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Evaluation of the consistency of landslide susceptibility
mapping: a case study from the Kankai watershed
in east Nepal

Abstract GIS-based landslide susceptibility maps for the Kankai
watershed in east Nepal are developed using the frequency ratio
method and the multiple linear regression technique. The maps
are derived from comparing observed landslides with possible
causative factors: slope angle, slope aspect, slope curvature, rela-
tive relief, distance from drainage, land use, geology, distance from
faults and mean annual rainfall. The consistency of the maps is
evaluated using landslide density analysis, success rate analysis
and spatially agreed area approach. The first two analyses produce
almost identical quantitative results, whereas the last approach is
able to reveal spatial differences between the maps and also to
improve predictions in the agreed high landslide-susceptible area.
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Introduction
Fell et al. (2008) defined landslide susceptibility as a quantitative or
qualitative assessment of the classification, volume (or area) and
spatial distribution of landslides, which exist or potentially may
occur in an area. Various researchers (e.g. Brabb 1984; Hansen
1984; Varnes 1984, Cruden and Varnes 1996; Hutchinson 1995) have
considered a number of causative factors responsible for landslides.
A systematic study of landslides including inventory mapping, sus-
ceptibility mapping, hazard mapping and risk assessment has been
carried out by different researchers in different parts of the world in
the last three decades mainly due to increasing awareness of its
socio-economic impacts as well as increasing pressure of urbaniza-
tion on environment (Aleotti and Chowdhury 1999).

The fragile and geologically young Himalayan mountains of
Nepal are characterized by a high relief, high-intensity monsoon
rainfall and earth tremors, which contribute to natural disasters such
as landslides and floods. Losses caused by these natural disasters are
on an increase as a result of accelerating rapid population growth
and infrastructural development activities in these areas. Large-scale
deforestation, unplanned land use systems and the construction of
physical infrastructures, such as irrigation canals, roads and dams in
hazardous mountainous regions have contributed to increasing
problems of landslides, debris flows, soil erosion and floods (Upreti
and Dhital 1996).

Up to date, only a few studies have been carried out on landslide
susceptibility, hazard and risk analysis in east Nepal. In the eastern
region of Nepal and adjacent parts in India, landslide susceptibility
maps have been prepared by different researchers, such as in Dar-
jeeling, India (Sarkar and Kanungo 2004; Kanungo et al. 2006, 2008,
2009; Gupta et al. 2008; Ghosh et al. 2009, 2010), Sikkim, India
(Sarkar et al. 2006, 2008), and Panchthar, Nepal (Poudyal et al.
2010). Researchers have attempted to compare landslide susceptibil-
ity maps of the same study area using various approaches. Dhakal et

al. (2000) evaluated the spatial agreement of the hazard classes
between various hazard maps of the Kulekhani watershed in central
Nepal. Lee (2004) compared the landslide susceptibility maps of
Jang-hung, Korea, obtained from the likelihood ratio method and
logistic regression using success rate curves. Gupta et al. (2008)
compared the landslide susceptibility zonation maps of Darjeeling,
India, based on conventional (i.e. heuristic), artificial neural network
black box, and fuzzy weighting procedures, using three different
approaches, i.e. landslide density analysis, error matrix analysis
and difference image analysis.

Since various investigators have followed different approaches
to evaluate the consistency of their susceptibility maps, this paper
attempts to evaluate and compare the consistency of GIS-based
landslide susceptibility maps in the Himalayan region taking the
Kankai watershed of eastern Nepal as an example. For this purpose,
bivariate and multivariate statistical methods are applied to generate
landslide susceptibility zonation maps. These maps are then com-
pared using landslide density analysis, success rate analysis and
spatially agreed area analysis.

Study area

Physiography
The Kankai watershed (26°39′23″–27°06′15″ N latitude and 87°41′
00″–88°09′11″ E longitude) lies in the middle Himalayan Moun-
tains of east Nepal. It has a total area of about 1,175 km2 and
occupies parts of the Ilam and Jhapa districts. The northern and
southern portions of the watershed are densely forested. The
central part is densely populated and is characterized by dry
cultivation on upper and middle hill slopes and by wet (paddy)
cultivation on river terraces and floodplains.

The Kankai River and its tributaries form essentially a den-
dritic drainage pattern (Fig. 1). The Kankai River is perennial and
characterized by strong temporal and spatial variation in direct
runoff and considerable base flow in its lower course. The Sanomai
River originates from Lampokhari lying at an altitude of 2,560 m
on the northern mountain range and further downstream con-
fluences with the Jogmai River and Puwamai River to form the Mai
River. The Mai River joins with the Deumai River from the western
part of the watershed and after the confluence becomes the Kanaki
River. After the Kankai River joins with the Garuwa River at
Garuwa village, it takes a wide and braided course when it emerges
from the Siwalik Hills at Domukha.

The climate is subtropical and temperate but strongly influ-
enced by altitude and physiographic characteristics. Eight hydro-
meteorological stations of the Department of Hydrology and
Meteorology, Government of Nepal, are situated inside or just
outside of the Kankai watershed, as shown in Fig. 1. A list of the
stations location, altitude and recorded average annual precipita-
tion is presented in Table 1. The recorded temperature ranges from
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5 to 40 °C in the lower altitudes with hot summers (June–August)
and warm winters (December–February) and from 0 to 30 °C in
the higher altitudes with warm summers and cold winters. About
80 % of all precipitation occurs during the monsoon starting from
June to the end of September.

Geology
The geology of the area was initially derived from a geological map
(2006, scale 1:250,000, Department of Mines and Geology, Govern-
ment of Nepal) and updated by field work in April 2010 (Table 2;
Fig. 2). The study area lies partly in the Siwaliks, a narrow belt of
the Lesser Himalaya and partly in an extensive tract of the Higher

Himalaya (Sharma 1990). The Higher Himalaya and Lesser Hima-
laya are separated by the Main Central Thrust (MCT). The Lesser
Himalayan rocks are further separated from the Siwaliks by the
Main Boundary Thrust (MBT), which follows the middle reach of
the Mai Khola. The Middle Siwaliks and the Lower Siwaliks are
separated by the Mai Khola Thrust (MKT), which is covered at
many places by alluvial deposits of the Mai Khola.

Higher Himalaya
The Higher Himalayan rocks cover about 73 % of the study area
and consist of grey garnet schist, grey kyanite and sillimanite
schist, or banded and augen gneisses with infrequent grey to light

Fig. 1 Location map of the Kankai watershed in Eastern Nepal, with indication of villages, river courses, nearby hydro-meteorological stations and observed landslides
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grey quartzite bands. Most of the Higher Himalayan rocks are
deeply weathered and are covered by grey, brown or yellow resid-
ual soils of more than 3 m in thickness. Many large landslides are
found on the Higher Himalayan rocks.

Lesser Himalaya
This group of rocks of Pre-cambrian age mainly consists of low-
grade metamorphic rocks that occupy less than 7 % of the study
area. Because of thrusting, these Lesser Himalayan rocks are ex-
posed adjacent to the rocks of Higher Himalaya. They are com-
posed of light grey to white quartzites, grey-green phyllites, grey
metasandstones or grey garnetiferous schists with dark grey-green
amphibolites. Banded gneisses are also found on the Lesser Hima-
layan rocks, especially near Soktim. Grey-to-brown colluvial soil is
frequently found on top of the Lesser Himalayan rocks and yellow-
brown residual soils, which may exceed 3 m in thickness, in
locations often associated with geomorphological ridges and
saddles.

Siwaliks
The Siwaliks constitute about 15 % of the total watershed area and
consist of mudstones, fine- to coarse-grained unconsolidated
sandstones or conglomerates ranging in age from Middle Miocene
to Pleistocene. These are thrust over the sediments of the Terai and
are subdivided into the Lower, Middle and Upper Siwaliks. The
Lower Siwaliks are fine-grained, grey sandstones interbedded with
purple and green shales. They are distributed as a narrow zone
near the MBT and at the foothills near Domukha and Soktim. The
Lower Siwaliks are covered by yellow-brown residual soils, often
more than 3 m in thickness. The Middle Siwaliks are characterized
by fine- to medium-grained arkosic pebbly sandstones with rare
grey to dark grey clays and occasionally with silty sandstones and

conglomerates. The upper part of the Middle Siwaliks consists of
medium- to coarse-grained fine- to medium-grained massive sand-
stones interbedded with green to greenish grey clays, grey shales with
thin bands of pseudo conglomerates and mudstones. The Middle
Siwaliks are covered by light grey to brown residual soil. There are
also a number of rills and gullies, especially at the contact between
the resistant sandstone and soft mudstone. The Upper Siwaliks
consist of coarse boulder conglomerates with irregular beds and
lenses of sandstones and thin intercalations of yellow, brown and
grey sandy clays. On the Upper Siwaliks, thin (less than 1 m) soils
made up of gravels and boulders are frequently found.

Quaternary alluvial deposits
Quaternary alluvial deposits are confined mainly to the inter-
mountain valleys of the Mai River, Garuwa River and Kankai
River. These deposits constitute alluvial fans, terraces and bars
made up of gravels, sands and silts.

Geomorphology
The landforms of the Kankai watershed are controlled by the
geological structures and lithology. The watershed incorporates
three major physiographic regions, namely, the Siwalik Hills, the
Mahabharat Range and the Midlands (Hagen 1969).

Siwalik Hills
The Siwalik Hills (or Churia Range) are the southernmost moun-
tain range of the Himalaya, which abruptly rise from the Terai
plain up to an altitude of about 1,500 m. The villages Domukha
and Garuwa lie on the Siwalik Hills. This range is very rugged with
deeply dissected gullies and low terraces or alluvial fans with thin
soil covers. The majority of the rivers originating in this range are
ephemeral and carry huge amounts of sediments.

Table 1 Average annual rainfall (mm) recorded at different hydro-meteorological stations between 1985 and 2007. The location of the stations is indicated in Fig. 1

Station no. Station name Altitude (m) Longitude Latitude Average annual rainfall (mm)

1407 Ilam Tea Estate 1,300 87°54″ 26°55″ 1,715

1408 Damak 163 87°42″ 26°40″ 2,345

1409 Anarmani Birta 122 87°59″ 26°38″ 2,487

1410 Himali Gaun 1,654 88°02″ 26°53″ 2,404

1412 Chandragadhi 120 88°03″ 26°34″ 2,281

1415 Sanischare 168 87°58″ 26°41″ 2,762

1416 Kanyam Tea Estate 1,678 88°04″ 26°52″ 3,147

1421 Gaida (Kankai) 143 87°54″ 26°35″ 2,589

Table 2 Stratigraphy of the study area

Geological units Lithological characteristics Age

Higher Himalaya Garnet schist, grey kyanite and sillimanite schist, augen gneisses with quartzite bands Pre-cambrian

Lesser Himalaya Phyllite, quartzite, schists, banded gneiss Pre-cambrian

Middle and Upper Siwaliks Conglomerate beds, sandstones, clays, mudstones Pleiocene to Pliestocene

Lower Siwaliks Sandstone, shale Miocene

Quaternary alluvial deposits Sand, clay, silt, gravel Quaternary to recent
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Mahabharat Range
This range abruptly rises from the Siwalik Hills, reaching a max-
imum altitude of about 3,000 m. The town of Ilam and the villages
Gajurmukhi, Sanurumba and Rangapani lie on the Mahabharat
Range. The landform consists of high hills and rugged terrain with
deep gorges. This range is important from a hydro-meteorological
point of view because it acts as a barrier and controls the distri-
bution of precipitation in the watershed. The southeast-, south-
and southwest-facing slopes of this range are highly prone to mass
movements because of the steep slopes and abundant precipita-
tion (Sharma 1990).

Midlands
The Midlands consist of low-lying hills, wider river valleys
and tectonic basins but are not well developed in east Nepal
(Sharma 1990). The Kankai watershed between Lampokhari
(to the north) and Ilam (to the south) lies mainly in these
Midlands.

Data preparation

General data
Thematic digital maps were generated from data collected from
different sources (Table 3) using GIS software ILWIS 3.5, ArcView
3.3 and IDRISI Andes. All maps are raster-based with a cell size of
20×20 m. The preparation procedures for each data layer are
summarized below.

Landslide inventory map
Aerial photographs and digital topographic maps were used to
identify landslide locations, which were verified and further
updated by a series of field campaigns in April 2010. The exact
location and demarcation of the landslides was carried out in the
field using a handheld GPS (accuracy of about 1 m horizontally
and 2 m vertically). In this way, a reliable landslide inventory map
was prepared (Fig. 1). A total of 256 landslides were observed in the
Kankai watershed, which cover an area of about 5.40 km2 or about

Fig. 2 Geological map of the Kankai watershed derived from the geological map (2006) of the Department of Mines and Geology, Government of Nepal, and updated by
field reconnaissance in April 2010

Original Paper

Landslides 10 & (2013)788



0.5 % of the study area and range in size from 400 m2 to 0.61 km2.
The field visits showed that most of these slides were already
stabilized and consisted mainly of shallow soil or rock slides, plane
or wedge failures and rotational slides. Previous studies in Nepal
have shown that landslide frequency increases with increasing
slope angle up to 35° but then decreases with slope angle (Deoja
et al. 1991; Thapa and Dhital 2000; Kayastha et al. 2010). A similar
trend has also been found in the present study area. The largest
landslide of the study area is located at Sanrumba (Figs. 1 and 3a).
It covers an area of about 0.61 km2. This landslide devastated
about 600 ha of farmland and some houses. Another large land-
slide, observed at Rangapani (Fig. 3b), destroyed a stretch of about
150 m of the Soktim–Ilam road.

Topographic factors
A digital elevation model (DEM) of the study area (Fig. 4) was
prepared on the basis of the 20-m interval elevation contours
using triangular irregular network interpolation. From this DEM,
geomorphological thematic data layers such as slope angle, slope
aspect, slope curvature and relative relief were prepared. A map of
slope classes was generated by separating slope angles into five
different classes (Bijukchhen et al. 2012; Kayastha et al. 2012): (1)
flat to gentle slope (0–15°), (2) moderate slope (15–25°), (3) fairly
moderate slope (25–35°), (4) steep slope (35–45°) and (5) very steep
slope (>45°). Aspect, i.e. direction of maximum slope of the terrain
surface, was divided into nine classes: north (N), northeast (NE),
east (E), southeast (SE), south (S), southwest (SW), west (W),
northwest (NW) and flat. Similarly, slope curvature was divided
into three different classes: convex, planar (straight) and concave.

Relative relief is defined as the maximum height dispersion of
a terrain normalized by its length or area (Oguchi 1997). In this
study, relative relief was computed as the difference between
maximum and minimum altitudes (m) per hectare of land. Rela-
tive relief was divided into the four classes: (1) <25 m/ha, (2) 25–
50 m/ha, (3) 50–100 m/ha and (4) >100 m/ha.

Geological factors
A geological map (Fig. 2) was digitized on the basis of a geological
map provided by the Department of Mines and Geology, Govern-
ment of Nepal, and corrected by field observations in April 2010.
Also, fault lines in the study area were digitized from the geolog-
ical map and verified and modified after the field visit. A digital
map of distance from faults was derived based on the Euclidian
distance method and classified into three classes: (1) <2 km, (2) 2–
5 km and (3) >5 km.

Land use
Land use is one of the most important conditioning factors in slope
stability (vanWesten et al. 2003). Based on field observations and the
land covermaps provided by the Department of Survey, Government
of Nepal, eight land use classes were identified, as shown in Fig. 5:
cultivation and built-up areas, tea plantation, forest, grass land, bush,
sandy area, barren land andwater body. Almost half of the study area
is covered by forest, whereas the remainder is used for cultivation or
tea plantation with few built-up areas.

Hydrological and climatic factors
Runoff plays an important role in triggering landslides. In
the study area, landslides occur frequently on stream banks

Table 3 List of data types and sources used in the study

Type of data Source

15 digital topographic maps with 20-m interval elevation contours and
river courses (1995, scale 1:25,000)

Department of Survey, Government of Nepal

15 digital land cover maps (1995, scale 1:25,000) Department of Survey, Government of Nepal

Geological map (2006, scale 1:250,000) Department of Mines and Geology, Government of Nepal

Daily rainfall from 1985 to 2007 at eight hydro-meteorological stations (Table 1) Department of Hydrology and Meteorology, Government of Nepal

12 aerial photographs (1992, scale 1:50,000) Department of Survey, Government of Nepal

Landslide inventory Field reconnaissance in April 2010

Fig. 3 Examples of some observed landslides: a Sanrumba debris slide (view to
SW), b Rangapani debris and rock slide (view to SE); the locations of these slides
are indicated in Fig. 1
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(Fig. 1). Hence, in order to model the influence of runoff on
landsliding, distance from drainage was taken into account.
The distance from drainage is represented by the proximity
to river courses (Table 3) and computed on the basis of the
Euclidian distance method. The study area was classified into
four classes: (1) <25 m, (2) 25–50 m, (3) 50–100 m and (4)
>100 m.

As the study area is strongly affected by the monsoon
climate and the rainy season, it is also necessary to take
rainfall into account as a triggering factor for landsliding.
The average annual rainfall (Table 1) was considered as factor
for landslide analysis. A rainfall map was prepared from the
observations at the eight meteorological stations using the
Inverse Distance Weighted interpolation method of ArcView
3.3 and reclassified into two classes: (1) 1,750–2,250 mm/year
and (2) >2,250 mm/year.

Landslide susceptibility mapping
Various statistical methods exist to obtain landslide susceptibility
zonation maps, which can broadly be classified into two types:
bivariate and multivariate. Bivariate methods measure, directly or
in weighted form, the relative or absolute abundance of landslide
area or number in different terrain categories. The main difference
among the bivariate methods is the way in which the weights are
produced, e.g. information value method (Yin and Yan 1988),
certainty factor (Chung and Fabbri 1993), statistical index method

(van Westen 1997), surface percentage index (Uromeihy and
Mahdvifar 2000), frequency ratio (Lee and Min 2001), weights of
evidence (Lee et al. 2002) and weighting factor (Çevik and Topal
2003).

Frequency ratio method
In this study, the frequency ratio method of Lee and Min (2001) is
used to obtain the weight values for each parameter class as
follows:

Wij0
f *ij
fij
0
A*
ij

A* �
A� A*

Aij � A*
ij
; ð1Þ

where Wij is the weight value or frequency ratio of class i of
parameter j, f *ij 0A

*
ij A*
�

is the frequency of observed landslides

in class i of parameter j, fij0 Aij � A*ij
� �

A� A*
� ��

is the frequen-

cy of non-observed landslides in class i of parameter j, A*ij is
the area of landslides in a class i of parameter j, Aij is the
area of class i of parameter j, A* is the total area of landslides
in the study area and A is the total area of the study area.
The weight values are shown in Table 4. A weight value less
than 1 indicates a lower probability of landslide occurrence,
whereas a weight value greater than 1 indicates a higher
probability of landslide occurrence.

Fig. 4 Digital elevation model of the
Kankai watershed with cell size 20×
20 m, derived by interpolation from
20-m digital elevation contours
(Table 3)
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In order to combine all weight values of the different
parameters, an overall landslide susceptibility index (LSI) is
calculated by adding all parameter weight maps:

LSI ¼
Xn

j¼1
Wij ð2Þ

where n is the number of parameters. The resulting LSI map
is categorized into low, moderate, high and very high suscep-
tibility zones, in such a way that 40 % of the study area has
low LSI values, 30 % of the study area has moderate values,
20 % has high values and the remaining 10 % of the study
area has the highest LSI values (Bijukchhen et al. 2012; Kayas-
tha et al. 2012). The resulting landslide susceptibility zonation
map is shown in Fig. 6.

Multiple linear regression method
The disadvantage of bivariate techniques, as the frequency ratio
method, is that all parameters are considered independently from
each other and possible correlations between parameters are ig-
nored. On the other hand, multivariate statistical methods deter-
mine the relative contribution of thematic data layers to the total
susceptibility all together with one overall model approach. Hence,
these methods involve the analysis of a large volume of data and
are, therefore, time consuming. Frequently used techniques are:
multiple linear regression (Carrara 1983; Chung et al. 1995), dis-
criminant analysis (Reger 1979) and logistic regression (Dai et al.

2001). Principal component analysis is also often used to reduce
the number of variables and to limit their interdependence when
too many factors are available (Baeza and Corominas 2001). In this
study, the multiple linear regression technique is used. A linear
relationship is assumed between the occurrence of landslides and
the presence of certain causative factors. The multiple linear re-
gression equation can be written as (Guzzetti et al. 1999; Lee and
Min 2001; Dai et al. 2001; Dai and Lee 2002; Ohlmacher and Davis,
2003):

P 0 aþ
XN

k01
bk Pij
� �

k ð3Þ

where P is the occurrence (probability) of landsliding, with an
observed value of 1 in case of an existing landslide and 0 if
otherwise, (Pij)k are binary variables expressing the presence of a
certain class i of parameter , i.e. 1 in case the class is present and 0
if otherwise, a is the intercept, bk is the regression coefficient and
N is the total number of classes. However, it is not possible to
consider all classes because of the perfect collinearity between the
binary variables within one parameter, i.e. ∑i Pij01. Hence, for
each parameter, at least one class has to be excluded from the
multiple regression equation. This does not mean that this class is
ignored because if all other classes of a parameter are not present
(Pij00), this automatically implies that the left-out class prevails. It
is accustomed to leave out the class, which has the least impact on
landsliding (Chung et al. 1995). In the present study, the following

Fig. 5 Land use map of the Kankai
watershed with cell size 20×20 m,
derived from 20-m digital land use
maps (Table 3)
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Table 4 Results obtained from the frequency ratio method for all parameter classes. Listed on the table are observed landslide area (A*
ij), area of the different classes

(Aij), frequency of observed landslides (f
*
ij), frequency of non-observed landslides (fij), and weight values (Wij) as calculated by Eq. 1

Factors and classes A*ij A*ij f *ij
fij Wij

(pixels) (%) (pixels) (%) (%) (%)

Slope angle
<15° 2,309 17.10 661,805 22.53 17.10 22.56 0.76

15–25° 2,464 18.25 873,894 29.75 18.25 29.81 0.61

25–35° 4,557 33.76 812,110 27.65 33.76 27.62 1.22

35–45° 2,466 18.27 417,707 14.22 18.27 14.20 1.29

>45° 1,703 12.62 171,463 5.84 12.62 5.81 2.17

Slope aspect
North 798 5.91 226,974 7.73 5.91 7.74 0.76

Northeast 1,018 7.54 242,805 8.27 7.54 8.27 0.91

East 1,327 9.83 306,066 10.42 9.83 10.42 0.94

Southeast 2,380 17.63 401,300 13.66 17.63 13.65 1.29

South 1,997 14.79 384,081 13.08 14.79 13.07 1.13

Southwest 1,922 14.24 341,712 11.63 14.24 11.62 1.23

West 966 7.16 301,536 10.27 7.16 10.28 0.70

Northwest 1,016 7.53 293,778 10.00 7.53 10.01 0.75

Flat 2,075 15.37 438,727 14.94 15.37 14.94 1.03

Slope curvature
Concave 6,460 47.86 1,274,574 43.40 47.86 43.38 1.10

Planar (straight) 1,211 8.97 392,447 13.36 8.97 13.38 0.67

Convex 5,828 43.17 1,269,958 43.24 43.17 43.24 1.00

Relative relief
<25 m/ha 292 2.16 226,636 7.72 2.16 7.74 0.28

25–50 m/ha 2,372 17.57 731,171 24.90 17.57 24.93 0.70

50–100 m/ha 8,585 63.60 1,741,489 59.30 63.60 59.28 1.07

>100 m/ha 2,250 16.67 237,683 8.09 16.67 8.05 2.07

Distance from drainage
<25 m 3,904 28.92 703,412 23.95 28.92 23.93 1.21

25–50 m 2,771 20.53 600,004 20.43 20.53 20.43 1.00

50–100 m 2,880 21.33 729,397 24.83 21.33 24.85 0.86

>100 m 3,944 29.22 904,166 30.79 29.22 30.79 0.95

Geology
Higher Himalaya 8,441 62.53 2,134,311 72.67 62.53 72.72 0.86

Quartzites, phyllites, schists 672 4.98 171,187 5.83 4.98 5.83 0.85

Banded gneiss 532 3.94 17,612 0.60 3.94 0.58 6.75

Middle Siwaliks 1,657 12.27 231,468 7.88 12.27 7.86 1.56

Lower Siwaliks 1,869 13.85 143,216 4.88 13.85 4.83 2.86

Gravel beds 326 2.41 94,493 3.22 2.41 3.22 0.75

Recent alluvium 2 0.01 60,384 2.06 0.01 2.07 0.01

River bed 0 0.00 84,308 2.87 0.00 2.88 0.00

Land use
Cultivation and built-up area 2,783 20.62 1,229,704 41.87 20.62 41.97 0.49

Tea plantation 0 0.00 12,169 0.41 0.00 0.42 0.00
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classes were excluded from the model: (1) for slope angle, class
<15°, (2) for slope aspect, class west, (3) for slope curvature, class
straight, (4) for relative relief, class <25 m/ha, (5) for distance from
drainage, class 50–100 m, (6) for geology, class river bed, (7) for

land use, classes cultivation and built-up area because both have a
similar (very low) impact on landsliding, (8) for distance from
faults, class >5 km and (9) for rainfall, class >2,250 mm/year.

IDRISI GIS software was used to process the multiple linear

Table 4 (continued)

Factors and classes A*ij A*ij f *ij
fij Wij

(pixels) (%) (pixels) (%) (%) (%)

Forest 8,638 63.99 1,424,217 48.49 63.99 48.42 1.32

Grass land 1,812 13.42 152,145 5.18 13.42 5.14 2.61

Bush 150 1.11 33,342 1.14 1.11 1.14 0.98

Sandy area 0 0.00 66,970 2.28 0.00 2.29 0.00

Barren land 116 0.86 5,133 0.17 0.86 0.17 5.01

Water body 0 0.00 13,299 0.45 0.00 0.45 0.00

Distance from faults
0–2 km 3,770 27.93 559,795 19.06 27.93 19.02 1.47

2–5 km 4,678 34.65 454,812 15.49 34.65 15.40 2.25

>5 km 5,051 37.42 1,922,372 65.45 37.42 65.58 0.57

Rainfall
1,750–2,250 mm/year 6,096 45.16 1,244,943 42.39 45.16 42.38 1.07

>2,250 mm/year 7,403 54.84 1,692,036 57.61 54.84 57.62 0.95

Total 13,499 100 2,936,979 100 100 100

Fig. 6 Landslide susceptibi l ity
zonation map of the Kankai
watershed based on the frequency
ratio method. Areas of landslide
susceptibility zones and of observed
landslides on each zone are given in
the upper part of Table 6
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regression model with the current data. The results of the regres-
sion analyses are given in Table 5. The F-test value is 539.3, which
indicates that the regression equation is highly significant as the
critical value of the F distribution with degrees of freedom 37 (i.e.
total number of considered classes, N) and 2,936,941 (i.e. total
number of pixels minus N) is 1.64 for a 99 % probability level.
The regression coefficients express the individual contribution of
each class to the occurrence of landslides, and their significance is
expressed in the form of a Student t-statistic, which verifies the
coefficient values’ departure from 0 (i.e. no effect). The critical
value of the Student t-distribution with 2,936,941 degrees of free-
dom is 2.58 for a two-tailed 99 % probability level. Hence, all
classes with absolute t-values greater than 2.58 are highly signifi-
cant. Only land use tea plantation, slope aspects north and north-
west and slope curvature convex fail this test. Figure 7 shows the
landslide susceptibility zonation map resulting from the multiple
linear regression method by considering the obtained P-values as
LSI values and categorizing into low, moderate, high and very high
susceptibility zones, similar to the frequency ratio method as
described before.

Discussion

Factors related to landslides
Statistical methods to determine landslide susceptibility such as
the frequency ratio method and the multiple linear regression
technique do not identify the causes of landslides but only indicate
relations between landslides and terrain properties. Nevertheless,
such information may yield insight in landslide occurrences and
pinpoint to which terrain features are responsible or have an
impact on landslides. In case of the frequency ratio method,
factors related to landslides are revealed by their corresponding
weight values (Table 4). Weight values larger than 1 indicate that
landslides occur more frequently than average given the presence
of this factor. For the multiple regression technique, the impor-
tance of a factor is revealed by its corresponding regression coef-
ficient and especially by the significance of the Student t-statistic
(Table 5).

When the obtained results are compared, the identified fac-
tors that relate to landslides are very much the same. Both meth-
ods identify that slope angles are positively correlated with
occurrence of landslides, and more landslides are found for the
highest slope angles (>45°). This is expected as slope angle is an
important causal factor for landslides due to gravity. Landslides
are also more frequent on southeast-, south- and southwest-facing
slopes. This probably has to do with the prevailing direction of the
monsoon storms that enter from the southeast and slowly move
towards the northwest while producing a lot of precipitation on
south-facing slopes (Chalise 2001). For the multiple regression
method, flat terrain is also predicted to be associated with land-
slides. This rather strange result is probably due to debris of
landslides on flat terrains, which have been inventoried as part
of a landslide area. Both methods indicate concave slopes to be
related to landslides, albeit not that very significant. In case of
relative relief, landslides are more frequent in the >100-m/ha class,
obviously for the same reasons as for slope angle. For distance
from drainage, both methods predict a higher probability of land-
slides closer to drainage axes, which can be explained by under-
cutting of riverbanks. However, the multiple regression technique

Table 5 Results of the multiple linear regression model showing the estimated
linear regression coefficients for the considered parameter classes and the corres-
ponding t-test values as given in Eq. 3

Parameter and classes Coefficient t-test

Intercept −0.01378 −13.56

Slope angle
15–25° −0.00098 −8.02

25–35° 0.00084 6.57

35–45° 0.00046 3.06

>45° 0.00400 20.34

Slope aspect
East 0.00104 6.01

Flat 0.00175 10.44

North 0.00000 −0.01

Northeast 0.00061 3.32

Northwest 0.00002 0.09

South 0.00200 12.17

Southeast 0.00251 15.43

Southwest 0.00193 11.42

Slope curvature (shape)
Convex −0.00005 −0.40

Concave 0.00038 2.92

Relative relief
25–50 m/ha 0.00231 11.22

50–100 m/ha 0.00375 17.39

>100 m/ha 0.00722 27.38

Distance from drainage
<25 m 0.00133 11.64

25–50 m 0.00046 3.86

>100 m 0.00096 8.913

Geology
Banded gneiss 0.02767 24.31

Gravel beds 0.00526 5.08

Higher Himalaya 0.00645 6.32

Quartzites, phyllites, schists 0.00285 2.76

Lower Siwaliks 0.01367 13.27

Middle Siwaliks 0.00952 9.31

Recent alluvium 0.00511 4.94

Land use
Barren land 0.01824 19.25

Bush 0.00262 6.94

Forest 0.00317 33.90

Grassland 0.01123 60.13

Tea plantation −0.00151 −2.39

Sandy area 0.00521 5.05

Water body 0.00515 4.47
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also predicts that distance from drainage class >100 m is signifi-
cant, while this is not the case for the frequency ratio method; the
latter seems to be the more plausible result because more land-
slides have been found in the study area closer to river courses.
More landslides are found in the banded gneiss of the Lesser
Himalaya and in the Lower and Middle Siwaliks. This can be
attributed to the lesser strength of these rocks, i.e. banded gneiss
due its layering, while the Lower Siwaliks consist of sandstones
interbedded with shale and the Middle Siwaliks predominantly of
sandstones intermixed with clay. In case of land use, landslides are
more associated with barren land, grassland and forest. These land
uses are likely already strongly correlated with steep and unstable
slopes and as such are avoided by local inhabitants for cultivation
or settlement. The multiple regression technique also indicates
bush to be significant, while this is not the case for the frequency
ratio method. For distance from faults, a positive association with

landslides is obtained for classes <2 and 2–5 km. Proximity to
major thrusts such as MBT, MCT and MKT evidently promotes
landslides. No important correlation could be detected between
rainfall and landslide occurrence with the frequency method, but
with the multiple regression technique rainfall class 1,750–
2,250 mm/year is found to be highly significant. Probably, the lack
of a dense network of hydro-meteorological stations within the
study area hinders the possibility of proving that landslide suscep-
tibility increases with increasing rainfall, as is generally expected.

From the above discussion, it can be concluded that, overall,
both methods identify the same factors and classes that are strong-
ly related to landslides, while there are some differences with
respect to less important factors and classes.

Consistency of landslide susceptibility maps
To assess the overall quality of the landslide susceptibility maps,
different approaches have been proposed, such as landslide den-
sity, success rate, error matrix, spatially agreed area and image
difference analysis (Sarkar and Kanungo 2004; Lee 2004; Gupta et
al. 2008). In this study, the consistency of the landslide suscepti-
bility maps is verified by landslide density, success rate and spa-
tially agreed area analysis.

In order to calculate the landslide density, the landslide fre-
quency of each LSI class is calculated as the ratio of existing
landslide area to the area of each landslide susceptibility zone
(Sarkar and Kanungo 2004). The results are given in Table 6. A
perfect landslide susceptibility zonation map should have the

Fig. 7 Landslide susceptibi l ity
zonation map of the Kankai
watershed based on the multiple
linear regression method. Areas of
landslide susceptibility zones and of
observed landslides on each zone are
given in the lower part of Table 6

Table 5 (continued)

Parameter and classes Coefficient t-test

Distance from faults
0–2 km 0.00522 37.50

2–5 km 0.00892 74.15

Rainfall
1,750–2,250 mm/year 0.00296 32.57
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highest landslide density for the very high susceptible zone, and
there should be a decreasing trend of landslide density values
successively from the very high susceptible zone to the low sus-
ceptible zone (Gupta et al. 2008). From the table, it can be ob-
served that the landslide density for the very high susceptible zone
is 2.02 % for the frequency ratio method and 2.10 % for the
multiple linear regression method, which are distinctly larger than
for the other susceptible zones. Furthermore, there is a gradual
decrease and considerable difference in landslide density values
from the very high to the low susceptible zone. Hence, the land-
slide susceptibility zones reflect the existing field conditions, and
the very high and high susceptible zones that are destitute of
landslides indicate the potential future failure areas. The obtained
landslide densities for the different susceptible zones of the two
maps can also be compared with each other (Table 6), which
reveals that the maps produced with the two different methods
are quantitatively similar.

The validity of the landslide susceptibility maps can be graph-
ically ascertained with the help of the success rate curve (Chung
and Fabbri 1999; van Westen et al. 2003; Dahal et al. 2008). The
cumulative percentage of observed landslide occurrence is plotted
against the cumulative percentage of decreasing susceptibility in-
dex to obtain the success rate curve for each map of the study area
(Fig. 8). The analysis indicates that the first 10 % of the area
contains about 43.9 and 45.6 % of the observed landslides for,
respectively, the frequency ratio and multiple linear regression
models. The area under a curve can also be used to assess the
success rate qualitatively. The areas are 0.755 and 0.752, which
means that the overall success rates are 75.5 and 75.2 % for the
frequency ratio and multiple linear regression models, respective-
ly. These results also validate the landslide susceptibility maps with
the existing slope instability conditions and indicate that the maps
obtained by both statistical methods have a similar performance.

A comparison of landslide susceptibility maps using the land-
slide density analysis and success rate curve analysis indicates that
these two statistical methods produce almost identical results.
However, these analyses do not assess the spatial agreement of

the maps. An extreme example is given in Fig. 9. Shown in this
figure are details of the two susceptibility zonation maps for an
area where a large landslide has been observed, about 700 m SE of
Sanrumba. Though in bothmapsmost of the observed landslide area
falls in very high and high susceptibility zones, there is no perfect
spatial agreement between the respective susceptibility classes. In
particular, in the 6×6-pixel zone (i.e. 120×120 m) indicated by the
white box, there is a 100 % mismatch between the two maps. Hence,
although the landslide density and success rate analyses seem to
indicate that the models produce similar results, there can be a large
mismatch of the predicted susceptibility values. It is therefore

Table 6 Observed landslide density in the different landslide susceptibility zones of the landslide susceptibility zonation maps. The landslide susceptibility zones are
depicted in Figs. 6 and 7

Methods Landslide susceptibility zones
Low Moderate High Very high

Frequency ratio method
Area (km2Þ 470.05 352.54 235.02 117.51

(%) 40.00 30.00 20.00 10.00

Landslide area (km2Þ 0.74 1.03 1.26 2.37

(%) 13.72 19.12 23.32 43.84

Landslide density (%) 0.16 0.29 0.54 2.02

Multiple linear regression method
Area (km2Þ 470.05 352.54 235.02 117.51

(%) 40.00 30.00 20.00 10.00

Landslide area (km2Þ 0.76 1.12 1.06 2.46

(%) 14.04 20.71 19.65 45.60

Landslide density (%) 0.16 0.32 0.45 2.10

Fig. 8 Success rate curve of landslide susceptibility predicted with the frequency
ratio method and with the multiple linear regression method. The areas under the
curve, 75.5 and 75.2 % for the frequency ratio and multiple linear regression
methods, respectively, indicate the overall success rate of each method
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necessary to compute the spatially agreed areas between the two
landslide susceptibility maps in order to evaluate their consistency.

The spatially agreed area between two landslide susceptibility
maps, expressed in pixels, km2, or as percentage of the total area, is
determined as the total area having the same landslide suscepti-
bility zonation on both maps (van Westen et al. 2003; Gupta et al.
2008). Also, the percentage of observed landslides in the spatially
agreed area of two landslide susceptibility maps can be calculat-
ed to assess the overall performance. The results are shown in
Table 7. It follows that only 72.3 % of the total watershed falls in
identical (common) susceptibility zones of the two maps. Hence,
there is a total mismatch of 27.7 % in the four susceptibility
zones, of which about half occur between low and moderate
susceptibility zones. These deviations may be related to the
uncertainties in the weight and rating assignment procedures
and the relatively small area of observed landslides compared
to the total area. Nevertheless, the percentage of observed land-
slides in the total agreed areas is 77.6 %, of which 40.3 % are
situated in the agreed very high susceptible zone that covers only
7.6 % of the total catchment area. This corresponds to a pre-
dicted landslide density in the agreed very high susceptible zone
of 2.44 %, which shows that the predictive capacity of the agreed
areas of the maps is very good and that maps produced from
both statistical methods are fairly consistent.

Conclusions
In the Kankai watershed in east Nepal, many landslides have
occurred in the recent past involving soil slides, rockslides, plane

Table 7 Spatially agreed area between the landslide susceptibility maps obtained with the frequency ratio and multiple linear regression methods, and the corresponding
area of observed landslides

Susceptibility zones
based on the frequency
ratio method

Susceptibility zones based
on the multiple linear
regression method

Area Observed landslide area
(pixels) (km2) (%) (pixels) (km2) (%)

Low Low 984,926 394.08 33.54 1,502 0.60 11.13

Moderate 187,911 75.19 6.40 346 0.14 2.56

High 4,131 1.65 0.14 4 0.0016 0.03

Very high 0 0.00 0.00 0 0.00 0.00

Moderate Low 189,141 75.68 6.44 385 0.15 2.85

Moderate 545,980 218.45 18.59 1,772 0.71 13.13

High 142,929 57.19 4.87 423 0.17 3.13

Very high 374 0.15 0.01 1 0.0004 0.01

High Low 694 0.28 0.02 8 0.0032 0.06

Moderate 146,795 58.73 5.00 662 0.26 4.91

High 371,120 148.49 12.64 1,761 0.70 13.05

Very high 70,592 28.24 2.40 717 0.29 5.31

Very high Low 0 0.00 0.00 0 0.000 0.00

Moderate 352 0.14 0.01 16 0.006 0.12

High 69,419 27.78 2.36 465 0.19 3.45

Very high 222,615 89.07 7.58 5,437 2.18 40.29

Total agreed area 2,124,641 850.09 72.34 10,472 4.19 77.60

Total area 2,936,979 1,175.12 100.00 13,499 5.40 100.00

Fig. 9 Example showing a mismatch between the predicted landslide susceptibility
zones for an area of about 700 m SE of Sanrumba, where a large landslide was
observed: a map based on the frequency ratio method and b map based on the
multiple linear regression method. In the 6×6-pixel zone (i.e. 120×120 m) indicated
by the white box, there is a 100 % mismatch between the two maps
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and wedge failures and rotational slides. An inventory of these
slides was developed in the form of a digital map with a cell size of
20×20 m. Similar maps were created out of possible causative
parameters, such as slope angle, slope aspect, slope curvature,
relative relief, distance from drainage, geology, land use, distance
from faults and rainfall. To analyse the relationship between the
landslides and possible causative factors, two techniques were
used, i.e. the bivariate frequency ratio method and the multivariate
multiple regression technique. Both techniques indicate that high
slope angle, south slope aspects, high relative relief, close distance
to drainage, banded gneiss, Lower and Middle Siwaliks, barren
land, forest, grassland and proximity to faults are significantly
associated with landslide occurrences. However, the results of the
frequency ratio method are more consistent and trustworthy than
those of the multiple regression technique.

With these techniques, landslide susceptibility maps that cat-
egorize the catchment into low, moderate, high and very high
susceptible zones with respect to landsliding were developed. For
a comparison of these maps, three different approaches were used,
i.e. landslide density analysis, success rate analysis and spatially
agreed area analysis. The first two approaches suggest that the
results are very similar, in particular, a predicted landslide density
for the very high susceptible zone of about 2 % and an overall
success rate of 75 % for predicting the observed landslides. How-
ever, the spatially agreed area analysis shows that the two maps
only agree partially as there is a total mismatch of about 28 % in
the four susceptibility zones. Nevertheless, in the agreed very high
susceptible zone that covers about 8 % of the total catchment area,
the percentage of observed landslides is about 40 %, which corre-
sponds to a predicted landslide density for the very high suscep-
tible zone of 2.4 %. Hence, the agreed area analysis is capable of
spatially evaluating the consistency of landslide susceptibility zo-
nation maps obtained with different techniques, thereby indicating
areas of mismatch and improving predictions in agreed areas.

The results of this study can be used to find suitable locations
for implementing new developments by concerned authorities,
planners and engineers. Possibly, this study can also be of great
help to prepare risk maps for the Kankai watershed and to be used
in disaster management planning such as preparation of rescue
routes, service centres and shelters.
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