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ABSTRACT: In order to be able to express the spatial and temporal probability of landslides in a regional
landslide hazard zonation, it is important to have insight in the location of landslides and their behavior
through time. One of the techniques used to generate hazard maps following a combined heuristic/statistical
method is to generate so-called event-based landslide maps, displaying the landslides triggered by a single
major rainfall event, and use the temporal probability of the event in the hazard assessment, combined with
the spatial probability resulting from the statistical analysis. This paper demonstrates the generation of such
event-based landslide inventory maps for a region with very limited historical information on landslides.
Various data sources were used to collect information on 7 different periods, spanning 39 years, such as
topographic maps, remote sensing data and extensive fieldwork. The landslide distribution has been analyzed
through time, and with the use of topographic terrain units, derived from a digital elevation model, the
variations in landslide density and magnitude were also investigated. The known landslides were related with
the intensity of triggering rainfall events for the assessment of temporal probability. The resulting event-based
landslide inventory maps will be used subsequently in landslide hazard zonation and semi-quantitative

landslide risk assessment.

1 INTRODUCTION

The incorporation of landslide hazard and risk into
regional and local planning is an important tool to
reduce the impact of landslides in mountainous
regions. Whereas this is slowly becoming a standard
practice in developed countries, many developing
countries still lack proper land use planning, let
alone the inclusion of landslide risk. At best they
have only susceptibility maps, with qualitative
legends that are difficult to translate into actual
expected impacts of landslides. In order to convert
such susceptibility maps into hazard maps,
information on landslide distribution and its
evolution in time through inventory maps are needed
(Hansen, 1984; Wieczorek, 1984; Guzzetti et al.,
2004; van Westen et al., 2008). In India however,
there is no centrally organized landslide database,
although some initiatives have been taken at the
local level that cover localized areas. Due to security
reasons, the use of large-scale aerial photographs is
restricted in all the border zones of India, including
the entire Himalayan part of the country. This makes
the generation of event-based landslide inventory
maps for quantitative landslide hazard assessment a
difficult task.

The aim of the research presented here was to
generate  event-based multi-temporal landslide
inventories using all available sources of
information between 1968 and 2007 in a highly
landslide-prone area around Kurseong in Darjeeling
Himalaya (see Fig. la), with its inherent data
limitations, and to attempt to link the temporal
probability of triggering events with the spatial
probability of the landslides generated during these
events. The source data were unfortunately
incomplete, containing data gaps, differences in
scale and resolution etc. Through the multi-temporal
event-based landslide database, it was possible to
study the changes in landslide patterns and
distribution during the last four decades and despite
uncertainties, can also be wused for hazard
assessment.

We accomplished the above task by 1) analysing
the distribution of past landslides and their basic
attributes (type, failure mechanism, depth, areal
extent etc.), for each time period for which data was
available 1i) evaluating the changes in the
distribution (both space and time) of landslides over
different terrain units, iii) identification of triggering
rainfall thresholds, and relating them to known
landslide events and calculating its exceedance
probability.

-37-



1.1 Study area

The study area is part of a continuous tectono-
stratigraphic sequence of metamorphic rocks of the
Eastern Himalayan Fold-Thrust Belt (FTB) from
north to the foreland molasse basin in the south (see
Fig. 1 b & c). Towards the north, high-grade
metamorphic rocks (migmatites) are present whereas
the southern boundary is marked by a high-strain
ductile shear zone, called the Main Central Thrust
(MCT), coinciding with an ensemble of high to low
grade metamorphic rocks (Hubbard, 1996; Searle
and Szule, 2005). Tectono-stratigraphically, the
study area represents the southern part of the
Darjeeling klippe, where high grade metamorphic
rocks of the Darjeeling and Chungthang Groups are
thrusted over low grade metamorphic rocks of the
Daling Group along the MCT (Mallet, 1875; Sinha-
Roy, 1982). Towards the south, the foreland molasse
sediments of the Siwalik Group are underlain by an
intra-thrusted slice of Gondwana sediments. Toward
the north, the Gondwana sediments are thrusted over
by the Daling Group of metasediments along the
abrupt southern-most front of Himalayan FTB
known as the Main Boundary Fault (MBT).
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Figure 1. Upper left (a) Location map of the study area. Upper
right (b): Regional Geological sketch map of Darjeeling-
Sikkim Himalaya (after Searle and Szule, 2005). Below right
(c): Schematic geological section of Darjeeling-Sikkim
Himalaya (after Searle and Szule, 2005).

1.2 Landslide distribution types and triggers

In general, three types of landslides are mostly
observed in the study area. Shallow translational
rock slides and most frequent, followed by shallow
translational debris slides and flows, while there are
only few deep-seated rock slides, which are mostly
larger in dimension than the other two groups. The
study area receives a substantial amount of monsoon
rainfall every year (June-October). The average
annual precipitation varies from 2000 to 5000 mm
(Soja and Starkel, 2007) and due to this heavy
monsoon precipitation, rainfall-triggered shallow
landslides are quite predominant.

A B

2 MATERIALS AND METHODS

The first step towards the generation of a multi-
temporal and event-based landslide inventory was
the collection of all available data on past landslide
occurrences, and all spatial data in the form of high
resolution satellite images, topographic sheets, old
landslide maps and reports of field investigations.

During 1969-70, just after a major landslide event
in 1968, the Survey of India (SOI) updated their
topographic survey and prepared new 1:25,000
topographic maps. In these topographic maps, the
locations of the large active landslides of 1968 were
included.

The next available data source was a field-based
landslide inventory map from 1993 prepared by the
Geological Survey of India (GSI) just after the
landslide events that happened during the end of
June and middle of July, 1993 (Sengupta, 1995).
Unfortunately the field map of 1993 only covered
the southeastern part of the study area (56 km?).

The third data source represents another event-
based landslide inventory map prepared by GSI
through field investigations just after a prominent
landslide event of 5-8 July, 1998. Also this landslide
inventory map covers only a part (central portion ~
20 km?) of the entire study area, along a national
highway (NH-55) and around Kurseong town
(Bhattacharya et al., 1998).

Apart from these maps, several high resolution
satellite images were available from different
periods: an IRS LISS III PAN image (5.8 m
resolution) from 2002, an IRS LISS IV P6 MX
image (5.8 m resolution) from 2004 and a set of
stereo Cartosat-1 images (2.5 m resolution) from
2006. The most recent data source was a detailed
fieldwork carried out in 2007, which allowed to map
landslides that happened as a result of a rainfall
event in 2007.

The attributes recorded for each landslide
mapped included the movement type, material
involved, activity, failure mechanism, and date of
occurrence, following the method by Varnes (1978)
and UNESCO-WP/WLI (1990; 1993). Landslides
were mapped stereoscopically from anaglyph images
prepared using ortho-rectified imagery of Cartosat-1
(UTM Projection; Datum — WGS 84; Zone — 45 N)
and the DEM of the area. During the stereoscopic
interpretation, the shape, morphometry and
association of old landslides were compared with the
similar type of recent landslides mapped from the
high resolution (2.5 m) stereo imagery of Cartosat 1
(2006) and/ or with the similar landslides mapped
during field investigation of 2007.

Apart from the known dates of landslide events in
1968, 1993, 1998, 2003 and 2007 none of the source
data products contained information on the exact
dates of landslide events, thus, for some inventory
maps; we could not link the landslides to a part date
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of a triggering event. In between 1968 and 1993, we
received information on some more landslide event
years (1984, 1985, 1986 and 1991) from geological
reports and interviews with local people, but the
spatial distribution of landslides for those events
could not be reconstructed.

2.1 Methods for analysis of inventory data

We compared in a GIS, the locations of landslides of
different time periods to know the frequency and
pattern of new and reactivated landslides. Through a
buffer analysis in GIS, the landslides of a younger
period, which are within 50 m buffer distance of the
landslide polygons of an older time period were
identified as reactivated landslides. All other
landslides which happened further than 50 m away
from older landslides were considered new
landslides. The buffer distance of 50 m was based on
our field experiences as the zone in which landslides
could be reactivated. Also an analysis of landslide
densities within topographic terrain units was
carried out, using inventories of different periods.

2.2 Methods for estimation of temporal probability

Since the landslide inventories are affected by
incompleteness and data gaps, it was quite difficult
to use them directly for the calculation of temporal
probability. For assessing the temporal probability
of events, we analysed the past daily rainfall data
(1968-2007) for the known landslide event days. To
establish a possible relationship between landslide
events and rainfall amounts, we applied a stepwise
discriminant function analysis following the method
proposed by Dai & Lee (2001) in SPSS 15.0 using
various rainfall parameters (in mm) such as daily
rainfall (DR) and different antecedent rainfall
amounts (1-day, 2-day, 3-day, 5-day, 7-day and 10-
day antecedent) as different predictor or explanatory
variables. As grouping or response variable, we used
the known landslide event/non-event-days. The
objective of this multivariate analysis was to
develop a quantitative method using the known
landslide events and the triggering rainfall
intensities to calculate the exceedance probability
(Crovelli, 2000; Coe et al., 2004) of predicted
events. The exceedance probability of events can be
used as a measure of temporal probability in such
data-constrained environment.

3 RESULTS AND DISCUSSION

The landslide inventories (see Fig. 2) that were
generated from the available sources were analyzed
in a GIS and for each data source, a number of
descriptive statistics were calculated (See Table 1 &
2). Among the available event-based landslide
inventories, the maximum landslide density (2.55

slides/km?) was observed in LI 03, followed by
LI 93 (1.9), LI 98 (1.6), LI 68 (1.1) and LI 07
(0.85) respectively (see Table 1). The average
landslide area varies between 628 m’ (LI 07) and
3393 m” in LI 1968.
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Figure 2 (a). Period of initiation of landslides in the study area
based on the comparison of multi-temporal inventories; (b to f)
enlarged views of the selected area for different periods.

Table 1: Summary of landslide information from the different
data sources.

Inventory 68 93 98 99- 03 04- 07

(L1) 02 06

Area 100 56 20 100 100 100 100
(k)

Slide

number 108 108 32 190 255 165 85
(Nr)

Cum.area 06 05 00 08 1.2 0.6 0.1
(k)

Min. area 538 372 185 271 221 45 42
(m’)

Max.area 0.1 00 00 0.1 0.1 0.1 0.01
(k)

Mean 5324 4634 1687 4466 4759 3962 1357
area (m?)

Median 3393 2616 840 2312 1876 722 628
area (m’)

Std. dev. 7714 5548 2038 8983 10688 12437 1649
area (m?)

Landslide 1.1 19 16 19 25 1.6 0.8
density

(Nr/km?)

Landslide 06 09 02 0.8 1.2 0.6 0.1
area %

The largest landslide (0.1 km”) was mapped from
landslide inventory LI 04 06. Given the large
variation in sizes of landslides for most of the
periods, we concluded that LI 68 did not contain all
the smaller landslides. The topographic map sheet of
1969, which was the source for this, contained only
the large landslides. Amongst the mapped
landslides, shallow translational rock slides are
predominant, varying between 59% (LI 68) and
82% (LI 99 02) (see Table 2). The proportion of
deep-seated landslides is less (maximum 10%) and
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they often result from the retrogression of smaller
landslides.

Table 2. Summary of landslide type information from the
different data sources.

and 2007, which confirmed a reduction of landslide
activity in comparison to pre 2004 period (Fig. 3).

Table 3. Size and frequency distribution of reactivated and new
landslides of different temporal frames (Results of buffer

Inventory (LI ) 68 93 98 99- 03 04- 07 analysis in a GIS).
02 06 Landslide LI 93 LI 99 LI 03 LI 04 LI 07
Landslides 10 10 32 19 25 16 85 inventory 02 06
(Nr) 8 8 0 5 5 Number of 108 190 255 165 85
Landslide area 05 05 00 08 12 06 O landslides (Nr)
(km?) 1 Total landslide 0.5 0.85 1.2 0.6 0.1
Shallow translational debris slides and flows area (km®)
% Nr 39 29 100 15 27 18 31 Shallow translational debris slides and flows
% area 24 24 100 7 11 2 17 Re-act (% of Nr) 10 3 15 6 16
Shallow translational rock slides (planar and wedge) Re-act (% of area) 14 2 7 1 8
% Nr 59 69 0 82 70 72 69 New (% OfNI') 18 12 12 12 14
o New (% of area) 10 5 4 1 8.4
%o area .60 4 0 81 76 48 83 Shallow translational rock slides (planar and wedge)
Deep-seated rock slides Re-act (% of Nr) 15 18 44 59 38
% Nr 22 0 3 3 100 Re-act (% of area) 22 25 67 46 49
% area 16 12 0 12 13 50 0 New (% of Nr) 55 64 25 13 32
New (% of area) 42 56 9 2 35
Deep-seated rock slides
3.1 Spatio-temporal landslide evolution. Re-act (% of Nr) 2 3 3 10 0
Re-act (% of area) 12 12 12 50 0
In our inventory the maximum frequency of  New (% of Nr) 0 0 0.4 1 0
reactivated landslides (75%) were mapped in _New (% of area) 0 0 1 0.3 0
L1_04_06, followed by LI_03 (62%) and LI_07  Alllandslide types
(54%) (Table 3). Signs of reactivation were less in ~ Re-act (OA’ of Nr) 27 24 62 3 54
older inventories such as LI_93 (27%) and LI_99_02  roact(eofare) €376 38 3> 46
- ‘ —IY New (% of Nr) 48 39 86 97 57
(24%). In contrast the maximum number of  New (% of area) 52 61 14 3 43

landslides (76%) occurring at new locations were
found in the inventory LI_99 02 (see Table 3).

This indicates that there could be a substantial
lack of landslide information prior to 1999 as signs
of past landslides are quickly obliterated, due to
rapid land use changes in the Himalayas, and thus,
most of landslides mapped from the data source of
1999-2002 apparently occurred at new locations
with respect to the previous inventory, from 1993.

To analyze further the temporal changes in
landslide abundance, we compared the landslide
area percentage values of each topographic terrain
units of the two subsequent time periods. On the
basis of a 10 by 10 m digital elevation model, the
study area was divided into 1126 terrain units
following the method proposed by Carrara et al
(1991). In this analysis, we considered the terrain
units with landslide densities less than 2.0 (landslide
per km?), as stable terrain units, and those with
higher values were considered unstable (Galli et al.,
2008). The above threshold value of 2.0 was
considered keeping in view the probable uncertainty
of mapping and digitization errors. Based on this
criteria, a maximum of 229 terrain units out of 1126
(22.4% of total area) have been affected by any form
of slope failures in the last 39 years. The prominent
landslide event of 2003 caused a sharp increase in
the number of affected terrain units from 180 (16%)
to 228 (20%) for the pre 2004 period.

In contrary, a negligible change in landslide
density (0.1% increase) was noticed between 2004

3.2 Temporal probability assessment

The step-wise discriminant function analysis utilised
seven different rainfall intensity variables as
predictors to derive a suitable discriminant function,
using the 22 known event days. A predictor variable
was allowed to enter into the model if the
significance of its F value was more than 3.84 and it
was removed if the significance of its F value is less
than 2.71. Finally after 14 steps, the discriminant
model identified the following four statistically
significant predictor variables — DR, AR1, AR2 and
ARS, which were used for discriminating the
grouping variables. The standarised cannonical
discriminant function coefficients for the above
identified variables were 0.814, 0.328, 0.394 and (-)
0.364 respectively. From these, it is apparent that the
daily rainfall (DR) played the most significant role,
followed by AR2 and AR1 respectively. The above
quantitative measure also signified that to classify
the known landslide events of the study area, rainfall
antecedents of more than five days were not found
statistically significant. The above discriminant
function analysis could successfully discriminate the
known landslide event days and non-landslide days
with overall 95.7% original grouped cases and
95.6% of cross-validated correctly grouped cases.
The discriminant function was able to classify 19
known landslide event days out of the 22 correctly
(86.4%).

- 40 -



il
%-’[’lb

&

m

74 VR
Wl
g

v,
H

ez
Ny

R
SN
1
i
H

the and

Observing above model results,
comparing them with the already known severe
events, we deduced an upper and lower threshold of
the discriminant scores for predicting future
landslide events. The lower threshold discriminant
score was fixed at 3 whereas the upper threshold has
been fixed at 4 (Fig. 4). Accordingly, two threshold
discriminant equations for predicting unknown
landslide events are proposed using the un-
standarised discriminant function coefficients, which
are as follows:

-0.645 + 0.021*DR + 0.008*AR1 + 0.006*AR2 —
0.003*ARS < 3 (Lower threshold) (1)

-0.645 + 0.021*DR + 0.008*AR1 + 0.006¥*AR2 —
0.003*ARS5 <4 (Upper threshold)  (2)

The use of equation 2 (upper threshold) predicted
59 major landslide events which are spread over 29
landslide event years between 1968 and 2007.
Excluding the already known major events, the
above analysis was able to identify 20 more
unknown landslide events in the study area in
between 1968 and 2007.

Similarly, equation 1 can also be used to predict
minor landslide events in the area.

We subsequently utilised the deduced landslide
event years for the calculation of temporal
probability of events by assuming that similar
landslide activity will prevail in future and at least
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Figure 4. Threshold discriminant scores and probability of
occurrence of known events.

To calculate the exceedance probability or the
measure of temporal probability of major landslide
events, we deduced the mean recurrence interval of
the landslide event years of the predicted events,
which is 1.34 (29 event years predicted within 39
years). Simultaneously, we also deduced the mean
recurrence interval in years of the known major
events, which was 4.33 (9 event years within 39
years) for comparison. Then we applied both the
Poisson (Eq.3) and Binomial distribution models
(Eq. 4) to calculate the exceedance probability for
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both the above cases; the results are illustrated in
Figure 5.
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Figure 5: Exceedance probability of major landslide events.

From Figure 5, it can be concluded that the study
area is quite active and considering the mean
recurrence interval on the basis of our predicted
landslide events, the occurrence of a major landslide
event with 100 percent certainty can be expected
once in every five years. In contrast, if we consider
the mean recurrence interval of events based only on
the known and available landslide event records, we
can expect the occurrence of a major landslide event
with 100 percent certainty once in every twenty
years. This might be a serious underestimation due
to large scale inadequacy in our source data.

4 CONCLUSIONS

Different event-based and temporal landslide
inventories can be prepared and spatially combined
in a GIS to derive the knowledge about type, failure
mechanism, frequency and magnitude of past
landslide events. The above analysis can be coupled
with a continuous time-frame to trace the spatio-
temporal evolution of landslides. The above task is
quite difficult in case of large scale uncertainties,
data gaps and incompleteness of the source data.
The research presented here has successfully
demonstrated how event-based multi-temporal
landslide inventory can be generated despite such
uncertainties, and how best the same can be used for
the quantitative estimation of hazard.

In this research, we presented a method, where
despite data scarcity; the event-based multi-temporal
inventory was optimally used for the calculation of
temporal probability of events. Temporal probability
estimation in those cases largely depends on the

identification of unknown landslide events through
statistical analysis of triggering rainfall intensities
and the related known landslide events. In this
research, we demonstrated that in the study area,
occurrence of a major landslide event once in 5
years has a very high level of certainty. Our
multivariate statistical model also demonstrated that
incompleteness of inventory information or lack in
complete knowledge on known events can seriously
underestimate such temporal probability calculation.
The above spatio-temporal landslide inventory
database will further be used to calculate the spatial
probability of landslides in our future course of
research.
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