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ABSTRACT
Himalayas accommodate millions of people in northern India and in its subcontinents ranging from shortest length of
100 km to 2400 kms.This paper evaluates regional aspect of rainfall thresholds for the landslides in the Himalayas. As
per the previous researches, approximately 677 landsides occurring from 1951 to 2006 were studied to analyze rainfall
threshold. Out of the 677 landslides, however, only 193 with rainfall data were analyze to yield threshold relationship
between rainfall intensity, rainfall duration and landslide initiation. Slope stability is the potential of soil or rock to
withstand and undergo movements. Stability is determined by balancing of shear stress and shear strength. Due to
various climatic factors or human induced factors slope become unstable. Soil has pores and rocks are fractured filled
with air and water that causes slope unstability.

This research paper is based on Graphical Representation of Intensity- duration rainfall threshold analyses, based on
duration followed by intensity. This paper explicitly determines the graphs of various regions of Himalayas generated by
using MATLAB. When different outputs (landslide or no landslide) can be obtained for the same input a probabilistic
approach is preferable.
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1.INTRODUCTION
Landslides are generally associated with several triggering factors - natural and man-made, typically: rainfall,
which cause increase in pore water pressures; earthquakes, by ground shaking; erosion, changing the
geometry of slopes by eroding the foot of slope or by artificial cutting; weathering, by reducing the strength of
the slope material or by change in land use pattern (deforestation and logging), and by spontaneous failure due
to releasing of stress. These triggering factors cause huge landslide areas, with span more than eight orders of
magnitude and landslide volumes of more than twelve orders. These slope failures generally occur within
minutes after an earthquake triggering, hours to days after a snowmelt triggering, and days to weeks after an
intense rainfall triggering and can range from single to thousands.

In many Himalayan regions of the world, these landslides may cause huge damage to economy and loss of
human lives. In many countries landslides alone generate a yearly loss of property larger than that from any
other natural disaster. Loss of life due to slope failures islarger in the developing countries while the
developed industrialized nations suffer from high economic losses.

Indian Subcontinent is also not spared from this disaster and the mountainous terrain of the Indian Himalayas
(one of the most tectonically active mountain range in the world) is very prone to landslides. The physical
factors such as immature geology, active geological structures and rugged topography aided with heavy
precipitation (during monsoon seasons) cause severe landslides here. These landslides alone affects at least 15
% of land area of lndia exceeding 0.5 million km2. It has been estimated that, on an average, the damage
caused by landslides in the Himalayan range costs more than US $ one billion besides causing more than 200
deaths every year, which amounts to 30 % of such losses occurring worldwide (Naithani 1999).
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In this research paper, identification of extent of rainfall thresholds for the initiation of slope movements may
play an important role to mitigate the risk. Measuring the rainfall and simultaneously monitoring various
hydrological and geotechnical parameters such as groundwater conditions responsible for slope failures
related to rainfall through infiltration, soil characteristics, antecedent moisture content, and rainfall history
(Wieczorek, 1996) coupled with initiation thresholds, may allow for the identification of possible hazards
which can prove very useful in mitigation of risk.

2. MODELS OF RAINFALL THRESHOLD ANALYSIS (INTENSITY-DURATION BASED)
A threshold is the minimum or maximum level of some quantity needed for a process to take place or a state
to change (White et al, 1996). A minimum threshold defines the lowest level below which a process does not
occur and a maximum threshold represents the level above which a process always occurs. In this study we
are focused on rainfall thresholds with practical applications, therefore thresholds of interest are the minimum
ones, i.e. thresholds that define the lowest level above which one or more landslides can be triggered. For
rainfall-induced landslides a threshold may define the rainfall, the slope angle, shear strength or the
displacement, soilmoisture, or hydrological conditions that, when reached or exceeded, are likely to trigger
landslides. Rainfall thresholds are calculated using a combination of information relative to the occurrence of
past landslides and the corresponding rainfall measurements. Generally two types of landslide-triggering
rainfall thresholds can be defined.

(i)Physical thresholds (process based, conceptual), based on numeric models that take into account the
relationship between rainfall, pore pressure and slope stability by coupling hydrologic and stability models
(Aleotti, P. ,2004). Physical rainfall thresholds are based upon the understanding of the physical laws
controlling slope instability and can determine the rainfall needed to trigger slope failures, location and time
of the expected slope failure, thus making them useful in landslide mitigation. Despite of their wide
applicability these are generally not used because of their complexity and limitations.

(ii)Empirical thresholds (i.e. statistical, historical), based on historic analysis of rainfall/landslide occurrence
relationships (Aleotti, P., 2004) and can be classified based on the geographical extent for which they are
determined (i.e., global, national, regional, or local thresholds) and the type of rainfall information used to
establish the threshold. Empirical rainfall thresholds combine information related to the occurrence of past
landslides and the corresponding rainfall measurements and use statistical methods to calculate the
relationship between the rainfall duration(D) and the mean intensity(I) (IDthresholds) or the cumulated event
rainfall, E, (ED- thresholds) of events that probably caused the slope failure(s). The most commonly used
thresholds are the intensity-duration (I-D) thresholds which have been calculated on global (Caine 1980) to
local scales to determine a minimum rainfall for which a mass movement can be triggered.

3. OBJECTIVE OF RAINFALL THRESHOLD ANALYSIS
(i) Determining empirical rainfall intensity–duration thresholds for landslides in the various regions of

INDIA.

(ii) Establishing empirical normalized intensity–duration threshold for landslides in the various regions of
INDIA.

(iii) Discovering effectiveness of duration- intensity and antecedent rainfall for land sliding.

(iv) Plotting the equations in MATLAB and forming a generalized equation.

4. METHODS OF RAINFALL THRESHOLD ANALYSIS
The two methods differ in the way the scale α and the shape β for the threshold curve are determined. It is
worth pointing out that selection of a power law as the threshold curve is independent of any physical (i.e.,
geological, geomorphological, hydrological, meteorological) criteria (Reichenbach et al., 1998), and that
different forms for the threshold curve can be selected (Crosta and Frattini, 2001).
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4.1 Bayesian inference method:
Guzzetti et al. (2007) were first to propose the Bayesian inference method, and have used it to determine
minimum-ID and normalized-ID thresholds for the initiation of landslides in central and southern Europe.
Guzzetti et al. (2008) adopted the same inference method to establish global, minimum-ID and normalized-ID
thresholds for the possible initiation of shallow landslides and debris flows. In this method, a probability
approach is used to obtain estimates for the scale α (the intercept) and the shape β (the slope) of the power law
curve representing the threshold, based on a set of rainfall intensity (I ) and duration (D) conditions that have
resulted in landslides.

4.2 Frequentist method:
The second method adopts a Frequentist approach to determine the intercept α and the slope β of the power
law curve selected to represent the rainfall threshold. The method is based on a frequency analysis of the
empirical rainfall conditions that have resulted in known landslides. To account for problems associated with
the fitting of data spanning multiple orders of magnitude (e.g., the least square minimization criteria may not
work), the empirical data are first log transformed. The empirical rainfall data are plotted in a single graph,
and the distribution of the rainfall conditions, log(I ) vs. log(D), that have resulted in landslides is fitted (least
square method) with a linear equation of the type log(I )=log(α)-βlog(D), which is entirely equivalent to the
power law of Eq. (1) in linear coordinates. Next, for each rainfall event, the difference δ(D) between the
logarithm of the event intensity log[I (D)] and the corresponding intensity value of the fit log[If(D)] is
calculated, δ(D)=log[I (D)]−log[If(D)]. Then, the probability density function pdf of the distribution of δ(D) is
determined through Kernel Density Estimation (Silverman, 1986; Scott, 1992; Venables and Ripley; 2002),
and the result fitted (least square method) with a Gaussian function, f (x) = a exp − (x −b)2 2c 2 ! , (4) where
a>0, c>0, and a, b, c∈R.

5. RESULT AND ANALYSIS
5.1 MATLAB ANALYSIS:
The name MATLAB stands for matrix laboratory. MATLAB was written originally to provide easy access to
matrix software developed by the LINPACK (linear system package) and EISPACK (Eigen system package)
projects.

MATLAB is a high-performance language for technical computing. It integrates computation, visualization,
and programming environment. Furthermore, MATLAB is a modern programming language environment: it
has sophisticated data structures, contains built-in editing and debugging tools, and supports object-oriented
programming. These factors make MATLAB an excellent tool for teaching and research. MATLAB has many
advantages compared to conventional computer languages (e.g. C, FORTRAN) for solving technical
problems. MATLAB is an interactive system whose basic data element is an array that does not require
dimensioning. The software package has been commercially available since 1984 and is now considered as a
standard tool at most universities and industries worldwide. It has powerful built-in routines that enable a very
wide variety of computations. It also has easy to use graphics commands that make the visualization of results
immediately available. Specific applications are collected in packages referred to as toolbox. There are
toolboxes for signal processing, symbolic computation, control theory, simulation, optimization, and several
other fields of applied science and engineering.

MATLAB has an excellent set of graphic tools. Plotting a given data set or the results of computation is
possible with very few commands. You are highly encouraged to plot mathematical functions and results of
analysis as often as possible. Trying to understand mathematical equations with graphics is an enjoyable and
very efficient way of learning mathematics. Being able to plot mathematical functions and data freely is the
most important step, and this section is written to assist you to do just that.

In addition to the MATLAB documentation which is mostly available on-line, we wouldrecommend the
following books: [1], [2], [3], [4], [5], [6], [7], and [8]. They are excellent in their specific applications.
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5.2 Equations Intensity-Duration for different Himalayan regions

S.NO REGIONS INTENSITY-DURATION
EQUATIONS

DURATION

(IN MONTHS)

1 Nepal Himalayas[9] I = 73.90 D . 192

2 Alaknanda Valley [10] I = 4.738 D . 24

3 Chamoli- Joshimath
region, Himalayas
,INDIA[11

I = 1.82 D . 48

4 Guwahati[12] I = 3.52 D . 72

5 kalimpong Darjeeling,
INDIA [13]

I = 5.9 D . 48

6 Neelkanth,Haridwar
(U.K)[14]

I = 3.72 D . 60

7 Lantakhola(North
Sikkim)[15]

I = 14.82 D . 96

8 Imphal, Manipur[15] I = 13.12 D . 72

9 Garhwal Himalaya[16] I = 58.7 D . 48

10 Rishikesh(U.K)[17] I = 58.7 D . 48

11 Deoprayag[17] I = 58.7 D . 48

12 Kamprayag[17] I = 58.7 D . 48

5.3 Graphical representation of Intensity-Duration relationship using MATLAB

FIG. 1 FIG. 2
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FIGURE 1-The study covers Nepal Himalaya that has eight well-defined regional geomorphologic zones in a
north–south direction: 1) Terai (the northern edge of the Indo-Gangetic plain); 2) Siwalik (Churia) Range; 3)
Dun Valleys; 4) Mahabharata Range, 5) Midlands; 6) Fore Himalaya; 7) Higher Himalaya and 8) Inner and
Trans Himalayan Valleys (Hagen, 1969; Upreti, 1999). Each of these zones has unique altitudinal variation,
slope and relief characteristics, and climatic pattern.

FIGURE 2,5-The study has been focussed along the vulnerable road stretch in and around Karnprayag-
Chamoli-Joshimath region along the Rishikesh-Badrinath national highway (NH-58) in the upper reaches of
Alaknanda valley of Garhwal Himalayas in the Uttarakhand State of India. Rainfall intensity–duration (ID)
threshold using combinations of precipitation measurements obtained from different rainfall events that
resulted in landslides has been attempted. An intensity–duration threshold identifies the minimum rainfall
condition that leads to slope failure or landslide (Reid 1994; Iverson 2000; Godt et al. 2006). As already
stated, out of 128 landslide events, 81 landslides were considered with respect to rainfall duration to work out
on the ID threshold.

FIG. 3                                                                     FIG.4

FIGURE 3-The study covers Garhwal Himalaya falls within the western administrative division of
Uttarakhand and is home to four of the most important pilgrimage destinations (Badrinath, Kedarnath,
Gangotri and Yamunotri) as per the Hindu mythology. National Highway-58 (NH-58) is the main route
leading to Badrinath from Ghaziabad near Delhi and extending to Mana at the Indo-Tibetan border. During
the pilgrimage season (April to November), every year, this route is used by lakhs of people in addition to
round-the-year use by the Army for movement of men and material as this is the strategic link to many of the
army establishments en-route. The present study has been carried out along the corridor of NH-58 in the
stretch extending from Rishikesh to Mana for I–D-based rainfall thresholding of landslides. Furthermore,
landslide probability estimation using binary logistic regression has been attempted to account for the effect of
antecedent rainfall around Joshimath.

FIGURE 4-Relationship between rainfall pattern and landslide occurrence in Kalimpong town is studied in
detail in this paper. A threshold is defined as the level or the value that must be exceeded to produce a given
effect or result. When a threshold is crossed, a radical change of state within a system will occur. Total of 99
landslide events out of which 61 landslides due to rainfall were considered to find out the ID threshold. 61
rainfall events during the monsoon during the monsoon period over the period 2010 to 2016 were identified.
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FIG.5 FIG.6

FIGURE 6-The Lanta Khola slide is located 71.4 km from Gangtok on the NSH in Sikkim, India. The NSH
is not only the lifeline to the district of North Sikkim, but is also of strategic importance for the military. The
NSH preserves a number of landslides of varying dimension. Of these, the Lanta Khola presently poses the
most severe threat to the communication network in North Sikkim. The slide has been active since 1975
(Verma 1984). It is a predominantly debris slide that remains susceptible to mass movement. In 1975, the area
initially developed into a sinking zone. It is believed that this instability was caused by erosion as a
consequence of heavy discharge in the monsoon period (Verma 1984).The slide became severely active once
again in 1999, after modifying its shape and dimension and caused long periods of roadblocks in July 1999.
Again, in 2001, following monsoonal rain, the NSH was blocked in phases for 54 days due to sliding at Lanta
Khola. Apart from these periods of catastrophic failure, debris movement on the Lanta Khola occurs
periodically almost every year, generally in the aftermath of the monsoons.

FIG.7                                                                                          FIG.8

FIGURE 7-Guwahati, the capital city of Assam and the hub for various activities in the entire North Eastern
Region (NER) of India, is one of the fast developing cities with a population of about 1.6 million. The
Guwahati city is a crescent shaped basin, surrounded by lofty hills which are outliers of Meghalaya Plateau.
The city is bounded by 26.08º to 26.17 º N latitude and 91.50º to 91.83º E longitudes. Guwahati Municipal
Corporation (GMC) covers an area of 216.7sq km. (Figure 1) while the Guwahati master plan area indicates
an area of 261.77 sq.km The population density is of the order of 3750 person/square km and out of 90 GMC
wards almost 34 are completely or partially affected by landslide and related phenomena. For easy reference
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(in Figure 1), various hills of Guwahati city are numbered as (1) Nabagraha-Sunsali hill series situated in
extreme north eastern corner (2) Japorigog hill situated in the extreme east, (3) Sonaighuli-Jutikuchi situated
in the south,

(4) Narakashur hill with Birubari-Dispur-Kacharibasti in the north-eastern side and Jatiya -Kahilipara-
Odalbakra in the south and south-western side (5) Nilachal/Kamakhya hill situated in west central, (6)
Fatasilhill situated in south-west with Santipur-GotanagarTeteliya in the north-western side, Fatasil Ambari-
Ganeshpara Katabari in the eastern side and Garchuk-Teteliya at its southern side, (7) Jalukbari hill in the
extreme south-western corner of the city and (8) Khanapara hill situated in the extreme south-eastern corner
of the city.

FIGURE 8- It is very important to capture the rainfall correlation between the neighbouring subdivisions,
with probabilistic analysis, for simulating runoff in a river basin, where both the subdivisions belong to. As,
for example, Assam and Meghalaya (AM) meteorological subdivision and Nagaland, Manipur, Mizoram,
Tripura (NMMT) subdivision partially belong to Brahmaputra river basin of North-East India, and rainfalls in
both the subdivisions contribute to the river flow.  Rainfall threshold of Manipur is obtained for 6 years.

FIG.9                                                                                     FIG.10

FIG.11                                                                                        FIG.12

FIGURE 10, 11, and 12- The study has been focussed along the vulnerable road stretch in and around
Karnprayag-Chamoli-Joshimath region along the Rishikesh-Badrinath national highway (NH-58) in the upper
reaches of Alaknanda valley of Garhwal Himalayas in the Uttarakhand State of India. The main geological
formations belonging to the Garhwal Group and Central Crystalline Zone of rocks comprise of quartzites,
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dolomites with slates, Meta volcanic, gneisses and schist’s. Physiographically, the areas lie in a region of
tectonic or folded and over thrust mountain chain with strata structurally marked by complex folds, reverse
faults, over thrust and nappes of great dimensions (Krishnan 1982). The area is traversed by many faults, and
Main Central Thrust is one of them which are responsible for crushing and shearing of rocks. Every year due
to heavy rainfall, landslides get triggered causing casualties, and several incidences are reported from
different parts along the major communication route in this area.

5.3.2NORMALIZED INTENSITY-DURATION PLOT OF RAINFALL –INDUCED LANDSLIDES
Cummulative of all the above plots makes us understand relation between them and the way they vary at
different time duration.

FIG.13 .The present study also gives us a correlation between the maximum intensity of rainfall with the
amount of average slope for the stations chosen within the study area.A general trend line of this correlation
graph is- = −1.310 + 40.10
6. CONCLUSION
(1)On average, a rainfall of 10 hour or less requires rainfall intensity in excess of 12 mm per hour to trigger

failure, but rainfall duration of 100 hour or longer with an average intensity of 2mm per hour can also
trigger landslides in the Himalayas.

(2)The accuracy of intensity duration equations for the prediction of landslides events was observed to be
70%.

(3)Landslides are trigged when an intensity value of 3.7 is exceeded for a constant duration.

(4)For the studies of intensity duration threshold, it is suggested to use latest GPM data set for the monitoring
of rainfall events.

(5)Use of early warning systems for the prediction of landslide occurrences.

(6)The landslide is found to have been triggered when E (cumulative event rainfall) exceeds 250 mm over 15
day period of continuous rainfall.

(7)Rainfall threshold are defined with the hydrological response of rainfall to the soil, as well as other
geological conditions associated with slopes.

(8)Analysis of intensity duration equation in MATLAB.

(9)Plot of rainfall threshold equation between intensity – duration,

(10)Cumulative plot of all the Himalayan region equations, to find out maximum rainfall threshold.
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