CV of 0.12. From calcu- ble 3), was used for calculating an overall average AOR of

lated landslide ratios, which varied from 0.5 to 7.9 on land- 24.8.

slide prone slope angles (Table 2), it was decided to set the A strong relationship was found between AOR and land-

lower and higher slope angle thresholds for landslide initi- scape topography. Regression lines when basalt benches

Nat. Hazards Earth Syst. Sci., 10, 1898, 2010 www.nat-hazards-earth-syst-sci.net/10/159/2010/
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Table 1. Selected landslide characteristics, obtained from the landslide database.

Landslide parameter Value range  Mean Coefficient of variation (CV)
Surface of rupture length (m) 10.3-100.3 36.7 0.54

Surface of rupture width (m) 5.9-62.4 18.4 0.47

Surface of rupture depth (m) 0.2-5.0 1.4 0.64

Landslide volume () 15.9-14216.4 772.3 2.31

Slide plane type Number of slide planes

Soil 27

Rock contact 17

Soil and rock contact 23

Table 2. Distribution of landslides from the landslide database at
different slope angles in the Faroese Islands.

Slope angle  Number of % of % of the total Landslide
landslides  landslides Faroese landscape &atio

<20 0 0 53.4 0
20-25% 3 4.5 9.4 0.5
25-30 8 11.9 8.3 1.4
30-3% 27 40.3 7.6 5.3
35-40 29 43.3 5.5 7.9

> 40° 0 0 15.8 0

: 9 of landslides/% of the total Faroese landscape

were present vs. absent in the runout path (Fig. 4) were sig-f=

nificantly different (p < 0.05), (Table 3). The two highly sig-
nificant regression line${=0.909,p < 0.01) and (2=0.816,
p <0.01), (Table 3) were used for calculating AOR when

basalt benches were present vs. absent in the runout patt

The two AOR values, 27%and 21.5, were calculated using

Eqg. (2) in order to delineate runout zones in the study area.p_2
No significant correlation was found between AOR and land-

slide volume (Table 3).

5.3 Landslide susceptibility map

Landslide initiation areas

250 500 1,000 1,500

) Meters

a3 Landslide runout zones
o

Fig. 5. Landslide susceptibility map of the study area at Klaksvik.

The landslide susceptibility map of the study area is shown@réa used as a validation set, were subdivided into initiation

in Fig. 5. The map holds information about both landslide
initiation areas and runout zones which made up 1.63km
(20%) and 3.91 krh(48%) of the study area, respectively.

Landslide susceptible areas were seen to potentially afZOnes, while 1

fect existing buildings and infrastructure in the outskirts of

areas and runout zones. Of the total>21D-2km? actual
landslide initiation areas, 69% were within the predicted ini-
tiation areas (Table 4), 20% were located in predicted runout
1% were found in areas predicted as non sus-
ceptible to landsliding (Table 4).

the town. Non-susceptible areas were typically seen inside When comparing predicted and actual landslide runout

Klaksvik, in cirque valleys and on essentially flat mountain
plateaus.

5.4 Validation

To evaluate the prediction skill of the susceptibility model,

zones, predicted landslide initiation areas were also predicted
as being runout zones. This assumption was made since
runout material was observed to be naturally represented in
initiation areas as a consequence of deposition which began
immediately downslope from landslide scars. 92% of the ac-
tual 5.7x10~2km? landslide runout zone areas were found

the spatial occurrence of 87 actual landslides in the studyn predicted runout zones, while 8% were present in areas
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Table 3. Statistical analysis of runout characteristics.

Correlation analysis “Spearman Rank Correlation Coefficient”

n Outliers rs Table value p < 0.01)

AOR vs. Landslide volume 67 - 0.334 0.478
Regression analysis “Least Squares Regression Model”

n Outliers Regression line r2 df t-value Table valueg <0.01)
H vs.Lh (overall) 67 2 H=0.43.h+10.80 0.827 63 17.225 2.617
H vs.Lh (basalt benches present in runout path) 14 1 H=0.46.h+21.56 0.909 11 10.388 3.106
H vs.Lh (basalt benches absent in runout path) 53 2 H=0.38.h+15.94 0.816 49 14.645 2.660

T-test for difference between regression lines

n Outliers df t-value Table value ¢0.05)

H vs.Lh (basalt benches present vs. absent in runout path)  14+53 1+2 11+49 2.186 2.000

Table 4. Validation of the landslide susceptibility map by comparing actual and predicted landslide initiation areas and runout zones.

Predicted initiation  Predicted runout Predicted non

areas zones susceptible areas
Actual initiation areas 69% 20% 11%
Actual runout zones - 92% 8%

predicted as non susceptible to landsliding (Table 4). Furshowed that notably rockfalls and debris flows with volumes
thermore, 76 of the 87 actual landslides were found in the<1x10*m? developed higher AOR when obstructing ele-
overall predicted landslide susceptibility areas, correspondments were present in the runout path compared to unob-
ing to an accuracy of 87%. structed runout paths. Obstructing elements were dense for-
est, scree deposits, opposing valley slopes and deflections
_ _ _ of the runout material. Higher AOR values in obstructed
6 Discussions and conclusions runout paths were also found in Corominas et al. (2003).
i e ) Differences in AOR, when investigating rock falls, shallow
In this study s_Iop.e anglgs for Iapdsllde initiation varied from translational and rotational slides, were in the range of 2—
22’10 40, which is consistent with res'ults.frp.m D ahl (2007): 1@ between obstructed and unobstructed runout paths, with
where the lower threshold for landslide initiation was esti- AOR values varying from 20to 5. Obstructing elements

mated to be 25 _Other stud|_es_0n landslides Wh|ch are a!so were dense forest, large blocks and opposing valley slopes
shallow, translational and within a temperate climate reg'me(COrominas etal., 2003). Hence, when comparing the runout

have also shown consistency with respect to slope angle Valr'esults in this paper with the ones reported from Coromi-

;Jesl. I(:j)'?;naﬁq AV,‘"‘”ZL etal. (2200421 recczrdc_aﬂ slope anglesy, ;5 (1996) and Corominas et al. (2003) it is recognized that
or landslide initiation between 2@nd>45" with metamor- a1 penches in the runout path can be regarded as ob-
phic sandstone and phyllite as parent material. Slope angle

. Structions which significantly increase AOR values. The in-
up to 43 was reported by Shakoor and Smithmyer (2005)'crease in AOR with the presence of basalt benches can be

with mudrock as parent material, while Matsushi etal. (2006)explained by conceptually evaluating the AOR approach and
found slope angles between°32nd 38 with mudstone and by looking at Fig. 3b. Since the AOR is the angle con-

sandstone as parent material. necting the crown of a landslide scar with the distal mar-

In this study calculated AOR values differed signifi- 4in of the runout material, and tan(AOR) therefore repre-
cantly with the presence/absen_ce of br_;tsalt benches in NEents the dynamic friction coefficient, the runout material
runout path. - Although no earlier studies have examinedy jecelerate, as it approaches the AOR point in the runout
the influence of geological benches on AOR, obstructlonspath. To be exact, deceleration will occur when the slope
in the runout path have generally been proven to increasg g pecomes smaller than the AOR. If the runout mate-
AOR. Corominas (1996), plotting log landslide volume "\ erruns several basalt benches in its path, as is seen

for rockfalls, earthflows and translational landslides against, Fig. 3b, it approaches the AOR point several times, each
log landslide height K )/horizontal landslide lengthLp), Y '
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time decelerating. Eventually the repetitive decelerationsand Anbalagan (2008) found 63% of actual landslides in pre-
causes the runout material to stop causing a higher AOR thadicted high and very high susceptibility areas, using an expert
on purely concave slopes, where runout material is not exevaluation approach. Dai and Lee (2002) and Dominguez-
posed to the same repetitive decelerations. Thus tan(AORLuesta et al. (2007) found 85% and 92% of actual landslides
on purely concave slopes can be seen as representing th predicted high, very high and extremely high susceptibil-
“true” dynamic friction coefficient of the runout material. ity areas using statistical approaches, and finally Alcantara-
This also explains why the runout material can cross theAyala (2004) found 81% of actual landslides in predicted
AOR point several times when overrunning basalt benchesusceptibility zones using a mechanistic approach. Directly
in the runout path, since tan(AOR) in the presence of basaltomparing the results from this paper with these other stud-
benches does not represent the true dynamic friction coeffiles is however somehow problematic. The studies used for
cient of the runout material. The latter theoretical consider-comparison have worked with a whole range of susceptibil-
ation has been verified by inserting AOR-lines representingty levels, instead of simply defining an area as being sus-
the true dynamic friction coefficient (from AOR=22)anto ceptible or non-susceptible, as is the case in this paper. Nev-
all landscape profiles containing basalt benches in the runowgrtheless the comparison gives an indication that the simple
path (Fig. 3b). When doing so, topographic profiles were noapproach with only a few key parameters tested in this paper
longer intersected by the AOR-lines. performs equally well as several other qualitative and quan-
A large number of studies have investigated the poten+itative landslide susceptibility models applied.
tial negative correlation between landslide volume and AOR. In this paper 92% of actual landslide runout zones were
Corominas et al. (2003) found a decrease in AOR ©f 7 correctly located in the predicted runout zones. Verification
with increase in landslide volume from Bro 2x10% m3. data for runout zones comparable to results in this paper is
The same tendency was seen in Corominas (1996) in a loghardly present in the literature. However, as pointed out by
arithmic correlation between tan(AOR) and landslide vol- Wong and Ho (1996) the AOR approach has proven to give
umes up to ¥1019m3, and in Dai and Lee (2002), which a very realistic assessment of landslide runout distance, as
used landslide width as an indirect measure of landslidewell as calculated runout distances using the AOR approach
volume. Translational landslides with a width e20m having proved very consistent with results from numerical
and >20m had AOR of 29.9and 26.7, respectively (Dai  approaches (Corominas et al., 2003).
and Lee, 2002). However, Scheidegger (1973) and Hsu An argument when evaluating the applicability of a land-
(1975), comparing landslide volumes with tan(AOR) for slide susceptibility approach is its ability to be extrapolated
a large variety of landslides, indicated that this negativeto other or larger geographical areas. Identification of land-
correlation only exists for landslides abovex10° m? to slide initiation areas in other and larger parts of the Faroe
0.5x1°Pm3. This argument was supported by Okura et Islands can easily be done, since the DEM and digital or-
al. (2003), who found no significant correlation between thophotos are available for the entire archipelago. A greater
landslide volume and tan(AOR) for translational landslideschallenge lies within identifying landslide runout zones for
between k107 to 1.5x 10° m3. Thus the non significant cor- larger areas. In this paper, a total number of 725 downslope
relation between AOR and landslide volume in this paper isendpoints for runout were manually delineated in the study
believed to be caused by the relatively small landslide vol-area. In order to determine landslide runout zones at an ac-
umes<1.5x10* m3 (Table 1). ceptable time and cost, large parts of the analysis has to be
In this paper 69% of actual landslide initiation areas wereautomated within a GIS. While landscape profiles can still be
correctly located in the predicted susceptibility areas (Ta-drawn manually because they are not time consuming and are
ble 4), while 20% were found in predicted runout zones andused to define the initiation points and direction of the runout
the remaining 11% were found in areas predicted as nonpath, downslope endpoints and hence runout lengths should
susceptible. Potential causes for the model inaccuracy arbe automatically generated by the use of ESRI ArcGIS tools.
considered later in this discussion. The 69% correctly pre- The susceptibility model in this paper showed some inac-
dicted landslide initiation areas show a good correspondenceuracy, since 20% of actual landslide initiation areas were
with another qualitative study, where Ruff and Czurda (2008)incorrectly found in predicted runout zones, as well as 11%
found 67% of actual landslide areas to be correctly predictedf actual landslide initiation areas and 8% of observed runout
in high and very high susceptibility areas, using an expertzones were found in areas predicted as non-susceptible. Even
evaluation approach. Compared to these qualitative studiethough the 20% of actual landslide initiation areas found in
Ayalew et al. (2005) and Duman et al. (2006) found 63% predicted runout zones may rarely be a problem in a plan-
and 80% of actual landslide areas to be correctly predictediing perspective, since delineated runout zones are a part
in high and very high susceptibility areas using statistical ap-of the landslide susceptibility areas, it is still important to
proaches. Moreover, in this paper 87% of actual landslidesvaluate potential causes for the model inaccuracy. Impre-
were found in the overall predicted landslide susceptibility cision may be caused by the following five factors: 1) Lim-
areas, which is consistent with results from other qualita-itations of the DEM. The resolution of the DEM is limited
tive and quantitative studies. In a qualitative study Sarkarby the properties of the topographical map from which it has
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been constructed (cf. Sect. 4.2). Thus local changes in slopproach with few parameters, which requires only little work
angle, which are important for determining landslide initia- and small economic resources. Hence it could be relevant
tion areas and runout zones as well as for assessing landslide test this approach for mapping landslide susceptibility in
heights and runout lengths, may not be correctly shown byparts of the World, where funds for scientific research is
the DEM. 2) Defined slope angle thresholds for landslide ini- limited. Finally the approach for mapping landslide runout
tiation areas. Subsequent slope angle measurements in Gnes, where AOR is dependent on the presence/absence of
of actual landslide initiation areas in the study area indicatecbasalt benches in the runout path could be adopted when
slope angles below 25or above 40. Hence, the model mapping landslide susceptibility in similar landscapes, where
could possibly be improved by including such slope anglesbasalt benches are dominant.

when defining landslide initiation areas. 3) Inaccuracies in

the calculated AOR values, caused by the difficulty in deter-AcknowledgementsThis paper has been carried out in cooperation
mining exact horizontal landslide lengths. As a consequenc®etween Department of Environmental, Social and Spatial Change,
of increasing landslide age, in many cases horizontal |andROSki|de pniversity, Denmark and Jaréfeingi (Faroesg Earth and
slide length was difficult to measure, since distal marginSEnergy Directorate), the Faroe IsIands._The authors \_leh _to thank
of the runout material were no longer recognized as shar rEsl_:)ern Holmes_for technical GIS assistance and Ritta Bitsch for
boundaries. 4) The presence of AOR values lower than theqr";1|Dhlcal preparations.

21.5 and 27.6 used in the model. Subsequent analysis haver jiteq by: T. Glade

shown that such lower AOR values may account for app. 1%geviewed by: J. Corominas and another anonymous referee

of the 8% observed runout zones found in areas predicted as

non-susceptible. Thus, low AOR values only represent a mi-
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