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Landslides are frequent and widespread destructive processes causing casualties and
damage worldwide [1,2]. The majority of the landslides are triggered by intense and/or
prolonged rainfall [3]. Therefore, the prediction of the occurrence of rainfall-induced
landslides is an important scientific and social issue. To mitigate the risk posed by rainfall-
induced landslides, landslide early warning systems (LEWS) can be built and applied at
different scales as effective non-structural mitigation measures [4]. Usually, the core of
a LEWS is constituted of a mathematical model that predicts landslide occurrence in the
monitored areas [5-7]. In the last decades, rainfall thresholds have become a widespread
and well-established technique for the prediction of rainfall induced landslides, and for the
setting up of prototype or operational LEWS at regional scale [8-11]. A rainfall threshold
expresses, with a mathematical law, the rainfall condition that, when reached or exceeded,
is likely to trigger one or more landslides in a given area. Rainfall thresholds can be defined
with relatively few parameters and are very straightforward to operate, because their
application within LEWS is usually based only on the comparison of monitored and/or
forecasted rainfall with the identified critical conditions. Because of these advantages, the
technique of rainfall thresholds has received growing attention from the early 1980s of
the last century to present. To date, rainfall thresholds have become the most widespread
method to develop (operational or prototypal) regional scale warning systems irrespective
of physical settings, landslide characteristics, and technological level of the countries
financing research programs and applications [10,11].

Despite that, the technique is still affected by some limitations, making the topic a
prolific research field for the landslide community. Among the most cogent research trends:
the evaluation and reduction of possible sources of uncertainties [12,13]; the reduction
of the false alarm rate committed by the models [14]; the strife for improving quantity
and quality of input data [15]; the definition of standardized and objective methods of
analysis [16,17]; the comparison between different possible rainfall parameters to identify
the optimal ones for each case of study [18]; the attempts to enhance the performances of
the thresholds by the joint use of instrumental monitoring [19]; the combination of rainfall
thresholds into more complex forecasting systems combining different techniques, among
which landslide susceptibility zonation [20,21] and antecedent soil conditions analyses [22];
the tests with hydrological parameters instead of the classical rainfall parameters [23,24];
the experiments on the exportability of consolidated models to completely different test
sites [25].

In this wide panorama of open research questions, the present special issue can con-
tribute to the advancement of the state of the art, as some of the aforementioned criticalities
are tackled in the papers collected. Indeed, this special issue collects contributions about
recent research advances or well-documented applications of rainfall thresholds, as well as
other innovative methods for landslide prediction and early warning. All contributions are
focused on the development of LEWS or are preparatory studies on forecasting models
with the perspective of future operational implementations.
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Moreover, besides scientific advances, the development of the recent literature high-
lights the interest, by an international audience, of new case studies, new approaches, new
objectives (reliable results before establishing an operational LEWS). In this regard, the
special issue collects case studies from three continents and a wide range of countries:
Bhutan, China, India, Italy, Slovenia, Taiwan, and a site across Democratic Republic of
Congo, Uganda, Rwanda, and Burundi. This allows accounting for very different climatic
and geological settings, two relevant factors in the definition of critical rainfall conditions
for landslide initiation. Moreover, the papers account for scales of application ranging from
the local scale to the national scale. An interesting advance, useful especially in data-scarce
regions, is represented by the use of satellite-based rainfall estimates and freely available
global landslide catalogues in the calculation of the thresholds. Interestingly, contributions
focused on different approaches useful in landslide analyses (e.g., numerical modeling,
susceptibility and hazard analysis) are also proposed in this special issue to cover a broad
spectrum of studies.

To better address the readers towards the content of the special issue, a short summary
of each published paper is provided hereafter.

— In the paper by Yang and co-authors [26], the authors presented the Runout modeling
of the Yining landslides (China), made using DAN-W software. Triggering factors of
the landslide have been identified in a combination of snow melt and geological setting
of the slopes. The numerical model was calibrated using field survey and laboratory
tests results and allowed the researchers to estimate the velocity of the landslide, which
reached a maximum of 20.5 m/s and to estimate the duration of the paroxistic event in 22 s.
The outcomes of this paper showed the importance of slope monitoring, since landslide
triggering can be a quick event, leaving no time for countermeasure operations once the
landslide started its mobilisation.

— Dikshit and co-authors [27] investigated the rainfall conditions that can lead to landslide
triggering in the Chukha Dzongkhag area (Buthan) and defined a rainfall threshold based
on E-D (cumulative rainfall-duration) relationship. They also discovered that 10 days and
30 days antecedent rainfall play an important role in the occurrence of landslides in the
investigated area.

— Abraham and co-authors [28] try to define empirical rainfall thresholds for the Idukki
area in India, to set the first step to establish a landslide early warning system. Two types of
thresholds have been defined: (i) classical I-D (mean rainfall intensity-duration) thresholds,
(ii) threshold based on short (1 day) and long duration rainfall (from 3 to 40 days). One
of the main outcomes of the paper is the clear importance of antecedent rainfall (30 and
40 days before failure) in the triggering of landslides for the investigated area.

— Using satellite-based rainfall estimates from TMPA 3B42 Real-Time v.7 and information
on 184 dated landslides in the period 2001-2019, Monsieurs and co-authors [29] applied the
modified antecedent rainfall-susceptibility threshold approach (previously proposed by
the same authors [30]) to calculate and validate regional rainfall thresholds in a data-scarce
region: the western branch of the East African Rift. The method was here tested and
improved by means of newly available regional-scale susceptibility data: a regional model
and a continental model. The main methodological novelty is the stratified selection of data
linked to the lowest landslide-triggering antecedent rainfall values. A statistical analysis
on the effect of outliers in small datasets on the estimation of parameter uncertainties with
bootstrapping statistical technique is a valid methodological corollary to this work.

— The contraposition between empirical and physically-based thresholds includes different
methods (the first ones are defined using past rainfall and landslide data, the latter integrate
stability analyses and hydrogeological modeling) and applications (the first ones are mostly
applied at a regional scale, while the second ones are mainly used at a local scale). Bordoni
and co-authors [31] present a comparison between thresholds defined with the two methods
using landslide and rainfall data collected in the period 2000-2018 in the Oltrepo Pavese,
in Northern Italy. They used the CTRL-T tool [17] to define the empirical thresholds and
the TRIGRS model [32] to calculate the physically-based thresholds. After validating both
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thresholds against an independent dataset, the authors observed that the physically-based
thresholds discriminate better than empirical thresholds the landslide triggering and non-
triggering rainfall events. This is due mostly to the fact that the adopted physically-based
model considers the antecedent soil hydrological conditions, which are known to have a
primary role in slope instability.

— Lin and co-authors [33] presented the definition of SWI-D (soil water index-duration)
thresholds to define the condition of landslide triggering in Taiwan. In this paper, besides
the classical rainfall thresholds, the authors proposed an approach based on the definition
of soil water content, calculated by the use of a 3-layers tank model, where each tank
represents a soil layer, from ground surface to the bedrock. Results of the work highlighted
that the water content of the deeper layer is more relevant in the triggering of large
landslides and therefore that their initiation is more related to long rainfall events rather
than shorter ones.

— This study proposed by Dikshit and co-authors [34] presents a landslide hazard assess-
ment in a 180 km long road corridor in Bhutan, combining (i) rainfall thresholds based on
daily rainfall amount and 30-days antecedent rainfall; (ii) temporal probability analysis
of landslide triggering using a Poisson probability model; (iii) landslide susceptibility
map developed with the AHP (Analytical Hierarchy Process) method. The study gains
relevant knowledge for the strategic infrastructure analyzed, and poses the basis for further
developments of the research towards an operational landslide warning system in the area.
— He and co-authors [35] defined four groups of national rainfall thresholds for landslide
occurrence in China based on 771 landslide events occurred in the period 1998-2017. In
particular, they used the satellite precipitation product produced by the NOAA’s (National
Oceanic and Atmospheric Administration) Climate Prediction Center Morphing technique
(CMORPH) and calculated both rainfall event-duration (E-D) and normalized (by mean
annual precipitation) (EMAP-D) rainfall thresholds. Moreover, they defined thresholds
for rainy season and non-rainy season, and thresholds for short (<48 h) and long (>48 h)
durations. The main findings retrieved from the results are that: (i) the slope of the
thresholds for long durations is larger than that for short durations, and (ii) the thresholds
in the non-rainy season are generally lower than those in the rainy season.

— The study proposed by Abraham and co-authors [36] faces the operational difficulties
encountered when trying to establish a regional scale I-D threshold in an area monitored
by a sparse rain gauge network at daily temporal resolution. The paper investigates the
sensitivity of the results to different model configurations adopted in selection of the rain
gauges, in defining the rainfall intensity and in dividing the area into smaller sub-zones.
After a comparative validation, the authors conclude that in their case of study, selecting
the rain gauge based on maximum average intensity performs better than choosing the
nearest rain gauge.

— Abraham and co-authors [37] applied in a sub-Himalayan test site in India a state-of-the-
art rainfall threshold model called SIGMA [38,39], which is based on statistical anomalies
observed in varying time-windows of antecedent rainfall to account for both shallow and
deep-seated landslides. The application is interesting because SIGMA was purposely
developed for an Italian test site affected by both kinds of landslides and was conceived
to be operated using rainfall measurements at daily temporal resolution: this is the first
reported attempt to apply it in other geographical climatic settings. Results are encouraging
since a quantitative and comparative validation shows that the effectiveness of the model
is higher than other approaches based on I-D and E-D thresholds.

— Given that a recent validation of the prototype landslide early warning system in
Slovenia highlighted the need to define new reliable rainfall thresholds, Jordanova and
co-authors [40] addressed this task taking advantage of a consolidated tool [17] that allows
the automated calculation and validation of empirical, frequentist thresholds at different
non-exceedance probabilities. Other than new national thresholds (compared with other
regional, national, and global thresholds), the authors determined additional thresholds
for two different environmental classifications: the first based on three classes of mean
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annual rainfall and the second based on four lithological units. Through these additional
analyses, two findings are observed: (i) the area with the highest mean annual rainfall has
the highest thresholds, which indicates the landscape adaptation to higher average rainfall;
(ii) the areas characterized by rocks prone to weathering have the lowest thresholds signal
that the lithology influences landslide occurrence conditions.

The contributions collected in the special issue "Rainfall Thresholds and Other Ap-
proaches for Landslide Prediction and Early Warning" provide interesting understanding
and new perspectives on the very wide topic of rainfall thresholds for landslide predic-
tion. The different aspects covered in this special issue demonstrate that the definition,
validation, and application of rainfall thresholds are complex tasks which require detailed
data and rigorous methods. The research contributions deal with both empirical and
physically-based approaches, use different sources for landslide and rainfall data and are
implemented in different study areas with diverse temporal scales.

Some important aspects were not covered in this special issue: the topic of landslide
initiation is still open for new ideas and innovations. However, we think that this collection
of manuscripts could be useful for the community involved in operational prediction of
landslides and landslide early warning at all levels [41], from the academic sector to the
practitioners and end-users.

Author Contributions: Conceptualization, investigation, writing—original draft preparation, and
writing—review and editing, S.S., S.L.G., A.R. All authors have read and agreed to the published
version of the manuscript.
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Abstract: Consistently over the years, particularly during monsoon seasons, landslides and related
geohazards in Bhutan are causing enormous damage to human lives, property, and road networks.
The determination of thresholds for rainfall triggered landslides is one of the most effective methods
to develop an early warning system. Such thresholds are determined using a variety of rainfall
parameters and have been successfully calculated for various regions of the world at different scales.
Such thresholds can be used to forecast landslide events which could help in issuing an alert to
civic authorities. A comprehensive study on the determination of rainfall thresholds characterizing
landslide events for Bhutan is lacking. This paper focuses on defining event rainfall-duration
thresholds for Chukha Dzongkhag, situated in south-west Bhutan. The study area is chosen due to
the increase in frequency of landslides during monsoon along Phuentsholing-Thimphu highway,
which passes through it and this highway is a major trade route of the country with the rest of the
world. The present threshold method revolves around the use of a power law equation to determine
event rainfall-duration thresholds. The thresholds have been established using available rainfall and
landslide data for 2004-2014. The calculated threshold relationship is fitted to the lower boundary of
the rainfall conditions leading to landslides and plotted in logarithmic coordinates. The results show
that a rainfall event of 24 h with a cumulated rainfall of 53 mm can cause landslides. Later on, the
outcome of antecedent rainfall varying from 3-30 days was also analysed to understand its effect on
landslide incidences based on cumulative event rainfall. It is also observed that a minimum 10-day
antecedent rainfall of 88 mm and a 20-day antecedent rainfall of 142 mm is required for landslide
occurrence in the area. The thresholds presented can be improved with the availability of hourly
rainfall data and the addition of more landslide data. These can also be used as an early warning
system especially along the Phuentsholing-Thimphu Highway to prevent any disruptions of trade.

Keywords: rainfall thresholds; Bhutan; shallow landslides

1. Introduction

Rainfall or earthquake triggered landslides are common in some parts of the world, causing loss
of human life and property [1]. A global dataset of landslide disasters [2] showed that three-quarters of
all landslide events occurred in the Himalayan arc between 2004 and 2016. Bhutan is one of the highly
susceptible landslide zones in the Himalayan region [3]. The majority of landslides in Bhutan are
initiated due to heavy monsoon precipitation and aggravated due to the increase in human activities.
The increasing number of landslide events in Bhutan can be attributed to complex geological conditions,
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steep slopes, climate change, type of soil, and tectonic activity. Landslides in Bhutan mostly occur
during the monsoons during which the torrential rainfall leads to several flash floods and landslide
triggering, cutting off many parts of south Bhutan from the rest.

The relationship between the amount of rainfall associated with landslide occurrences is generally
studied using either an empirical or physical based approach [4-7]. Physical process models are based
on numerical models which study the relationship between rainfall, pore water pressure, soil type, and
volumetric water content that can lead to slope instability. Such a study is usually site specific due to
variation in soil properties. It is a challenge to extend this approach to large areas, as the extensive
data that is required are usually not available, and their use for an early warning system is either
experimental or prototype based [8-10]. On the other hand, empirical methods study the landslides
that are caused by rainfall events—both massive downpour that triggers instantaneous landslides
and the low but continuous antecedent rain that destabilizes the slope and triggers the landslide.
Although, there are many factors like rainfall, earthquake, geology, soil type etc. involved for landslide
triggering, in the present study, precipitation rates have been considered as this is the primary cause of
several changes in soil properties, pressure variations, etc. The minimum quantity of precipitation
requisite for landslide occurrences known as thresholds can be determined using empirical models.
The limit is defined by lower-bound lines to the precipitation conditions causing landslides and
plotted in Cartesian, semi-logarithmic, or logarithmic coordinates [11]. Contingent upon the kind
of available rainfall data, empirical thresholds can be summarized as follows: (1) thresholds which
combine rainfall data obtained from specific rainfall events [12], (2) thresholds involving antecedent
parameters [6], and (3) alternating thresholds, like hydrological thresholds [13]. Therefore, several
works can be found depicting rainfall thresholds based on empirical techniques [4,7,14-18]. The present
study highlights the importance of antecedent rainfall along with the determination of cumulative
event-rainfall-duration thresholds for an operational early warning system. A recent review on
rainfall thresholds [19] showed that the thresholds could be used to predict landslide events at various
geographical extents and also in a broad spectrum of physical settings [10]. The study also found that,
for setting up an early warning system using empirical rainfall thresholds, various factors needs to be
taken care of: (i) collection of reliable and large rainfall and landslide datasets, (ii) selecting threshold
parameters depending on landslide characteristics and precipitation data, (iii) defining the events
and using an objective and standardized methodology, (iv) validation of the thresholds determined.
The recent development is on defining objective thresholds using semi-automated algorithms [20-23].

In the context of Bhutan, it is difficult to study the relationship using the physical based approach
as the data required is not available. Therefore, this study is lying on an empirically based approach,
which defines thresholds using available records of daily rainfall and landslide data in the period
2004-2014. The available scientific literature for landslides in Bhutan is very sparse with no operating
landslide early warning system [24,25]. Only one study has been carried out to determine site-specific
rainfall thresholds [25], which determined thresholds using an algorithm-based approach, CTRL-T
(Calculation of Thresholds for Rainfall-Induced Landslides Tool). However, more extensive work can
be found for the Indian Himalayas [11,26-28] and Nepal Himalayas [29]. The study also discusses the
significance of antecedent rainfall and the possibility to use the output as a decision tool for landslide
determination. The effect of antecedent rainfall on landslides was analysed for various time durations:
3,7,10, 20, and 30 days. Further, the analysis has been validated using a statistical indicator, i.e., threat
score for 2015 rainfall data. The paper is presented in five sections; the first two sections are listed as
‘Study Area’ and ‘Rainfall and Landslide data’. The third section is listed as ‘Methodology” where
explanation on threshold calculation and the uncertainty associated with it are described. The fourth
heading is marked as ‘Results and Discussions’ summarizing threshold determination along with
understanding the importance of antecedent rainfall. The findings of the present study are summarized
in section five ‘Conclusions’.
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2. Study Area

Bhutan is situated in the eastern section of the Himalaya with an area of 38,394 km? (Figure 1).
The nation is enclosed with the Tibetan Plateau in the north and Indian states Arunachal Pradesh in
and the Darjeeling-Sikkim Himalayas in the west. Bhutan is
divided into 20 Dzongkhags and has elevations varying from 150 m to 7570 m [30]. The elevation of
the present study area Chukha Dzongkhag ranges from 1000 m to 4200 m. Most of the people in the

the east, Bengal and Assam in the south,

region depend on agriculture and livestock for their livelihood.
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Figure 1. Location of (a) Bhutan; and (b) elevation map of Chukha Dzongkhag depicting rain gauge

and landslide locations.
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Geologically, the Chukha region belongs to the Lesser Himalayan formation which includes a
wide variety of sedimentary and low-grade metamorphic rocks. The study area is mainly comprised of
tectonically active metasedimentary rocks such as phyllite, schist, quartzite, and limestone. The northern
part belongs to the Higher Himalayan crystalline rocks comprising mainly of garnetiferous mica-shist,
quartzite, and gneiss. The soils in the region are mostly moderate to high weathered and are comprised
of weaker fracture phyllites, which make the soil texture very fine, and slopes are very unstable [25].
Based on the practical experiments, the soil can be classified as poorly graded sand (SP) mixed with
pebbles. The geology of the region described in [31]. The tectonic setting of the region is very similar
to Nepal and Indian Himalayas [25]. The morphology of the unstable slopes leading to failures are
complex and managed by several factors including lithology and rock type.

The region receives yearly rainfall of 4000-6000 mm with heavy bursts reaching up to
800 mm/day [18]. More than three-quarters of the annual rainfall occurs during the monsoon period
of June to September [25]. Figure 1b depicts the landslide occurrences between 2004-2014 and the
rain gauge coordinates used for the analysis. The monsoon rainfall leads to erosion of rocks causing
widespread slope instability and mass movements. The increase in anthropogenic activities has
escalated deforestation leading to slope instability. The landslide typology in the region can be
described as rock fall, rockslide, debris flow, debris slide, and earth slide [25]. The major effects due to
this monsoonal rainfall of this region are roadblocks. As mentioned earlier, the Phuentsholing-Thimphu
highway (also known as Asian Highway) situated in Chukha Dzongkhag is one of the major road
connections of Bhutan, which is key to the trade, passes through these landslides affected areas.
The landslide events along the highway pose serious logistic problems as it affects the economy of the
region. Figure 2a,b illustrates the damage caused by landslides along the highway.

(b)

Figure 2. Landslide damages in Chukha Dzongkhag along Phuentsholing-Thimphu Highway after (a)
2016 and (b) 2017 monsoon.
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3. Rainfall and Landslide Data

The daily rainfall data were collected from the three rain gauges from Malbase, Gedu, and Chukha.
These three rain gauges are maintained by the National Center for Hydrology and Meteorology, Royal
Government of Bhutan. The presence of a properly distributed rain gauge network is essential for
determining rainfall thresholds. Figure 3 depicts the cumulative rainfall distribution for the study
period (2004-2014). The rainfall data collected for 2004-2014 shows that about 78% of the annual
rainfall falls during the monsoon (June-September) with pre-monsoon (March-May) and post-monsoon
(October—December) contributing 18% and 4%, respectively.
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Figure 3. Variation of cumulative daily rainfall with time (2004-2014).

The landslide data were provided by project Dantak of Border Road Organization (BRO), of the
Govt. of India. The landslide locations are confined along the Phuentsholing-Thimphu highway, most
prominent trade route, which connects the capital city Thimphu with neighbouring countries by road.
The total number of landslides during the study period was 248, out of which 63, 81, and 105 landslides
occurred in Malbase, Gedu, and Chukha regions respectively. The landslides in the region are mostly
shallow with depths ranging from few decimetres to metres [25]. The catalogue of landslides included
coordinates and date of failures. Figure 4 depicts the year-wise landslide occurrences.
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Figure 4. Year-wise landslide occurrences in Chukha Dzongkhag (2004-2014).
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4. Method

This section explains the procedure to determine thresholds. The determination of thresholds
using empirical methods can be divided into two primary steps. The first step is the collection of
rainfall and landslide data, and the next step is to apply empirical models to determine the thresholds.
An event rainfall is determined by the number of consecutive days of rainfall before the landslide
incident. This helps in calculating the number of days of rainfall before landslide and the total rainfall.
Thereafter, the rainfall events leading to landslides are plotted in a log(E) vs log(D) graph and the
distribution fitted to the power law equation. The equation of the threshold is E = (a + Aa). DU47),
where E is cumulated event rainfall (mm), D is duration (h), « is intercept, and vy is the slope of
threshold curve [4]. The uncertainties Ao and Ay are determined using a bootstrap nonparametric
statistical technique [32]. This uncertainties measure the variation of the threshold around a central
tendency line, which depends on multiple factors, but primarily on the number and the distribution of
the empirical data points representing different rainfall conditions that have resulted in landslides [33].
The distribution of rainfall conditions which have resulted to triggering of landslides is fitted the power
law equation in a log-log graph. The thresholds were determined using the methodology proposed
by [4] and further modified by [32] for various exceedance probabilities ranging from 1% to 50%.

The equation involves the discrete and continuous maximum likelihood function estimation to
fit the data in agreement with the equation. There are two assumptions involved with the use of
power law equation. (1) With the increase in the cumulated rainfall, there is a nonlinear increase in the
probability of landslides. It asserts that the possibility of landslide decreases when threshold reduces
and vice versa. (2) With the increase in rainfall duration, the occurrences of slope failure reduce [27].

The study of antecedent rainfall for landslide incidences is important as it may lead to an increase
in soil moisture content leading to slope instability. The impact of antecedent rainfall should be a
site-specific study and may not always hold good for other regions with similar geological and rainfall
conditions [34]. The variation in soil moisture content across an area is difficult to accurately determine
as it depends on various factors like the variation in soil type, depth, climatic variation, etc. [7]. Various
authors have used different periods to determine the correlation between antecedent rainfall and
number of days for landslide triggering. [35-38] examined for 3, 4, 18, and 180 days respectively. [14]
used 7, 10, and 15 days, whereas [39] assessed 2, 5, 15, and 25 days based on a trial and error basis.
In this study, we considered 3, 7, 10, 15, 20, and 30 days.

5. Results and discussion

In this study, an event rainfall-duration threshold has been determined using available rainfall
and landslide data [32,40]. The definition of rainfall and landslide event to determine any kind of
threshold is very critical [18]. In the present study, to determine the thresholds, the landslides after
the initial failure were not considered, i.e., if, on a particular day, five landslides occur, they will
be recognized as one landslide event. This approach is similar to other works [40] and reduces the
number of rainfall events with landslides. After that, landslide events which initiated due to very low
rainfall values (lower than 25th percentile) were discarded to determine more accurate thresholds [25]
as such landslide incidences may not be solely initiated by rainfall. Thus, the number of landslides
reduced to 51 landslide events. With the method explained in the previous section, the threshold
came out to be E = (5.68 + 1.80). D(0-70+0.04)  Figure 5a depicts the 51 rainfall conditions, which led to
landslides, threshold at 5% (T5g) exceedance probability and the associated uncertainty (Figure 5b,c).
The relative uncertainties for the y parameter are less than the acceptable value of 10% [32]. However,
the uncertainty for « is slightly higher at 31.7%, which can be attributed to limited number of empirical
data used to determine thresholds [25]. The power-law function and maximum likelihood estimations
are used to get the best fitted curve by utilization the present set of data. The lower boundary points are
determined using regression analysis and a standard deviation is used to understand the distribution
of normally distributed data from the mean value [27]. The graph is drawn on a logarithmic scale. [25]
also defined ED thresholds for Chukha region using a semi-automatic empirical approach and defined
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threshold as E = (7.3 + 2.0). D071 %000) yging 43 landslide data points for 2004-2014. The thresholds

defined for Kalimpong region, India by [11] depicted ED relationship as E = 3.52. D041,
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Figure 5. (a) Event rainfall-duration (ED) threshold for 51 rainfall conditions in log-log coordinates
(b) Variation in parameter «, and associated uncertainty A, as a function of the number of events.
(c) Variation in parameter y, and associated uncertainty Ay, as a function of the number of events.

To evaluate the importance of antecedent rainfall the rainfall events during the monsoon of year
2012 were analyzed, a total of 50 rainfall events occurred which led to eight landslide events. As there
were more than 1000 rainfall events during 2004-2014, the landslide events of 2012 were selected
to understand the significance of antecedent rainfall. Figure 6 depicts the daily (Rqay) and 30-day
(R30-day) antecedent precipitation values for 2012. The daily rainfall values were comparatively higher
on the day of landslide occurrence. Adopting the calculated threshold for triggering landslide, the
number of daily rainfall events exceeding the reference period is high which depicts that antecedent
precipitation plays an important role in landslide initiation [41]. The landslide events during this
period were characterized by an R3g.qay value of 350 mm. Considering the R3p.qay value of 350 mm,
the number of rainfall events exceeding it is 14. This analysis resulted in fewer data points, which
depict the significance of antecedent rainfall, and thus its effect on the distribution of soil moisture
during the initiation of triggering rainfall [41].
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Figure 6. Cumulated rainfall during 2012 monsoon period.

To determine the number of antecedent rainfall days significant for landslide triggering, a trial
and error approach considering various days was used [11,27]. The daily rainfall on the day of rainfall
for landslide events was plotted against antecedent rainfall for various time durations of 3, 7, 10, 20,
and 30 days (Figure 7). The diagonal line divides the graph to differentiate the scattering bias of daily
rainfall (ordinate) and antecedent rainfall (abscissa). The diagonal depicts that the daily precipitation
data on the day of failure and the antecedent precipitation prior to failure are same [27]. Figure 7
shows graphs of daily rainfall corresponding to antecedent rainfall of various periods. As observed
in Figure 7, the majority of the landslide events are biased towards antecedent rainfall as compared
to daily rainfall. In the case of 3-day antecedent rainfall, 19.6% of the landslides are biased towards
daily rainfall and the remaining 80.4% (41 of the 51 landslides) are biased towards 3-day antecedent
rainfall prior to failure. Similarly, for 7-day antecedent conditions, the biasness of daily rainfall towards
landslide initiation decreases to 13.7%. In the remaining cases (10-day, 20-day, and 30-day) the effect
decreases to 1.9%. Such a comparison between the daily and antecedent rainfall data would give
more clarity with the availability of hourly data. The observation of plots for similar bias antecedent
conditions shows that a greater number of points in the case of 10 days is concentrated along the
abscissa in comparison to other cases where a scattering of points along the abscissa is prevalent [27].
Therefore, it can be concluded that an antecedent rainfall of 88.35 mm for a minimum of 10 days
provides the best correlation for triggering of landslides in the region.

The use of thresholds for an operational early warning system can be justified by validating it
with an independent dataset which is lacking in various studies conducted, as mentioned in the review
article by [19]. The present study validates the determined thresholds using the rainfall data of 2015
by determining the threat score [3,42]. Threat score (TS) is defined as the number of true positive
cases (TP) divided by the summation of true positive (TP), false negative (FN), and false positive (FP)

cases [43].

TP
5= TP+ FN + FP @

During this period, eight landslide events occurred due to a total of 46 rainfall events.
As determined earlier, a R30-day precipitation value of 350 mm could be used as a pre-filter, and
it was found that only 11 of the 46 rainfall events exceeded the value. Thereafter, the biasness of
the landslide events with respect to daily and antecedent rainfall was carried out and the results
show that only one case was slightly biased towards the daily rainfall whereas the rest were biased
towards antecedent rainfall. This analysis shows that a R30.day value could be used as a pre-filter for
determining thresholds and antecedent rainfall plays a significant part for landslide initiation in the
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region. Finally, the threat score for 2015 landslide event was calculated using the ED threshold value of
53.3 mm. The results determined were TP equal to six, FN and FP were two and three respectively, and
so TS was found to be 0.54. The result shows that the rainfall thresholds can be used the first step and
eventually the threshold effectiveness will be improved in time when additional data will be collected,
as shown in other long-term projects [12]. However, when using as an early warning system the effect
of daily as well as antecedent rainfall needs to be considered.
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Figure 7. Relation between antecedent rainfall before failure (3, 7, 10, 20, and 30 days) and daily rainfall
for landslide occurrences.

6. Conclusions

Rainfall-induced landslides are one of the major destructive natural disasters in Bhutan. However,
minimal study has been conducted to develop a landslide early warning system, either regionally or
locally. This paper attempts to determine rainfall thresholds in terms of event rainfall-rainfall duration
and antecedent rainfall for landslide incidences using daily rainfall data for Chukha region located in
the south-western part of Bhutan Himalayas. The analysis was carried out from the available rainfall
and landslide occurrences between 2004 to 2014. The majority of the landslide occurrences are along
the Phuentsholing-Thimphu highway, which is an important road connection for the country as it
connected the capital with India and used for trade purposes. The thresholds determined for the region
depicts a minimum event rainfall of 55 mm for short duration of 24 h can trigger landslides. Thereafter,
the significance of antecedent rainfall was carried out using the rainfall events of 2012 monsoon. The
analysis revealed the importance of antecedent rainfall and therefore it was necessary to determine the
antecedent time window necessary for landslide occurrence. The biasness of the rainfall events which
resulted in landslides revealed that a 10-day antecedent rainfall would provide the best correlation for
landslide occurrences in the study region. Further, it can be stated that Rsp.4ay value of 350 mm could
be used as a pre-filter before the use of ED thresholds. The derived rainfall thresholds can be improved
with the availability of hourly rainfall data to use for an effective warning system.
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Abstract: Idukki is a South Indian district in the state of Kerala, which is highly susceptible to
landslides. This hilly area which is a hub of a wide variety of flora and fauna, has been suffering
from slope stability issues due to heavy rainfall. A well-established landslide early warning system
for the region is the need of the hour, considering the recent landslide disasters in 2018 and 2019.
This study is an attempt to define a regional scale rainfall threshold for landslide occurrence in Idukki
district, as the first step of establishing a landslide early warning system. Using the rainfall and
landslide database from 2010 to 2018, an intensity-duration threshold was derived as I = 0.9D~%1¢ for
the Idukki district. The effect of antecedent rainfall conditions in triggering landslide events was
explored in detail using cumulative rainfalls of 3 days, 10 days, 20 days, 30 days, and 40 days prior
to failure. As the number of days prior to landslide increases, the distribution of landslide events
shifts towards antecedent rainfall conditions. The biasness increased from 72.12% to 99.56% when the
number of days was increased from 3 to 40. The derived equations can be used along with a rainfall
forecasting system for landslide early warning in the study region.

Keywords: rainfall thresholds; landslides; Idukki; early warning system

1. Introduction

The state of Kerala (India) experienced the worst disaster in its history in 2018. The disaster
affected around 5.4 million people and 433 lives were lost [1]. Several landslides, particularly debris
flows, were associated with the event. Among the 14 districts in the state, 13 are part of the Western
Ghats and are susceptible to landslide hazards. The scarps of the Western Ghats, which are the steepest
parts, are more susceptible to landslides due to heavy rainfall. Attempts have been made by researchers
to study the triggering factors of landslides in the Himalayas [2-8] and the Western Ghats [9,10].
However, on a regional scale, establishing rainfall thresholds for the occurrence of landslides in the
Western Ghats has not yet been attempted. This paper is an endeavor to define a regional threshold for
the Idukki district (Kerala) which is a severe landslide prone zone in the Western Ghats.

A rainfall threshold can be defined using process-based or empirical methods. The process-based
approach considers physical and hydrological parameters which can initiate a landslide event. This
requires highly sophisticated inputs, as the spatial and temporal distribution of these parameters
can only be analyzed through detailed site-specific studies [11]. Owing to the limitations of defining
process-based thresholds, this study defines the rainfall conditions that when surpassed, are likely
to initiate landslide events in the Idukki district in the Western Ghats. This is an empirical approach
which primarily focuses on the occurrence of rainfall and landslide events. Empirical thresholds
can be divided into three categories: (1) thresholds which use rainfall data for specific events, (2)
thresholds which consider rainfall conditions prior to failure, and (3) others which include hydrological
thresholds [12]. In the current research, thresholds in the first two categories are derived for Idukki
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using historical rainfall and landslide information. A rainfall event is defined by three parameters,
viz., rainfall event, rainfall intensity, and rainfall duration. cumulated rainfall is the the total amount
rainfall from the beginning of the rainfall event to the occurrence of failure [13]; the term duration
indicates the duration of the rainfall event considered or precipitation period [14]; rainfall intensity is
the amount of precipitation in a given time, i.e., the rate of precipitation over the period considered [15].
Thus the term rainfall intensity gives an idea about the average rate of rainfall during an event, not
the peak intensities. Another important factor which defines the applicability of the threshold is the
area considered for the study. Based on the area, thresholds are classified into local, regional, and
global. The stability of the slopes depends upon the hydro-meteo-geological parameters of the region
and the conditions for the triggering of landslides differ from place to place. Global thresholds give
a universal minimum, below which chances of landslide occurrence is nil, without considering any
physical factors. Regional thresholds deal with areas of a few to some thousands of square kilometers
where climatic, physiographic, and meteorological features are similar. Local thresholds can be applied
to single or a small group of landslides in regions of sizes up to the range of hundreds of square
kilometers. Regional and local thresholds perform well for the area they were developed for, but they
cannot be exported to other areas easily [16]. These thresholds can be used in regional/local warning
systems for providing an alert level to the government and public in general.

Empirical thresholds can be classified again based on the rainfall parameters used as
intensity-duration (ID) thresholds, total rainfall event-duration (ED) thresholds, and total rainfall
event-intensity (EI) thresholds [12]. A general, well-accepted agreement which determines the selection
of rainfall parameters is that shallow/rapid landslides are initiated by rainfalls of high intensity and
short duration [16] and deep-seated landslides occur when it rains continuously over a long time [17].
This research focuses on the initiation of shallow landslides which cause maximum casualties during
the monsoon time in the region and hence thresholds based on intensity-duration plane and antecedent
rainfall are defined for Idukki. The objective is to start the preliminary steps towards an effective
regional scale warning system for the Idukki district.

2. Study Area

In the state of Kerala, Idukki was the worst-hit district during 2018 disaster, with 143 major
landslides in the state government records [1]. As shown in the slope map of Idukki, the geography of
the area consists of slopes as steep as 80° (Figure 1) and the elevation ranges up to 2692 m (Figure 3).
A significant share of the population of the district had houses in these unstable slopes, which were
destroyed in the 2018 landslides irrespective of the building typology [1]. 97% of the major roads in
the districts cut through the rugged mountains and hills, which are often blocked due to landslides in
the monsoons [18]. Sprawling across an area of 4358 km?, Idukki supplies 66% of the electric power
requirements of Kerala [19]. This district with more than half of the area covered by forests is the
second largest one in terms of area in the state.

The Western Ghats can be divided into two segments, north and south, separated by the Gap of
Palghat. Deep-seated landslides are reported in the northern segment and the eastern flank while the
southern segment mostly experiences shallow landslides [20]. Idukki belongs to the southern part,
where regolith thickness ranges from 0.25-5 m [21] and is prone to shallow landslides [1]. Geomorphic
classification of the terrain divides the area into four, viz., rugged hills, ridges and valleys, fringe slope,
and plateau [22]. Scarps of the Western Ghats consist of frictional soil with less cohesion, thus being
stable in dry conditions and losing their strength when the moisture content increases. Plateu regions
have a thick layer of top soil, rich in clay content due to their morphology and tropical climate [23].
Geologically, rocks of Wayanad, Charnockite, Khondalite, and Migmatite groups contribute the
formation of a part of South Indian Precambrian metamorphic shield [22]. The primary weathering
process is hydrolysis in the area, which is due to the high precipitation [24].
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Figure 1. Location and slope map of the Idukki district.
2.1. Triggering Factors

The scarps of the Western Ghats experience an annual rainfall as high as 5000 mm as a result
of the southwest monsoon, northeast monsoon, and premonsoon showers [25]. The Western flank
of the Western Ghats experiences landslides during the southwest monsoon and the eastern side is
affected mainly during the northeast monsoon [20]. Large amounts of high-intensity rainfalls increase
the pore water pressure within the soil mass, which eventually decreases the shear strength of the soil.
This is considered as the primary triggering factor of landslides in the Indian Himalayas [2,4,26] and
the Western Ghats [27]. The fissures in bedrock siphons the excess rainwater to unstable zones in the
slopes during the monsoon [28]. Photographs of some landslides which happened during the 2018
monsoon are shown in Figure 2. The population of this region increased rapidly after the 19th century,
as the people from the midlands started migrating into the hilly region [29]. The industrially backward
district was in a quest for better infrastructure due to an increase in population. As an effect, the land
use has changed significantly in a short span of time, which favoured the occurrence of landslides
in the region. Large scale hill-toe modifications have been done in the district in recent decades for
the purpose of infrastructure development, due to which the hill slopes have become steep, without
any lateral support. The terraced slopes, modified for monoculture plantations with no sufficient
drainage provisions, aggravated the scenario. Due to the drain blockages, water from the intense
rainfall accumulates in the top soil layers, leading to landslides.

In a detailed landslide inventory of Kerala until 2010, prepared by the Geological Survey of India
(GSI), 64 major cases were reported in the Idukki district [30]. The landslide typologies vary from
creep and subsidence to debris flows and avalanches. Along the major road corridors of the district,
earth/debris slides have become common during monsoon period [18]. The sharp turnings and vertical
cuts along the roads are highly susceptible to cut-slope failures. Incessant rainfall and the subsequent
pore pressure increase adversely affects the steep slopes and results in landslides. To conclude, from the
case studies conducted by GSI, a major share of the events in Idukki are of debris flow type triggered by
heavy rainfall and are influenced by factors like slope, land use, overburden thickness, and disposition
of streams etc. [18,23,31,32].
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Figure 2. Damages that happened due to landslides in the Idukki district in 2018. (a) Debris slide at
Anachal. (b) Debris flow at Kallimai. (c) Subsidence at Kallarkutty approach road. (d) Earth slide at
Cheruthoni [22].

2.2. Database for Analysis

Building a chronology of landslides based on the historical records is the first stage of any landslide
hazard study [33]. A landslide database for the research has been developed taking inputs from the
Geological Survey of India [22], newspapers, state government reports [1,34], and from interactions
with the people of the area. The dates of initiation of landslides were collected with a weekly accuracy,
and the locations were collected with a spatial accuracy of nearest mentioned site from the reports. The
database consists of the spatial (Figure 3) and temporal distribution of landslides and the typology.
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Figure 3. Digital Elevation Model [35] of the Idukki district along with the spatial distribution of
landslide locations and rain gauge stations (2010-2018).

The rainfall data of daily resolution from the year 2010 was collected from four rain gauge stations
in the Idukki district, maintained by the India Meteorological Department (IMD) [36], for the analysis.
The locations of rain gauge stations are given in Table 1. The monthly distribution of effective rainfall
in the Idukki district from 2010 to 2018 is shown in the box plot shown in Figure 4.

The distribution of rainfall is not uniform throughout the district. In a long term rainfall analysis
conducted by GSI, it was found that the average annual rainfall varies from less than 1000 mm in the
northeast parts of Anamudi peak to around 5000 mm near Peermedu [18]. The four rain gauges from
which we collected data are located at Thodupuzha, Peermedu, Idukki, and Munnar (Figure 3). The
variation of annual rainfall from the four rain gauges and the district average is plotted in Figure 5.
The differences in rainfall conditions will lead to over-estimation or under-estimation of the intensity
and duration values if we consider the average rainfall. Hence the rainfall event associated with each
landslide was found out based on the spatial distribution of the four rain gauges [37].

Table 1. Location of rain gauge stations.

Rain Gauge Number Place Location
R1 Thodupuzha 9.83° N, 76.67° E
R2 Peermedu 9.57° N, 76.98° E
R3 Idukki 9.83° N, 76.92° E
R4 Munnar 10.10° N, 77.07° E
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Figure 4. Box and whisker plot with monthly distributions of rainfall in the Idukki district (2010-2018).
The bottom and top lines indicate minimum and maximum values respectively and the line inside the
box represents the median.
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Figure 5. Variation of annual rainfall measured in four rain gauges during the study period.

Identifying a reference rain gauge is a challenging task as explained by many practitioners [14,38],
especially when the number of available rain gauges is limited. One of the most common practices
is to choose the rain gauge based on its proximity to the landslide location. Hence in this study, the
district was divided into four Thiessen polygons, based on the location of rain gauges (Figure 6). P1
Polygon is occupied by a flat and plain territory, P2 is located in the eastern hilly sector of the study
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area, P3 represents the central hilly sector, and P4 contains the flanks of the mountain and the hills
immediately at the foot of the mountainside, thus separating this area with peculiar physiographic
characteristics from the other three. As a consequence, splitting up the area in four sectors by means of
Thiessen polygons is better than operating considering the entire area as a whole.
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Figure 6. Conceptual sketch showing development of dataset: P1, P2, P3, and P4 represent the four
Polygons and R1, R2, R3, and R4 are the reference rain gauges in each polygon. D = Duration of rainfall
(hours); I = Intensity of rainfall (mmh~1); L = Occurrence of landslide (Modified after [37]).

Each polygon defines a space, which is closest to the rain gauge in it (reference gauge). Each point
inside a polygon is closer to the reference gauge, than the other three rain gauges. The division of
polygons and the selection of reference gauge is constrained by spatial distribution only. Each polygon
is assumed to be an area of similar rainfall conditions with a reference rain gauge.

The method of developing a dataset is illustrated in Figure 6 [37] using a sample dataset, i.e, the
values (I,D) and the locations of landslides are not from the actual dataset, but are arbitrarily chosen
for demonstrating the methodology. For all landslide events that happened in Thiessen polygon P1,
the readings from R1 are considered. The procedure was same for all landslide events.

The readings corresponding to landslide events, recorded by individual reference rain gauges,
were then merged to a single database. The exact number of triggered landslides and sites were
not available from the reports and therefore multiple landslides on the same date within the same
polygon are considered as a single landslide event. A threshold defines the possibility of occurrence of
a minimum of one landslide event in the region. Thus, a total of 225 landslide events are considered in
the present analysis, which happened during the time period of 2010-2018.

3. Analysis of Thresholds

The key for the development of any empirical threshold is the definition of rainfall and landslide
events and the parameters related to it [39]. The necessity of developing rainfall thresholds and
early warning systems for the Idukki district has been emphasized in some of the specific site studies
conducted by the GSI [23]. Considering the increased number of casualties which occurred in the
study area in the recent past, rainfall thresholds using intensity-duration relationships and antecedent
rainfall conditions have been developed in the current research.
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3.1. Intensity-Duration Thresholds

A total of 225 landslide events were recorded during the study period (2010-18), which were
triggered by rainfall. The hourly intensities of all the rainfall events associated with the occurrence of
landslides were calculated and plotted against the duration of events in hours in a logarithmic scale.
The distribution of the events is fitted with the power-law distribution using an equation in the form

I=aDP (1)

ie., log(I) = log(x) + plog(D) )
where

Iis Intensity of rainfall in mmh~?!,

D is Duration of rainfall event in hours,

and « and 3 are empirical parameters,

which is in the form of a straight line y = mx + c.

Use of this power-law equation has two fundamental assumptions. The first one is that with
increase in the rainfall intensities, there is a nonlinear increase in the probability of occurrence of
landslides. Below the threshold value, the likelihood of initiation of landslide is low, and above the
threshold, the probability of occurrence of landslides increases nonlinearly. The second assumption is
that the initiation of slides decreases as the duration of rainfall increases [2]. The term ‘B’ in Equation
(1) defines this rate at which the critical intensity declines with the rise in duration. The frequentist
approach of defining intensity-duration thresholds is used in this study. Empirical rainfall conditions
which triggered landslides were first log-transformed and fitted using Equation (2), which is equivalent
to the power-law in Equation (1). Using the Frequentist method, a best fit line for the distribution was
obtained as I = 2.54D~01 (Figure 7) with a coefficient of determination (R?) of 0.04. The scattering of
data results in a lower value of R? and hence the uncertainty associated with the fitted line is evaluated
with a confidence interval of 95%. Considering the uncertainties, Equation (1) gets modified to

I=(x+Ac) DIB=2B) ©)

The equation of the best fit line was obtained as I = 2.54D7916 with a confidence interval of
I =(2.54 + 0.65)D(-016 £ 0.05),

The approach is based on least square regression and the data is fitted using a power-law. The
difference between the value on the best fit line log (If) and logarithm of event intensity log (I) for each
event is calculated. This difference is termed as “5I'. Kernel density estimation is used to determine
the probability density function of the distribution of ‘51" and the result was fitted using a Gaussian
function of the following form [40,41]:

(=)

f) =ae 22 @)

where a and b are real constants and c is nonzero.
a,b,c, €, R, and thresholds corresponding to various exceedance probabilities can be defined for

the region. For a normally distributed random variable, a = #\E’ b = pand ¢ = 02 where pand o are
g e
the mean and standard deviation of the distribution, respectively. Hence the equation becomes

)2

1 (x—u
e 22 (5)

fx) =

oV2m

This equation is used to fit the distribution of ‘I, to determine the rainfall threshold as shown in
Figure 8.
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The data follows a distribution similar to the standard Gaussian distribution. Hence based on
standard Gaussian distribution, a T5 line was plotted as in Figure 8, with an exceedance probability of
5%. The distance ‘05" indicates the deviation of threshold line from the best fit line. This deviation was
used to establish the intercept of the threshold line (Figure 9).

10

Intensity (mmh-)

® Landslide events

Best fit line: | = 2.54 D16

—— Threshold line: | = 0.90D-'¢
95% Confidence Interval

0.1 L
10 100 1000

Duration (h)

Figure 9. Intensity-duration threshold for the Idukki district on logarithmic scale.

From the threshold line, it can be inferred that for the minimum duration (24 hours), a continuous
rainfall of 0.54 mmh™! can trigger landslides. The maximum duration of a rainfall event observed
during the study period was 31 days. The obtained results predict that an intensity of 0.3 mmh™!
over a period of 31 days can trigger landslides in the region. The confidence interval was obtained
as 1= (0.9 + 0.1)D(-0-16£005)  The maximum number of events occurred at a duration of 7 days for
which the minimum intensity to initiate a landslide event was found to be 0.4 mmh~!. The lesser
value of thresholds for short duration events emphasizes the need for considering antecedent rainfall
conditions for defining thresholds. Hence thresholds based on antecedent rainfall conditions are also
defined for the area.

3.2. Thresholds Based on Antecedent Rainfall

Intensity-duration thresholds consider only the immediate preceding rainfall event as a triggering
factor of landslides. Landslides may occur as result of moisture content variation due to continuous
precipitation also, which is difficult to monitor precisely. Thus a simple way is to study the effect of
antecedent rainfall and define a threshold based on antecedent rainfall before the landslide event.
Studies have been conducted across the globe, considering different antecedent periods ranging from
3 days to 120 days [2,4,42].
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The data of 225 landslides over a period of nine years has been used for the analysis. Daily rainfall
records at failure are compared with the antecedent rainfall of 3, 10, 20, 30, and 40 days before failure.
The graph is plotted with antecedent rainfall (mm) and daily rainfall (mm) in x and y axes respectively.
The diagonal line of the plot determines the scattering bias of the data (Figure 10).
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Figure 10. Plot of daily rainfall vs. antecedent rainfall (3, 10, 20, 30, and 40 days).

A significant share of landslide events is biased towards the antecedent rainfall in all cases. Hence
a threshold is defined for all individual time durations of antecedent rainfall considered in the study
as shown in Figure 11a—e. In the first case, three days’ antecedent rainfall was considered, 28% of
the total events considered are shifted towards daily rainfall, and the remaining 163 landslides are
biased towards three days” antecedent rainfall. For other cases, the biasness ratio to daily rainfall and
antecedent rainfall was found to be 11:214 for 10 days’, 6:219 for 20 days’, 3:222 for 30 days’, and 1:224
for 40 days” antecedent rainfall prior to the slide event. It is evident from the analysis that the biasness
towards antecedent rainfall, which was 72% in case of 3 days” antecedent rainfall increased to 99.56%
when the antecedent rainfall of 40 days was considered as shown in Figure 11f. The study can be
refined if the temporal resolution of the rainfall data available is improved.
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4. Discussions

The rainfall thresholds defined in this study establish a minimum cut off below which chances
of occurrence of rainfall is very low. Above these thresholds, the probability of occurrence increases
exponentially, but still the chance of false alarms cannot be neglected. Even though rainfall is the major
triggering factor, other physical factors also influence the stability of slopes. For a powerful Landslide
Early Warning System to work effectively, parameters like soil moisture and soil movement/tilt etc.
should be incorporated along with the rainfall thresholds. An integrated system with multiple sensors
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and rain gauges can be installed in the region for this purpose. Similar researches have been carried
out for the Darjeeling Himalayas [5] using Micro Electrical Mechanical System (MEMS) tilt sensors.
A network of such sensors can effectively transfer the data to the authorities in real time which can be
used as an effective warning system. The frequency of available rainfall data is the key factor which
determines the accuracy of thresholds. In the current scenario, the temporal resolution of rainfall data
available for the region is one day, and for an area of 4358 km? only five rain gauge stations (as of
2019) are available. By establishing a network of sensors across the district, the spatial and temporal
resolution of rainfall measurements can also be improved.

Several rainfall thresholds have been developed and periodically updated [43] for forecasting
landslide events across the globe. Choosing the best method for establishing rainfall thresholds for a
particular region requires detailed analysis and a quantitative comparison using statistical attributes [44].
Simple empirical models can also be modified conceptually by incorporating physical or hydrological
parameters to improve the prediction power [45,46]. Further studies must be conducted for the area
using existing models which are being practiced in different parts of the world [11,47-50] and the best
suited rainfall threshold should be integrated with a sensor network and rainfall forecasting system.
This research is a humble step towards achieving the goal of establishing an effective Landslide Early
Warning System, which can minimize the casualties due to landslide hazards in the Idukki district.

5. Conclusions

This study is an effort to establish thresholds in intensity-duration plane based on antecedent
rainfall data for the Idukki district in Kerala State at a regional scale. This is the first of its kind for the
region and can be improved on with the availability of short term rainfall data.

The analysis was conducted using a database of 9 years from 2010 to 2018, which included 225
landslide events occurring at different parts of the district, and the principal observations can be
summarized as:

e  For short duration rainfall events (24 hours), a continuous rainfall intensity of 0.54 mmh~! can
trigger landslides. For the maximum observed duration of 31 days, a rainfall intensity as less as
0.3 mmh~! can also trigger landslides. The values of thresholds are too low for a regional scale
threshold, and the reason can be the biasness of occurrence of landslides to the antecedent rainfall
conditions, other than the immediate preceding event.

e  From the analysis of antecedent rainfall conditions, it can be stated that for the Idukki district, an
antecedent rainfall of 70.6 mm over a period of 10 days and 229.8 mm over a period of 40 days can
trigger a landslide event. Around 99.56% of the events are biased towards the antecedent rainfall
conditions when duration of 40 days is considered.

e It is evident from the results that the occurrence of landslide events are more influenced by
antecedent rainfall conditions rather than the amount of rainfall on the day of occurrence.

e It is expected that this first attempt will encourage more research for the study area, which
is profoundly suffering from the increased number of landslide events in the recent hazards
and this will become the first step towards establishing a regional scale warning system for the
Idukki district.
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Abstract: Determining rainfall thresholds for landsliding is crucial in landslide hazard evaluation
and early warning system development, yet challenging in data-scarce regions. Using freely available
satellite rainfall data in a reproducible automated procedure, the bootstrap-based frequentist threshold
approach, coupling antecedent rainfall (AR) and landslide susceptibility data as proposed by
Monsieurs et al., has proved to provide a physically meaningful regional AR threshold equation in
the western branch of the East African Rift. However, previous studies could only rely on global-
and continental-scale rainfall and susceptibility data. Here, we use newly available regional-scale
susceptibility data to test the robustness of the method to different data configurations. This leads us
to improve the threshold method through using stratified data selection to better exploit the data
distribution over the whole range of susceptibility. In addition, we discuss the effect of outliers in
small data sets on the estimation of parameter uncertainties and the interest of not using the bootstrap
technique in such cases. Thus improved, the method effectiveness shows strongly reduced sensitivity
to the used susceptibility data and is satisfyingly validated by new landslide occurrences in the East
African Rift, therefore successfully passing first transferability tests.

Keywords: landslide hazard; antecedent rainfall threshold; landslide susceptibility; satellite-derived
rainfall; TRMM Multisatellite Precipitation Analysis 3B42 (TMPA); tropical Africa

1. Introduction

Rainfall-triggered landslides pose a severe threat to societies on all continents [1,2]. Rainfall
thresholds are therefore essential for characterizing landslide hazard and developing early warning
systems [3-5]. Empirical approaches define thresholds on scales ranging from local [6,7] to regional
and global [8,9], based on the observed relation between dated landslides and rainfall characteristics
such as intensity, accumulation, duration, or antecedent rainfall (AR) conditions [10]. However, rainfall
is only a proxy for what is regarded as the main trigger of landslides, i.e., the development of high
pore-water pressure in the subsurface, constrained by water infiltration [11,12]. Interacting with
retention and drainage processes [12], infiltration is a highly complex process affected by a myriad of
factors such as soil physical properties (e.g., soil suction head, porosity, hydraulic conductivity) and
their variations through the soil column [13-15], presence of cracks [16], hillslope morphology [17],
vegetation [11,18,19], antecedent rainfall conditions [15,20-22], and rainfall intensity [23,24]. In contrast
to the empirical threshold definitions, process-based approaches incorporate such hydrophysical
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parameters through a spatially extended infinite-slope stability model [25]. However, the large required
data input for well-calibrated process-based thresholds explains their current limitation to mostly
applications at the hillslope scale or through numerical simulations [4,21,25-27].

The estimation of empirical rainfall thresholds is also associated with additional sources of
uncertainty. Firstly, landslide inventories are inherently biased towards high-impact landslide events
and regions that are most accessible, while their accuracy is constrained by the scientific validity
of the reporting sources, especially in data-scarce low-capacity environments [1,28-31]. Secondly,
rainfall data comprise uncertainties related to the spatial representativeness of rain gauges or biases in
satellite-derived estimates [32,33]. Thirdly, the definition of rainfall parameters, with intensity and
duration forming the most frequently used parameter couple [3,5], varies strongly across studies [3].
Finally, the latter parameters’ interdependence is problematic, obscuring the physical processes
associated with the calculated thresholds [34].

In order to account for and characterize threshold uncertainties, a growing number of reproducible
statistical techniques have been developed [3]. A weakness of such methods is, however, that they
are generally tailored to a specific area and available data sets, which often prevents straightforward
transferability to other regions and data sets [35]. Nevertheless, transferability is not only essential
for evaluating and comparing landslide hazard over different regions of the world [10,36], but also
valuable in the context of the increasing availability of ever higher-resolution data relevant for threshold
analysis, such as rainfall estimates from global-scale satellite data [32].

The most influential statistical threshold techniques include the probabilistic approach through
Bayesian inference [10,37], the use of receiver operating characteristics (ROC) analysis with different
optimization metrics [38,39], and the frequentist approach developed by [40]. The Bayesian and ROC
approaches compare conditions that resulted or not in landsliding, the former fundamentally relying
on prior and marginal probabilities [37] and the latter attempting to balance the true and false positive
rates derived from a confusion matrix [39]. When rainfall data are only available for conditions that
triggered landslides, the frequentist method provides a quantitative way to exploit it and calculate
thresholds. This method, as developed by [40] for the (intensity, duration) parameter couple of rainfall,
calculates the least-square fit of the log-transformed data and fits a Gaussian function to the probability
density function of its residuals. Next, the Gaussian curve is used to adjust the intercept of the best fit
equation to the desired threshold, expressed in terms of exceedance probability [40]. Practically this
means that for a threshold at, e.g., 5% exceedance probability level, there is a 0.05 probability that any
landslide be triggered by rainfall conditions below the threshold. The quality of the thresholds obtained
by this method depends on the size of the data set and its good covering of the whole range of the
parameters used [40]. An improvement of the frequentist method lies in the adoption of a bootstrapping
statistical technique to assess the parameters’ uncertainty in the power-law threshold model [9].
Here, the bootstrap procedure involves many threshold calibrations (e.g., 5000 [9]), each of which
based on n randomly sampled data (with replacement) from a data set of size n. The final threshold
parameters and associated uncertainties are calculated as the mean and their standard deviations,
respectively, of their many estimates. This approach has proved to be transferable over different regions
where abundant information on landsliding and rainfall was available [9,41,42].

Recently, this frequentist approach with bootstrapping [32,41,43] has been modified by [35]
through coupling a dynamic rainfall variable (AR) with a static indicator of the spatially varying
predisposing ground conditions (landslide susceptibility, S) (further referred to as the AR-S approach).
The first step in AR-S threshold estimation is similar to the frequentist method developed by [40]
and [9], calculating the residuals of the least-square fit on the log-transformed data. Then, it proceeds
to select 2x% of the data with the largest negative residuals, on which a new least-square regression
is applied, providing a threshold at the x% exceedance probability level. In this way, not only the
intercept o but also the slope B of the threshold equation are based on the smallest AR data able
to cause landsliding. In parallel, the following novel AR index, covering a period of 42 days (1) of
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antecedent rainfall [35], was proposed to account for the non-linear decay of the effect of rainfall on

soil wetness.
j—n —ex(ti—tg)

AR;=Ye Noxn, 1)
k=i
with t referring to time (here expressed in days), and the characteristic time 7 = ri /a varying
non-linearly with daily rainfall r; [35].

Identifying thresholds for rainfall-triggered landsliding in data-scarce environments is challenging
with respect to information on landslide occurrence and hydrophysical parameters, resulting in the
quasi-absence of research on this topic in regions such as Central Africa [3] despite high hazard
potential [29,44-47]. The AR-S approach allowed defining the first regional threshold for landsliding in
the western branch of the East African Rift (WEAR) [35]. To the authors’ knowledge, it has so far not
been used in other regions. Moreover, the cited study relied on limited data available on landslide
occurrence, global satellite-based rainfall estimates [48], and continental susceptibility data [45].
There is hence a strong need for testing the method’s robustness with other data sets. A regional S
model is now available for the WEAR [49], which outperforms the global and continental models with
regard to prediction accuracy and geomorphological plausibility [49]. Moreover, the landslide event
database used in [35] has now grown by about 27%. In this paper, our aim is thus to use these new
data and test the transferability of the AR-S threshold method as designed by [35] to these new data.

2. Study Area and Data

2.1. Underreported Landslide Events in the WEAR

The WEAR covers an area of ~350,000 km? in tropical Africa (Figure 1). This highly populated
region is characterized by high rainfall intensities, recent seismicity, deeply weathered substrates,
and a complex rift topography [33,47,49-52]. These factors render the area highly susceptible to
landsliding [45,49]. Indeed, recent studies incorporating observations from satellite images and
fieldwork reveal high landslide activity, with hundreds of recent landslide events over the last 10 years
accounting for more than 5000 individual landslides mapped in the area [44,49,50,53]. An event is
defined as a single landslide or a group of landslides with a common trigger over the same area [29].
Landslide types vary greatly from dominant shallow slides and earth and debris flows to less frequent
rock avalanches and deep-seated rotational slides [44,47,49,50]. Rainfall has been identified as the
prevailing trigger of these recent landslides [29,35,47,49,54]. Despite this large number of landslide
events, usable information about the day of their occurrence is rare [29]. Actually, for a period of
observation similar to the one covered by the satellite rainfall estimates, [35] compiled an unprecedented
landslide event inventory that comprises 145 events for which the location and day of occurrence
is known. This clearly highlights the fact that landslides are severely underreported in this poorly
accessible region [29].

In this research, the calibration data set (‘CAL’ in Figure 1) used for the threshold approach is the
same as in [35]. The 145 dated landslide events are located with an individual accuracy better than
25 km and a mean accuracy of 7.2 km. The inventory covers the period from 2001 to 2018, with most
landslides occurring from March to May, after the second rainy season [35] (Figure 2).

The event inventory used for validation ("VAL’ in Figure 1) consists of newly acquired information
on 39 additional events located with similar individual accuracy and a mean accuracy of 2.3 km.
Information about these events was obtained through field observations and newly identified online
media sources, explaining their 2002-2019 temporal coverage overlapping with that of the calibration
inventory. Their seasonal distribution confirms the temporal pattern previously observed in [35]
(Figure 2).

Both the calibration and validation data sets are strongly biased in space and time, due to the severe
constraints inherent to the political, economic, and environmental context in the WEAR [29,35,55].
Considering the restricted accessibility of many parts of the study area, fast vegetation regrowth or
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land rehabilitation, and areas with poor temporal (cloud-free) satellite coverage, uncertainties are
too high to claim absence of landsliding in places and periods where no event has been reported.
A distinction between landslide types cannot be asserted, owing to inadequate information in media
reports which constitute the principal source of both landslide event inventories. Information on the
sub-daily timing of the landslide occurrence is rare. Therefore, when the day of occurrence of the event
is known, there is still an uncertainty mainly related to the ambiguous reporting of landslides that
occurred during the night when the date sequence is not mentioned. For this reason, we consider
that a reported landslide may have occurred randomly at any time over a 36-h period centered on the
reported day [35].

28.5°E

4.0°S

(a)

Figure 1. Landslide susceptibility at 0.25° resolution, derived from (a) the continental-scale model
of [45] and (b) the regional-scale model of [49], and distribution of dated and localized landslide
events in the western branch of the East African Rift. Landslide events used for calibration (CAL) are
shown in blue and those for validation (VAL) in green, with their respective number between brackets.
A total of 184 landslide events are distributed over 63 different pixels. 1: Lake Albert; 2: Lake Edward;
3: Lake Kivu; 4: Lake Tanganyika. Background hillshade 3 arc-second SRTM (+90 m).

38



Water 2019, 11, 2202

180 50
160 : T 45
140 T 40
L35
21/ T £
—_ . = B F30 g
E 100 | i i ]
1 (| )
< ' H i 253
T 80 - i B
> L2 §
—
60 i *
r 15
40 1 i L 10
) I I . 5
Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
I Calibration [N Validation — === Monthly average rain = --------- STDEV Rain

Figure 2. Monthly distribution of 145 (blue) and 39 (green) landslide events in the WEAR used for
the threshold calibration and validation respectively, and mean monthly rainfall based on 20 years
(2000-2019) of TRMM Multisatellite Precipitation Analysis 3B42 Real-Time, version 7 (TMPA-RT) daily
data, downloaded from https://disc.gsfc.nasa.gov/ (last access: 14 April 2019).

2.2. Satellite-Based Rainfall

Due to the scarcity and poor spatial representativeness of rainfall data from ground
observations [33,35], we rely on satellite-based rainfall estimates (SRE) from TRMM Multisatellite
Precipitation Analysis 3B42 Real-Time, version 7 (hereafter spelled TMPA-RT). TMPA-RT data are
freely available with a latency of 8 h over 50° N-50° S, at 0.25° x 0.25° and three-hourly spatiotemporal
resolution, covering the period 2000 to present without gaps in space and time [48]. A recent paper
on SRE over Central Africa [56] shows that TMPA has overall good skills in detecting and estimating
daily rainfall as compared to ARC, CHIRPS, CMORPH, PERSIANN, TAPEER, TARCAT (see [56] for
these acronyms’ meanings). In their study, the Research Version of TMPA was used, a product that
is outperformed by TMPA-RT over the WEAR with regard to rainfall detection skills and absolute
errors [33]. Moreover, the short latency of TMPA-RT compared to the two-month latency of the Research
Version, is of crucial importance in the context of early warning systems. Despite the relatively good
performance of TMPA-RT in Central Africa, the WEAR is a challenging environment for SRE due
to its complex topography, high rainfall variability, and presence of large lakes, with a resulting
mean bias in daily rainfall estimates in the order of ~40% [33]. TMPA-RT three-hourly rainfall data
have been downloaded from NASA Goddard Earth Sciences Data and Information Services Center
(https://disc.gsfc.nasa.gov/, last access: 14 April 2019) for the period 2000 to 2019 and accumulated to
daily rainfall to maintain consistency with the temporal resolution of the landslide inventory.

2.3. Susceptibility Models

Two S models are used in this study. The continental-scale S model of [45] is calibrated for all
landslides regardless of type at a spatial resolution of 0.0033°. This model is produced through logistic
regression using a ~4:1 landslide to no-landslide (L/NL) ratio and is based on four predictor variables:
maximum slope (~90 m SRTM [57]), mean local relief (~90 m SRTM [57]), peak ground acceleration [58],
and lithology [59]. The landslide inventory used for the model contains more than 18,000 landslides,
of which 765 are located in the WEAR. The second S model is the regional-scale model of [49] which
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was calibrated for a representative part of the WEAR and extrapolated within this study for the
entire WEAR. This model includes all landslide types and is trained at a 0.0003° resolution using
logistic regression with a 1:1 L/NL ratio based on a local inventory and 11 global/continental predictor
variables [49]: slope (~30 m SRTM [57]), peak ground acceleration [58], distance to active faults and
inactive faults [52,60], lithology [59], land cover [61], distance to drainage network (~30 m SRTM [57]),
planar curvature (~30 m SRTM [57]), profile curvature (~30 m SRTM [57]), aspect (~30 m SRTM [57]),
and two-day 15 mm rainfall accumulation threshold exceedance [62]. Note that the rainfall predictor
was of minor importance in the model and had no significant impact on the susceptibility pattern
in the study area [49]. The inventory contained more than 6000 landslides and the regional model
shows predictive power and geomorphological plausibility that strongly outperform the continental
model [49].

In order to exploit AR and S data at the same spatial resolution, both S models are resampled
to the coarser 0.25° resolution of TMPA-RT data while assigning the 95th percentile of the original
values to the coarser pixels (Figure 1). The S range of the continental-scale model for pixels containing
calibration (validation) landslides is 0.38-0.97 (0.31-0.97) with mean and standard deviation equal
to 0.80 £ 0.15 (0.79 + 0.16). The regional-scale S data range is 0.10-0.72 (0.12-0.72) with mean and
standard deviation equal to 0.57 + 0.14 (0.49 + 0.15). The difference in the data range between the two S
models mainly results from their different sampling strategies (L/NL). Furthermore, S values are scaled
for different geographical extents, with the continental-scale S model comprising areas that are not
representative for the WEAR.

3. Problem Statement

We applied the AR-S threshold method according to [35] at the 5% and 10% exceedance probability
levels, using the same calibration landslide data set, the same TMPA-RT-based AR data, but the new
regional-scale S data of [49]. We obtained the following general AR-S relation and threshold equations:

AR = (a + Aar) x SP8P) = (38,8 +1.6) x §7006=006 (RZ — ,00) @)
AR (5%) = (131 £ 1.7) x S"2#2016(R2 = 0,05) 3)
AR (10%) = (172%1.7) x $*22016 (R? = 0,03). (4)

Contrary to [35], the close to zero determination coefficients R? (averaged from 5000 bootstrap
iterations) associated with the two calculated thresholds show no dependence of threshold AR values
on S (Equations (3) and (4)). The meaningless character of these threshold estimates is further confirmed
by the positive slope of the regression lines suggesting counter evidence that higher rainfall would be
needed to trigger landslides in more susceptible areas (Figure 3). Analysis of the individual bootstrap
iterations likewise uncovers a major issue lying in the estimation of parameter 8, which is significant in
only ~1 of 2 iterations, with relative uncertainties AB/B of 0.7 on average, much larger than the generally
accepted 10% level [9].

Such poor thresholding cannot be ascribed to low-quality S data, the regional-scale data of [49]
having been shown more accurate than the continental-scale S data of [45]. The reason for very weak
and unrealistic positive correlation between AR and S has thus to be found elsewhere, most certainly
in some hidden deficiency of the AR-S threshold method of [35]. We suggest and test hereafter that
the problem arises from the way the data subset used in the threshold calibration is defined in the
frequentist-based approach, based on the selection of the most negative residuals of the general fit.
Indeed, in the case of the relatively small data set available in the WEAR and the unequal spread
of the data across the S range, the frequentist method’s assumption that the data set is large and
well-spread [40] is not satisfied. In particular, using the regional S data, the distribution of the data
points within the AR-S space is such that the 10% and 20% subsets sample (i.e., 2x%) comprise almost
no data in the domain of low S, due also to the quasi horizontality of the general fit that forces the
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location of the most negative residuals in the high-S region (Figure S1). This means that a large number
of the bootstrap iterations are based on data belonging exclusively to a narrow range of high S values,
biasing the threshold AR-S relation and degrading the method’s robustness. In any case, this failed
test of the method highlights the need for improving it in order to overcome limitations imposed by
heterogeneously distributed and relatively small-sized data sets. It also points to the possible role of
the bootstrap procedure and calls for a critical evaluation of its use in such contexts. We thus propose
two major methodological modifications of the AR-S approach in the next sections.
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Figure 3. Log-log plot of antecedent rain (mm) vs. landslide susceptibility (regional-scale [49]) for
the landslide events on the reported day and the days prior and after that date (with the point size
relative to their associated weights, i.e., 0.67 and 0.17 respectively). Thresholds are obtained through
the adoption of the AR-S method proposed by [35]. The black line is the regression curve obtained
from the whole data set; the green and red curves are the AR thresholds at 5% and 10% exceedance
probability levels respectively, along with their uncertainties shown as shaded areas. Ndata is the
number of data in the expanded calibration set.

4. Improving the Data Distribution over the S Range of the Data Used for Threshold Calculation

4.1. Rationale

While sticking to the choice of [35] of defining x% thresholds from 2x% subsets of data, we first
propose a major modification of the AR-S method aimed at optimizing the use of the information
available over the entire S range. Fundamentally, the data that are now considered for inclusion
in the calibration subsets rely no longer on residuals of an often non-significant fit over the whole
data set but rather on minimum AR values. The best possible distribution of the latter is obtained
by stratified sampling, dividing the actual S range of the data set in a number of slices from which
(as much as possible) equal numbers of minimum AR data are selected. The slices are taken of equal
size in log(S) and their optimal number was fixed at 10 on a trial-and-error basis. As an example,
suppose you want to estimate a 10% threshold based on a data set containing 150 landslide events, i.e.,
450 event dates (see [35] and A.1 below). Homogeneously distributing over 10 S classes the 90 data of
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the 20% subset required for this threshold calculation implies to select the nine events with lowest AR
in each class. Obviously, some classes may contain less than nine data, thus contributing less to the
composition of the data subset, whose final size will often be slightly smaller than expected. In addition,
when an S class does not contain enough data to fully contribute to the subset, all its data will be

selected, however far their AR values are from minimum. However, tested through down weighting
of the data proportionately to the deficit in contribution of their provenance class, this possible bias
appeared to insignificantly affect the threshold estimates. The modified method is described in detail
hereafter (see also Figure 4). The source code is provided in the Supplementary Material (Code S1).

A.

Data preparation.

A.l.  ARvalues associated with each day of a reported landslide plus the days prior and after
these dates are extracted from the AR time series of the corresponding pixels calculated
according to Equation (1) and the parameterization adopted in [35], i.e, a = b = 1.2,
n = 42 days, for which the index is relevant for landslide types ranging from shallow to
deep-seated landslides [35,63]. Data with AR < 5 mm are discarded from the data set as
unlikely to have been triggered by rainfall [35]. The size of the provisional data set Q is
then g < 3p, where p is the number of landslide events in the raw calibration set.

A2. The data are weighted to account for the event date uncertainty: w = 24/36 for the
day a landslide was reported, w = 6/36 for the days prior and after the landslide was
reported. This weighting is implemented by expanding the data set as described in [35].
The expanded set is noted R.

Threshold calibration.
B.1.  The number fc of data to be selected per S class is determined as

2XTPEXr
cC=——= —

0 ®

where TPE refers to the desired threshold probability of exceedance, r is the number of
data in R, and 10 is the number of log(S) classes.

B.2.  The data of R are grouped by S class. For each S class, data with the lowest AR values
are selected until they amount to fc. The set of selected data points over all S classes is
referred to as T and contains a number of data ¢ < (2 X TPE X r).

B.3.  Thresholds are then calculated through linear least-square regressions using the
log-transformed AR and S data from T and the bootstrap technique as in [35] to obtain
threshold relations in the form of Equation (2).

Threshold evaluation
Threshold quality is evaluated through the correspondence between the obtained false negative
rate (FNR, actual ratio of data in R below the calculated threshold) and the nominal TPE.

Differences may result from ¢ significantly smaller than (2 x TPE X r), large outliers in T,
and possibly also from bootstrap issues (see Section 5).
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Rainfall time series

Threshold probability of exceedance level (TPE)

A. DATA PREPARATION

A.1 Extract AR for landslide reported day + 1
1. Calculate AR time series (Equation (1))
2. Extract AR for landslide reported day + 1
3. Discard data with AR < 5 mm

\D

A.2 Weigh data for event date uncertainty
1. Attribute weight to data

w = 24/36 for landslide reported days
w = 6/36 for landslide reported days + 1

2. Expand inventory according to w

B. THRESHOLD CALIBRATION

B.1 Calculate number of data to be selected per S class
¢ = 2XTPEX rJ

\zu
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B.2 Select lowest AR data per S class
1. Group data of R according to S classes
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B.3 Calculate threshold through linear least-square
regression using log-transformed AR and S data from T
J

C. THRESHOLD EVALUATION
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Figure 4. Workflow of the modified antecedent rainfall (AR)-susceptibility (S) threshold approach for
landslides. The data sets used or derived from the respective part of the workflow are highlighted in
red. Ry refers to the number of data in R below the threshold.

4.2. Increased Efficiency of the Method

We test the modified AR-S method using the regional-scale S data [49] and the calibration landslide
data set from [35] to calculate thresholds with 0.05 and 0.10 exceedance probability. The 145 landslide
events constituting the calibration set yield 435 weighted event dates, of which eight are discarded
from the analysis because they do not meet the AR > 5 mm requirement, thus 427 data instances remain
in the threshold analysis (constituting Q, Figure 4). The 5% probability level is most frequently used in
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landslide hazard and early warning studies [9,41,64]. We also include the 10% level because threshold
estimation relies then on a larger data subset T (at 5% probability level, t = 85; at 10% level, t = 171).
Significance measures mentioned throughout the paper are associated to the significance level p = 0.05.
The R open-source software, release 3.4.3 (http://www.r-project.org, last access: 14 April 2019) was
used for all analyses. AR thresholds at the 5% and 10% exceedance probability levels were estimated
as (Figure 5)

AR (5%) = (4.8%0.6) x §(71162005) (R2 — 0,69) (6)
AR (10%) = (6.4 +0.6) x SC108£007)(R2 — 0,62) @)

Contrary to the unrealistic results obtained from the original AR-S approach (Equations (3) and (4)),
we get here plausible marked inverse relations between S and AR [65,66]. Moreover, the threshold
equations are now associated with meaningful average R? coefficients of 0.69 and 0.62. All bootstrap
iterations provide significant a« and 3 parameters for both thresholds. We remind that here the bootstrap
procedure consists in repeating the threshold calibration phase 5000 times, each iteration being based
on a random sampling (with replacement) out of the R data set until the number of sampled data
equals that of the 7 points of the data set. The subset of lowest-AR data is then selected from the
random sample before threshold estimation. The mean and standard deviations of the 5000 estimates
of a and f define the parameter values and uncertainties (A and Af). The results indicate an excellent
performance of the modified AR-S threshold approach where the spread of the data subset for threshold
calibration is forced over the entire S range. Obviously, strongly negative slopes result in decreased
values of intercept « in Equations (6) and (7) as compared to Equations (3) and (4), respectively.
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Figure 5. Log-log plot of antecedent rain (mm) vs. landslide susceptibility (regional-scale [49]) for
the landslide events on the reported day and the days prior and after that date (with the point size
relative to their associated weights, i.e., 0.67 and 0.17 respectively). The green and red curves are the
AR thresholds at 5% and 10% exceedance probability levels respectively, along with their uncertainties
shown as shaded areas and have been obtained with the modified AR-S method (Figure 4). Ndata is
the number of data in the expanded calibration set. The dashed lines delimit the log(S) classes.
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Though performing satisfyingly well, the modified AR-S threshold method leaves two minor issues
open. The first one is related to the very close parameterization of the 5% and 10% thresholds and finds
its cause in the similar actual FNRs of 0.05 and 0.07 obtained from 5% and 10% thresholding, respectively.
In particular, the too low actual FNR associated with the 10% threshold equation betrays the real
nature of the problem, which lies in the insufficient number of data in the low-S classes preventing the
constitution of a complete data subset T to estimate the desired threshold. This issue is independent of
the size of the original data set because, however large the number of recorded events might be, their
distribution across the S range will remain similarly unequal, with low-S classes relatively deficient
in data, especially for thresholds with higher exceedance probability demanding larger calibration
subsets. Owing to the specific distribution of the data in the AR-S space, the AR-S approach inevitably
implies to make a trade-off between high exceedance probability levels and degraded distribution
of the data from which the threshold is estimated. Fortunately, more conservative low-exceedance
probability thresholds (typically 5%) are the least affected by this issue.

High relative uncertainties (in the order of 10%) on parameter & might be another source of
concern. However, beyond being subjective, the criterion chosen by [9] to qualify the threshold quality,
namely a > 10% relative uncertainty, is barely usable in the AR-S space, where the many outliers in
data distribution alter the efficiency of the bootstrap technique of uncertainty estimation (see Section 5).
Moreover, in addition to the fit uncertainty, the bootstrap-based errors on the parameters obtained
here from our weighted approach include the event date uncertainty and are also affected by the
effect of the partly erratic character of the data distribution, inherent to the combination of ground (S)
and meteorological (AR) variables on which the method relies. We thus conclude that the benefits of
a method yielding thresholds directly modulated by the environmental conditions greatly outweigh
the shortcomings of slightly higher uncertainty mainly on the threshold line intercept.

5. Bootstrapping Called into Question

The non-parametric bootstrap statistical techniques, including that introduced by [9] in the
frequentist approach of threshold estimation, were designed to estimate the sampling distribution of
a variable based on an empirical data set and assign measures of accuracy to statistical estimates [67].
While [9] acknowledge that, owing to the use of the same data for calculating the regression and
estimating its parameters’ uncertainties, the bootstrap may yield optimistic estimates of the latter,
other possible drawbacks are not discussed in studies having incorporated the bootstrap technique
in threshold estimations [35,41,64]. However, the bootstrap may fail when the data set is incomplete,
resulting in overestimation of the uncertainty, or when there are outliers in the data set, to which
least-square regression estimates are highly sensitive [67]. Therefore, in the light of the observed
uncertainty level and hints of variability in the bootstrap results, we decided to evaluate the pros and
cons of applying this technique by performing a run of threshold estimation without using it.

Performing a single threshold calculation (no bootstrap), we obtained the following AR thresholds
(Figure 6a):

AR (5%) = 46x S8 (R? = 0.70) )

AR (10%) = 62 xS0 (R? = 0.65). ©)

Parameters a and f are significant for both threshold levels, with a barely smaller and § barely
larger compared to the thresholds obtained using the bootstrap method (Equations (6) and (7)),
thus well within the bootstrap-defined uncertainty boundaries. Opposed changes in @ and  might
be anticipated from the inverse correlation that links coefficient and exponent of power law fits to
a given data set. Therefore, the two parameter changes damp each other, thus inducing almost no
difference in thresholds calculated with or without bootstrap (Table 1). Using no bootstrap, only the
information about fit uncertainty is lost because date uncertainty is still accounted for through data
weighting. Moreover, in the case of the AR-S approach, the inherent poor S-spread of the data and the
presence of large outliers in the data subset used for threshold estimation imply that the bootstrap
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procedure, which, sampling with replacement n data from a set of size 7, is nothing more than a kind
of random data weighting, includes a number of iterations with oversampled outliers. These iterations
yield erratic results and may alter the final mean threshold estimate and exaggerate the fit uncertainty
to an unknown extent. This is highlighted here by the better coefficients of determination of the AR-S
thresholds obtained from the no-bootstrap approach. Furthermore, with or without bootstrap, the AR-S
method does not account for crucial uncertainties affecting AR and S data themselves, so that providing
bootstrap-derived uncertainties is actually misleading. We thus conclude that the AR-S threshold
procedure is more meaningful when no bootstrap is applied. The corresponding source code of the
AR-S threshold method is provided in the Supplementary Material (Code S2). As for the other issue
affecting the modified AR-S approach mentioned in the previous section, namely the bias in higher
exceedance probability threshold estimates (FNR < TPE), it is essentially linked to the lack of data in
the low-S classes. It is thus independent of the use of a bootstrap technique and cannot be solved by
discarding the latter.

Table 1. AR threshold values (in mm) at 5% and 10% exceedance probability with (Equations (6) and
(7)) and without (Equations (8) and (9)) bootstrap for the extreme susceptibility values S observed in

the data set.
Threshold with Bootstrap without Bootstrap
5% threshold, S = 0.10 69.4 69.6
5% threshold, S = 0.72 7.0 6.8
10% threshold, S = 0.10 76.9 78.1
10% threshold, S = 0.72 9.1 8.9
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Figure 6. Log-log plots of antecedent rain (mm) vs. landslide susceptibility (regional-scale [49]) for the
landslide events on the reported day and the days prior and after that date (with the point size relative
to their attributed weights, i.e., 0.67 and 0.17 respectively). Thresholds are based on the calibration
inventory (a), and the complete (calibration + validation) inventory (b). The threshold method applied
is outlined in Figure 4 without adopting the bootstrapping statistical technique. Data subsets used for
the calibration of thresholds at the 5% (green dots) and 10% (green and red dots) exceedance probability
are highlighted (T in Figure 4). Dashed green and red lines in (b) present the thresholds based on the
calibration data set only, as shown in (a). Ndata is the number of data in the respective expanded data
set. The dashed lines delimit the log(S) classes.

6. Robustness of the Modified AR-S Threshold Method

6.1. First Test: Sensitivity to New Data on Landslide Occurrence

The modified AR-S method with no bootstrap is tested firstly by using the recent addition to the
WEAR data set of dated landslide events. Taking into account their date uncertainty, the 39 landslide
events constituting this validation set yield 117 new weighted event dates, of which four are discarded
from the analysis because they do not meet the AR > 5 mm requirement. The 113 remaining data
instances (constituting Q, Figure 4) are distributed in the log(AR)-log(S) space in such a manner that
6% of them are located below the 5% threshold line derived from the calibration (Equation (8)) and 8%
below the 10% threshold line (Equation (9)), indicating a good performance of the calculated thresholds
(Figure S2) considering the small sample size.

Another test using the validation set, which in the same time should improve the accuracy of the
calibrated thresholds, has consisted in combining the data of the calibration and validation sets into
a larger data set of 540 event dates in order to recalculate the thresholds. The new thresholds read as

AR (5%) = 45x 7M1 (R? = 0.66) (10)

AR (10%) = 61x S5 (R? = 0.59) (1)

and do not much differ from those derived from the calibration set only (Equations (8) and (9))
(Figure 6b), confirming the relevance of the modified AR-S method. Though slightly decreased by
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additional noise brought in the middle- to low-S classes by the new data (Figure S2), their coefficients
of determination remain highly significant. Likewise, their FNRs (0.04 and 0.06 for the 5% and 10%
thresholds, respectively) are slightly degraded mainly as a result of an increased deficit in data in
these S classes. Owing to the larger size of the data set, we nevertheless consider these thresholds
(Equations (10) and (11)) more reliable than those based only on the calibration set, especially the 5%
threshold, for which FNR ~ TPE.

6.2. Second Test: Robustness to Different S Data Sets

We test the modified AR-S approach for the adoption of a different data set for S, using the
continental-scale S data [45] and the complete (calibration+validation) data set of landslide events,
obtaining the following AR thresholds (Figure 7)

AR (5%) =57x 57210 (R? = 073) (12)

AR (10%) = 7.6 x S2% (R? = 0.61) (13)

with significant and meaningful values for R? and threshold parameters @, and . Moreover, these
thresholds show a stronger relation between threshold AR values and S with increased values for
parameters (a,) f and R?, explained by the increased dispersion of the data over the S range (Figure 7)
relative to when the regional-scale S data was applied (Figure 6b). Where the AR-S approach developed
by [35] posed problems for adopting a different S model than that used for its development (Figure 3),
these results show that the modified AR-S approach proved to solve this matter. The threshold at the
higher exceedance probability remains affected by a bias similar to that in Equation (11) with the actual
FNR lower than the TPE (FNRs equal 0.05 and 0.07 for the 5% and 10% thresholds, respectively).
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Figure 7. Log-log plot of antecedent rain (mm) vs. landslide susceptibility (continental-scale [45]) for
the landslide events on the reported day and the days prior and after that date (with the point size
relative to their attributed weights, i.e., 0.67 and 0.17 respectively). The green and red curves are the
AR thresholds at 5% and 10% exceedance probability levels respectively, obtained with the modified
AR-S method (Figure 4) without the bootstrapping statistical technique. Ndata is the number of data in
the expanded (calibration+validation) data set. The dashed lines delimit the log(S) classes.
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Another indicator for the robustness of the modified AR-S method is the generally satisfying
correspondence between AR threshold results for the continental- and regional-scale S models (Table 2).
The single main discrepancy is observed for the 10% threshold in the low S data range, related to the
actual FNRs of these thresholds being significantly smaller than their TPE. The latter is explained by
the sensitivity of the threshold slope to the deficient number and exact location of data in the low-S
classes, causing the largest threshold difference to appear for the 10% threshold (implying a greater
lack of data in low-S classes) at the low end of the S range. By contrast, the intercept of the threshold
equations, being located in the AR-S space with the highest density of data, remains quasi stable for
different S models (Figure 6b, Figure 7).

Table 2. AR threshold values (in mm) calculated using continental- (Equations (12) and (13)) vs.
regional-scale (Equations (10) and (11)) S data, provided at 5% and 10% exceedance probability for the
extreme susceptibility values S observed in the data sets. The estimations are based on the complete
calibration+validation data set of landslide events.

Threshold Continental S Data Regional S Data
5% threshold, min S 66.7 62.1
5% threshold, max S 6.1 6.5
10% threshold, min S 86.9 73.3
10% threshold, max S 8.1 8.7

Because of the enhanced relation between threshold AR values and S in Equations (12) and (13),
it is tempting to suggest that thresholds based on the continental-scale S data would be more efficient
when adopted in a landslide early warning system. However, the spatial pattern of the AR thresholds
based on the regional-scale S data are closer to the reality, given that this regional-scale S model has
a higher predictive power and geomorphological plausibility as compared to the continental-scale
model [49]. The respective AR threshold maps are presented at the 5% probability of exceedance
level in Figure 8. In general, we observe lower AR thresholds within the Rift. Nevertheless, there
are some major differences between the two threshold maps, caused by differences in the quality of
the susceptibility models. First, the threshold model using the continental susceptibility map of [45]
assigns low AR thresholds to the rainforest in DR Congo south of the equator, despite the fact that
the area is characterized by high amounts of rain and few landslides [29,35]. Second, the regional
susceptibility data of [49] overall shows a much lower threshold in Uganda. In conclusion, we confirm
the earlier observation that the AR thresholds based on the regional-scale S data and the currently most
extensive landslide event inventory are to date the most accurate available thresholds for landsliding
in the WEAR (Equations (10) and (11)).
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Figure 8. Antecedent rainfall (AR) threshold maps (0.25° resolution) at 5% exceedance probability,
based on the complete (calibration+validation) landslide inventory, and the (a) continental-scale S
model [45] (Figure 7, Equation (12)) and (b) regional-scale S model [49] (Figure 6b, Equation (10)).
AR threshold values are only shown for the S range covered by the 184 landslide events used for the
threshold estimations (i.e., (a): S 0.31-0.97; (b): S 0.10-0.72). 1: Lake Albert; 2: Lake Edward; 3: Lake
Kivu; 4: Lake Tanganyika. Background hillshade 3 arc-second SRTM (+90 m).

7. Relevance to Landslide Hazard and Early Warning Studies

The modified AR-S approach is relevant for the increased accuracy of the resulting AR thresholds,
which is partly also on account of the regional-scale S data [49] and the enlarged landslide inventory.
In particular, the conservative low-exceedance probability thresholds are most reliable, being least
affected by a degraded distribution of data used for the threshold calibration (FNR ~ TPE). Depending
on the local susceptibility, thresholds at the 5% exceedance probability range from AR = 62 mm in
the least susceptible areas to AR = 7 mm in the highest susceptibility pixels, respectively, for which
landslide have been reported (Equation (10)). These triggering AR conditions might seem low at first
sight when compared to values obtained in other studies that look into antecedent rainfall conditions
based on gauge measurements, e.g., a required minimum of 139 mm cumulated over 20 days to trigger
landslides in the NE Himalaya [68]; a mean triggering rainfall accumulation of 376 mm for periods
ranging between 15 and 40 days in NW Spain [69]; a critical rainfall amount of 450 mm over a two-week
period in the greater Durban region in South Africa [70]. However, the triggering values obtained
in our study are conceivable given the following main factors contributing to their relative lower
values: (1) the exponential decay function applied in our AR calculation (Equation (1)) in contrast to
the values obtained in the above cited studies through mere accumulation; (2) the high weathering
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conditions in the tropical context of the WEAR that may increase the sensitivity to landsliding [50]; and
(8) the underestimation of the area-averaged SRE [33,56] used in the calculation of AR (Equation (1)).
The latter is not necessarily an issue when thresholds are evaluated with the same SRE used for
their calibration [32]. To date, SRE-based studies form only a small fraction in landslide threshold
research [3,32]. A TMPA-RT-based threshold was established for Italy at the 20% exceedance probability,
obtaining a critical rainfall accumulation of 189 mm for an extrapolated duration of 42 days [32].
However, the extrapolation is doubtful, given the limited threshold calibration range of ~11 days [32].
In addition, no decay function is applied to this extrapolated value for accumulated antecedent rainfall
and the higher exceedance probability level obviously renders an elevated threshold compared to the
5% and 10% levels deployed in our study. On the other hand, the 5% thresholds calibrated for central
Italy by [71] based on TMPA (Research Version) data, estimate critical accumulated rainfall in the order
of 30 mm over an extrapolated duration of 42 days, which falls in our estimated triggering range at the
5% exceedance probability.

Furthermore, the modified AR-S threshold method is relevant in the context of landslide hazard
analysis when rainfall data are only available for conditions that triggered landslides, for it proved to be
a robust alternative for frequentist-based threshold approaches [9,40] when the method’s assumptions
(i.e., large and well-spread data set [40]) are not met. To the authors” knowledge, it is the first time that
a stratified data selection technique is adopted in the threshold calibration approach, which effectively
showed to enhance the data distribution over the whole range of the causative threshold variable (S).
This allows the method to be transferable not only to other data sets for S (and hence other study areas),
but to any parameter that might be considered as a possible cause for landsliding [34] without the
requirement of the data to be homogeneously distributed, to which further research should be carried
out. This is significant in the context of the ‘trigger-cause’ conceptual framework of threshold definition
as proposed by [34], in response to the shortcomings of the rainfall-only thresholds with regard to their
limited physical meaning [34]. The framework was designed to introduce hydrological information on
different timescales, with the choice of the parameters and timescales depending on their expected
significance for slope failure given the physiographic context and considered landslide types [34].
In the AR-S approach, the causative hydrological status of the slope is substituted by information on
spatially varying predisposing ground conditions, while AR presents the progressive build-up of the
landslide trigger [35]. We could anticipate, however, that improvements in satellite-based soil moisture
data, with regard to their spatial resolution and performance over dense vegetated areas or complex
topography [72-74], would allow in the future to replace the static S variable by a dynamic causative
hydrological factor over data-scarce regions.

In addition, the enhanced relation between AR threshold values and S renders a potential
landslide early warning system more efficient. In this respect, the integrated spatial component
of the AR-S approach (Figure 8) has a clear advantage over traditional thresholds, such as rainfall
intensity-duration thresholds, the latter only informing ‘when’ the probability of a landslide occurrence
increases but not ‘where’ [65]. The spatial component furthermore avoids data to be partitioned
according to homogeneous physiographic units to enhance the accuracy of thresholds [9,75], which is
of particular relevance in data-scarce contexts. Finally, the method was designed to use area-averaged
SRE, allowing its adoption in regions where a dense rain gauge network is absent and evaluate hazard
in near-real time.

However, the efficient use of the AR-S approach in hazard or early warning studies is hampered
by a number of factors that might contribute to an obscured relation between AR and S, including:
(1) the level of accuracy and completeness of the landslide inventory [28,42]; (2) a lack of differentiation
in landslide processes whose triggering conditions are different [63]; (3) the accuracy of S and SRE
data [33,49]; (4) the resampling of S data to the coarser SRE data resulting in inaccurate S-classifications
of landslide data; (5) the anthropogenic influence on the environment, such as in the context of
exponential demographic pressure in the WEAR [76,77]; and (6) the empirically defined parameters in
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the AR equation (Equation (1)) by [35]. The highlighted obstacles and limitations serve as pathways
for further investigation and improvements in the AR-S threshold approach.

8. Conclusions

We propose a modified antecedent rainfall-susceptibility (AR-S) threshold approach that improves
on the initial AR-S method of [35], being transferable to other data sets for landsliding and S.
For its development and evaluation we exploit the most current and extensive landslide inventory for
the western branch of the East African Rift comprising 184 dated landslide events from 2001 to 2019,
satellite-based rainfall estimates from TMPA 3B42 RT, and two S models, i.e., the continental-scale
model of [45] and the regional-scale S model of [49]. The main novelty in the modified AR-S approach
is the stratified selection of data associated with the lowest AR values able to cause landsliding,
allowing to deploy data sets that are not necessarily homogenously distributed over the S range.
Furthermore, we highlight that the threshold procedure is more meaningful when no bootstrapping
statistical technique is applied, as the uncertainties in the parameters that define the power-law
threshold model are mainly introduced by the bootstrapping related random sampling in combination
with the presence of outliers in the data set. We obtain improved AR thresholds with an increased
susceptibility-dependent gradient, and AR threshold maps with a higher accuracy through the use of
the regional-scale S model in the modified AR-S approach. The improved AR threshold values at the 5%
exceedance probability range from 7 mm in the most susceptible areas (S = 0.72) to 62 mm in the lowest
susceptible areas (S = 0.10) where landslides have been recorded (uncorrected for underestimation by
TMPA). Our approach is foremost relevant in data-scarce regions, where the lack of abundant data from
rain gauges and in particular on landslide occurrence hampers the use of homogenously distributed
data sets. Moreover, we suggest that this modified method is transferable not only to other data sets
for S, but to any parameter that might be considered as a possible cause for landsliding.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/11/2202/s1,
Figure S1: Distribution of the data (white bars) in the calibration data set over 10 logarithmic equidistant S classes
for the (a) continental-scale [45] and (b) regional-scale [49] susceptibility models. “10%"” and “20%” refer to the
ratio of the data with the lowest AR values that are selected from the data set (presented here without random
sampling) for the calibration of the 5% and 10% thresholds respectively; Figure S2: Log-log plot of antecedent rain
(mm) vs. landslide susceptibility (regional-scale [49]) for the landslide events on the reported day and the days
prior and after that date (with the point size relative to their attributed weights, i.e., 0.67 and 0.17 respectively).
The green and red curves are the AR thresholds at 5% and 10% exceedance probability levels respectively, obtained
with the modified AR-S method (Figure 4) without adopting the bootstrapping statistical technique, using the
calibration (CAL) data set only. Ndata is the number of data in the expanded calibration and validation (VAL)
data sets; Code S1: R code for the modified AR-S threshold approach (Figure 4) with the bootstrapping statistical
technique; Code S2: R code for the modified AR-S threshold approach (Figure 4) without the bootstrapping
statistical technique.
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Abstract: Rainfall thresholds define the conditions leading to the triggering of shallow landslides
over wide areas. They can be empirical, which exploit past rainfall data and landslide inventories, or
physicallybased, which integrate slope physical-hydrological modeling and stability analyses. In this
work, a comparison between these two types of thresholds was performed, using data acquired in
Oltrepo Pavese (Northern Italian Apennines), to evaluate their reliability. Empirical thresholds were
reconstructed based on rainfalls and landslides triggering events collected from 2000 to 2018. The same
rainfall events were implemented in a physicallybased model of a representative testsite, considering
different antecedent pore-water pressures, chosen according to the analysis of hydrological monitoring
data. Thresholds validation was performed, using an external dataset (August 1992-August 1997).
Soil hydrological conditions have a primary role on predisposing or preventing slope failures. In
Oltrepo Pavese area, cold and wet months are the most susceptible periods, due to the permanence of
saturated or close-to-saturation soil conditions. The lower the pore-water pressure is at the beginning
of an event, the higher the amount of rain required to trigger shallow failures is. physicallybased
thresholds provide a better reliability in discriminating the events which could or could not trigger
slope failures than empirical thresholds. The latter provide a significant number of false positives,
due to neglecting the antecedent soil hydrological conditions. These results represent a fundamental
basis for the choice of the best thresholds to be implemented in a reliable earlywarning system.

Keywords: shallow landslides; rainfall; thresholds; physicallybased model; hydrological monitoring

1. Introduction

Shallow landslides are slope instabilities of a mass of soil and/or debris, which could involve the
most superficial colluvial layers till around 2.0 m from ground level. Although they involve small
volumes (10'-10° m?) of soil, they can be densely distributed across small catchments [1] and can affect
slopes close to urbanized areas, provoking significant damages to cultivations and infrastructures, and
sometimes causethe loss of human lives [2].

Rainfall is generally the main triggering factor [3]. Rainfall features leading to shallow landslides
and the consequent temporal probability of occurrence at regional scale are generally estimated by
means of rainfall thresholds, defined for different geological, geomorphological, and environmental
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settings [4]. These thresholds represent the main tool to estimate the daily or hourly level of hazard
across a territory prone to shallow landslides or to implement earlywarning systems [5], representing
the lower bound of rainfall conditions that caused the triggering of shallow landslides [3,6]. These
thresholds are expressed as curves which separate the rainfall conditions leading to shallow slope
failures from the ones where stability is maintained, sometimes with associated different probabilities
of occurrence with uncertainties related to the possible incompleteness of the input data required to
define the same thresholds [5,7].

The most widespread type of rainfall thresholds is the empirical one. These thresholds are
reconstructed through the statistical analysis of empirical distributions of rainfall conditions that
presumably resulted in the triggering of shallow landslides in a particular testsite [8]. The comparison
between a multi-temporal inventory of shallow-landslides events and rainfall parameters measured
in several points of the study area (e.g., in correspondence of raingauges) during the same analyzed
time span is required in order to estimate these types of thresholds. Several authors proposed
different methods for the estimation of empirical rainfall thresholds in different contexts all over the
world [4,8-20]. In all cases, two different rainfall parameters were considered to build up boundary
thresholds, namely cumulated event rainfall vs. rainfall duration or mean rainfall intensity vs.
rainfall duration.

The use of only easily measurable rainfall data and the reconstruction based on the analysis of real
past events, whether or not they triggered shallow landslides, makes empirical thresholds a reliable
tool to estimate temporal probability of occurrence of shallow landslides at a large scale (catchment,
regional, and national) [4,5]. Instead, these are sometimes limited in their effectiveness for different
reasons. First, the shape of the thresholds is affected by the following: (i) the availability and quality
of rainfall and of landslide information across the analyzed study area [21,22]; and (ii) the correct
definition of the real rainfall features responsible for slope failures during a particular triggering event,
generally linked to leakage of precise information about the moment of shallow landslides occurrence
during a particular event [4,5]. Moreover, these types of thresholds do not take into account the
unsaturated/saturated flow processes and the hydromechanical conditions of soils at the beginning
of a particular rainfall event. The mechanical processes, which lead to shallow-slope failures, are in
fact related to rainwater flows and water accumulation in the subsurface that provoke the increase in
pore-water pressure and the consequent decrease of soil shear strength [22-26].

To overcome these limitations, rainfall thresholds can be estimated by means of a physicallybased
model that can provide the assessment of the link between the rainfall features, the soil hydromechanical
conditions before a rainfall event, and the shear strength response of the soils during the
rainwater infiltration. In this case, the deterministic model estimates the response of the typical
geological-geomorphological frame prone to shallow landsliding toward a particular rainfall event,
defined by those parameters that are generally involved also for the reconstruction of an empirical
threshold (cumulated event rainfall vs. rainfall duration; mean rainfall intensity vs. rainfall duration).
This response is represented by the trend in time of the slope safety factor (Fs), during the modeled
event. Triggering conditions are then represented by the rainfall patterns, which provoke the decrease
of Fs below 1 (unstable conditions). Instead, if Fs stay higher than 1, shallow failures are not modeled
(stable conditions). Some attempts were proposed to build up reliable physicallybased thresholds
in some areas prone to shallow landslides, such as in Italian alpine catchments [26], catchments of
the Central Italian Apennines [27], hilly catchments of Southern Italy [20,28-31], western hilly and
mountainous settings of United States [32], and Chinese areas susceptible to shallow landsliding [33,34].

The main limitations of physicallybased thresholds are related to the most important disadvantages
of the deterministic methods [35]: (i) requiring a significant amount of geotechnical, mechanical, and
hydrological parameters for model simulation; and (ii) reconstructing the boundary conditions which
represent, in the best way, the real soil and slope behaviors. Integration of meteorological measurements
(e.g., rainfall) and hydrological soil parameters (e.g., pore-water pressure and water content) could help
in obtaining a better insight into the quantitative effects of antecedent soil conditions on the triggering
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mechanism of shallow landslides. Thus, field monitoring allows us to improve the calibration of the
physicallybased models used to reconstruct rainfall thresholds [23,32-34].

This paper aims to reconstruct and compare empirically and physicallybased rainfall thresholds
for the occurrence of shallow landslides in a susceptible area of the Northern Italian Apennines
(Figure 1). The main objectives of this work can be summarized as follows: (i) assessing empirical
thresholds through the analysis of time series of rainfall data and of shallow-landslide inventories for
the identification of the triggering and non-triggering events; (ii) calibrating a physicallybased model by
the comparison between monitored and simulated soil hydrological parameters in correspondence of a
test-site slope, which can be assumed to be representative of the typical geological, geomorphological,
and environmental settings prone to shallow landsliding in the study area; (iii) assessing physicallybased
thresholds through the application of the calibrated deterministic model in correspondence with the
representative testsite for different rainfall events; (iv) comparing the two typologies of estimated
thresholds and verifying their predictive capabilities through different inventories of occurred shallow
landslides not used for the threshold reconstruction. Considered rainfall events corresponded to the
ones that occurred in the 2000-2018 period and to other synthetic rainfalls characterized by strong
average intensities and limited durations, which are not typical of the current climate of Oltrepo Pavese.
Instead, their probability of occurrence may increase in the future due to the effects of climate change,
which could cause an increase in very intense and short-duration rainfalls in Northern Italy, where the
study area is located [36,37].

2. Materials and Methods

2.1. The Study Area

The study area is the hilly sector of Oltrepd Pavese (265 km? wide, Figure 1) that corresponds to
the northern termination of the Italian Apennines. It is characterized by a complex geological and
geomorphological setting [38—40] (Figure 1c). The northern part of the area presents a bedrock geology
composed by sandstones and conglomerates overlying marls and evaporitic deposits. In this sector,
superficial soils, derived from bedrock weathering, are mostly clayey or clayey—sandy silts. Their
thickness, measured in micro-boreholes and in trenches, have a thickness ranging between a few tens
of centimeters and 2 m. Hillslopes are steep, with an average slope angle between 15° and 20° and
maximum values up to 35°. Instead, the central and southern parts of the study area are characterized
by calcareous and marlyflyshes, alternated with sandstones, marls, and mélanges with a peculiar
block-in-matrix at the outcrop scale. Due to the different lithology of the bedrock, superficial soils have
a clayey or a silty clayey texture. Their thickness is generally in the order of more than 1 m, mostly
ranging between 1.5 and 2 m from ground level, as measured in micro-boreholes and in trenches.
Hillslopes have a medium steepness, with a typical slope angle of 8°-15°.

The slope elevation ranges between 60 and 500 m a.s.1. According to Koppen's classification, the
climatic regime of the Oltrepo Pavese area is temperate/mesothermal, with a mean yearly temperature
of 12 °C and an average yearly rainfall amount between 700 and 1000 mm, increasing from western to
eastern sectors and from northern to southern sectors.

The area is significantly prone to shallow landsliding [24,39]. Several triggering events have
occurred in Oltrepo Pavese since 1970s [38—40]. In the last 10 years, more than 2500 shallow landslides
(Figure 1b) occurred in this area as a consequence of several rainfall triggering events during the winter
and spring months. Most of the shallow landslides are classified as complex phenomena, starting as
roto-translational slides and evolving into flows [41]. They are generally 10-70 m wide and 10-500 m
long. Sliding surfaces are generally located at 1 m in depth [24]. Rainfall-induced shallow landslides
affect medium-steep and steep slopes, with a slope angle of at least §°~10°.
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Figure 1. The study area, Oltrepo Pavese hilly zone: (a) location of the study area; (b) main
geomorphological features and distribution of shallow landslides occurred in a 2000-2018 time span;
(c) bedrock lithological features [36-38].

An integrated hydrometeorological monitoring station was installed on 27 March 2012 in a test-site
slope located near the village of Montue (red circle in Figure 1), in the northeastern part of Oltrepo
Pavese. This testsite (Figure 2) is representative of the typical geological and geomorphological settings
of Oltrepo Pavese areas most prone to shallow landslides for the following reasons: (i) the presence of
triggering zones of past shallow landslides; (ii) its position in areas with medium-high susceptibility
to shallow landslides according to previous studies [1,24]; and (iii) the typical geomorphological
(hillslopes with medium-high thickness) and lithological features (clayey and silty soils) of the sectors
most prone to shallow landsliding in the study area. In this station, rainfall amounts are measured
through a rain gauge with an accuracy of 0.1 mm. Soil water content is measured by means of Time
Domain Reflectometer (TDR) probes, with an accuracy of 0.01-0.02 m3/m3. Soil pore-water pressure
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is measured through a combination of tensiometers, with an accuracy of 1.5-2.0 kPa and measuring
values higher than —100 kPa, and heat dissipation (HD) sensors, with an accuracy of 1.5-2.0 kPa and
range of measure till -10° kPa.

aie A (b)
 Monitoring station oL Upper soil layers
(C27-28 Apri 2009 Al Low plastic clayey-sandy silts
shallow landslides y=16.7-17.0kN/m3 @=31° c'=0kPa K,=10%m/s CaCO3> 13%
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o 7
1 * Weathered bedrock (sands, conglomerates, marfs)

Figure 2. Representative test-site slope of Montue: (a) morphology and shallow landslides distribution;
(b) typical soil profile.

2.2. Reconstruction of the Empirical Thresholds

Empirical rainfall thresholds were reconstructed by implementing CTRL-T tool, written in R

open-source software and freely available at: http://geomorphology.irpi.cnr.it/tools/rainfall-events-
and-landslides-threshold. A detailed description of the algorithm is reported by Melillo et al. [8].

Figure 3 illustrates the logical framework of this method to assess the empirical rainfall threshold

for a set of rain gauges and a multi-temporal shallow landslide inventory.

1.

Identification of distinct rainfall events, along the hourly time series of each rain gauge. Different
lengths of dry periods were considered, i.e., considering different lengths of dry periods,
meaning significant time spans without rain, which depend on the climatic feature of the area.
The length of a dry period separating two distinct events depends on the time required for the
soil to dry out and on the season, namely a cold period with low temperatures and limited
amount of evapotranspiration (C.) and a warm one with high temperatures and significant
evapotranspiration (Cy ). The length in months of C. and C,, was calculated for the study area,
following the procedure described in Melillo et al. [8], based on the application of the monthly
soil water balance (MSWB) model [42]. The average monthly potential evapotranspiration PET
(Figure 4a) of the study area was estimated, since the data acquired from 2000 to 2018 for the
meteorological stations of the study area (Figure 1b). The average monthly real evapotranspiration
RET (Figure 4a) was then estimated, considering a maximum field capacity of 208 mm/m, which
is typical of the soil types (clayey and silty soils) and of the land uses (shrubs, woods, and
grapevines) of the study area. For each month, RET was divided by PET, obtaining the parameter
of the monthly aridity index Al [43]. C,, was, then, the period when the soil exhibits a water
deficit (RET<PET, Al<1) and was from May to September (Figure 4b). Conversely, C. was the
period when RET>PET and AI>1, from October to April (Figure 4b). The total amount of RET for
Cyy period was then divided by the total amount of RET for C, period, obtaining an R index equal
to 2.1. R is defined as the factor of difference between the length of the dry periods (i.e., time
span between two different rainfall events) in Cy, and C. periods. The dry intervals used for the
definition of the rainfall events was, then, the following (Table 1): (i) for the definition of isolated
rainfall events, the dry period P; was of 3 and 6 h in Cy, and Cq, respectively; (ii) for the definition
of the sub-events, the dry period P, was of 6 and 12 h in C,, and C,, respectively; (iii) for the
definition of a rainfall event, the dry period P4 was of 24 and 48 h in Cy, and Cq, respectively.
According to Melillo et al. [8,44], irrelevant rainfall sub-events (P3) with a cumulated amount less
than or equal to 1 mm had to be excluded in the calculation of the final events.

Linking rainfall data to shallow landslide events. For each shallow failure, related rain gauge
was located in a circular buffer with a radius Rad of 10 km centered on the landslide location.
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3.

4.

This radius was chosen according to the morphology of the study area (no significant variations
on slope height, which could influence rainfall amount) and to the density of rain gauges in the
study area (an average of one gauge per 13 km?).

Estimation of rainfall conditions leading to shallow landslide triggering. For each event in the
inventory, the algorithm estimates possible rainfall conditions (in terms of duration and cumulated
rainfall amount) leading to slope failure. This allows us to consider a possible inaccuracy in
the estimation of the rain features triggering a landslide due to the distance between the slope

failure and the related rain gauge. A weight, W, was assigned according to the inverse square
distance between the rain gauge and the landslide (d72), the cumulated rainfall amount (E), and
the rainfall mean intensity (I) (Equation (1)):

W =d2E!

M

Furthermore, a parameter, k, assumed equal to 0.84, allowed us to take into account the antecedent
soil moisture condition depending on the amount of rain fallen in the previous days.

Reconstruction of rainfall threshold, based only on events triggering shallow landslides. Moreover,
for each event, only the rainfall condition with the highest W value was selected. The threshold is
defined as a power law curve which relates the cumulated rainfall amount (E) and the duration

(D) of the events (Equation (2)):

E = (a % A) D(®*4¢)

@

where o is the intercept of the curve;w is the slope of the power law curve; and Ax and Aw are
the uncertainties of « and w, respectively.

The threshold was defined by means of a frequentist method for reconstructing a 5% exceedance
probability threshold, according to Brunetti et al. [13]. The fitting parameters of the curve and
the related uncertainties were estimated through the calculation of thresholds of 5000 synthetic
series of rainfall events. These series contained the same number of rainfall events that triggered
landslides, but selected randomly with replacement, according to a bootstrap technique [45].
Analysis of these series allowed us to estimate the final threshold, that had o and w corresponding
to the mean values of the different bootstrap thresholds with their respective uncertainties (Ao

and Aw).

INPUT

« Parameters related to the

climate of the area

METHOD - CTRL_T RECONSTRUCTION OF
ALGORITHM THE THRESHOLDS
Multiple rainfall conditions
1) |dentification  of with different weigth W

distinct rainfall events

« Hourly rainfall data

l

+ Location of rain gauges 2) Linking rainfall data —
to shallow landslide
. L events
« Multi-temporal landslide inventory
(2000-2018) 3) Estimation of rainfall
:%.".C""”".” ” conditions  leading to
riggering time shallow |and$"de
triggering

Selection o&the rainfall
conditions with the highest
w

5000 synthetic series with
75% of triggering events
(bootstrap technique)

Frequentist method

Definition of *e thresholds
with related uncertainties

Figure 3. Flowchart of the methodology adopted for the reconstruction of the empirical thresholds.
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Figure 4. (a) Average monthly potential and real evapotranspiration in the study area; (b) warm and
cold periods identified through the trend of the aridity index.

Table 1. Parameters used in CTRL-T tool for reconstructing rainfall events and defining the empirical
threshold. (Cyy) warm period in a year (May-September); (Cc) cold period in a year (October—April);
(Gs) resolution of the rain gauge; (P1, Py, and P,) time periods used to remove irrelevant amount of
rain and to reconstruct rainfall events; (P3) irrelevant rainfall sub-events that had to be excluded in
the calculation of the final events; (Rad) radius of the buffer to assign each landslide to the closest

rain gauge.
Parameter & Unit
Cw Cc
Gg 0.1 0.1 mm
Py 3 6 h
Py 6 12
Ps 1 1 mm
Py 24 48 h
Rad 10 10 km

The empirical threshold for the study area was assessed through this procedure, using hourly
rainfall measurements collected in the period from January 2000 to December 2018, by a network of 19
rain gauges (blue circles in Figure 1), with a resolution (Gs) of 0.1 mm. Shallow landslides inventory
of the same time span grouped the spatial and the temporal information of 143 triggering events.
The spatial resolution of these events was about 1 km?. For 44% of the events, the exact triggering
hour was known, while for the remaining 56%, only the part of the day (generally, each 6 h in a
day), when slope failure occurred, was identified. Among the landslide inventories, 30 events (11%
of the inventory) were located by using information related to field surveys, 155 events (55% of the
inventory)by means of aerial or satellite images [1,24], and 96 events (34% of the inventory) from
newspapers and online chronicles.

2.3. Reconstruction of the Physicallybased Thresholds

The adopted procedure for the reconstruction of the physicallybased thresholds is composed of a
series of consequent steps (Figure 5):

1.  Identification of the representative testsite. Montue was chosen as testsite exhibiting the typical
geological and geomorphological settings prone to shallow landsliding in the study area (Figure 2a).
The typical soil profile is shown in Figure 2b and described in detail in Bordoni et al. [24]. Test-site
soils are low plastic clayey—sandy silts with a thickness mostly between 0.5 and 1.5 m. From the
ground surface till 0.7 m, the upper soil layer (US) is characterized by a high content in carbonates
(15%), as soft concretions, and unit weight in the order of 16.7-17.0 kN/m?3. Below this level, the
lower soil layer (LS), from 0.7 to 1.1 m from the ground level, is characterized by similar carbonate
content with respect to the US, but it presents a higher unit weight, ranging around 18.6 kN/m3.
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Between 1.1 and 1.3 m from ground level, there is a layer (CAL) characterized by a significant
increase in carbonate content, till 35.3%. The weathered bedrock (WB), which is composed of
sand and poorly cemented conglomerates, is at 1.3 m from the ground surface. US and LS are
characterized by similar values of friction angle, equal to 31° and 33°, respectively, and by a nil
effective cohesion. Instead, the CAL horizon has a lower value of friction angle (26°), but a higher
effective cohesion (29 kPa). Saturated hydraulic conductivity (Ks) is in the order of 1075 m/s,
except for CAL level that is characterized by a saturated hydraulic conductivity of 107 m/s. Soil
water characteristic curves (SWCCs) of the soil layers, fitted through Van Genuchten’s [46] model,
are quite similar [47], with wetting paths having saturated (85) and residual (6;) water contents of
0.37-0.40 and 0.01 m3/m?, respectively. A and n fitted parameters of the model range between
0.011 and 0.017 kPa~! and between 1.20 and 1.40, respectively.

From the geomorphological point of view, the testsite has steep slopes (steepness higher than
15° and mostly between 26° and 35°) and is east-facing. The slope elevation ranges from 170
to 210 m a.s.l. The land use is mainly constituted by grass and shrubs passing to a woodland
of black robust trees at the bottom of the slope. Shallow landslides occurred on this slope in
response to two events: (i) on 27 and 28 April 2009, as a consequence of an extreme rainfall event
characterized by 160 mm of cumulated rain in 62 h; (ii) between 28 February and 2 March 2014, as
a consequence of an event of 68.9 mm in 42 h. The source areas of these shallow landslides have a
slope angle higher than 25°, especially between 30° and 35°. The failure surfaces are located at a
depth of around 1.0-1.2 m from ground level.

In the test-site slope, an integrated meteorological and hydrological monitoring station has been
installed since 27 March 2012, and is still functioning [24]. The station allows meteorological
parameters (rainfall depth, air temperature and humidity, air pressure, net solar radiation, wind
speed and direction) to be measured, together with soil pore-water pressure, at depths of 0.2, 0.6,
and 1.2 m from ground level, and soil water content, at depths of 0.2, 0.4, 0.6, 1.0, 1.2, and 1.4 m
from ground level. Further details on this monitoring station are reported in Bordoni et al. [24,47].

2. Physicallybased model, to model the hydrological and the mechanical responses of the slope to
different rainfall events. The well-established physicallybased methodology named TRIGRS [48]
was used. It has been already applied successfully for modeling the occurrence of these
phenomena [1,49-54]. This physicallybased model considers the method outlined by Srivastava
and Yeh [55] and Iverson [56] to explain shallow landslide triggering in relation to rainwater
infiltration both in saturated or unsaturated soil conditions, assuming an impermeable basal
boundary at a finite depth and a simple runoff-routing scheme. The model assesses the pore-water
pressure and the slope safety factor (Fs) during different moments of a rainfall event, due to
rainwater infiltration.

A5 x 5 m digital elevation model (DEM), realized through LiDAR data acquired in 2008 and 2010
by the Italian Ministry for Environment, Land, and Sea, provided the topographic basis for the
study area and was used to derive the slope angle and the flow direction maps required by the
model. Hydrological parameters required for the hydrological model of TRIGRS were K, 0, 6;,
and the & parameter, which represents the fitting parameter of Gardner’s [57] SWCC equation. &
was estimated based on the A and n fitting parameters of Van Genuchten’s model through the
method proposed by Ghezzehei et al. [58] (Equation (3)):

£=A(13Xn) 3)

Hydrological boundary condition of the model corresponded to the presence of a low permeable
soil level, which limits the infiltration of the rainwater and causes the uprising of a perched-water
table in correspondence of the most intense rainfall events. As demonstrated by Bordoni et al. [24],
this can be assumed as the main triggering mechanism of shallow failures in the study area. This

64



Water 2019, 11, 2653

water table developed in correspondence of the CAL layer, due to its lower permeability than the
overlying soil levels, at about 1.1-1.2 m from ground level. The perched water table could rise
up to 0.8-1.0 m from ground level, in LS layer, during the most intense rainfall events. TRIGRS
modeled water table depth in the soil profile and the corresponding pore-water pressure profiles
during a rainfall event, considering also the water table depth at the beginning of a modeled
event, which was estimated through the most superficial measured pore-water pressure (in US
soil layer; pys) [59] (Equation (4)):

dw = pus/(Ywcos?p), )

where v, is the water unit weight (9.8 kN/m?®), and f is the slope angle.

In TRIGRS model, an infinite slope stability analysis is coupled with the hydrological model to
compute the Fs at different time instants at different points and depths in the analyzed area (Fs(z,
t)), considering its change over time during a rainfall event, due to change in pore-water pressure
p(z, t) (Equation (5)):

Fs(z, t) = (tang’/tan)+ [(¢" — p(z, t)ywtane”)/(yzsinpcosp)], (5)

where ¢’ is the soil shear strength angle, ¢’ is the effective cohesion, vy is the soil unit weight, and
z is the soil depth.

3. Table 2 lists the soil hydrological and geotechnical values of TRIGRS input parameters. Since US
and LS layers had similar values of the different required parameters (Ks, 0, 6, &, ¢’, ¢’, and v), a
uniform soil profile was assumed, and then a unique set of input values was inserted in TRIGRS.
In regard to the parameters of SWCCs (05, 6r, &), the values of the wetting path of SWCCs were
taken into account, according to the modeling of the process of rainwater infiltration [22,24].
The sliding surface depth (z) was assumed equal to 1.0 m, according to the typical depths observed
in past shallow failures.

4. Corroboration of the physicallybased model. The modeled pore-water pressures at 1.2 m from
ground level, which corresponds to a level very near to the typical observed sliding surface depth,
were then compared with the measured values for different rainfall events. The reliability of the
model fit was evaluated with the root mean square error (RMSE) statistical index (Equation (6)):

RMSE — 4| it (Poi = Pmi)” ? ©)
Mot

where p, ; is the observed pore-water pressure at the ith hour of the considered rainfall event, p,, ;
is the pore-water pressure estimated by the model at the same ith hour of the same event, and 71t
is the number of observations, which corresponds to the duration of the rainfall event (in hours).
5. Modeling slope safety factor (Fs) for different rainfall events. Once both the implementation and
validation had been completed, the physicallybased model was used to estimate Fs of the testsite
for rainfall scenarios corresponding to the ones identified by CTRL-T algorithm during the phase
of reconstruction of rainfall events. Furthermore, synthetic rainfalls characterized by average
intensities of 50, 75, and 100 mm/h, for a duration ranging between 1 and 12 h, were also modeled.
A modeled rainfall event represented a triggering moment for shallow landslides if Fs dropped
below 1 (unstable conditions) in correspondence of the sectors of the testsite where typically
shallow landslides source areas developed in the past, namely the sectors with a slope angle
higher than 25°. Instead, if Fs stayed higher than 1 (stable conditions) in all the testsite, the rainfall
event was not considered to be a triggering event. Each event was modeled by considering
different initial pore-water pressures representative of the typical antecedent conditions before
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landslide triggering, particularly in correspondence of the depth where typically sliding surfaces
developed in the testsite (1.0 m).

6.  Reconstruction of the rainfall thresholds. The method used for the reconstruction of the
physicallybased thresholds was the same applied for the assessment of the empirical ones. In
this case, only rainfall scenarios leading to shallow-landslide triggering based on the model
application were considered. As for empirical thresholds, the physicallybased ones had fitting
parameters corresponding to the mean values of the different bootstrap thresholds, with their
respective uncertainties. Different rainfallthresholds could be reconstructed, according to the
different initial pore-water pressure conditions used in modeling the rainfall events.

Table 2. Soil input parameters of TRIGRS model. (Ks) saturated hydraulic conductivity; (85) saturated
water content; (6;) residual water content; (£) Gardner’s model fitting parameter; (¢’) soil friction
angle; (¢’) soil cohesion; and () soil unit weight; (z) soil depth.

Value .
Parameter Unit
Cw
K 1.0107° m/s
Os 0.39 m3/m3
Or 0.01 m3/m3
£ 0.014 kPa~!
@ 32 °
I 0.0 kPa
% 17.8 kN/m?
z 1.0 m
RECONSTRUCTION OF
INPUT METHOD THE THRESHOLDS
1) Identification of the 2) Physically-based model Different initial pore water
representative  test-site in the (TRIGRS model) pressure conditions
study area Boundary conditions B
-Geological and geomorphological -Test-site soil geotechnical and Fs<1 — unstable conditions
conditions hydrological profile Fs>1 — stable conditions
-High susceptibility towards shallow -Uprise of perched water table
landslides: past events of rainfall- since less permeable layer 5000 synthetic series with
induced shaliow failures —% 75% of events with unstable
-Pore water pressure measure 3) Corroboration of the model conditions (bootstrap
linked to meteorological trends — -Comparison between monitored technique)
and modeled pore water
pressure for different rainfalls Frequentist method
41) Mtoderl_lng f5|°§-?15aefiiy Definition of *e thresholds
« Different rainfall events ac or_( s) for differ with related uncertainties
rainfall events
Figure 5. Flowchart of the methodology adopted for the reconstruction of the

physicallybased thresholds.

2.4. Corroboration of the Reconstructed Threshold

A comparison between empirical and physicallybased thresholds estimated for Oltrepo Pavese
area was performed in order to evaluate the predictive capability of both these models, as well as their
advantages and limitations. Their validation was carried out through a dataset of events that took
place during the period of August 1992-August 1997. For this time span, rainfall data were collected in
correspondence of 3 rain gauges (black circles in Figure 1), while location and triggering moment of
shallow landslides were recorded from local newspapers and information of fire brigades.

CTRL-T tool was used to reconstruct the different rainfall events also for this dataset, using the
same required input parameters listed in Table 1. For the empirical thresholds, the final position on
the graph below or above the defined thresholds was evaluated. In regard to the physicallybased
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thresholds, similarly to what done for their definition, the identified rainfall conditions were used
as input data to apply the TRIGRS model and to assess slope Fs at the representative testsite. Thus,
each event was estimated as responsible to trigger or not to trigger shallow landslides based on the
assessed values of Fs in correspondence of the sectors typically affected by shallow landslides. Then,
the position on the graph below or above the defined physicallybased thresholds was evaluated.

In the case of the estimated physicallybased thresholds validation, it is required to assess the
pore-water pressure condition at the same depth of the observed sliding surfaces (1.0 m). For these
reasons, time series of pore-water pressures at 1.0 m were modeled through HYDRUS-1D [60] software,
considering the same physical and hydrological boundary conditions used for TRIGRS implementation.
This model was chosen because it can assess long time series of soil hydrological parameters influenced
by intermittent dry and rainy periods in a reliable way [60]. HYDRUS-1D was implemented for
each of the 3 meteorological stations included in the validation dataset. Soil hydrological properties
(Table 2) and boundary conditions corresponded to those used for the application of the TRIGRS model.
Meteorological conditions required by the model were the rainfall amounts and air temperatures
that were used to model the evapotranspiration effects through Hargreaves et al.’s [61] equation.
Modeled time spans started from a significant dry period of a year, corresponding to 1 August 1992.
In Oltrepo Pavese, early August is characterized every year by dry conditions of soils, which keep
steady along depth, due to low rainfalls and high evapotranspiration rates in the previous summer
months (June-July). In particular, a pore-water pressure equal to —993 kPa was assumed, according
to the field measurements reported in Bordoni et al. [24,47]. This modeling approach was already
implemented for the estimation of time series of soil hydrological parameters in other Italian regions
prone to shallow landslides [53,62], obtaining a good estimation of the initial pore-water pressure
conditions of a triggering event.

Statistical indexes were then calculated to evaluate the predictive capabilities of both types of
thresholds for the validation dataset. Considering a rainfall threshold as a binary classifier of rainfall
conditions leading to shallow landslides, its performance can be assessed by computing a2 X 2 a
posteriori contingency table [15]. Thus, each rainfall event can correspond to occurrence (true) or
nonoccurrence (false) of shallow landslides, while the model can be considered as positive (successful
prediction) or negative (wrong prediction). Accordingly, the following indexes can be classified [17,63]:
true positives (TP), i.e., rainfall conditions exceeding the threshold causing shallow landslides; false
positives (FP), i.e., rainfall conditions exceeding the threshold but without real triggering of shallow
landslides; true negatives (TN), i.e., rainfall conditions below the threshold and without shallow
landslides occurrence; false negatives (FN), i.e., rainfall conditions below the threshold but causing
shallow landslides.

3. Results

3.1. Reconstructed Rainfall Events

A total of 5231 rainfall events were identified by exploiting the database for the period of 2000-2018.
Seventy-two percent of the events were detected in the cold season, while only 28% of the events were
identified in warm periods, confirming the higher aridity index of warm months calculated for the
study area (Figure 4b). In cold periods, the duration of the events ranged between 1 and 280 h, while
cumulated amounts ranged between 1.0 and 285.0 mm. About 80% of the events were characterized by
a duration lower than 50 h, and cumulated amounts were lower than 50 mm (Figure 6a,b). Instead, in
warm periods, duration and cumulated amounts of the events ranged between 1 and 67 h and between
1.0 and 155.2 mm, respectively. Ninety-five percent of the events had a duration lower than 30 h and
cumulated amounts lower than 50 mm (Figure 6a,b).
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Figure 6. Frequency distribution of duration, cumulated amount, and typology of the rainfall
events identified in the period 2000-2018: (a) frequency distribution of duration (D) of the rainfall
events; (b) frequency distribution of cumulated amount (E) of the rainfall events; (c) frequency
distribution of typology of rainfall events; (d) frequency distribution of duration (D) of the rainfall
events triggering shallow landslides; (e) frequency distribution of cumulated amount (E) of the rainfall
events triggering shallow landslides; and (f) frequency distribution of typology of rainfall events
triggering shallow landslides.

The intensity of the events was classified according to Alpert et al.’s [64] classification. According
to the duration and cumulated amount of rainfalls, 87% of the events were classified as light (A),
light-moderate (B) or moderate-heavy (C1) (Figure 6¢). These events represent the typical rainfalls
due to regional frontal systems, which characterize cold months in Northern Italy. Only 13% of the
events were heavy (C2) or heavy-torrential (D1) (Figure 6¢). Similar results were obtained for warm
months, when light (A) and light-moderate (B) were more abundant (Figure 6¢). These rainfalls are
caused by local convective storms, which are typical of the warm months in Northern Italy. In warm
periods, more intense rainfalls were less probable (6% of the total events). Triggering events of shallow
landslides occurred more frequently during cold months (Figure 7). Eighty-four percent of the events
occurred between January and April and between October and December, with the highest amount
in March (20%). Only 16% of landslides triggering occurred in warm months, between May and
September, with a higher percentage in August (10%). In cold months, 93% of the total triggering
events were light-moderate (B), moderate-heavy (C1), or heavy (C2) rainfalls, with duration between 4
and 105 h and cumulated amount between 30.4 and 133.7 mm (Figure 6d—f). Instead, in warm months,
triggering rainfalls were mostly (87%) heavy—-torrential (D1) or torrential (D2) rainfalls, characterized
by duration between 5 and 15 h and cumulated amounts between 106.8 and 155.2 mm (Figure 6d—f).
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Figure 7. Distribution of shallow-landslide-triggering events in the period 2000-2018 along the different
months of the year (a) and cold and warm periods in a year (b).
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3.2. Pore-Water Pressure Distribution at Sliding Surface Depth

The characterization of pore-water pressure distribution during different seasons in correspondence
of the typical depth of sliding surface was performed through the monitoring of data acquired at 1.2 m
from ground level, in the test-site slope, in the period March 2012-December 2018. Averagely, the soil
horizon kept in unsaturated conditions during the year, reaching minimum values during summer
warm months (till 993 kPa), when strong evapotranspiration was not compensated due to limited
rainfall amounts. During cold months, soil horizon re-wetted due to a more significant infiltration
of rainwater and a more limited evapotranspiration. In these timespans, pore-water pressure grew
to values close to 0 kPa, testifying conditions close to saturation in this soil level. In several periods
during the cold time span of a year, pore-water pressure could reach positive values (till 12 kPa),
especially when several rainfall events were spaced out by limited dry periods.

The distribution of the measured values of pore-water pressure (Table 3 and Figure 8) presents a
certain degree of Gaussian trend, as confirmed by the values of the skewness very close to 0 and by
the results of Shapiro-Wilk test, whose Wg.yy statistic did not allow us to reject the null hypothesis of
gaussianity at 95% confidence level (Wg_y = 0.92; p-value = 0.06). The first quartile of this distribution
was equal to —846 kPa, while the third one was of —20 kPa.

Table 3. Main statistics of the distribution of the pore-water pressure values at typical depth of
shallow-landslide sliding surface (1.0-1.2 m from the ground level) during the monitored time span
(March 2012-December 2018) at the test-site slope: (Sd) standard deviation; (Median) median; (Min)
minimum value; (Max) maximum value; (I quart) first quartile; (III quart) third quartile; (Skew)
skewness; (Wg.y) statistic of the Shapiro-Wilk test, applied to test the gaussianity of the distribution;
(p-value) confidence level of the statistic of the Shapiro-Wilk test.

I

Mean Sd Median Min Max I quart. Skew Ws.w  p-Value
(kPa)  (kPa)  (kPa)  (kPa)  (kPa)  (kPa) ?lfli‘:; (kPa) © o
—464 387 —470 -993 12 —846 -20 0.007 0.92 0.006

1200

1000 A

800 1

600 4

400 4

200

0 T T T T
<-750 From-750 From-500 From-250 =0
o -500 10 -250 o0
kPa

Figure 8. Histogram of distribution of the pore-water pressure values at typical depth of shallow-landslides
sliding surface (1.0-1.2 m from the ground level) during the monitored time span (March 2012-December
2018) at the test-site slope.

Monitoring data allowed to exploit information on triggering events occurred in cold periods.
Bordoni et al. [24] showed that during the observed event of 28 February—2 March 2014 at the test-site
slope, pore-water pressure was about 0 kPa, at the beginning of the rainfall event which caused the
shallow landslide triggering. Only this information is not enough to characterize exhaustively the
antecedent hydrological conditions immediately before a rainfall able to provoke landslides in the study
area. To analyze a higher range of soil hydrological conditions causing shallow landslides triggering
and to test the effect of initial pore-water pressure on the definition of a threshold, physicallybased
thresholds were then estimated by modeling the response of the soil to different rainfall events, starting
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from an initial pore-water pressure condition of —20, —10, or 0 kPa. For simplicity, they are named
TRIGRS/-20, TRIGRS/-10, and TRIGRS/0, respectively. In this way, a significant amount of the typical
pore-water pressure values at depths of 1.0-1.2 m was considered in the definition of physicallybased
threshold, as the third quartile of the measured values was in fact equal to =20 kPa.

3.3. Comparison between Measured and Estimated Pore-Water Pressure at Sliding Surface Depth

Figure 9 shows the comparison between measured and modelled pore-water pressure trends at
the typical sliding surface depth (1.0-1.2 m from ground level) in the representative test-site slope for
different rainfall events reported in Table 4. The selected events represented typical rainfall scenarios
occurring in the study area during the analyzed time span and were characterized by initial pore-water
pressure conditions similar to the ones chosen for the reconstruction of the physicallybased thresholds.
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Figure 9. Comparison of measured and estimated by TRIGRS pore-water pressure trends at the typical
depth of shallow-landslide sliding surface (1.0-1.2m from ground) for the selected rainfall events at the
monitoring station in the representative testsite: (a) 1 May 2012; (b) 4-5 April 2013; (c) 18-20 January
2014; (d) 28 February-2 March 2014; (e) 18-19 March 2018; (f) and 1-2 May 2018.
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Table 4. Measured initial and final pore-water pressure values versus those computed by TRIGRS at
the typical depth of shallow-landslide sliding surface for the selected rainfall events at the monitoring
station in the representative testsite. The number related to each rainfall event corresponds to the
following: (1) event of 1 May 2012; (2) event of 4-5 April 2013; (3) event of 18-20 January 2014; (4) event
of 28 February-2 March 2014; (5) event of 18-19 March 2018; and (6) event of 1-2 May 2018.

Initial Pore-Water Pressure at Final Pore-Water Pressure at
Rainfall Duration Cumulated Potential Sliding Surface (1.0-1.2 Potential Sliding Surface (1.0-1.2 RMSE
Amount m from Ground) (kPa) m from Ground) (kPa)
Event (h) (om) (kPa)
Modeled by Modeled by
Measured TRIGRS Measured TRIGRS
1 6 247 -5.2 -5.5 -19 -2.0 0.5
2 26 29.5 -0.6 -1.0 0.9 0.5 0.4
3 44 34.6 -1.1 -1.0 -0.2 —-0.8 0.3
4 43 68.9 -0.7 0.6 0.4 2.8 12
5 23 27.4 -22 -22 -0.2 -0.1 0.1
6 33 20.0 -20.3 -20.0 -12 -11.4 0.6

Despite the different features of the tested events, the trend of the pore-water pressure modeled
through the physicallybased method (TRIGRS model) seems to simulate in a reliable way the field
measurements during each analyzed rainfall event. Differences between measured and estimated
values are always lower than 2 kPa at the analyzed soil depth. RMSE values of 0.1-1.2 kPa confirmed
the reliability of these simulations. The highest pore-water pressure value at the end of each rainfall
event was generally attained through the physicallybased method, unless for the event occurred on
28 February—2 March 2014. Although the model results were in very good agreement with the real
measured values, modeling errors in pore-water pressure trends could be linked to the simplification
provided by the TRIGRS model with regard to soil hydrological features. In particular, TRIGRS model
does not consider a layered soil profile, thus forcing to assume average values of the required soil
parameters across the analyzed soil profile.

3.4. Reconstruction of Empirical and Physicallybased Thresholds

Rainfall thresholds reconstructed with different methodologies are shown in Figure 10. All of these
functions were characterized by a low uncertainty of the two fitting parameters (0.2-1.9 for «, 0.01-0.04
for w). Instead, equations of the reconstructed thresholds were very different from each other. Average
values of the « parameter ranged between 11.2 and 225.0, while mean values of the w parameter
ranged between 0.08 and 0.30. Empirical threshold and physicallybased threshold considering initial
pore-water pressure of —20 kPa (TRIGRS/-20) were steeper than the other two functions, as testified by
significantly higher values of the w parameter (0.25-0.30 against 0.08-0.12, respectively). The empirical
threshold had the lowest value of intercept o (11.2 + 0.2). Within physicallybased thresholds, the
lower was the value of « the higher is the initial pore-water pressure used to reconstruct the threshold.
The o parameter of TRIGRS/0 was about 5 times and 10 times lower than the values for the thresholds
TRIGRS/-10 and TRIGRS/-20, respectively.

The practical effects of these differences are clearer when the cumulated amount of rain able to
trigger shallow landslides is calculated for different rainfall durations (between 10 and 50 h), based on
the defined thresholds (Table 5). For the same duration, the amount of rainfall able to trigger shallow
landslides was lower by considering the empirical threshold than physicallybased threshold.
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Figure 10. Rainfall thresholds (black line for the average function, gray dot lines for the average
functions plus or minus the uncertainties) for the occurrence of shallow landslides in the study area:
(a) threshold reconstructed through the empirical method; (b) threshold reconstructed through the
physicallybased method considering an initial pore-water pressure of —20 kPa at the depth of the sliding
surface (TRIGRS/-20); (c) threshold reconstructed through the physicallybased method considering an
initial pore-water pressure of —10 kPa at the depth of the sliding surface (TRIGRS/-10); (d) threshold
reconstructed through the physicallybased method considering an initial pore-water pressure of 0 kPa
at the depth of the sliding surface (TRIGRS/0).

Table 5. Ranges of different rainfall cumulated amount enough to trigger shallow landslides for
different rainfall duration, calculated using the different reconstructed thresholds.

Cumulated Amount

(mm)
Duration Empirical PhysicallyBased PhysicallyBased PhysicallyBased
( T e Thresholds (-20kPa)  Thresholds (-10kPa)  Thresholds (0 kPa)
(TRIGRS/-20) (TRIGRS/-10) (TRIGRS/0)
10 18.3-21.7 407.2-494.8 162.5-174.8 29.8-32.0
20 21.3-26.4 487.7-626.4 170.6-186.1 32.1-35.0
30 23.2-29.5 541.9-719.0 175.5-193.0 33.6-36.9
40 24.8-32.0 584.0-792.9 179.0-198.1 34.7-38.3
50 26.0-34.1 618.9-855.3 181.9-202.1 35.5-39.4

Using the TRIGRS/0 threshold, the amount of critical cumulated rainfall increases of 5.3-10.5 mm,
for the same rainfall duration. For the other physicallybased thresholds, the increase of the critical
cumulated amount was more significant. Considering the TRIGRS/-20 threshold, the critical cumulated
rain was about 22-25 times higher than that defined by using empirical threshold, for the same duration.
Instead, considering the TRIGRS/-10 threshold, the required rainfall able to trigger shallow landslides
was about 6-9 times higher than that defined using empirical threshold, for the same duration.

For the empirical thresholds, it is important to highlight that 26.2% of the rainfall events which did
not cause the real triggering of shallow landslides (green circles in Figure 10a) was located above the
defined thresholds (false positives). Instead, the percentage of rainfall events modeled as not able to
trigger landslides but located above the thresholds was lower than 0.5% for all types of physicallybased
thresholds. Considering the only triggering event when also the initial pore-water pressure at the
depth of the sliding surface was known (28 February-2 March 2014 event at the testsite, 68.9 mm
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of rain fallen in 42 h), the empirical threshold and the TRIGRS/0 threshold correctly identified this
rainfall scenario as a triggering event, since it was located above the defined thresholds (blue square in
Figure 10a,d).

To verify the reliability of a rainfall threshold, it is required to quantify its effectiveness in
distinguishing rainfall events able to or not able to trigger shallow landslides. This procedure could
not be performed for both empirically and physicallybased thresholds by using only the database of
the events already utilized to build these models. In fact, a direct comparison between the reliability of
different types of thresholds could not be performed, due to the intrinsic outputs of the methods used
to reconstruct each threshold. In particular, in the definition of each physicallybased threshold, all the
modeled events whose Fs was lower than 1.0 potentially represented a triggering event. Instead, in
the database of the triggering events that occurred between 2000 and 2018 and were used as input to
build the different thresholds, the initial pore-water pressure at the depth of the sliding surface was
measured only for the event of 28 February—2 March 2014 monitored at the testsite. Thus, it is not
possible to link an initial pore-water pressure to all the events, neglecting the possibility to quantify the
predictive capability of the different thresholds in identifying triggering or non-triggering events.

For these reasons, the validation and the evaluation of the predictive capability of the thresholds
were performed by using an external database of rainfall and shallow-landslide events available for
another period.

3.5. Validation of the Reconstructed Thresholds

For the validation period of August 1992-August 1997, 488 rainfall events were identified
(Figure 11a). Twenty of these events represented conditions able to trigger shallow landslides in the
study area. The triggering events occurred in the cold period of the year, especially in November
and in February—March and were classified as light-moderate (B), moderate-heavy (C1), or heavy
(C2) rainfalls according to Alpert et al.’s [64] classification, with a duration between 9 and 218 h and
cumulated amount between 38.0 and 129.4 mm.

During the modelled time-span, evapotranspiration rates (Figure 11b) ranged between 0 and 12
mmy/day. Values close to 0 mm/day occurred in cold winter months, while summer dry months were
characterized by a warmer condition that allowed evapotranspiration.

Pore-water pressure trend at typical depths of the sliding surfaces (Figure 11c) was characterized
by the typical hydrological behaviors of the soil layers at the same depth, as inferred by field data
at the test-site slope during the monitoring period since March 2012 [24,47]. These soil layers
reached the driest condition during warm months of the year, especially between June and October,
when few thunderstorms were interspersed by prolonged periods without rain and with significant
evapotranspiration rates. The first significant rainfall events of October-November, characterized by
at least 30 mm of rain fallen in 24 h, caused a slight increase in pore-water pressure. A more evident
pore-water pressure increase was observed in the following wet period, between November and January,
when rainfall events of at least 20-30 mm/day were rather close to each other, and evapotranspiration
rates were limited (<1 mm/day) (Figure 11c). During both cold and wet months, pore-water pressure
generally remained lower than —20 kPa, reaching saturated conditions in correspondence of other
important rainfall events of at least 20 mm/day. Saturated conditions and the development of positive
pressures (corresponding to the formation of a perched water table) were most probable till the end of
March. In April, pore-water pressure began to decrease down to values lower than 20 kPa, due to an
increase in evapotranspiration rates (about 4-5 mm/day) and to an increase in dry days between two
different rainfalls. Instead, till the end of June, after very intense events of at least 50 mm of rain fallen in
12 h, a transient increase of pore-water-pressure till values of about —10 kPa was observed. Pore-water
pressure tended to decrease very fast, till the driest soil conditions, since the end of June-beginning
of July.
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Figure 11. Rainfall amounts (a), evapotranspiration rates (b), and modeled pore-water pressure at the
typical depth (1.0-1.2 m form ground) of the shallow-landslide sliding surface (c) for the time span
August 1992-August 1997.

The distribution of the modeled values of pore-water pressure (Table 6 and Figure 12) was similar
to that observed in the field since March 2012, confirming the reliability of the model in representing
the real soil hydrological conditions. Main significant differences between monitored and modeled
distributions regarded the lowest value of pore-water pressure (—993 and —1483 kPa for monitored and
modeled trends, respectively) and the first quartile (~846 and —484 for monitored and modeled trends,
respectively), together with the degree of gaussianity, which was not shown in the distribution of the
modeled values (skewness of —1.18; Wg.yy statistic of Shapiro-Wilk test of 0.71, p-value < 0.01; Table 6
and Figure 12). Instead, the third quartile of the distribution of the modeled pore-water pressure was
equal to —22 kPa, which is very similar to that one of the monitored values (—20 kPa). These results
confirm the reasonable choice of considering initial conditions of pore-water pressure higher than
—20 kPa for the reconstruction of the physicallybased thresholds. The modeled value of pore-water
pressure at the sliding surface depth at the beginning of a triggering event in the time span of the

74



Water 2019, 11, 2653

validation phase was around 0 kPa every time, which is also in agreement with the initial conditions
in correspondence of the monitored triggering event of 28 February—2 March 2014 at the test-site
slope [24].

Table 6. Main statistics of the distribution of the pore-water pressure values at typical depth of shallow
landslides sliding surface (1.0-1.2 m from the ground level), modeled for the period August 1992-August
1997 at the test-site slope: (Sd) standard deviation; (Min) minimum value; (Max) maximum value;
(I quart) first quartile; (III quart) third quartile; (Skew) skewness; (Wg.yy) statistic of the Shapiro-Wilk
test, applied to test the gaussianity of the distribution; (p-value) confidence level of the statistic of the
Shapiro-Wilk test.

Mean Sd Median Min Max I quart. Ealrt Skew Ws.w p-Value
(kPa) (kPa) (kPa) (kPa) (kPa) (kPa) quark (kPa) -) =)
(kPa)
-368 406 -215 —1483 10 —494 =22 -1.18 0.71 <0.001
600
500 A
400 A
300 A
200 A
100 4
0 T T T T
<-750  From-750 to From -500 to From -250 to =0
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kPa

Figure 12. Histogram of distribution of the pore-water pressure values at typical depth of
shallow-landslide sliding surface (1.0-1.2 m from the ground level) for the modeled time span
(August 1992-August 1997) at the test-site slope.

Pore-water pressure at the beginning of each identified rainfall was linked to each reconstructed
rainfall scenario. This was done to relate rainfall events with a certain initial pore-water pressure to
the correct physicallybased threshold. For the validation of the empirical thresholds, all the rainfall
events considered for the validation of each physicallybased threshold (TRIGRS/-20, TRIGRS/-10, and
TRIGRS/0) were used, in order to make homogeneous the comparison between the validation phases
of all the defined thresholds (Figure 13).

Table 7 Listingof the results of the validation phase. All the thresholds correctly identified the
rainfall events able to trigger shallow landslides (true positives), as testified by TP values of 95 +
2% and 100 + 0% and by EN values of 5 + 2% and 0 + 0% for empirical and TRIGRS/0 thresholds,
respectively. TP and FN indexes were not calculated for both TRIGRS/-10 and TRIGRS/-20, because
no events triggered shallow landslides, starting from initial conditions of pore-water pressure equal
to either —10 or —20 kPa. Instead, the reliability of these thresholds in identifying non-triggering
rainfall events was assessed by means of TN and FP values. For events with initial pore-water pressure
conditions of —20 or —10 kPa, the respective thresholds are characterized by TN of 100 + 0% and by FP
of 0 + 0%, confirming the capability of these models in distinguishing events able to trigger or not
trigger shallow landslides. Moreover,the TRIGRS/0 threshold assessed the conditions which could not
trigger slope instabilities well, as testified by TN of 93 + 1% and by FP of 7 + 1%. Instead, the empirical
threshold was characterized by a lower ability in distinguishing triggering or non-triggering events.
Its TN was of 76 + 3%, while its FP was of 24 + 3%. In these terms, these thresholds overestimated the
conditions able to trigger shallow landslides, classifying 24 + 3% of real non-triggering events as able
to cause shallow landsliding (false positives).
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Figure 13. Duration(D) and Cumulated amount (E) conditions for the rainfall events recorded in the
period August 1992-August 1997 and used for the validation phase, and the corresponding thresholds:
(a) threshold reconstructed through the empirical method; (b) threshold reconstructed through the
physicallybased method, considering an initial pore-water pressure of —20 kPa at the depth of the sliding
surface (TRIGRS/-20); (c) threshold reconstructed through the physicallybased method considering an
initial pore-water pressure of —10 kPa at the depth of the sliding surface (TRIGRS/-10); (d) threshold
reconstructed through the physicallybased method, considering an initial pore-water pressure of 0 kPa
at the depth of the sliding surface (TRIGRS/0).

Table 7. Mean =+ standard deviation of the statistical indexes used in the validation phase of the
reconstructed thresholds. (TP) true positives; (TN) true negatives; (FP) false positives; and (FN)
false negatives.

TP TN FP FN
Threshold (%) (%) (%) (%)
Empirical thresholds 95+2 76+3 24+3 5+2
Physicallybased thresholds (—20 kPa) (TRIGRS/-20) - 100+ 0 0+0 -
Physicallybased thresholds (—10 kPa) (TRIGRS/-10) - 100 +0 0+0 -
Physicallybased thresholds (0 kPa) (TRIGRS/0) 100 + 0 93 +1 7+1 0+0

4. Discussion

Rainfall thresholds can be considered a fundamental tool for assessing hazard toward slope
instabilities and for defining reliable early warning system tools for their prediction [65].

One of the major challenges in establishing effective thresholds is obtaining a threshold able to
correctly distinguish the triggering scenarios (true positives) from the events which cannot cause the
development of slope failures (true negatives), also avoiding numerous erroneous alerts, corresponding
to rainfall conditions that could not cause real instabilities (false positives).

Rainfall thresholds answering these issues are mostly reconstructed through an empirical/statistical
approach, exploiting past inventories formed by the events able to or not able to trigger shallow
landslides [4,5]. Uncertainties and limitations of these thresholds (i.e., availability and quality of
rainfall data and landslides information, correct definition of the triggering times, and neglecting the
antecedent soil hydrological conditions) induce researchers in order to verify the possibility of using
physicallybased procedures that can provide the assessment of the link between rainfall features, soil
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hydromechanical conditions before a rainfall event, and shear strength response of soils during the
rainwater infiltration.

Mirus et al. [32] and Fusco et al. [30] aimed to perform a robust comparison between these two
types of approach, in steep slopes covered by colluvial soils derived from glacial and till deposits in the
coastal area of the Northwestern United States [32], and in steep slopes covered by thick pyroclastic
deposits in Southern Italy [30], respectively. The present paper compares empirical and physicallybased
rainfall thresholds estimated for a wide area of Northern Italy (Oltrepo Pavese), significantly prone to
shallow landslides and representative of the typical geological, geomorphological, and environmental
features of Apennine area [66].

Empirical thresholds of the study area were reconstructed by means of the typical exploitation
of a long multi-temporal inventory (2000-2018) of rainfall events able to trigger or not shallow
landslides. Instead, the second type of thresholds were estimated through a physicallybased slope
model (TRIGRS), representative of the real geological and geomorphological conditions where shallow
landslides develop in the study area, allowing to couple the monitoring of soil hydrological responses
toward atmosphere-soil interface, the modeling of slope hydrological responses, and the slope stability
analysis. In this way, the estimation of rainfall thresholds was performed by considering not only
rainfall attributes, but also the typical antecedent soil hydrological conditions.

Monitoring data acquired during a significant time span, covering more than seven years (March
2012—October 2019) [24,45], and the modeled ones for a five-year period (August 1992-August 1997)
demonstrate variations of soil pore-water pressure trends in deep soil horizons, where sliding surface
could form. Monitoring and modeling data confirm that the soil pore-water pressure regime is linked
to the seasonal and interannual meteorological variability, showing similar trends during warm/dry
and cold/wet months across different years. Unsaturated conditions are typical of warm months in the
year, especially between May and September. A certain increase of pore-water pressure till values close
to 0 kPa was observed only after the most intense events, of at least 50 mm of rain fallen in at least 12 h.
After re-wetting events in the first weeks of Autumn months (at least 30 mm of rain fallen in at least
24 h), the coldest time of the year, which lasts from October to April, is characterized by pore-water
pressure closer to saturated conditions, generally in the order of —20 and —10 kPa. Development of nil
or positive values in correspondence of other important rainfall events, corresponding to the formation
of a perched water table, occurs when further strong rainfall events, of at least 20 mm/day, or prolonged
rainy periods, affect the study slope.

Such a seasonal hydrological behavior explains why shallow-landslide-triggering events occurred
mostly during cold months between October and April. Antecedent pore-water pressure close to 0 kPa
in soil horizons where shallow landslides develop, combined with further heavy rainfall events or a
prolonged rainy period (duration between 4 and 105 h, with cumulated amount between 30.4 and
133.7 mm), cause the typical scenario which induces widespread slope instabilities in the study area.
This scenario also confirms the monitored conditions of triggering during 28 February-2 March 2014
event that is shown in Bordoni et al. [23].

Conversely, in warm months between May and September, only heavy-torrential (D1) or torrential
(D2) rainfalls, according to Alpert et al.’s [64] classification (duration between 5 and 15 h and cumulated
amounts between 106.8 and 155.2 mm), have the potential to trigger shallow failures, only when they
are preceded by other rainfalls which cause the increase in pore-water pressure to go up to around
—20 kPa.

Triggering conditions in cold months of the study area are similar to those identified in different
contexts all over the world, which are characterized by a cold and wet season in a year like in the
study area [32,67-71]. Instead, triggering events of warm months have features similar to those
commonly occurring in the coastal zones of the Mediterranean region [16,28,30,51,63,72,73], when
strong convective thunderstorms affect those areas especially at the end of summer (September) or in
the first weeks of autumn (October-November).
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The differences in triggering conditions and the significant effect of soil hydrological conditions
at the beginning of a rainfall event influence the reconstructed thresholds for shallow landslides’
occurrence. By comparing the different physicallybased thresholds, it is clear that the drier the soil
is, the bigger the amount of rain required to trigger a landslide is, considering the same duration of
the event. For a certain temporal length of the rainfall, the cumulated amount able to trigger shallow
landslides for an initial pore-water pressure condition of —20 kPa is about 20-25 times higher than that
required if the initial pore-water pressure is of 0 kPa. This amount decreases if the initial pore-water
pressure is of —10 kPa, even if it is still 6-8 times higher than that obtained considering an initial
pore-water pressure of 0 kPa. This estimation matches with the datasets of triggering events analyzed
for the study area, where rainfalls able to trigger shallow landslides were more severe, in terms of
cumulated amount (higher than 100 mm), when they occurred in periods with soil in unsaturated
conditions. Instead, the amount of rain able to trigger shallow landslides decreased significantly, till
more than 3 times, when the soil was saturated.

The empirical threshold is very close to the physicallybased one estimated based on an initial
pore-water pressure condition of 0 kPa. For the same duration, the amount of triggering cumulated
rainfall for an initial pore-water pressure of 0 kPa is 5.3-10.5 mm higher than that estimated by the
empirical threshold. This is in agreement with comparisons between physicallybased and empirical
thresholds performed in other areas prone to shallow landsliding worldwide [28,30,32].

In the dataset used to validate the reconstructed thresholds, triggering events occurred only in
conditions of pore-water pressure equal to 0 kPa. Both empirical threshold and TRIGRS/0 threshold
correctly identified rainfall events able to trigger shallow landslides (TP higher than 95%, FN lower
than 5%), although only the TRIGRS/0 threshold recognized all the triggering events. However, the
empirical threshold significantly overestimated the rainfall conditions able to trigger shallow landslides,
as testified by FP = 24+3%. Instead, TRIGRS/0 threshold worked well for assessing the conditions
which could not trigger slope instabilities, strongly limiting the false positives (FP = 7+1%).

These results confirm the fundamental role played by the soil hydrological conditions present
at the beginning of a rainfall event on the development of shallow slope failures. All the false
positives identified by the empirical threshold correspond to rainfall event occurred when the soil
was not completely saturated, especially (90%) when pore-water pressure was lower than —10 kPa
(Figure 14). These results are confirmed also by an event that occurred on 21 October 2019, when
a strong thunderstorm hit the northern portion of the study area, in particular close to rain gauges
3 and 6 (Figure 1). In total, 118 mm of rain fell in 24 h, with a peak of 97 mm of cumulated rain in
6 h, between 5:00 p.m. and 11:00 p.m. local time. These rainfall conditions are located above the
empirical thresholds, but they did not cause any triggering of shallow failures due to pore-water
pressure conditions, at the beginning of the rainfall, of —800 kPa, as measured by the monitoring station
in the study area.
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Figure 14. Modeled values of initial pore-water pressure conditions in correspondence of the false
positives of empirical thresholds for the validation dataset.
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Empirical threshold causes an overestimation of triggering events, determining false positives
in correspondence of rainfall conditions similar to the ones that provoked observed shallow failures,
but with an initial soil condition drier than that corresponding to the real triggering events. Thus,
physicallybased thresholds which also take into account the antecedent soil conditions in terms
of pore-water pressure can represent an improvement, both in terms of objectively predicting
shallow-landslide occurrence and also limiting false positives.

Reconstructed rainfall thresholds for the Oltrepo Pavese area were then compared with other
duration(D) and cumulated amount (E) thresholds of other Italian areas (Figure 15). Regional and
national thresholds in Italy [8,74-76] were derived by using an empirical approach similar to that
adopted for the empirical thresholds of the Oltrepo Pavese area. Thresholds for Oltrepo Pavese were
also compared to a world threshold defined by Innes [77] for the occurrence of debris flows.
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Figure 15. Comparison between the reconstructed thresholds for Oltrepo Pavese area, with some
regional, national, and world thresholds. Source: (1) empirical threshold (mean fitting parameters) of
Oltrepo Pavese area; (2) physicallybased threshold for initial pore-water pressure of —20 kPa (mean
fitting parameters) of Oltrepo Pavese area (TRIGRS/-20); (3) physicallybased threshold for initial
pore-water pressure of —10 kPa (mean fitting parameters) of Oltrepo Pavese area (TRIGRS/-10); (4)
physicallybased threshold for initial pore-water pressure of 0 kPa (mean fitting parameters) of Oltrepo
Pavese area (TRIGRS/0); (5) world [77]; (6) Italy [74]; (7) Liguria [8]; Sicily [75]; and (9) Italian Alps [76].

Physicallybased thresholds obtained on the basis of antecedent pore-water pressure equal to
—20 kPa (TRIGRS/-20) or —10 kPa (TRIGRS/-10) are located above all the other thresholds, in agreement
with the need of a higher amount of rain to trigger shallow landslides in unsaturated soil conditions.
TRIGRS/0 threshold and the empirical thresholds are located close to each other, with the former
slightly above the empirical curves. Physicallybased thresholds reconstructed for completely saturated
soils (TRIGRS/0) intercept all other considered thresholds (at world, Italian, and regional scale) for
an event duration of 40 h,whereas the empirical thresholds intercept world and some regional (Sicily,
Italian Alps) thresholds at the same duration. Moreover, both these thresholds show a lower steepness,
which implies that the rainfall amount required to trigger shallow landslides for event with duration
less than 40 h is higher than the one of the compared world, Italian, and regional thresholds. Instead,
for event longer than 40 h, TRIGRS/0 thresholds and the empirical thresholds are below the other
thresholds. For these rainfall features, the cumulated amount able to trigger shallow failures is lower
if compared to the other analyzed thresholds. The Oltrepo Pavese area is, then, more susceptible to
shallow landsliding for long-duration [64] events. For short and medium events [64], the amount of
rainfall able to trigger shallow landslides is higher, thus reducing the proneness of the territory in
correspondence of such events.

According to the achieved results of this paper, the main relevance of this work and of
the reconstructed thresholds are as follows: (i) empirically and physicallybased thresholds for a
representative area of the Italian Apennines; (ii) different physicallybased thresholds according to
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different soil hydrological conditions and considering rainfall scenarios already measured in the study
area; (iii) implementation of a physicallybased slope model allowing to couple the monitoring of soil
hydrological responses toward atmosphere-soil interface, the modeling of slope hydrological responses,
and the slope stability analysis; (iv) robust evaluation of the threshold’s predictive capability through a
different dataset with respect to that used in the reconstruction of the models; and (vi) determination
of advantages and constraints in the use of empirically or physicallybased thresholds.

5. Conclusions

The reconstruction of reliable thresholds with a high predictive capability becomes very important,
especially if their implementation in an earlywarning system is proposed. In regard to the Oltrepo
Pavese hilly area, which can be assumed representative of the geological, geomorphological, and
land-use settings prone to shallow landslides also of the whole Northern Apennines, empirically and
physicallybased thresholds were estimated. These were evaluated by quantifying their predictive
capability through the comparison between modeled and real triggering or non-triggering conditions,
identified in a validation dataset covering a five-year time span.

The role played by the soil hydrological conditions at the beginning of a rainfall event is
fundamental in making this rainfall able to trigger or not trigger shallow landslides. The lower the
pore-water pressure is at the beginning of an event, the higher the amount of rainfall required to
trigger shallow failures is. When shallow landslides occur as a consequence of rain fallen on previously
saturated soil (nil pore-water pressure), as in the study area, physicallybased thresholds provide a
better reliability in discriminating the event which could or could not trigger slope failures. Besides a
good capability in identifying correctly the triggering conditions, empirical thresholds, based only on
rainfall data and neglecting the antecedent soil hydrological conditions, provide a significant number
of false positives. These are events similar to the ones that provoked observed shallow failures, but
with initial soil conditions drier than those corresponding to the real triggering events.

Main conclusions of this work can be summarized as follows:

e The antecedent soil hydrological conditions have a primary role on predisposing or preventing
shallow slope instability during a rainfall event. This should be taken into account, especially
for those contexts characterized by seasonal hydrological behaviors and, in particular, during
periods when initial pore-water pressure conditions are more favorable to lead the triggering of
shallow landslides. In fact, in the Oltrepo Pavese area, cold and wet months between October
and April are the most susceptible periods of the year, due to the permanence of saturated or
close-to-saturation soil conditions;

e The most promising approach for developing an early warning system based on rainfall thresholds
seems to be the reconstruction of physicallybased thresholds for the typical initial pore-water
pressure conditions leading to slope instabilities. These tools can be supported further by the
monitoring of the soil hydrological behaviors and slope stability analysis in correspondence of
different rainfall scenarios. However, to confirm the better effectiveness of the physicallybased
thresholds than the empirical ones, it is required a comparison of the threshold exceedance against
existing early warning criteria and further landslide occurrence for future time span, as suggested
in [12];

e  Physicallybased models of a representative testsite and hydrological monitoring data could be not
always available for a susceptible area. In such a context, empirical thresholds can represent a
precautionary approach that allows us to identify the triggering conditions in a reliable way, in
the awareness that they can give many false positives,especially for rainfall events similar to those
provoking shallow landslides, but occurring in dry periods;

e  Physicallybased thresholds are reconstructed based on physical simulation of slope stability,
according to well-defined geotechnical, mechanical, and hydrological soil parameters. To take
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into account the intrinsic variability of these parameters, also within small areas, probabilistic
models will be applied to reconstruct this type of threshold in future developments.
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Abstract: Rainfall thresholds for slope failures are essential information for establishing early-warning
systems and for disaster risk reduction. Studies on the thresholds for rainfall-induced landslides of
different scales have been undertaken in recent decades. This study attempts to establish a warning
threshold for large-scale landslides (LSLs), which are defined as landslides with a disturbed area
more massive than 0.1 km?. The numerous landslides and extensive rainfall records make Taiwan
an appropriate area to investigate the rainfall conditions that can result in LSLs. We used landslide
information from multiple sources and rainfall data captured by 594 rain gauges to create a database
of 83 rainfall events associated with LSLs in Taiwan between 2001 and 2016. The corresponding
rainfall duration, cumulative event rainfall, and rainfall intensity for triggering LSLs were determined.
This study adopted the tank model to estimate conceptual water depths (S, Sy, S3) in three-layer
tanks and calculated the soil water index (SWI) by summing up the water depths in the three tanks.
The empirical SWI and duration (SWI-D) threshold for triggering LSLs occurring during 2001-2013 in
Taiwan is determined as SWI = 155.20 — 1.56D and D > 24 h. The SWI-D threshold for LSLs is higher
than that for small-scale landslides (SSLs), those with a disturbed area smaller than 0.1 km?. The LSLs
that occurred during 2015-2016 support this finding. It is notable that when the SWI and S3 reached
high values, the potential of LSLs increased significantly. The rainfall conditions for triggering LSLs
gradually descend with increases in antecedent SWI. Unlike the rainfall conditions for triggering
SSLs, those for triggering LSLs are related to the long duration-high intensity type of rainfall event.

Keywords: soil water index; large-scale landslide; SWI-D threshold; early warning system

1. Introduction

In the past two decades, the frequency of occurrence of extreme rainfall events and large-scale
natural hazards has increased significantly worldwide [1-6], causing substantial economic losses and
human casualties. In past studies [7-9], the characteristics of a large-scale landslide have been reported,
including (1) extremely high movement velocity, (2) a large collapse volume, and (3) deep excavations
into bedrock. Nevertheless, discriminating large-scale landslides (LSLs) from small-scale landslides
(SSLs) requires many in situ observations, which remain difficult to accomplish extensively. In practical
terms, the mass movement velocity and excavation depth are both difficult to observe, so the disturbed
area or volume is mainly treated as a scale indicator of a landslide [10]. In the study, large-scale
landslides (LSLs) are defined as landslides with a disturbed area more massive than 0.1 km?. Although
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the occurrence frequency of LSLs is much lower than that of SSLs, LSLs induce rapid alterations of
the topography, causing calamities on a far greater scale than do SSLs. Moreover, the Earth’s surface
processes in mountainous areas are significantly affected by LSLs.

For better evaluation of landslide hazards induced by rainfall-triggered LSLs, it is essential to
comprehend the circumstances that induce failure and the mass movement following collapse [11,12].
Accurate landslide information on occurrence time, size, and location are beneficial for comprehending
when, where, and how slopes may collapse following heavy rainfall [13]. Rainfall is well known as
one of the significant factors in landslide occurrence, so in-depth knowledge of the effects of rainfall
conditions is required. At present, Taiwan has an early-warning system for debris flows based on the
relationship between rainfall intensity and effective rainfall [14]. The effective rainfall contributing
to debris-flow occurrence includes the cumulative rainfall during the considered rainfall event and
its 7-day antecedent rainfall before the rainfall event. However, there is no early-warning system for
massive landslides in Taiwan. To control damage, the rainfall conditions that induce LSLs must be
determined and used to define a rainfall threshold as a criterion of early-warning for the prevention
and mitigation of disasters.

Rainfall parameters, including duration, intensity, cumulative rainfall, and antecedent rainfall,
have been utilized in many previous studies to identify the essential rainfall conditions for shallow
landslide occurrence [15-19]. Among the characteristics of rainfall, the cumulative rainfall represents
the total height of precipitation on the ground surface, but it may not reflect the intratelluric water
content, which involves the processes of infiltration, drainage, and even evapotranspiration. Kuo, et
al. [20] adopted the traditional dual-factor analysis, i.e., rainfall intensity versus rainfall duration (I-D),
cumulative rainfall versus rainfall duration (R-D), and rainfall intensity versus cumulative rainfall
(I-R), to investigate in preliminary terms the rainfall thresholds for triggering LSLs. They reported that
the cumulative rainfall might be the deterministic factor in triggering LSLs. However, the complicated
relationship between the meteorological trigger and the hydrological cause was not considered in the
study of Kuo, et al. [20]. Bogaard and Greco [21] have proposed analyzing the precipitation thresholds
for landslides and debris flows from a hydro-meteorological point of view. In their study, the soil water
index (SWI) is treated as a proxy for both meteorological trigger and hydrological cause.

The SWI proposed by Sugawara, et al. [22] is derived from a three-layer tank model. The value of
the SW1 is estimated to represent the depth of the remaining water in the three-layer tank. Similarly,
Segoni, et al. [23] discovered that the performance of a regional scale landslide warning system could
be improved by using soil moisture data instead of antecedent rainfall. The influences of infiltration
and drainage on water content within slopes are considered when calculating the SWI. Currently, the
Japan Meteorological Agency (JMA) adopts the SWI as the conceptual soil water content affected by
antecedent rainfall as well as event rainfall [24]. Furthermore, the tank model has been successfully
applied to discuss the influence of water infiltration on deep-seated landslides [25,26]. The estimation
of groundwater supply caused by infiltration using the tank model can be considered as an indicator
of pore water pressure changes in the deep layer of a slope. Chen, et al. [27] first proposed the SWI-D
curve as an empirical rainfall threshold for shallow landslides in Taiwan. They noted that the SWI can
be used as the indicator of the antecedent rainfall condition and recommended establishing a suitable
warning system in Taiwan.

For landslide early warning systems, the thresholds for LSLs would be different from those for
SSLs. Thus, different disaster alerts and evacuation strategies would be produced [21,28,29]. It would
be worthwhile to create a regional warning threshold for landslides of different scales for Taiwan.
However, the rainfall thresholds for landslides having a sizable disturbed area (i.e., exceeding 0.1 km?)
have rarely been determined for Taiwan in the past due to the limited number of cases. In this study,
an LSL dataset containing information on landslide and rainfall parameters is created to carry out
statistical analysis of multiple rainfall parameters. Then SWI and rainfall duration can be used to
determine the critical threshold for triggering LSLs. Moreover, this study attempts to construct a
multi-threshold model different from the single threshold for shallow landslides constructed in the
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past to provide a new landslide warning model, which can be used at different stages or for landslides
of different scales. The threshold will provide invaluable information for helping disaster management
authorities to alert the general public and prepare for prevention and disaster mitigation.

2. Study Area

Taiwan is located at the convergent plate boundary where the Philippine Sea plate subducts below
the Eurasian plate at a velocity of 80 mm/year; hence, it experiences a high orogenic uplift rate (5-7
mm/year) and frequent earthquakes [30]. This high orogenic uplift rate is responsible for an active
mountain belt with many summits higher than 3000 m above sea level (a.s.l.) [31]. Almost 48% of the
mountain range in Taiwan is higher than 1000 m a.s.l., and the montane slopes are frequently steeper
than 45° and have thin (<1 m) regolith cover [32,33]. The mountains in Taiwan have a steep slope and
significant relief, and the rock formations are highly fractured and fragile. These geological settings are
unfavorable to slope stability. Taiwan is also situated in the East Asian monsoon belt and in the region
of subtropical climates, so Taiwan has a humid and warm climate. The annual rainfall is 2500 mm,
and on average, 3-5 typhoon strikes occur yearly [34,35]. Torrential precipitation during the summer
seasons often triggers geological hazards. In short, the geological and topographic conditions make
Taiwan a high-risk region for slope failure (Figure 1).
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Figure 1. Distribution of rain gauges around Taiwan and geological map.
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3. Data and Study Methods

3.1. Landslide Data

The main parameters of landslides include disturbed area, location, time of occurrence, failure
mechanism, and type. In this study, we collected landslide data from the annual inventory of the
Forestry Bureau of Taiwan. The information on the disturbed area and location of each landslide was
integrated into the annual landslide inventory, but the failure mechanisms and types of landslides
were not investigated. To delimit landslides of different scales, the criterion of a disturbed area of
0.1 km? was adopted in this study to separate LSLs from SSLs [20].

Since the mass movement of an LSL may generate ground motion, such ground motion can
be recorded by nearby seismic stations [36,37]. In the frequency domain, the natural energy of
landslide-induced ground-motion (called a landslide-quake) is mainly below 5 Hz, and the distribution
pattern of energy in a spectrogram is triangular due to a gradual increase-decay process over time [36].
The triangular pattern in the spectrogram is the particular property that discriminates landslide-quakes
from those of earthquakes and other background noise [20]. The Soil and Water Conservation Bureau
(SWCB) of Taiwan extracts the occurrence times of LSLs triggered by heavy rainfall from seismic
records through identifying landslide-quakes. The occurrence times of 83 LSLs triggered by rainfall
over a period of 16 years (2001-2016) were observed from the landslide-induced seismic records of
the SWBC and used to locate their sources using a locating approach proposed by Chen et al. [38].
Manconi, et al. [37] proposed a similar approach to detect, locate, and estimate the volumes of rockslides
by analyzing waveforms acquired from broadband regional seismic networks in the eastern Italian
Alps [37]. The types and failure mechanisms of the LSLs are not mentioned in the SWCB reports.
However, according to some in situ investigations, the most recurrent types of LSLs in Taiwan are rock
slides and debris avalanches. We collected the occurrence times and locations of LSLs from the reports
of the SWCB. According to the SWCB reports, the identification error of landslide-quakes might occur
due to the interference from local tremors or anthropogenic noise. A double-check conducted jointly
with the analysis of remote-sensing imagery should be implemented to avoid misdetection. This study
carefully compared the locations of 83 LSLs with the annual landslide inventory of the Forestry Bureau
to create an LSL dataset containing the information on LSL location, disturbed area, and time (accuracy
in minutes) (Figure 2 and Table 1). These 83 LSLs occurred in Taiwan during the typhoon season: 1 in
June, 12 in July, 63 in August, and seven in September. This study used 75 LSLs during the period
between 2001 and 2013 to analyze rainfall conditions and used 8 LSLs that occurred in 2015 and 2016
to verify the results.

The alignment of the LSLs with the geological map showed that of these 83 LSLs, 16 were located in
the Western Foothills, where the lithology mainly consists of sedimentary rocks. Ten LSLs were situated
in the Hsuehshan Range, where the rock formation mainly consists of alternating meta-sandstone and
shale. Forty-seven LSLs occurred on the west flank of the Central Range, where the strata mainly
consist of argillite and slate. Nine LSLs occurred in the eastern flank of the Central Range, where the
lithology mainly comprises schist and marble. Only one LSL occurred in the Coastal Range, where the
strata mainly comprise sedimentary rocks and igneous rock. The slope gradients of these LSLs were
mainly distributed in the range between 20° and 40°. The LSLs primarily occurred on slopes with
elevations ranging from 500 to 2000 m, but the distributions of the highest and lowest elevations of
these LSLs showed that their average vertical displacement was greater than 500 m [20].

Most of the 83 LSLs occurred in metamorphic rock areas, indicating that metamorphic rock slopes
were likely to be massively unstable, which could be attributed to the active tectonics in Taiwan’s
mountainous area inducing intense rock deformation and displacement. In contrast, the sedimentary
rock areas in Taiwan have a relatively more moderate relief than the metamorphic rock area. Although
massively unstable slopes still develop on sedimentary rocks, the number of LSLs was significantly
lower than that on metamorphic rocks. Although the difference in LSL numbers between sedimentary
rock slopes and metamorphic rock slopes seems to indicate that the geological and topographic features
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would influence the evolution of a massively unstable slope, the limited number of LSLs and SSLs
considered in the study should be noted.

We also collected data on 174 SSLs occurring from 2006 to 2013 from the annual reports of the
SWCB. The SSLs were investigated carefully with fieldwork, particularly in the cases of events that
caused damage to public utilities or private property. The reports contained detailed information on
the location, disturbed area, and approximate occurrence time of each SSL. These 174 SSLs occurred
during the typhoon season: 2 in May, 32 in June, 36 in July, 39 in August, 24 in September, and
41 in October. The distribution of the slope gradients of the SSLs was similar to that of the LSLs.
Unlike the LSLs, a large portion of the SSLs took place on slopes with elevations ranging from 750 to
1250 m. The occurrence times were estimated based on real-time videos and interviews with residents.
Unfortunately, the accuracy of the time points was not mentioned in the reports. We have carefully
double-checked the landslide data to exclude any SSLs that were not triggered by rainfall.
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Figure 2. (a) Distribution of the 83 large-scale landslides (LSLs) that occurred between 2001 and 2016.
(b) Example of satellite image of an LSL occurring in 2009 with a disturbed area of 2.3 km?. (c) Original
seismic waveform induced by the LSL. (d) Spectrogram of the vertical component of the seismic
waveform induced by the LSL.

3.2. Rainfall Data

There are 594 rain gauge stations installed by the Central Weather Bureau (CWB) around Taiwan
(Figure 1). Among these, 328 rainfall gauge stations were established in mountainous areas above
100 m a.s.l. The density of rain gauges is approximately one per 73 km?. All rainfall gauges record
hourly rainfall intensity. Due to the lack of rain gauge stations in the vicinity of landslide sites, we
converted the records of the three nearest rain gauge stations into the representative rainfall data for
each landslide site. This rainfall conversion involved conducting a deterministic interpolation using
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inverse distance weighting (IDW). IDW interpolation determines rainfall values on a landslide site
using a weighted combination of a set of rainfall gauges. The weight is a function of the inverse
distance from the landslide site to each rain gauge station. The interpolated rainfall should be a
locational-dependent variable. The rainfall data of the nearest rainfall gauge stations will have the
most significant influence in the interpolation. Chen and Liu [39] have proposed that a scan radius of
10-30 km would be the optimal parameter for IDW in interpolating rainfall data in Taiwan. In this
study, we adopted a scan radius of 10 km from each landslide to collect rainfall data. If fewer than
three rain gauge stations corresponded to this principle, we then adopted the record of the nearest rain
gauge station. To determine the duration of a rainfall event, many previous studies have determined
the length of a rainfall event using different non-rainfall intervals [40]. In this study, the starting-time
of a rainfall event is defined as the time when the hourly rainfall exceeds 1 mm. The ending-time of
the rainfall event is the time when the hourly rainfall becomes zero, but that level must be maintained
for at least 24 h.

Table 1. Landslide data of the 83 LSLs.

Longitude  Latitude Area Longitude  Latitude Area

D Date/Time (UTC) CB ©N) (km?) 1D Date/Time (UTC) CE) ©N) (km?)
1 31 Jul 2001/17:36 121.344 23.627 0.49 43 08 Aug 2009/13:56 120.661 22.960 0.11
2 18 Sep 2001/16:24 121.203 23.379 0.16 44 08 Aug2009/18:28 120.656 22.948 0.12
3 04 Aug 2003/11:57 120.738 22.391 0.18 45 10 Aug 2009/18:42 120.762 22.823 0.55
4 04 Aug 2003/04:18 120.966 23.429 0.13 46 09 Aug 2009/11;00 120.772 22.816 0.13
5 02 Jul 2004/19:03 121.491 24.241 0.1 47 08 Aug 2009/10:40 120.858 22.797 0.16
6 01 Jul 2004/19:36 121.248 23.596 0.15 48 08 Aug 2009/07:35 120.703 22.754 0.49
7 30 Jun 2004/23:51 121.333 23.174 0.11 49 08 Aug 2009/18:19 120.716 22.700 0.56
8 24 Aug 2004/14:54 120.763 23.566 0.22 50 08Aug 2009/19:19 120.712 22.673 0.64
9 20 Jul 2005/21:55 120.817 22.881 0.12 51 09 Aug 2009/03:55 120.719 22.603 0.63
10 21 Jul 2005/06:33 120.718 22.850 0.18 52 08 Aug 2009/20:15 120.733 22.586 0.73
11 18 Jul 2005/19:42 120.737 22.800 0.13 53 08 Aug 2009/00:04 120.724 22.565 0.39
12 20 Jul 2005/18:15 120.752 22.742 0.13 54 08 Aug 2009/17:05 120.708 22.494 0.94
13 09 Jun 2006/16:53 121.171 24.125 0.12 55 08 Aug 2009/00:35 120.727 22494 0.12
14 15 Sep 2008/02:45 121.383 24.353 0.14 56 08 Aug 2009/21:42 120.909 23.100 0.25
15 18 Jul 2008/21:30 121.006 23.819 0.1 57 08 Aug 2009/17:53 120911 23.079 0.19
16 18 Jul 2008/15:29 120.829 23.544 0.11 58 08 Aug 2009/17:21 120.902 23.072 0.28
17 18 Jul 2008/23:55 120.660 23.147 0.12 59 08 Aug 2009/02:20 120.847 22975 0.11
18 08 Aug 2009/22:52 120.901 23.537 0.12 60 08 Aug 2009/23:15 120.772 22.627 0.15
19 08 Aug 2009/05:35 120.832 23.516 0.5 61 08 Aug 2009/18:16 120.831 22.626 0.72

20 08 Aug 2009/18:11 120.786 23.512 1.12 62 08 Aug 2009/23:41 120.837 22.625 0.12
21 08 Aug 2009/21:30 120.921 23.488 0.12 63 08 Aug 2009/09:00 120.793 22.611 0.62
22 08 Aug 2009/01:20 120.768 23.487 0.14 64 09 Aug 2009/09:31 120.813 22.560 231
23 09 Aug2009/19:36 120.559 23.320 0.39 65 19 Sep 2010/23:24 120.728 22.850 0.15
24 08 Aug 2009/21:11 120.899 23.456 0.15 66 30 Aug 2011/09:13 121.183 23.685 0.11
25 08 Aug 2009/20:27 120.919 23.404 0.12 67 31 Aug 2011/09:37 120.976 23.331 0.11
26 08 Aug 2009/08:00 120.915 23.334 0.41 68 30 Aug 2011/07:10 120.929 22.859 0.12
27 08 Aug 2009/03:27 120.912 23.329 0.4 69 03 Aug 2012/01:00 121.377 24.359 0.19
28 08 Aug 2009/11:35 120.949 23.327 0.22 70 02 Aug 2012/19:00 120.946 23.740 0.25
29 10 Aug 2009/04:22 120.759 23.309 1.52 71 01 Aug 2012/18:39 121.417 24.576 0.12
30 08 Aug 2009/23:14 120.754 23.293 0.56 72 02 Aug 2012/10:00 121.853 24.525 0.12
31 10 Aug 2009/03:54 120.799 23.247 0.2 73 29 Aug 2013/19:48 120.825 22.862 0.21
32 09 Aug 2009/02:52 120.767 23.231 0.81 74 22 Aug 2013/19:05 121.073 23.383 0.18
33 09 Aug2009/00:34 120.767 23.215 224 75 13 Jul 2013/14:27 120.886 23.023 0.4
34 08 Aug 2009/16:15 120.881 23.180 0.14 76 09 Aug 2015/14:45 121.012 23.685 0.11
35 08 Aug 2009/22:16 120.656 23.166 25 77 09 Aug 2015/02:00 121.199 23.969 0.06
36 10 Aug 2009/11:06 120.857 23.157 0.34 78 08 Aug 2015/19:00 120.776 23.213 0.21
37 08 Aug 2009/03:55 120.754 23.082 0.33 79 16 Sep 2016/23:06 121.075 23.577 0.18
38 08 Aug 2009/06:25 120.825 23.062 0.39 80 08 Jul 2106/07:48 121.427 24172 0.04
39 08 Aug 2009/23:02 120.604 23.034 0.13 81 16 Sep 2016/02:33 121.626 24.342 0.04

40 08 Aug 2009/07:15 120.704 23.012 0.23 82 28 Sep 2016/20:45 121.427 24173 0.02

41 08 Aug 2009/06:28 120.671 23.008 0.15 83 29 Sep 2016/01:45 121.117 23.485 0.01

42 08 Aug 2009/08:10 120.813 22.997 0.19

To confirm the rainfall threshold for triggering landslides, the rainfall conditions corresponding
to the occurrence time of each landslide are necessary. Consequently, we counted the average rainfall
intensity (I, mm/h), rainfall duration (D, h), and cumulative event rainfall (E, mm) from the starting-time
of a rainfall event until the time point when the landslide occurred. If a landslide occurred after the
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peak hourly rainfall, the calculation of average rainfall intensity for the landslide would involve the
value of the maximum hourly rainfall.

3.3. Soil Water Index

The soil water index (SWI) is a conceptual model which uses a three-layer tank model to estimate
the depth of remaining water in three simulated soil layers during a rainfall event [41] (Figure 3).
During a massive rainfall event, the water continues to infiltrate into the ground surface, and the
moisture of the soil layers increases, which is strongly related to the potential for slope failure disasters.
However, it is not an easy task to obtain the actual water contents in the soil layers if there are
not enough hydrological instruments. Determining the physical or statistical relationship between
rainfall, surface runoff, and groundwater is a compromise method for assessing underground water
storage [42,43]. The tank model is a simple concept that uses three tanks, which represent reservoirs in
a watershed. It considers rainfall as the input and generates output as the surface runoff, subsurface
flow, intermediate flow, and sub-base flow. The tank model also explains the phenomena of infiltration,
percolation, and water storage in the tanks. Thus, the SWI is established as a rainfall-runout model
with some fixed parameters to estimate the permeation of water in the soil layers. This method was
used to assess and predict potential landslides and to construct early warning systems in Japan [22].
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Figure 3. Schematic layout of the soil water index (SWI) tank model. The SWI represents the summation

of water depth in the three tanks.

In this model, the SWI is defined as the total storage water height Sy, which is the sum of three
tanks, and the formula can be written as [22]: s

SWI (t+At) = ) Selt+At) 1)
k
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where t represents the time in hours; At expresses the passed time in hours; (k = 1,2,3) represents the
tanks from top to bottom. Every S, the remaining water (mm) for each tank, is computed every hour
(At =1(h)) by:

Se(t) - [z Qult) +zk<t>] L R(AD, (k=1)
Sk (t+At) = ! )

5.1 [; Qult) + zk<t>] et 4 ) - Zia ()], (k2 2)

where R(At) represents the hourly rainfall amount in mm. Qj means the leakage height from the /th
side tube of each tank (the top tank has two side tubes, and the others have one). Zj is the water that
permeates from the base tube of the kth tank. Zj_; is the water that permeates from the base tube of
the (k — 1) th tank. Both Qy; and Zy vary with t and can be calculated as follows:
aa{Sk(t) = Lia} (Sk(£) > Ly)
t) = 3
le( ) { 0 (Sk(t)SLkl) ( )

where a; and by, are the coefficients of seepage for the side holes and the base holes of the kth tank,
respectively. Ly represents the height (mm) of the leakage water flowing through the /th side hole of
the kth tank.

In the three-layer tank model, the sum of Qj; and Q1 represents surface runoff, Q»; represents
intermediate flow, and Qs represents baseflow, respectively. In addition, Z; represents the infiltration
amount from the first tank. Z; and Z3 represent the percolation amounts from the second and
third layers. Sq, S, and S3 denote the depths of water storage in the first, second, and third tanks.
Some previous studies performed statistical analysis of the relationship between river discharge
and precipitation, and the constants ay, b, and Ly (Table 2) were determined and used in the SWI
model [22]. It may be true that the discharging rate and saturation capability would vary between
distinct geological and topographic settings. However, the SWI is representative of conceptual water
content. Furthermore, the variations of time series of the SWI using parameters adjusted with different
areas have similar trends [41]. Thus, the Japanese government adopted the constant parameters
developed by Okada, et al. [41] for the whole nation regardless of the various geological conditions [44].
Chen, et al. [27] applied the SWI model to calculate the rainfall characteristics for triggering shallow
landslides in Taiwan and used the previous rainfall data over one month to inspect the effect of the
antecedent rainfall. In this study, the SWI values of large-scale landslides and other rainfall factors
were calculated and combined to find the hydrological conditions for triggering large-scale landslides.
Figure 4 displays a paradigm for obtaining the time-varying SWI and its conditions for triggering an
LSL. The hourly rainfall records of the three nearest rainfall gauge stations were used to estimate the
representative hourly rainfall for the LSL (Figure 4a,b). Then the time-varying rainfall was interpolated
to the landslide site using the IDW method and adopted to calculated Sq, Sy, and S (Figure 4c). The
time-varying SWI could be obtained by summing Sy, Sy, and S3. The total remaining depths of the
three tanks represent the water stored underground [45]. The concept of the tank model is easily
understandable. In addition, the SWI can be used as a proxy for both meteorological trigger and
hydrological cause. For the three-layer tank model, outputs through the outlets of the first tank, second
tank, and third tank represent surface runoff, intermediate runoff, and baseflow [46,47]. Since most of
the 83 LSLs were found to have depths of tens of meters by the SWCB, the remaining water depths
in the deepest tank might be the critical hydrological causes for triggering LSLs. In this study, we
calculated the time-varying values of the SWI for one month before the targeted rainfall event and in
the period of the rainfall event.
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Table 2. Parameters for calculating SWI.

Tank First Second Third
. L;1=15 _
Outflow height (mm) Ly =15 L3 =15
L12 =60
. . an = 0.1 _
Outflow coefficient (1/h) a1 =0.05 a3 =0.01
app = 0.15
Coefficient of permeability (1/h) by =0.12 by =0.05 b1 =0.01
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Figure 4. Example of three selected rain gauge stations and an LSL site. (a) Distribution of three rain
gauges and the LSL No.41. (b) Rainfall records at the three stations and the estimated hourly rainfall
using the inverse distance weighting (IDW) method. (c) Example of change in the SWI for the LSL.

4. Results and Discussion

4.1. Rainfall Conditions and SWI for Triggering Large-Scale Landslides

To define the rainfall threshold for landslide initiation, a detailed analysis of the rainfall conditions
for the 83 landslides considered in the study was performed. Approximately half (41) of the LSLs
collapsed when the cumulative event rainfall (E) exceeded 1000 mm (Figure 5). Moreover, 12 of these
events happened after rainfall accumulations of more than 1500 mm in total. The amounts of hourly
rainfall at the occurrence time points ranged from 0 to 91.8 mm, which included 31 events with values
lower than 20 mm and 18 zero-value events (hourly rainfall was equal to zero at the occurrence time
of the landslide). The duration (D) analysis showed that 63 of the LSLs occurred when the rainfall
duration was longer than 48 h, and only one case had a duration time of less than 24 h. The results of
the analysis of cumulative event rainfall, hourly rainfall, and duration indicated that hourly rainfall
at the occurrence time was not a compelling factor in triggering large-scale landslides. Accordingly,
average rainfall intensity (I) is usually adopted in the analysis of rainfall thresholds instead of hourly
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rainfall at the occurrence time of the landslide. On the other hand, the cumulative event rainfall and
duration may have more remarkable effects on the conditions for triggering LSLs.
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Figure 5. Statistics of triggered LSL number for each rainfall factor.

The SWI results contained the precipitation during the event as well as the antecedent precipitation
of 30 days preceding the event. The average antecedent SWI was 16.3 mm, ranging from 1.2 mm to
56.2 mm. The SWI at the occurrence times of the LSLs was 311.9 mm on average, and the maximum
and minimum values were 706.3 mm and 70.7 mm, respectively (Figure 6). The average S3 value
was 131.7 mm, which is higher than the average S; value of 78.1 mm. The values of S1, Sy, and S3
represent the depths of water content in the three simulated layers. SWI may not directly express the
real water content in the deep rock formation. However, we need to note that the cumulative rainfall
or rainfall intensity used in traditional rainfall analysis does not indicate the real water content in the
rock formation, either. The statistics of the above two rainfall factors even neglect hydrological factors
such as infiltration and drainage. In SWI calculations, infiltration and drainage are considered, and we
can infer that the water entering the deep part of the soil is more closely related to the water content
inside the rock formation than the cumulative rainfall is. Therefore, this study holds that replacing the
cumulative rainfall factor with the SWI (including the values of Sq, S, and S3) to construct the rainfall
threshold for landslides is an enhanced approach [21,44].

The SWI analysis also revealed that 62 LSLs had S3 values higher than the S; values. Under the
condition that SW1 is high, the situation S3 > S; means more water remaining in the deeper layer but
not in the shallow layer. Also, the average value of the ratios of S3 to SWI at the occurrence times of
LSLs was 0.46. In contrast, the average of the ratios of S; to SWT at the occurrence times of LSLs was
only 0.22. Because S3 represents the water content of the deeper soil layer, the results indicated that the
deeper water might have a higher relationship with the occurrence of LSLs. The hydrographs of SWI
demonstrated that most of the LSLs collapsed when the rising trend became smooth and even started
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to fall (Figure 7). According to the SWI model, the falling and smooth trend of the SWI hydrograph
indicates the declination of rainfall events and the lack of recharging of the water in upper slope
materials. This phenomenon responded well to the characteristic of cumulative rainfall and rainfall

duration for triggering LSLs.
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Figure 6. Statistics of triggered LSL number with Sy, Sy, S3, and SWIL
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Figure 7. Hourly changes in the SWI from the beginning of rainfall to landslide occurrence. The two
general curves for small-scale landslides (SSL) were adopted from Chen, et al. [27].
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4.2. Soil Water Index—Rainfall Duration (SWI-D) Threshold for Large-Scale Landslides (LSLs) and Verification

Unlike other consolidated approaches, we have defined soil water index-rainfall duration (SWI-D)
thresholds, instead of the popular average rainfall intensity—rainfall duration thresholds. In this study,
the SWI-D rainfall threshold curve at 5% exceedance probability was estimated by the method proposed
by Brunetti et al. [48]. This threshold was expected to leave 5% of the data points below the threshold
line. In general, a threshold requires verification with a certain number of cases. The verification cases
are usually randomly selected from the total cases and excluded from the database used to build the
threshold. Since the number of LSLs is inconsistent every year and the number of samples used to
establish the threshold is limited, the random sampling method was not used to select the verification
cases in this study; instead, the LSLs occurring in the last two years of the study period were selected
as the threshold verification cases. Figure 8 depicts the SWI-D conditions associated with LSLs and
SSLs in Taiwan and the threshold lines. The threshold for LSLs is determined as SWI = 155.20 — 1.56D
and D > 24 h. Figure 9 presents the ratios of water depth in the third tank (S3) to the SWIs for LSLs and
SSLs. The 50th-percentile of S3/SWT is 0.41, which indicates that when S3 occupies more than 40% of
the SWI, there is a higher potential of LSL initiation. This result implies the importance of the water
content of the deeper layer.
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Figure 9. (a) Data distribution of the ratios of S3 to SWI for (a) LSLs and (b) SSLs. (c) Probability
distribution of the ratios of S3 to SWI for LSLs and SSLs. Duration was calculated from the beginning
of rainfall to landslide occurrence.
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The SWI-D threshold built with LSL data for 2001-2013 was validated with eight LSLs triggered
by heavy rainfall in 2015 and 2016 (Figure 10). Six of them accorded with the SWI-D conditions for
2001-2013, verifying that the SWI can be treated as an indicator for triggering LSLs. However, two
cases were lower than the SWI-D threshold. Even so, the two lower values were relatively close to the
threshold line. The verification confirmed the advantage of using the SWI. For instance, the SWI often
increases rapidly before landslide occurrence, and this phenomenon can be used for a warning system.
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Figure 10. Validation of the SWI-D threshold using the data for six LSLs occurring during 2015-2016.
Dashed line represents the SWI-D threshold.

4.3. Comparison with Small-Scale Landslides

For comparison, we used an inventory dataset including 174 small-scale landslides (<0.1 km?)
provided by the Soil and Water Conservation Bureau, Taiwan. The inventory reports occurrence times
and rainfall records. One evident contrast between the rainfall conditions for SSLs and those for LSLs
in Taiwan is that the LSLs primarily occur with higher cumulative rainfall. However, SSLs are more
likely with shorter but intense rainfall events.

For further comparison, Figure 8 shows the SWI-D conditions for triggering SSLs and LSLs.
Although the variations of the SWI-D conditions for the two types of landslide are challenging to
distinguish, we note that the SWI-D threshold for LSLs is much higher than that for SSLs. The slope
materials require a more substantial amount of water content to evolve into a massive landslide.
Figure 9 displays the variation of the ratio of 53 to SWI for SSLs and LSLs. We also noted that each
percentile of S3/SWI for LSLs was significantly higher than that for SSLs. For the 50th percentile, SSLs
can potentially occur when S3 occupies 27% of the SWI; however, LSLs can potentially occur when
S3 occupies 41% of the SWI. A rainfall event that raises the SWI and S; to high values is critical for
triggering LSLs. Therefore, identifying changes in the SWI is conducive to determining the lowest
rainfall thresholds for landslides of different scales. Based on the data for 20012016, Figure 7 shows
the hourly changes of the SWI from the beginning of the rainfall events to LSL occurrences. We used
non-parametric median regressions to determine the general trend of the SWI for triggering these LSLs.
In addition to an LSL with a duration greater than 200 h, the general SWI curve for the remaining 82
LSLs was obtained by calculating the 50th-percentile of SWIs per each 1-hour increasing interval of
duration. Figure 7 also displays the general trends of SSLs in Taiwan, reported by Chen, et al. [27].
Saito, et al. [3] classified rainfall conditions for triggering SSLs into two types, shorter duration-high
intensity (SH) and long duration-low intensity (LL). The general trend of the time-varying changes
in the SWI for the LSLs in Taiwan is located between the SH type and the LL type. Among the 83
LSLs, only one LSL, occurring in 2006, was triggered by an LL type rainfall event. Comparing SSLs
with LL types, the rainfall conditions for triggering LSLs are associated with high average intensity.
Furthermore, comparing SSLs with SH types, rainfall conditions for triggering LSLs are associated
with a slightly longer duration.
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4.4. Effect of Antecedent SWI

The antecedent SWI values for one month until the beginnings of rainfall events were calculated
for comparison with the rainfall conditions for triggering LSLs. Based on the approaches proposed by
Chen, et al. [27] for separating landslides into three categories by two values of antecedent SWI, 14.7
mm (the average value) and 29.4 mm (twofold the average value), Table 3 displays the values of the
98th percentiles of average intensity, cumulative event rainfall, and duration for these three categories.
Figure 11 shows that the rainfall conditions for triggering LSLs gradually descend with increases in
antecedent SWI. With increases in antecedent SWI, the decline in rainfall intensity and cumulative
rainfall for triggering LSLs is more evident than that for SSLs. This finding reveals the significant effect
of water content before a rainfall event on the occurrence of an LSL. Figure 11 also shows that when
antecedent SWI is less than 29.4 mm, the 98th percentiles of rainfall intensity and cumulative rainfall
for triggering LSLs are higher than those for SSLs. The 98th percentile of duration for LSLs exceeds
100 h, even though it is shorter than that for SSLs. When antecedent SWI is higher than 29.4 mm, the
decrease in the duration for triggering LSLs is smaller than that for SSLs. This finding indicates that
long-duration rainfall can be considered as one of the main conditions for triggering LSLs.
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reported by Chen, et al. [27].
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Table 3. The 98th percentile of duration, cumulative amount, average intensity of rainfall triggering
LSLs in different categories of antecedent SWL

Rainfall Conditions SWI < 14.7 14.7 < SWI < 29.4 SWI >29.4
Duration (h) 134 134 121
Cumulative rainfall (mm) 2159.8 1681.1 826.9
Average rainfall intensity (mm/h) 30.6 24.7 23.4

5. Conclusions

Due to the limited number of large-scale landslides (LSLs) in a specific region and the difficulty
of obtaining their occurrence times, it is still not easy to establish effective rainfall thresholds for
LSLs. Exact time and location information on the LSLs in Taiwan provides the opportunity to develop
regional rainfall thresholds for triggering LSLs. In addition to the rainfall thresholds determined
by general rainfall factors (intensity, duration, and cumulative rainfall), the conceptual water depth
estimated by the three-layer tank model can be used as one of the hydro-meteorological conditions
that cause landslides. This study analyzed rainfall factors and evaluated conceptual water depths,
including S1, Sy, S3, and the Soil Water Index (SWI), in three-layer tanks to assess hydro-meteorological
thresholds for LSLs from 2001 to 2016 in Taiwan. The analysis of rainfall duration (D), cumulative
event rainfall (E), and hourly rainfall (I) indicated that the hourly rainfall at the occurrence time is not
a crucial factor for triggering an LSL. In fact, the cumulative event rainfall and duration may be the
determining factors for triggering an LSL. The average antecedent SWI is 16.3 mm, and the average
SWI when LSLs occurred is 311.9 mm. Sixty-Two events occurred when S3 was higher than S;, which
indicated that the deeper water might have a higher relationship with the initiation of LSLs. The
triggering rainfall for 75 LSLs from 2001 to 2013 was used to make an SWI-D threshold (SWI = 155.20
—1.56D and D > 24 h) and was tested with 8 LSLs from 2015 to 2016. A substantial amount of water
content within deeper materials is required for initiation of an LSL. The result verified that the SWI can
be treated as an indicator of possible LSL initiation. This study also compared the rainfall conditions
for LSLs with those for small-scale landslides (SSLs) and revealed that the antecedent rainfall for
triggering LSLs is higher than that for triggering SSLs. Unlike the rainfall conditions for triggering
SSLs, which are associated with the shorter duration-high intensity type, the rainfall conditions for
triggering LSLs are related to long duration-high intensity rainfall events. Through understanding
the different hydro-meteorological conditions for LSLs and SSLs using the tank model, the results of
this study provide the potential to develop an enhanced landslide early warning model considering
disasters of various scales.
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Abstract: Landslides are one of the major natural disasters that Bhutan faces every year. The monsoon
season in Bhutan is usually marked by heavy rainfall, which leads to multiple landslides, especially
across the highways, and affects the entire transportation network of the nation. The determinations of
rainfall thresholds are often used to predict the possible occurrence of landslides. A rainfall threshold
was defined along Samdrup Jongkhar-Trashigang highway in eastern Bhutan using cumulated event
rainfall and antecedent rainfall conditions. Threshold values were determined using the available
daily rainfall and landslide data from 2014 to 2017, and validated using the 2018 dataset. The threshold
determined was used to estimate temporal probability using a Poisson probability model. Finally,
a landslide susceptibility map using the analytic hierarchy process was developed for the highway to
identify the sections of the highway that are more susceptible to landslides. The accuracy of the model
was validated using the area under the receiver operating characteristic curves. The results presented
here may be regarded as a first step towards understanding of landslide hazards and development of
an early warning system for a region where such studies have not previously been conducted.

Keywords: shallow landslide; landslide susceptibility; temporal probability; Bhutan

1. Introduction

Rainfall triggered landslides are one of the most devastating naturally occurring disasters across
the world [1]. The global dataset of landslide hazards in the 2004-2016 period extracted from
Reference [2] showed that almost 75% of the world’s fatal landslides occurred in the Himalayan region.
Bhutan is no exception to this, and is a part of one of the world’s highly landslide-prone regions in
the world [3]. The damage caused by landslides in this country has led to casualties and loss of land,
affecting people’s livelihoods and disrupting the transportation network, which is key to the country’s
economy. Most of the landslides in the Bhutan Himalayas are triggered by rainfall, especially during
the monsoon period [4,5]. Therefore, it is imperative to identify the areas that could be affected by
landslides, in order to reduce the probability of damage in the future. The key to achieving this is
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through a detailed landslide hazard assessment that will help civic authorities to curtail landslide
damage through effective land use management.

Landslide hazard may be defined as the probability of a damaging landslide in a spatial (“where”)
and temporal (“when”) context, along with the magnitude (“how large”) of the event [6,7]. Landslide
susceptibility is defined as the likelihood of landslide occurrence (“where”) in an area depending on local
terrain conditions [8]. It may be regarded as the first step towards analyzing hazard and risk. Various
spatial assessment models for landslide susceptibility have been developed [9-11]. However, compared
to spatial assessment, there have been fewer attempts to carry out temporal probability assessment
(studies have been conducted in Nilgiris, India [12], Hoa Binh, Vietnam [13], and Cameroon [14]). The
two main techniques used to assess temporal probability for future landslide occurrences are (i) analysis
of potential slope failure and (ii) statistical analysis of past landslide events [13,15]. The first technique
involves evaluation of the current slope conditions and determination of the probability for future slope
instability, which may be difficult to apply in large study areas [16]. Statistical analysis of past landslide
events may be done directly using records of the landslides identified in the study area or, alternatively,
it may be performed indirectly by using information related to recurrence of the landslide-triggering
events [17]. Direct analysis requires a long time span of historical landslide data which is extremely
difficult to obtain, especially in underdeveloped countries. Therefore, an indirect approach analyzing
the frequency of occurrence of rainfall was used in this study to determine temporal probability. Even
though this approach did not require complete multi-temporal landslide inventory data, it required
determination of the relationship between rainfall and landslide incidences. After the calculation of
rainfall thresholds, the landslide temporal probability was computed based on the number of times
precipitation exceeded the threshold value [16]. As the frequency of rainfall-induced landslides only
evaluates how often landslides might occur, it therefore needs to be integrated with spatial probability
(susceptibility) and temporal probability to develop a landslide hazard map [17,18].

The prediction of landslide incidences using rainfall thresholds has been successfully carried
out for various regions, including Italy [19-21], New Zealand [22], Malaysia [23], and the Himalayan
arc [24-26]. The calculation of rainfall thresholds for landslide triggering can be determined using three
main approaches: (i) physically based models [27], (ii) empirical rainfall threshold models [28], and
(iii) statistically based models [29]. The physically based models are linked to the physical attributes of
the study region and can be difficult to apply in cases of unavailability of an extensive dataset. Empirical
models calculate rainfall thresholds based on past rainfall events which led to landslide incidences.
The threshold is usually obtained by drawing lower-bound lines to the rainfall conditions that resulted
in landslides plotted in Cartesian, semi-logarithmic, or logarithmic coordinates [30]. Statistical models
use statistical tools like Bayesian inference or logistic regression to calculate thresholds [31].

In the case of Bhutan, studies to date have focused on the southwest region covering the
Phuentsholing-Thimphu Highway (known as the Asian Highway), which connects the national capital
Thimphu with neighboring countries. These studies have primarily focused on rainfall estimation and
spatial assessment, using various techniques such as a probabilistic approach [5,32], a semi-automatic
algorithm approach [26], an empirical approach [4], and machine learning models [33]. The other major
highway, Samdrup Jongkhar-Trashigang (S-T), situated in the eastern part of the country, has been
neglected, and a landslide study in this region is yet to be conducted. The main aim of this study was
to assess landslide susceptibility utilizing temporal rainfall for the S-T highway. The two objectives in
this study were (i) to estimate the temporal probability, and (ii) to estimate the landslide susceptibility
using a multi-criterion decision-making approach. We addressed three major research themes in the
current study: (i) determination of rainfall threshold, probability estimation of the threshold being
exceeded, and landslide probability after the threshold has exceeded; (ii) susceptibility of the region
with respect to landslides; and (iii) validation of the thresholds and susceptibility map. For this, the
rainfall thresholds were determined based on the relation between daily rainfall and past landslide
events that occurred between 2014 and 2017. The thresholds were validated using the rainfall records
of 2018. Thereafter, the exceedance probability of the threshold was calculated and the temporal

104



Water 2020, 12, 267

probability of landslides was determined using a Poisson model. Finally, a landslide susceptibility
map was developed using the analytic hierarchy process (AHP), utilizing the determined threshold
values. This study was the first attempt to conduct such an elaborate study for the eastern region of
Bhutan. The results from the present work can be understood as a preliminary step towards setting up
an operational landslide early warning system so that damage to the transportation corridor can be
reduced and human lives can be saved.

2. Study Area

The study area was the Samdrup Jongkar-Trashigang (S-T) highway, which is a 180 km stretch
of road located in the eastern part of Bhutan, which covers 1880 km? (Figure 1). The region was
selected as it connects eight districts (known as “dzongkhags” in Bhutanese) and is a major route
for the people residing around the highway. The highway is critical as it is the only transportation
network connecting eight dzongkhags in East Bhutan, and it is a lifeline for the people residing in
these areas. The transportation corridor has a history of severe slope failures in the form of frequent
landslides, rockfalls, and mudflow. The region falls in a sub-tropical zone, where heavy rainfall is
frequent. The region receives its maximum rainfall during the monsoon seasons (June-September).
The rainfall pattern in this region can be described as low-intensity and long-duration with occasional
intermittent outbursts.
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Figure 1. Location of (a) Bhutan; (b) spatial distribution of landslides in the study area considered in
this analysis. The zones were categorized based on spatial coverage of rain gauges, rain gauge location,
and elevation difference.

The area includes five different geological groups, which are Baxa Group, Daling Shumar Group,
and the Greater, Lesser, and Sub-Himalayan zones. The geology varies from the Baxa Group in the south
to the Greater Himalayan Zone in the north. The rocks found in the region are predominantly dark
grey to green fine-grained phyllites, slate varying from dark brown to black, and fine-grained, medium-
to thick-bedded quartzite with thin to very thin grey-black fine-grained phyllite interbeds [34,35].
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The average thickness of the quartzite is about 100 m, but the individual bands of quartzite range
from 10 cm to 2 m. The orientation of the latter is 48° NW, with an average dip 40° towards the slope
direction of the slide. The quartzite in the landslide area undergoes brittle deformation with many
irregular joints [36]. Figure 2 depicts examples of the damage caused by landslides along the highway.

(b)

Figure 2. Landslide damage: (a) landslide at 68.1 km along the Samdrup Jongkar-Trashigang (S-T) road
(N 26.903°, E 91.505°) (5 July 2016); (b) landslide at 93.8 km along the S-T road (N 27.112°, E 91.544°)
(17 July 2016) [36].

3. Data

Data from a total of 347 landslides which occurred from 2014 to 2018 were collected from Border
Road Organization, Government of India under Project DANTAK (Figure 1b). The data included the
dates and geographic coordinates of landslide location based on field observations, interactions with
locals, and media reports. The types of movement in the region based on Cruden and Varnes’ [37]
classification are: debris slides, rock falls, earth flows, and rotational landslides. The field visit
conducted in November 2017 revealed the landslides to be shallow, with depths ranging up to few
meters, and able to be mapped as single points. The yearly distribution (Figure 3a) of landslides
shows that the majority of the landslides occurred in 2017 and 2018, whereas the monthly distribution
(Figure 3b) shows that 89% of landslides occurred between the months of June and September. It is
often difficult to determine the rainfall conditions responsible for failures, due to lack of rain gauge
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density and high distances between rain gauges and landslide points [26,38]. As multiple landslides
can occur during a rainfall event, subsequent landslides for a single rainfall event after the initial
failure were not considered for the threshold analysis. Thus, in this study, we defined a landslide event
as “single landslide-triggering event”, in which the landslide events after the initial failure were not
considered for threshold estimation [16,26]. A rainfall event was defined as a period of continuous
rainfall separated by dry (without rainfall) period. Using all these criteria, the total numbers of rainfall
and landslide events during the threshold determination time frame (2014-2017) were 477 and 104,
respectively. The zones were divided based on spatial coverage of rain gauges [4,26]. A buffer radius
of 15 km around each rain gauge was selected to divide the region into zones. In terms of landslide
events for respective zones, half of the landslide events occurred in Zone 2 (49) followed by Zone 3 (40)
and Zone 1 (15).
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Figure 3. Number of landslides (a) per year and (b) per month between 2014 and 2018.

The daily rainfall data used for this study (Figure 4) was collected from two rain gauges at
Deothang and Kanglung, managed by the National Centre for Hydrology and Meteorology, Bhutan
(http://www.hydromet.gov.bt). The average cumulative yearly rainfalls for Deothang and Kanglung
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for 2014-2018 were 3495 mm and 1020 mm, respectively, of which 89% occurred during the monsoon
season (June-September). The higher precipitation observed in Deothang is due to its location on the
windward side of the mountain.
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Figure 4. Average monthly rainfall in the study region for both rain gauges (2014-2018).

4. Landslide Temporal Probability Assessment

4.1. Rainfall Threshold Estimation

A rainfall threshold determines the minimum rainfall conditions necessary for landslide initiation
in a specific region [39], and various researchers have attempted to quantify thresholds using several
approaches [39-41]. A recent review article [40] on rainfall threshold estimation explained in detail the
various approaches currently in use, along with their merits and demerits. Of the various techniques,
empirically based approaches are widely used because of the simplicity and ease with which they can
provide an accurate approximation of minimum precipitation conditions. Various rainfall thresholds
using different parameters have been developed, such as ID (intensity—duration) [21], ED (cumulative
event rainfall duration) [4], and AD (antecedent rainfall duration) [16,42]. The most commonly
used rainfall variables for threshold estimation are daily rainfall, antecedent rainfall, and cumulative
rainfall [40]. However, the choice of rainfall variable with which to determine thresholds is primarily
dependent on the type of landslides in the region [20].

For the S-T highway, monsoonal rainfall occurs with interruptions and can be characterized mostly
low-intensity and long-duration events along with occasional extreme events, making the choice of
antecedent rainfall appropriate [30]. Antecedent rainfall is a significant factor for landslide triggering,
especially in less impermeable soils, as it lowers soil suction and increases pore water pressure [13].
The use of antecedent rainfall was based on analysis of historical landslide pattern, the field visit,
and previous studies conducted in other regions of Bhutan. Although estimation of the number of
days to be considered to analyze the effect of antecedent rainfall was a challenge, it has been widely
accepted that antecedent rainfall over 15 days to 30 days plays a crucial role for landslide initiation in
the Himalayas [43]. The calculation of the antecedent period prior to landslide incidence is usually
based on a trial-and-error approach, ranging from 3 days to 120 days [30,44,45].

For this study, the correlation between daily and antecedent rainfall conditions was analyzed
for six different time periods (3, 5, 7, 10, 15, and 30 days) (Figure 5a—f). The analysis of the various
antecedent rainfall time periods was conducted using the method proposed by Zezere et al. [42]. Blue
dots represent the daily rainfall, whereas the orange points depict the antecedent rainfall values for
respective time periods. The best discrimination between daily and antecedent conditions, according to
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the method suggested by Reference [42], was observed for 30 day antecedent rainfall and was accepted
as the metric for threshold calculation.
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The threshold determination was performed using a scatter chart for daily (Rty) and 30 day
antecedent rainfall (R3p,q), and was calculated for all three zones. The graph was generated using the
rainfall and landslide data from 2014-2017. The threshold equation was obtained by using the lower
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end points in the scattered graph [13,16]. The threshold equations of various zones are depicted in
Figure 6.
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Figure 6. Threshold equation between daily rainfall and 30 day antecedent rainfall for all the three zones.

4.2. Validation of Rainfall Threshold

The significance of any landslide study is determined by the validation of the results obtained.
One review of rainfall threshold studies [40] emphasized the importance of validation of rainfall
thresholds for conducting landslide studies. The rainfall threshold validation was performed using
rainfall and landslide data from 1 January to 31 December 2018. During this period, a total of 52
landslide events occurred, out of which 80% of landslides (41) happened during the monsoon season.
The threshold equation for Zone 1 was Ry = 150 — 0.24R30,4, and its validation for the monsoon of
2018 is depicted in Figure 7. The threshold exceedance axis depicts the value of Rty with respect
to R3pap value for each day, wherein the positive values indicates landslide occurrence. This figure
shows that a heavy measure of rainfall occurred, exceeding the threshold. The abrupt increase in the
magnitude of daily rainfall or constant rise in 30 day antecedent rainfall is shown by the rise in the
threshold curve.

During the validation period, the threshold was exceeded nine times, out of which seven times
landslides occurred. No landslides were reported on 2 June and 7 June, even though the threshold
was exceeded. This observation can be attributed to the fact that a landslide event does not generally
happen with the increase in threshold curve, and sometimes happens a couple of days later as the
result of a difference in pore pressure because of changes in the measure of antecedent rainfall. From
1 October to 30 December, there was no threshold exceedance, and no landslides occurred during
that period. Similar validations were carried out for Zone 2 and Zone 3 threshold equations using
2018 rainfall and landslide data. These results indicate that the threshold model performed well for
landslide forecasting in 2018.
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Figure 7. Validation of the threshold equation for Zone 1. The positive values on the Y axis represent
exceedance and negative values denote non-exceedance of the threshold.

4.3. Temporal Probability of Landslide Initiation

The temporal probability of landslide incident is determined as the product of annual exceedance
probability (AEP) and probability of landslide occurrence [16]. AEP is defined as the probability of the
threshold being exceeded in a given year [46], and is determined using the Poisson probability model
defined as [16]

P(N(t) =n) = e*“—(_::!t)n (1)

where N(t) represents the number of landslide incidences during time t and A is landslide occurrence
rate. The exceedance probability for time t is calculated as [13]

PIN(t) > 1] =1 — exp (-t/n) )

where p is the mean recurrence interval between subsequent landslides determined from
landslide inventory.

The determination of temporal probability was based on the following assumptions: (i) probability
of landslide incidence is correlated to the probability of rainfall threshold being reached or exceeded,
and (ii) landslides will not or will seldom occur when precipitation value is less than the threshold
value [13,16,47].

The annual temporal probabilities for different zones of the study region are depicted in Figure §,
and their distribution along with the threshold equations is presented in Table 1. For Zone 1, the
threshold value was exceeded 55 times during the simulation period, and out of these 55 cases,
landslides were triggered in 16. The estimated probability P[L|(R > RT)] for Zone 1 was 0.29. Similarly,
for Zone 2 and 3, the threshold value was exceeded 76 and 64 times in the 4 year period, leading to
31 and 21 landslides being triggered and contributing temporal probability values of 0.41 and 0.33,
respectively. The probability of having one or more rainfall events in any given year varied from 0.29
to 0.41. The highest probability values were obtained for Zone 2, followed by Zone 3 and Zone 1. This
variation was also observed in the number of landslide incidences for each zone. These precipitation
events were also capable of triggering multiple landslides during the monsoon period.
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Figure 8. Annual exceedance probability (AEP) of landslide occurrences along the Samdrup
Jongkhar-Trashigang Highway.

Table 1. Temporal Probability of Landslide Occurrence.

Number of

Area Thre'shold Threshold P(R > Ry) Landslide P[L|(R > Tempo'r‘fll
Equation (Rt) Exceedances Frequency Ry)] Probability
Zone 1 150 — 0.24R30.q 55 0.99 16 0.29 028
Zone 2 232 - 0.50R3004 76 0.99 31 040 039
Zone 3 44— 0.30R30,4 64 0.99 21 032 031

5. Landslide Susceptibility Mapping

Landslide susceptibility can be defined as the probability of spatial occurrences of slope failures
for a given set of geo-environmental conditions [48], and its determination is one of the crucial steps
needed to understand identify potentially landslide-prone sections for any study region. Several
studies around the world have been conducted towards the development of landslide susceptibility
maps (LSM) using various methods [8]; however, there seems to be no consensus as to the best method
for analysis [49]. Aleotti and Chowdhury [50] categorized LSM methods as either quantitative or
qualitative. Qualitative models are mostly based on expert opinion, whereas quantitative models are
data-driven, which makes them more reliable. The quantitative approaches include several kinds
of techniques such, including statistical, deterministic, and other approaches [51-53]. In the case of
statistical approaches, it is assumed that the parameters affecting landslide events in the past will be
the same in future [54], and these analyses can be categorized into bivariate and multivariate [49].
In bivariate analysis, the factors affecting landslides are compared with landslide inventory data
by providing weights based on landslide causative factors. The most frequently used methods in
bivariate models are overlay, index-based, and weight-of-evidence analyses [8,51,55]. Bui et al. [6]
performed a comparison between a bivariate approach (statistical index) and a multivariate approach
(logistic regression) for Vietnam, and found equal forecasting capability. However, one of the main
issues with the use of a quantitative approach is the assignment of weights to the landslide-affecting
factors [56-58]. The use of GIS has been proven to be a powerful tool with which to validate the
significance of factors, and it has been used for multi-criterion decision analysis [49,59]. The decision
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analysis technique combines primary- and secondary-level weights for every causative factor, where
primary weights are similar to the bivariate approach and secondary weights are expert-opinion-based.
For secondary weights, the analytic hierarchy process (AHP) has become popular and has been
successfully applied for decision-making systems [60,61]. AHP uses a pairwise relative comparison
between every landslide-causative factor. Generally, AHP consists of five key steps: (a) simplify the
decision process into its component factors, (b) distribute the factors in a hierarchy process, (c) allocate
numerical values to analyze the relative significance of each factor, (d) compose a comparison matrix,
and (e) provide weights to every factor by calculating normalized principal eigenvectors [62].

To determine susceptibility, a variety of factors responsible for landslides in the study region were
considered. Parameter selection depends on various factors, such as landslide type, data availability
and reliability, and adopted methods [63]. For the present study, we used eight landslide-conditioning
factors based on the characteristics of the area and prepared from various data sources (Table 2).
Figure 9a-f represents all the maps used for the analysis, derived from the Shuttle Radar Topography
Mission (SRTM) digital elevation model (DEM) with 30 x 30 m resolution, which was the only terrain
data source available for this region. The factors with continuous values were reclassified into categories
based on Jenks’ natural breaks optimization method [64] and developed using ArcGIS 10.4.1.

Table 2. Parameters Used for Landslide Susceptibility Mapping.

Parameters Data Source Explanation Scale

Slope (°) SRTM Derived from raster DEM 1:30,000
Project DANTAK, Border Road

Average daily rainfall (mm) Organization, Govt. of India 1:30,000
Proximity to road (m) Topographical map Shape file 1:30,000
Derived from Raster DEM using
Proximity to stream (m) SRTM the [65] order greater than 5 in 1:30,000
vector format
Aspect (N/E/S/W) SRTM Derived from raster DEM 1:30,000
Elevation (m) SRTM Derived from raster DEM 1:30,000
Ministry of Agriculture and i
Landcover Forests, Royal Govt. of Bhutan Vector data 1:30,000
Geology Department of Geology and Geological map 1:30,000

Mines, Royal Govt. of Bhutan

The above-mentioned thematic layers were combined by using a weight-of-factors approach
determined by AHP to develop the landslide susceptibility map. The use of AHP to develop landslide
susceptibility maps has been successfully applied in various regions [61,66,67]. The weights required
to carry out AHP were calculated by performing pairwise comparisons for each landslide factor and
assigning values from 1 to 9 [63,68-70]. Table 3 shows the pairwise comparison and priority calculation,
along with rankings of all indicators. These values were based on an expert’s opinion and were placed
in n X n matrix, where n is the number of factors.

Table 3. Parameter Wise Weights, Matrix, and Consistency Ratio as Determined Using AHP.

Aver.age Proximity  Proximity . Weights
Parameters Slope D.ally to Road  to Stream Aspect  Elevation Landcover  Geology %)
Rainfall
Slope 1 0.33 4 2 2 2 3 3 19.2
Average daily rainfall 3 1 4 2 2 3 3 3 26.7
Proximity to road 0.25 0.25 1 0.33 0.33 0.5 0.5 0.33 4.1
Proximity to stream 0.5 0.5 3 1 0.5 1 2 2 11.2
Aspect 0.5 0.5 3 2 1 3 2 2 152
Elevation 0.5 0.33 2 1 0.33 1 0.5 0.5 7
Landcover 0.33 0.33 2 0.5 0.5 2 1 1 8
Geology 0.33 0.33 3 0.5 0.5 2 1 1 85

Consistency Ratio = 0.039.
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Figure 9. Landslide-conditioning factor maps: (a) slope, (b) elevation, (c) aspect, (d) mean daily rainfall,
(e) proximity to road, (f) proximity to stream, (g) geology, and (h) land use and land cover (LULC).
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The AHP reduced the inconsistencies formed due to the subjectivity of different experts’ opinions
by computing a consistency index (CI) and consistency ratio (CR), which were determined by

CI'= Amax —n)/(n - 1) ®)

CR = CI/RI “4)

where Ayax represents the largest Eigenvector of the matrix and n represents the total causative factors
(order of the matrix) used in the generation of the LSM. RI (random index) is the average value of CI
for a randomly generated pairwise matrix and can be accepted only when CR values are less than
10% [71]. For the present study, the average consistency index was estimated for a sample size of 500
and its value was 0.039 (3.9%), which was considered acceptable. Several authors have calculated
and estimated different Rls based on various simulation methods and the total number of matrices
involved in the process (Table 4). However, we have used Satty’s [71] RI values of n = 11 and up to
500 matrices, where the values are 0, 0, 0.58, 0.9, 1.12, 1.24,1.32, 1.41, 1.45, 1.49, and 1.51.

Table 4. RI Values Obtained by Various Authors (Adopted from Reference [72]).

[71] [71] [73] [74] [75] [76] [77] [78] [79]
100 500 1000 2500 500 100,000 100,000
3 0.382 0.58 0.5799 0.52 0.5233 0.49 0.500 0.525 0.5245
4 0.946 0.90 0.8921 0.87 0.8860 0.82 0.834 0.882 0.8815
5 1.220 1.12 1.1159 1.10 1.1098 1.03 1.046 1.115 1.1086
6 1.032 1.24 1.2358 1.25 1.2539 1.16 1.178 1.252 1.2479
7 1.468 1.32 1.3322 1.34 1.3451 1.25 1.267 1.341 1.3417
8 1.402 1.41 1.3952 1.40 1.31 1.326 1.404 1.4056
9 1.350 1.45 1.4537 1.45 1.36 1.369 1.452 1.4499
10 1.464 1.49 1.4882 1.49 1.39 1.406 1.484 1.4854
11 1.576 1.51 1.5117 1.42 1.433 1.513 1.5141
12 1.476 1.5356 1.54 1.44 1.456 1.535 1.5365
13 1.564 1.5571 1.46 1.474 1.555 1.5551
14 1.568 1.5714 1.57 1.48 1.491 1.570 1.5713
15 1.586 1.5831 1.49 1.501 1.583 1.5838

The values of CR cannot be negative and can attain a maximum value of 0.3. Values of CR less
than 0.1 are considered acceptable; if this is not achieved, new attempts are made until the value is
acceptable [80]. However, the values of CR are dependent on the analysis type and the number of
criteria being considered. In some cases, CR > 0.1 may not be considered critical, and values of CR
ranging from 0.15 to 0.3 can also be considered acceptable. A matrix will be considered consistent,
according to Saaty [71], if

Amax < n + 0.1((Amax) —n) (5)

Finally, all the landslide-causative factors and classes were integrated by a method of weighted

overlay in ArcGIS to generate the landslide susceptibility index (LSI).

LSI = Zk:l " Wi Wi (6)

where W is the weight of the causative factor, Wiy is the rank value for factor class j of causative
factor k, and n represents the total causative factors selected. Ranks of criteria were calculated based
on priority or weight values. The highest priority considered was Rank 1, while the lowest priority
considered was the last rank in the AHP.

Model Development and Validation

The landslide inventory data was randomly categorized into two datasets, i.e., training (70%) and
testing (30%). The landslide susceptibility map based on 8 causative factors using AHP is depicted in
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Figure 10. The map was divided into 4 classes: very low (0-0.24), low (0.25-0.49), moderate (0.5-0.74)
and high (0.75-1) according to natural breaks to define the class intervals in the susceptibility map.
From total of 242 landslides, more than 78.1% falls under the high zone. Whereas 11.98% falls under
the moderate zone and combined 9.92% falls under the low and very low zones (Table 5).
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Figure 10. Landslide Susceptibility Map of the Study Region.

Table 5. Landslide Susceptibility Results for the Samdrup Jongkhar-Trashigang Highway Region.

Inventory Susceptibility
Zone Landslides High Moderate Low Very Low
(%) (km?) (%) (km?) (%) (km?) (%) (km?)
Zone 1 39 21.23 13.84 59.90 39.05 18.71 12.19 0.15 0.10
Zone 2 119 36.6 38.82 55.7 59.08 6.8 7.25 0.9 0.94
Zone 3 84 28.31 13.69 63.45 30.67 8.06 3.89 0.16 0.08

Validation of the susceptibility maps was performed for randomly selected data from the inventory
data using receiver operating characteristics (ROC). This is an effective way to analyze the quality of
predictive techniques [81]. The ROC curve is plotted between true positive rate (sensitivity) on the Y
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axis against false positive rate (specificity) on the X axis. The terms “sensitivity” and “specificity”,
which are used to plot ROC curves, are defined as follows.

TP

Sensitivity = TP IN @)
o N
Specificity = N 8)

where true positive (TP) is the number of actual landslides predicted correctly, and true negative (TN)
is the total number of non-occurring landslides predicted correctly. False positive (FP) is the number
of actual landslides inaccurately predicted as non-occurring landslides, and false negative (FN) is
the number of non-occurring landslides inaccurately predicted as actual landslides. [82]. The area
under the ROC curve (AUC) was also used to determine the quality of the prediction by analyzing the
model’s ability to forecast the occurrence or nonoccurrence of predefined events [83]. The results of the
success rate curve of the AHP model had an AUC of 0.798, corresponding to a prediction accuracy of
79.8% (Figure 11).
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Figure 11. Receiver operating characteristic (ROC) curve of the susceptibility map by AHP.

The results of pairwise comparison, priority estimation, and ranking of all the criteria could be
applied to other study areas for susceptibility assessment. Several high-resolution satellite image
datasets are required to better understand the locations and perform these assessments. In cases of
unavailability of high-resolution satellite images, Google Earth images could be useful for preparation
of some indicators. The use of Google Earth images could also be helpful for accurate identification of
landslide locations and conduction of extensive field studies. All the requirements for more accurate
analysis depend on study location tectonics, data availability, and proper methods. Therefore, based
on local geology and tectonic conditions, these results could be transferable and applicable in other
locations in both small- and large-scale areas.

6. Conclusions

Landslides are the most frequently occurring natural hazards, especially in the Himalayan regions,
which suffer from heavy monsoonal rainfall and subsequent landslides. In this study, the temporal
probability of landslide events was determined using rainfall and landslide data from 2014-2017 along
Samdrup Jongkhar-Trashigang highway in East Bhutan. The highway was divided into three zones
based on land use, topography, and rain gauge coverage for the determination of temporal probability.
Thereafter, a landslide susceptibility map was developed using AHP. The results of temporal probability
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were validated with landslide event dataset of 2018 to understand the applicability of the model. The
conclusions from the study can be summarized as follows.

(1) Threshold determination was performed considering the antecedent rainfall duration approach.
The selection of antecedent rainfall was based on previous studies which have highlighted its
significance, especially in the Himalayan region and in Bhutan. A trial-and-error approach was
adopted to determine the number of antecedent days required for landslide initiation, and a
30 day antecedent rainfall was adopted for threshold determination.

(2) The temporal probability of landslide occurrence was determined based on the Poisson model,
and the validation results based on 2018 data revealed that the model performed well.

(3) The landslide susceptibility map of the region was developed using AHP classified into four
categories (Very Low, Low, Moderate, and High), and the results showed that 78% of the region
falls under into high-susceptibility zone. The performance of the model was assessed using the
area under ROC and an accuracy of 79.8% was achieved. However, due to the dynamic nature of
land use and rainfall patterns, the susceptibility map will need to be updated from time to time.

The present study on rainfall threshold estimation and the development of a susceptibility map
for eastern Bhutan along Samdrup Jongkhar-Trashigang highway is an important study in the context
of the Bhutan Himalayas, for which study on both these aspects is lacking. The current study can be
regarded as a preliminary step towards risk management, which could be supported by conducting
a hazard and vulnerability assessment of the region. The temporal probabilities determined can be
integrated with the susceptibility map to obtain a landslide hazard map. However, the results might
be improved by increasing the number of landslide events and using precipitation data with a higher
temporal resolution. The results from the present study also could prove helpful to civic authorities in
identifying key sections of the road which are most vulnerable to landslides, and undertaking strict
measures to prevent slope failures, strengthening the transportation network and saving human lives.
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Abstract: A rainfall threshold for landslide occurrence at a national scale in China has rarely been
developed in the early warning system for landslides. Based on 771 landslide events that occurred
in China during 1998-2017, four groups of rainfall thresholds at different quantile levels of the
quantile regression for landslide occurrences in China are defined, which include the original rainfall
event—duration (E-D) thresholds and normalized (the accumulated rainfall is normalized by mean
annual precipitation) (EMAP-D) rainfall thresholds based on the merged rainfall and the Climate
Prediction Center Morphing technique (CMORPH) rainfall products, respectively. Each group consists
of four sub-thresholds in rainy season and non-rainy season, and both are divided into short duration
(<48 h) and long duration (=48 h). The results show that the slope of the regression line for the
thresholds in the events with long durations is larger than that with short durations. In addition, the
rainfall thresholds in the non-rainy season are generally lower than those in the rainy season. The
E-D thresholds defined in this paper are generally lower than other thresholds in previous studies
on a global scale, and a regional or national scale in China. This might be due to there being more
landslide events used in this paper, as well as the combined effects of special geological environment,
climate condition and human activities in China. Compared with the previous landslide model, the
positive rates of the rainfall thresholds for landslides have increased by 16%-20%, 10%-17% and
20%-38% in the whole year, rainy season and non-rainy season, respectively.

Keywords: landslide and debris flow; rainfall thresholds; China; quantile regression

1. Introduction

Landslides are one of the most devastating geo-hazards that cause heavy casualties and great
economic losses around the world every year. China is one of the countries that are most prone to
landslides due to its geological, geomorphological and climate conditions [1,2]. According to the
National Geological Disaster Bulletin issued by the Ministry of Natural Resources of the People’s
Republic of China from 2007 to 2016, an average of 762 people are reported dead or missing per year
due to landslides, debris flows and other geological disasters, resulting in direct economic losses of
4.2 billion Chinese yuan. Since precipitation is the main trigger factor for landslides, the frequency and
intensity changes of precipitation, which are caused by the global warming [3], will probably lead to an
increase in the potential occurrence of landslides in the future [4-6]. In addition, as China is currently
experiencing economic booming and developing rapidly, the early warning of landslides is crucial
in China.
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Rainfall thresholds can be used to predict the possible occurrence of slope failures in an area [7].
Currently, many countries and regions have developed the early warning systems (EWSs) based on
rainfall thresholds to provide geological hazard information for the public [8-10].

By using the global rainfall threshold, combined with the landslide and debris flow susceptibility
in China, a real-time EWS has been established for landslides and debris flows in China [11]. The EWS
was verified by using 106 events in China during 2016-2017, and the results showed that the early or
delayed warning is effective for 69% of the total events, while 72% of landslide events in the rainy
season (May to September) can be warned, but only 35% of landslide events in the non-rainy season
can be warned in advance. Some landslide events which did not reach the critical value of rainfall
triggering the landslide and debris flow cannot be predicted, which may be due to the fact that these
rainfall thresholds are not applied for China [12]. Thus, it is necessary to establish rainfall thresholds
suitable for China to improve the positive prediction rate for landslides.

In fact, some rainfall thresholds have been developed in China, but most of them were established
with few events or just suitable for specific areas. For example, Huang et al. (2015) have calculated
the rainfall thresholds with 50 landslide events in Huangshan region of Anhui Province [13]. Zhou
and Tang (2013) have defined a rainfall threshold with 11 rainfall events inducing debris flows in
the Wenchuan earthquake-stricken area in Sichuan Province [14]. Li et al. (2017) have established a
rainfall intensity—duration threshold in China, but only with 60 landslide events happening during
2005-2011 [15]. By far, few studies have used a large amount of historical data of landslides to establish
rainfall thresholds in China.

Rainfall thresholds can be established by using both physical and empirical methods. Rainfall
infiltrates into the slope and changes the pore water pressure, reducing the shear stress and thus
may result in the slope failure [16]. Based on the physical methods, these physical processes can
be analyzed and the critical value of rainfall can be calculated out [17,18]. However, such methods
require an extensive data collection of geological information that requires high spatial resolution, so
it’s not feasible for threshold calculation at large regional or global scales [19]. Based on the rainfall
information of historical landslide events, the empirical methods can determine the low boundary
with statistical methods for the rainfall conditions that result in slope failures. Several statistical
methods have been applied to obtain the rainfall thresholds, such as Bayesian statistics [20], logistical
regression [21], confidence level [22] and quantile regression [23,24]. Thus, the empirical methods are
more suitable for larger areas.

Guzzetti et al. (2008) have classified the rainfall thresholds into four categories: (i) rainfall
intensity—duration (I-D) thresholds, (ii) thresholds based on the total rainfall of the events, (iii) rainfall
event—duration (E-D) thresholds and (iv) rainfall event—intensity (E-I) thresholds [25]. The I-D
and E-D thresholds are the most commonly, world-widely used among them. The E-D thresholds
are equivalent to the I-D thresholds, while the E-D thresholds can avoid unnecessary conversions.
Therefore, the E-D thresholds are selected in this paper.

This paper aims to calculate the E-D and normalized (the accumulated rainfall is normalized by
mean annual precipitation, MAP) (EMAP-D) thresholds in the whole of China, and to validate the
thresholds for early warning of landslides. A landslide inventory with more landslide events covering
the whole region of China will be used. The rest of this paper is organized as follows. Section 2
describes the landslides inventory, rainfall dataset and quantile regression method to calculate the
rainfall thresholds, and the thresholds established in this study are shown in Section 3. In Section 4,
the thresholds defined in this paper are compared with the existed thresholds and validated with those
from the previous analysis [11]. Finally, the main conclusions are summarized in Section 5.
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2. Data and Methods

2.1. Landslide Inventory

The landslide information is obtained from four sources: (i) China Geological Environment
Information site (http://www.cigem.cgs.gov.cn/), which provide the reports of geological disasters
occurred in China; (ii) a global landslide catalog developed by Kirschbaum et al. (2015 [1]), available
at https://catalog.data.gov/dataset/global-landslide-catalog-export; (iii) literatures including annual
reports published by related institutions and/or government departments and local news report related
to landslides, and (iv) other reports online. 771 landslide events were collected in a period covering 20
years from 1998 to 2017.

For each landslide, the corresponding information includes location, time, type of failure and
triggering reason. Not all of this information is complete for every single event, i.e., some information
is unknown. There are four kinds of spatial resolutions with the collected landslide events, namely,
S1—province, S2—prefecture-level region, S3—county or district, and S4—town, village, country
or site. As is shown in Table 1, 24 landslides (accounting for 3.1% of the total landslide events) are
collected at the resolution of S1, 87 (11.3%) at S2, 286 (37.1%) at S3 and 374 (48.5%) at S4. In addition,
there are also two kinds of temporal resolutions with the collected data, which are T1—the occurrence
dates for 623 (80.8%) landslide events are known, and T2—the occurrence time (hour) for 148 (19.2%)
landslide events are known.

Table 1. Information of landslide inventory in China during 1998-2017. NE: number of landslide
events; S1: province; S2: prefecture-level region; S3: county/district; S4: village/town/country/site; T1:
day; T2: hour; L: landslides; DF: debris flow; RF: rock fall.

Spatial Accuracy Temporal Accuracy Landslide Types

Year NE

S1 S2 S3 S4 T1 T2 L DF RF
1998 24 0 1 1 22 24 0 24 0 0
1999 19 0 0 0 19 19 0 19 0 0
2000 17 0 1 2 14 17 0 17 0 0
2001 7 0 2 0 5 7 0 7 0 0
2002 4 0 0 1 3 1 3 3 1 0
2003 35 5 13 12 5 35 0 35 0 0
2004 10 0 2 2 6 10 0 10 0 0
2005 11 0 1 2 8 8 3 9 2 0
2006 15 0 0 0 15 7 8 7 6 2
2007 65 10 13 10 32 57 8 45 17 3
2008 73 7 19 16 31 73 0 61 1 1
2009 80 1 5 26 48 59 21 60 14 6
2010 73 0 11 38 24 57 16 63 6 4
2011 39 0 0 25 14 34 5 28 6 5
2012 49 1 5 21 22 49 0 23 13 13
2013 58 0 6 38 14 58 0 36 5 17
2014 40 0 3 34 3 40 0 20 3 17
2015 29 0 1 22 6 29 0 14 5 10
2016 75 0 4 34 37 29 46 62 13 0
2017 48 0 0 2 46 10 38 38 10 0
Total 771 24 87 286 374 623 148 581 112 78

Percent 100 31% 11.3% 37.0% 48.6%  80.8% 19.2% 75.4% 14.5% 10.1%

In addition, information about the landslide types is also collected, which can be classified
into debris-flow, rock fall and generic shallow landslide. Usually the mechanisms among them are
considered to be similar, but in fact, it’s not easy to distinguish them clearly, because sometimes
the report uses imprecise language to describe the landslides. Thus, most of them are classified
as generic shallow landslides (581, 75.36%). In fact, whether the landslide occurs for the first time
or reactivates is very important in the landslide prediction, because the corresponding geological
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conditions would definitely change after the slope failure occurred. However, the collected landslide
information does not contain this specific information, and the landslide model used here cannot
simulate those processes. So, this paper mainly concentrates on the rainfall thresholds, and only the
shallow landslides which occurred at the first time are considered. The above information of landslide
inventory is listed in Table 1, including the number of landslide events with different spatio-temporal
resolutions and landslide types in each year.

Landslide events used to reconstruct the rainfall thresholds are selected based on criteria as
follows: (i) the location of the landslide has a spatial resolution of S3 or higher; (ii) the occurrence time
of the landslide is known at least with a daily resolution (T1). The landslides which are not triggered
by rainfall are excluded. Based on these requirements, 660 landslide events are selected to construct
the rainfall thresholds.

The latitude and longitude of the landslide events can be acquired by map tool. Figure 1 shows the
locations of landslide events and elevation distribution in China. The elevation data are derived from
HydroSHEDS—Hydrological data and maps based on SHuttle Elevation Derivatives at multiple Scales,
with a spatial resolution of 3 arc-seconds, which can be downloaded at http://hydrosheds.cr.usgs.gov [26].
Most of the landslides are distributed in transitional regions from high altitude to low altitude and hilly
areas in the southern China, where heavy precipitation occurs frequently due to monsoon and typhoon
activities. Landslides occurred in 1998-2015 (black triangle in Figure 1) are used to construct the rainfall
thresholds, and those occurred in 20162017 (red triangle in Figure 1) are used for validation.

50° N+

40° N

30° N i
Elevation A
- High : 8682

- Low : -152

20°N A 1998—2015 Landslides
A 2016—2017 Landslides

I I I \I L 2 . I I
80° E 90° E 100° E 110° E 120° E 130° E
Figure 1. Location of landslides collected during 1998-2017 in China and the elevation (unit:
m) distribution.

2.2. Rainfall Data

Three kinds of precipitation products are used to calculate the rainfall thresholds: (i) the
merged precipitation product in China [27], and it is the main precipitation data used in this paper,
(ii) satellite precipitation product produced by the NOAA Climate Prediction Center Morphing
technique (CMORPH) [28], and (iii) CN05.1 [29] are also used in this paper. The hourly CMORPH and
merged precipitation products are used to acquire the rainfall information when landslides occur, and
daily CNO5.1 is used to obtain the MAP for the normalization of the rainfall thresholds.
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It has been pointed out that the development of satellite and ground-based radar technology has
provided great support for the studies of rainfall thresholds [30]. The estimated precipitation from
satellite-based data has a high spatio-temporal resolution, and the comprehensive quality evaluation
in China is also good. In particular, the CMORPH performs better among the satellite precipitation
products [31-33].

The CMORPH is developed by the National Oceanic and Atmospheric Administration (NOAA)
Climate Prediction Center (CPC) in the United States. By using the geostationary satellite IR data to
detect cloud systems and the associated motion characteristics, the cloud system advection vector
is calculated, which is then used to deduct the instantaneous precipitation estimated by low orbiter
satellite microwave observations. Finally, the continuous precipitation distribution is obtained. There
are two versions of CMORPH: the original version (CMOPRH V0.x) and the new version (CMOPRH
V1.0, used here). CMORPH V1.0 has provided near-real-time and bias-corrected products named
CMORPH-RAW and CMORPH-CRT, respectively. CMORPH-RAW is satellite only precipitation
and is provided in near-real-time so is suitable for real-time application. CMORPH-CRT is adjusted
through matching the PDF of daily CMORPH-RAW against that for the CPC unified daily gauge
analysis at each month over land, thus the CMORPH-CRT data is provided months delay. In this study,
CMORPH-RAW with a temporal resolution of 30 min and a spatial resolution of —8 km, covering 60°
5-60° N is used.

Based on the hourly precipitation observed by more than 30,000 automatic weather stations
(AWS) in China and the satellite precipitation data retrieved from CMORPH, a merged rainfall product
is developed through a two-step merging algorithm of PDF (Probability Density Function) and OI
(Optimal Interpolation). The merged rainfall combines the advantages of both the AWS and satellite
products, so the spatio-temporal distributions of precipitation is more accurate and reasonable. The
gauge stations used in this data are far more than which used in CMORPH-CRT, and it updates
more rapidly than CMORPH-CRT, so that we use merged data in China rather than CMORPH-CRT.
The spatial resolution of the merged rainfall is 0.1° x 0.1°, with a temporal resolution of 1 h. The
dataset is available from 1 January 2008 to date, which can be downloaded online (available at
http://data.cma.cn/data/detail/dataCode/SEVP_CLI_CHN_MERGE_CMP_PRE_HOUR_GRID_0.10/).

The CNO05.1 dataset has been developed with observations at more than 2400 stations in China [29].
It is constructed by the “anomaly approach” [34], that is, first calculating a gridded climatology and
then adding a gridded daily anomaly to the climatology to obtain the final dataset. The CN05.1 includes
daily and monthly precipitation data and the period is from 1961 to 2017, with a spatial resolution of
0.25° x 0.25°. Here, the monthly data in 19812010 is adopted to calculate the MAP for 30 years.

As is shown in Figure 2, the MAP in China ranges from 24.62 to 2315.27 mm, which is high in
the southeast of the Yangtze River and gradually decreases from the southeast to northwest, as it
is known that heavy rainfall occurs frequently in the southern China during the summer monsoon
season. Furthermore, typhoons from the Northwest Pacific Ocean land in these areas frequently
from June to October and bring abundant rainfall. The high MAP in the southeastern China could
partly explain why this region with low topographic relief is prone to landslides. As the MAP varies
greatly in China, and the climate affects the meteorological conditions that can result in landslides,
there is a need to reduce the effects of climate diversity. Commonly, due to the differences of rainfall
thresholds in different climatic regions, the MAP as a climatic index is selected to normalize the rainfall
thresholds [20,24,35,36]. Therefore, the accumulated rainfall is divided by MAP in this paper to acquire
the EMAP-D thresholds.
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Figure 2. Mean annual precipitation (MAP) distribution in China during the period of 1981-2010.

2.3. Inventory Methodology

The formula of the E-D rainfall threshold is expressed as follow:
E=aD’ @)

where D is the duration (unit: h) from the beginning of the rainfall (T’s) to the occurrence time of the
landslide (Te), E is the accumulated rainfall (unit: mm) during this duration, a and y are constant
parameters calculated by the regression method. Te means the time when the landslide event occurred;
but for the landslide event with a temporal resolution of the day at S3, Te is the time when the rainfall
ended on that day, and Ts is the time when the rainfall event began. A rainfall event is defined by a
no-rainfall period. Saito et al. (2010) used 24 h to define the rainfall event in Japan [24]; Brunetti et al.
(2010) used 48 h in May—September, and 96 h in October—April in Italy [37]; Segoni et al. (2014) did
several runs using different no rain periods to get the lowest number of false alarms; the no rain period
varies 18-36 h for different alert zones [22]. In this study, a rainfall event is defined as continuous
rainfall separated from the preceding and the following events by a no-rainfall period of no less than
24 h.

Firstly, the rainfall information (E and D) relevant to landslides needs to be acquired. As CMORPH
and merged rainfall data are both gridded data, the grid whose center is closest to the location of the
landslide event is selected to reconstruct the rainfall information for landslides.

Then, Formula (1) is log-transformed to a linear equation:

log10 (E) = log10 (a) + ylog10 (D) (2)

For each landslide event, E-D values are plotted on the log10-log10 graph. In this process, it
has been found that the rainfall durations of some landslide events are 0 h, which may be due to
the fact that part of the landslides are not triggered by short-term rainfall, but by earthquake, snow
melt or antecedent rainfall. Moreover, the AWSs coverage is not wide enough in China, especially
in the mountain areas, therefore, such landslides are excluded when calculating rainfall thresholds.
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Finally, based on the CMORPH products, 367 landslides are selected to calculate the rainfall thresholds;
based on the merged rainfall products (available from 2008), 276 landslides are used to construct the
rainfall thresholds.

To calculate the rainfall thresholds for landslides, the quantile regression [38] is adopted to
determine the rainfall E-D threshold in this study. R software has a package called “quantreg”, which
implements the quantile regression [39,40]. It has been proposed that different levels of early warning
information can be issued by the EWS with probability levels of 5%, 20% and 50%, categorized as
“Null” (below the 5th percentile), “Alert” (5-20th percentiles), “Warning” (20-50th percentiles) and
“Evacuation” (above the 50th percentiles), respectively. In this paper, the 10th, 20th, 30th, 40th, 50th,
60th, 70th, 80th and 90th percentile values are calculated for quantile regression lines at different levels,
and the values of intercept « and slope {3 are returned by the linear regression method.

The main procedures for calculating the thresholds are summarized as follows.

(1) Collect information of landslides, including time, latitude and longitude of events.

(2)  Screen the event that satisfies the criteria of spatio-temporal resolution.

(3) Define the rainfall event that is separated by a no-rainfall period of no less than 24 h, which means
the period between two rainfall events is more than 24 h.

(4) Find the grid of the rainfall data whose center is closest to the location of the landslide event.

(5) Get the E and D of the landslide events and plot them as dots in the log10-log10 graph.

(6) Calculate the thresholds (including E-D and EMAP-D thresholds) by using the quantile regression.

(7) Compare with thresholds in other published literatures and validate the rainfall thresholds.

In addition, China is affected by the monsoon system. With the onset of the summer monsoon in
May, the mainland of China becomes wet and rainy from south to north. When it comes to September,
the summer monsoon retreats rapidly, followed by the establishment of the winter monsoon, and then
the mainland of China is controlled by the Siberia high in winter. During this period, the soil is dry
due to less rain. Considering the special climate conditions in China, the rainfall characteristics and
soil moisture are different between the two periods in each year. Thus, the periods of May-September
and October—April are selected as the rainy season and non-rainy season, respectively [41]. Moreover,
as mentioned in Section 1, the existing landslide warning system shows different warning effects in
rainy and non-rainy seasons [11], so the rainfall thresholds for the rainy and non-rainy seasons are
calculated respectively in this paper.

3. Results

By using the landslide events occurred during 1998-2015 in China which satisfy the requirements
mentioned above, that is, the spatial resolution at the levels of county, district or higher, and the
temporal resolution at the level of day or finer, the D and E for each landslide event are inferred from
the merged and CMOPRH rainfall data.

Figure 3 shows the distribution of the rainfall conditions for each landslide event in the log10-log10
graph. Roughly taking 48 h as a split point, the trend seems different in the two parts, which can be seen
in both the CMORPH and merged rainfall data during the rainy season and non-rainy season. Thus,
the duration can be divided into two periods: short duration (1 <D < 48 h) and long duration (D > 48).
This may be because the mechanisms of landslide and debris flow triggered by long-term rainfall and
short-term rainfall are different. In the long-term rainfall, the threshold is affected by the antecedent
precipitation and soil moisture, and the evaporation is also an important factor [25]. In Figure 3a, for
the merged data, in the rainy season, the range of the accumulated rainfall is 1.02-388.68 mm and the
duration is 1-412 h (around 17 days); in the non-rainy season (Figure 3b), the range of the accumulated
rainfall is 1.04-271.39 mm and the duration is 2-291 h (around 12 days). For the CMORPH data, in
the rainy season (Figure 3c), the range of the accumulated rainfall is 1-394.8 mm and the duration is
1-341 h (around 14 days); in the non-rainy season (Figure 3d), the range of the accumulated rainfall is
1.2-179.4 mm and the duration is 1-393 h (around 16 days).
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Figure 3. Event—duration (E-D) conditions of landslides calculated by the merged rainfall in the (a)
rainy season and (b) non-rainy season, and by the Climate Prediction Center Morphing (CMORPH)
rainfall in the (c) rainy season and (d) non-rainy season with different quantile regression lines (5%,
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% and 90% from bottom to top).

The coefficients of intercept o« and slope v at different levels of quantile regression lines obtained
by combining precipitation and CMORPH precipitation are listed in Table 2. By using thresholds at
different levels of quantile regression, different levels of warnings can be established in the EWS [42].
Generally, the threshold at the 5% quantile level is used as a lower safety threshold. If the threshold
exceeds the value at the 5% quantile level, relevant tracking, monitoring and prediction should be
carried out; if the threshold exceeds the value at the 20% quantile level, attention should be paid; and if
the threshold exceeds the value at the 50% quantile level, people should be evacuated.

It can be found that for the thresholds at the quantile level of 50% or below, the slope of the
regression line for the thresholds in the events with long durations is bigger than those with short
durations, which means for long duration events much more rainfall is required to trigger landslide
than. The possible reason might be that the evaporation plays an important role in the events with
long durations, while for those with short durations, the evaporation can be ignored. Furthermore, the
antecedent precipitation, soil moisture and climate condition also influence the rainfall thresholds in
the initiation of landslides, and we will discuss this later in this article.
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Table 2. Coefficients of intercept a and slope 7y at different levels of quantile regression lines obtained
by combining precipitation and CMORPH precipitation.

Season Rainy Season Non-Rainy Season
Duration D<48h D>48h D<48h D>48h
Coefficient o Y @ Y 3 Y @ Y

Merged-5% 0.49 0.47 0.01 1.48 0.45 0.68 0.01 161
10% 0.53 0.69 0.03 1.33 0.38 0.78 0.06 1.20
20% 0.98 0.70 0.11 1.22 0.65 0.67 0.28 0.96
30% 1.63 0.62 0.09 1.30 0.62 0.80 0.12 1.17
40% 1.41 0.75 0.46 1.03 0.72 0.90 0.19 1.13
50% 1.69 0.79 0.88 0.93 1.24 0.79 0.29 1.07
60% 2.50 0.76 1.81 0.83 1.10 0.96 0.36 1.05
70% 3.42 0.73 271 0.77 226 0.83 0.42 1.10
80% 3.77 0.82 2.83 0.78 4.98 0.66 0.19 1.33
90% 4.07 1.00 18.94 0.46 4.36 0.85 6.81 0.67
CMORPH-5% 0.53 0.53 0.28 0.96 1.20 0.07 0.00 1.94
10% 0.55 0.61 0.32 1.00 1.20 0.30 0.16 1.01
20% 0.78 0.65 1.55 0.71 1.20 0.49 0.58 0.78
30% 1.10 0.67 171 0.72 1.20 0.68 0.12 1.22
40% 1.54 0.66 0.59 1.02 1.26 0.73 0.74 0.92
50% 1.88 0.72 222 0.79 1.61 0.73 113 0.85
60% 3.10 0.62 5.02 0.65 2.06 0.76 1.61 0.79
70% 5.00 0.59 13.93 0.48 214 0.78 4.92 0.60
80% 6.73 0.62 1276 0.56 247 0.84 6.54 0.55
90% 9.52 0.67 37.00 0.38 2.41 0.99 11.73 0.46

Considering that the MAP varies greatly in China (Figure 2), the accumulated rainfall is normalized
by MAP. Figure 4 shows the scatter diagram of the relationship between EMAP and D on the logarithmic
coordinates and the quantile regression lines at different levels. In addition, the corresponding
coefficients of slope y and intercept « for quantile regression lines at different levels are shown in
Table 3. Similar to the E-D formula, split by 48 h, the formulas for both short-term and long-term
rainfall thresholds are established, respectively. It can be seen that for the EMAP-D thresholds at the
50% quantile level or below established by the merged and CMORPH rainfall products, the slope of the
regression line on rainfall threshold for the landslide and debris flow triggered by short-term rainfall is
generally smaller than or close to that triggered by long-term rainfall, while the intercept is higher than
that triggered by the long-term rainfall. The difference in the mechanisms for landslide and debris
flow triggered by long-term rainfall and short-term rainfall is reflected in the rainfall thresholds.

Table 3. Same as Table 2, but for the coefficients of EMAP-D thresholds. (EMAP-D: E-D thresholds
normalized by mean annual precipitation).

Season Rainy Season Non-Rainy Season
Duration D<48h D=>48h Duration D<48h
Coefficient o Y o Y o Y o Y

Merged-5% 0.00026 0.68 0.00002 1.38 0.00060 0.45 0.00001 1.51
10% 0.00054 0.76 0.00003 1.37 0.00075 0.38 0.00005 1.20
20% 0.00051 0.87 0.00010 1.20 0.00064 0.60 0.00034 0.87
30% 0.00166 0.60 0.00034 1.02 0.00077 0.64 0.00029 0.99
40% 0.00213 0.64 0.00149 0.76 0.00066 0.92 0.00027 1.01
50% 0.00489 0.46 0.00178 0.77 0.00058 1.09 0.00034 0.98
60% 0.00486 0.54 0.00292 0.70 0.00244 0.70 0.00023 1.09
70% 0.00808 0.44 0.00499 0.61 0.00274 0.69 0.00064 091
80% 0.00774 0.58 0.01156 0.48 0.00273 0.74 0.00044 1.07
90% 0.02439 0.32 0.02960 0.32 0.00234 0.96 0.00245 0.80
CMORPH-5% 0.00044 0.63 0.00025 0.97 0.00036 0.67 0.00000 1.66
10% 0.00071 0.56 0.00046 0.87 0.00069 0.65 0.00004 1.23
20% 0.00093 0.60 0.00068 0.84 0.00077 0.66 0.00028 0.90
30% 0.00136 0.62 0.00147 0.73 0.00158 0.51 0.00005 1.41
40% 0.00211 0.58 0.00191 0.72 0.00161 0.61 0.00007 1.36
50% 0.00439 0.41 0.00770 0.47 0.00191 0.62 0.00020 117
60% 0.00414 0.54 0.00623 0.56 0.00191 0.67 0.00028 1.11
70% 0.00570 0.54 0.01022 0.50 0.00193 0.73 0.00085 0.93
80% 0.01165 0.42 0.07585 0.12 0.00191 091 0.00129 0.86
90% 0.02423 0.27 0.12788 0.06 0.00305 0.83 0.00136 0.85
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Figure 4. Same as Figure 3, but for normalized E-D thresholds (EMAP-D).
4. Discussions

So far, four groups of rainfall thresholds in China have been established. Each group consists of
four sub-thresholds in rainy season and non-rainy season (both are divided into short duration and
long duration), respectively. For thresholds below the quantile level of 50% derived from both the
merged and CMORPH rainfall products, the slope of the regression line of the rainfall threshold for
long durations is higher than that for short durations, which may be attributed to different mechanisms
in triggering landslides by long- and short-duration rainfall.

In our previous study, a statistical model for landslide has been established by using the landslide
susceptibility and a global rainfall threshold, showing that around 70% of the landslide events occurred
in China during 2016-2017 can be warned in advance by the model [11,12]. In addition, when the
rainfall threshold exceeds the value at the quantile level of 20%, attention should be paid. Therefore,
the rainfall threshold at the quantile level of 30% is compared to other existing thresholds, and it is
validated by using the landslides occurred in 2016-2017. Finally, the warning ability is compared with
the previous statistical model for landslide.
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The E-D thresholds with other global and regional thresholds in the literature are listed in Table 3.
The I-D rainfall thresholds are converted to the E-D thresholds, and then all these thresholds are
plotted on the log10-log10 graph (Figure 5). For the long duration, the thresholds derived from both
the merged and CMORPH rainfall products are higher in the rainy season than those in the non-rainy
season. For the short duration, the thresholds derived from the merged rainfall product are higher in
the rainy season than those in the non-rainy season, but the thresholds from the CMORPH rainfall
product in the rainy season are similar to those in the non-rainy season.

It can be seen that the thresholds established in this study are lower than most of the thresholds in
previous studies shown here, especially for the short duration, including the global thresholds [43-45],
the regional thresholds in Puerto Rico [46], Taiwan as well as Zhejiang of China [47,48]. This provides
important information for the early warning of landslides in China, that is, the landslides occurred
in China might be triggered by lower rainfall thresholds than that recognized before, which might
result in missing alarms. The long-duration thresholds established in this study are close to the global
thresholds defined by Guzzetti et al. (2008) (the line indicated by number 3-2 in Figure 5) [25] and the
regional thresholds for Yan’an in China (the line indicated by number 10 in Figure 5) defined by Chen
and Wang (2014) [49]. In addition, Li et al. (2017) defined a rainfall threshold (the line indicated by
number 6 in Figure 5) for the whole China with 60 landslide events occurred in June to September
during 2005-2011. This threshold is higher than the threshold defined in this study in the rainy season
(May to September) [15]. It might because more landslide events (60 versus 660 events) were used in
this study to obtain the warning thresholds.
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Figure 5. Comparison between E-D thresholds defined in this work and previous published thresholds.
The numbers refer to No. in Table 4.

The EMAP-D thresholds are also compared with other thresholds defined in previous studies, as
listed in Table 5, and these thresholds are plotted in Figure 6. The thresholds in rainy season calculated
by using merged and CMORPH rainfall products are all higher than those in the non-rainy season.
For short duration, the thresholds in this study are close to the thresholds calculated by Guzzetti et al.
(2008) [25], higher than the Japan threshold established by Saito et al. (2010) [24]. For the long duration,
the thresholds are higher than or very close to the thresholds calculated by Guzzetti et al. (2008) and
Saito et al. (2010) [24,25].
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Table 4.
previous publications.

Rainfall thresholds for landslide occurrence in this work compared with those in

No. Reference Equation Range(h) Area
1 (Caine, 1980) [43] I =14.84D70%° 0.167 < D < 240 world
2 (Innes, 1983) [45] E = 4.93D0-504 0.1 <D < 1000 world
3 (Guzzetti et al., 2008) [25] 1=220D704 0.1 <D < 1000 world
3-1 (Guzzetti et al., 2008) [25] 1=228D702 0.1<D<48 world
3-2 (Guzzetti et al., 2008) [25] 1=048D7011 48 <D < 1000 world
4 (Hong et al., 2007) [44] 1=1245D"042 0.1 <D <500 world
5 (Jibson, 1989) [46] 1=39.71D7062 05<D<12 Japan
6 (Li et al., 2017) [15] 1=8572D"115 3<D<45 China
7 (Chien-Yuan et al., 2005) [48] I=11547D708 1< D <400 Taiwan
8 (Jibson, 1989) [46] 1=41.83D70% 1<D<12 Hong Kong
9 (Ma et al., 2015) [47] 1=52.86D"04 1<D<24 Zhejiang, China
10 (Chen and Wang, 2014) [49] 1= 0.448D~0-08654 24 <D< 336 Yanan, Shanxi, China
(Dahal et al., 2008) [50] 1=73.90D"079 5<D Himalaya, Nepal
111 This work E = 0.53D"7 1<D<44 China, rainy season, merge
rainfall
112 This work E =0.032D"% 48 <D <412 China, rainy season, merge
rainfall
113 This work E = 0.45D068 2<D<44 China, non-rainy season,
merge rainfall
11-4 This work E = 0.064D18 49 <D <291 China, non-rainy season,
merge rainfall
. China, rainy season,
_ _ 0.48 4 y 7
12-1 This work E =0.86D 1<D<47 CMORPH rainfall
China, rainy season,
- i — 1.07 .y y .,
1222 This work E=0.18D 48 <D <602 CMORPH rainfall
. China, non-rainy season,
| - 0.65 2 y .,
12-3 This work E =0.48D 1<D<47 CMORPH rainfall
China, non-rainy season,
- i — 0.84 ., y .y
12-4 This work E = 0.59D! 48 <D <248 CMORPH rainfall

Table 5. EMAP-D rainfall thresholds for landslide occurrence in this study compared with those in
previous publications.

No. Reference Equation Range(h) Area
1 (Guzzetti et al., 2008) [25] IMAP = 0.0016D~ 04 0.1 < D < 1000 world
1-1 (Guzzetti et al., 2008) [25] IMAP = 0.0017D~013 0.1<D<48 world
1-2 (Guzzetti et al., 2008) [25] IMAP = 0.0005D~0-13 48 <D < 1000 world
2 (Saito et al., 2010) [24] IMAP = 0.0007D~0-21 3<D<357 Japan
3 (Jibson, 1989) [46] IMAP = 0.02D~0-68 1<D<12 Hong Kong
41 this work EMAP = 0.00053D%78 1<D<44 China, rainy season,
Merge rainfall
42 this work EMAP = 0.00005D123 48 <D <412 China, rainy season,
Merge rainfall
43 this work EMAP = 0.00074D%4 2<D<44 China, non-rainy season,
Merge rainfall
4-4 this work EMAP = 0.000054D'2 49 <D <291 China, non-rainy season,
Merge rainfall
. China, rainy season,
_ _ 0.6 , y ,
5-1 this work EMAP = 0.00057D' 1<D<47 CMORPH rainfall
China, rainy season,
_ i — 1 , y ,
52 this work EMAP = 0.00024D 48 <D <602 CMORPH rainfall
X China, non-rainy season,
— — 0.41 2 y .
53 this work EMAP = 0.00089D' 1<D<47 CMORPH rainfall
China, non-rainy season,
- i — 1.05 .y y .
5-4 this work EMAP = 0.00017D 48 <D <248 CMORPH rainfall
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Figure 6. Comparison between the EMAP-D thresholds defined in this study and previous published
thresholds. The numbers refer to No. in Table 4.

The comparison with other thresholds indicates that the landslides in China can be triggered by
less severe rainfall conditions than previously recognized, which provides important information for
the assessment of landslide hazards. In other words, China is highly prone to landslides compared
with most other regions in the world. This may be caused by the large areas of mountains and hills,
the monsoon climate and active human activities (constructions) of China.

The rainfall thresholds are validated by the 106 landslide and debris flow events occurred during
2016-2017, and the rates of these events, which can be warned in advance by the thresholds in this
paper or the original landslide model developed by Wang et al. (2016), is called a “positive rate”
here [11]. As shown in Figure 7, it can be seen that the positive rate of the original statistical model for
the landslide events in 2016-2017 is 66%, and that of the rainfall thresholds established in this paper is
80-86%. In the rainy season, the positive rate of the original model is 72%, while that of the improved
rainfall thresholds is 82%-89%. In the non-rainy season, the positive rate of the original model is only
35%, while that of the improved rainfall thresholds reaches 55%-73%. The positive rates in the whole
year, the rainy season and the non-rainy season have increased by 16%-20%, 10%—-17% and 20%-38%,
respectively. Thus, if these thresholds can be applied in the EWS, more landslides can be warned
in advance.
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Figure 7. Comparison of positive rates between the improved thresholds and those in the original
model [11].

Moreover, the “positive rate” is significantly improved if the thresholds in this study are adopted,
however, a higher positive rate does not mean the threshold is better, because higher “positive rate”
usually means the false alarm might also be higher, thus in real world application, the threshold defined
in this paper should be carefully tested in real-time warning application. Actually, it’s impossible
to calculate the false alarms because the landslide inventory collected in this study is incomplete.
Although the number of events in the catalog is much more than that in previous studies, it’s still far
from enough. For instance, according to the National Geological Disaster Bulletin, there is an average
of 12,126 landslides per year during 2007-2016, but only a total of 771 events in 1998-2017 are collected
through reports and the news online. So the false alarms would be inaccurate even if the calculation is
conducted on them, which is one of the limitations in this study. In the future work, a more complete
dataset of landslides and debris flows will be collected to find the most suitable rainfall thresholds for
the warning of landslides and debris flows in the regression threshold lines at different quantile levels.

Furthermore, the differences between thresholds in different durations and seasons suggest that
soil moisture plays an important role in the rainfall conditions triggering the landslides, and thus
the antecedent rainfall is also important for landslides triggered by long-duration rainfall events.
A detailed analysis of these factors, which is related to the physical process of landslide dynamic,
is not provided in this study. The rainfall thresholds represent an empirical relationship between
the landslides and rainfall that is generally similar to the parameterization of cloud processes in
the weather model. Thus, it is still effective for the early warning of landslides. The uncertainty of
forecasted precipitation in weather models has an important impact on the early warning of landslides.
Recently, the ensemble forecast has been developed to cope with this uncertainty in weather models,
which provides a new train of thought for the early warning of landslides. In further studies, based
on the rainfall thresholds in this study and others, a landslide ensemble forecasting system (LEFS) is
expected to be established to improve the prediction for landslides.

5. Conclusions

In this study, based on the landslide events occurred in China during 1998-2017, four groups
of rainfall thresholds for landslide occurrence are defined by using the regression values at different
quantile levels of the quantile regression. Based on both the merged rainfall product and the CMORH
rainfall product, two kinds of rainfall thresholds—the cumulated event rainfall-rainfall duration
thresholds (E-D) and the thresholds normalized by MAP (EMAP-D) are established respectively. Each
group consists of four sub-thresholds in rainy season and non-rainy season (both are divided into short
duration and long duration).

The slope of thresholds in the events with long durations is higher than that with short durations
for thresholds below the quantile level of 50%, which may be due to different mechanisms of landslides
triggered by long duration rainfall and short duration rainfall. The evaporation and antecedent rainfall
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become more important for landslides triggered by long duration rainfall events. Besides, the rainfall
thresholds in the non-rainy season are generally lower than those in the rainy season.

The thresholds defined in this study are compared with those in previous studies. The E-D
thresholds in this study are generally lower than most of the other thresholds, including the global
thresholds, the regional and national thresholds in China, which may be because more landslide
events in China were used in this study. Moreover, it also suggests that the combined effects of special
geological environment, topographical relief and climate conditions make China suffer landslides more
frequently and severely than other regions in the world. The landslide events occurred in 2016-2017 are
used to validate the rainfall thresholds. Compared with the previous statistical model for landslides,
based on the improved rainfall thresholds, the positive rates for the landslide and debris flow events
have increased by 16%—20%, 10%-17% and 20%-38% in the whole year, rainy season and non-rainy
season, respectively.

This paper aims to establish rainfall thresholds for its application in landside early warning
systems. In addition to the triggering factors, the geological environment is also important, which
decides the landslide susceptibility in a specific region. Thus, combining multiple rainfall thresholds
with the landslide susceptibility map, and by using the real-time rainfall produced by CMORPH
(CMORPH-RAW) and the forecasted rainfall from ensemble numerical weather prediction models, the
LEFS will be established in future work. We expect it will contribute to saving lives and mitigating
property damages caused by landslide disasters.
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Abstract: Recurring landslides in the Western Ghats have become an important concern for authorities,
considering the recent disasters that occurred during the 2018 and 2019 monsoons. Wayanad is one
of the highly affected districts in Kerala State (India), where landslides have become a threat to lives
and properties. Rainfall is the major factor which triggers landslides in this region, and hence, an
early warning system could be developed based on empirical rainfall thresholds considering the
relationship between rainfall events and their potential to initiate landslides. As an initial step in
achieving this goal, a detailed study was conducted to develop a regional scale rainfall threshold for
the area using intensity and duration conditions, using the landslides that occurred during the years
from 2010 to 2018. Detailed analyses were conducted in order to select the most effective method
for choosing a reference rain gauge and rainfall event associated with the occurrence of landslides.
The study ponders the effect of the selection of rainfall parameters for this data-sparse region by
considering four different approaches. First, a regional scale threshold was defined using the nearest
rain gauge. The second approach was achieved by selecting the most extreme rainfall event recorded
in the area, irrespective of the location of landslide and rain gauge. Third, the classical definition of
intensity was modified from average intensity to peak daily intensity measured by the nearest rain
gauge. In the last approach, four different local scale thresholds were defined, exploring the possibility
of developing a threshold for a uniform meteo-hydro-geological condition instead of merging the
data and developing a regional scale threshold. All developed thresholds were then validated and
empirically compared to find the best suited approach for the study area. From the analysis, it was
observed that the approach selecting the rain gauge based on the most extreme rainfall parameters
performed better than the other approaches. The results are useful in understanding the sensitivity of
Intensity-Duration threshold models to some boundary conditions such as rain gauge selection, the
intensity definition and the strategy of subdividing the area into independent alert zones. The results
were discussed with perspective on a future application in a regional scale Landslide Early Warning
System (LEWS) and on further improvements needed for this objective.

Keywords: landslides; thresholds; Wayanad; early warning; GIS; rainfall intensity
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1. Introduction

Landslides can be considered as processes that move earth and rock downwards by sliding, falling
and flowing in response to the extant conditions [1]. Within a span of seven years from 2004 to 2010,
a total of 2620 landslides were recorded globally, which led to the loss of 32,322 lives [2]. In India,
most of the highlands are affected by landslides and rainfall is identified as the major triggering factor
in the Himalayas and Western Ghats [3—6]. The rise in population demands for the urbanization in
high-altitude regions, which are usually susceptible to mass movements; therefore, when such places
become densely populated areas, landslides cause severe fatalities. Recent changes in climate are also
worsening the situation, with an increase in high intensity rainfalls and the consequent triggering
of rapid mass movements [7,8], such as the debris flows, which occurred in Wayanad district in the
state of Kerala during 2018 and 2019. The region is affected by a number of debris flows, with run-out
distances as long as 3 km. Most of the slope failures that occurred during the 2018 monsoon also
occurred during the 2019 monsoon as well. Thus, the increasing vulnerability of the region emphasizes
the need for landslide early warning systems (LEWS) to forecast future events. Research has been
carried out for establishing LEWS using the relationship between rainfalls and landslides in the Indian
Himalayas [9-12], but detailed investigations for the Western Ghats have not been conducted yet. A
LEWS should be developed on a regional scale for Wayanad district, incorporating monitoring tools
and rainfall thresholds so that warnings can be issued to authorities and the local community. As a
first step, this study focuses on establishing intensity—duration thresholds for the study area using
statistical analysis.

Rainfall thresholds can be defined as a critical state of rainfall parameters from which an effect or
result (landslides) can happen [13]. The minimum quantity of accumulated rainfall parameters
which are required to trigger a landslide event will define the rainfall threshold for a region.
Empirical and process-based approaches are widely used by researchers for developing rainfall
thresholds [8,14-23]. The definition of a process-based threshold is associated with detailed site
investigations and precise measurements. This approach is suitable for local scale or site-specific
studies where the hydro-meteo-geological parameters can be monitored with required accuracy.
Owing to the difficulties in estimating such parameters on a regional scale, this research focuses
on an empirical approach to derive the rainfall thresholds using historical data. A rainfall event
is usually characterized by three parameters: rainfall event (E), intensity (I), and duration (D). An
event rainfall is the total accumulated amount of rainfall during a period of continuous precipitation,
dubbed the duration of rainfall. The classical definition of intensity of rainfall is the average rate
of precipitation usually expressed in mm/h or mm/day. Intensity-duration thresholds were first
established by considering 73 landslides in several parts of the world by Caine in 1980 [24]. The
definition of threshold, considering the minimum boundary, was then followed by researchers across
the globe for analyzing local, regional and global scale thresholds [25-30]. Moreover, high intensity
rainfalls are often associated with landslides in hilly areas [31] and when an empirical approach is
pursued in regional scale studies, rainfall is more influential that site and slope characteristics [31-33].
For defining the minimum boundary or threshold, different statistical approaches can be used [34]. In
literature, different definitions are adopted to calculate the intensity used in threshold analysis, such as
mean intensity of an event [24], peak intensity [25] or most extreme intensity of sub-events [23].

Deducing the rainfall event associated with the occurrence of a landslide is the key factor in
determining the threshold conditions. A recent review highlights that rain gauges are the most widely
used instrument to collect rainfall data [35]. The selection of rain gauge in data-scarce regions are mostly
forced, as the nearest rain gauge is selected based on spatial constraints and minor refinements [5,35,36].
In some studies, when rain gauge density is very small, landslides outside a specific radius from rain
gauges are discarded, thus further reducing the amount of available data [37]. Moreover, some scholars
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observed that the threshold definition can be very sensitive to some boundary conditions, such as the
rain gauge selection and characteristics or the delimitation of alert zones [22,38].

This research focuses on the effect of different approaches of analysis, including different definitions
of rainfall intensity and different rain gauge configurations by using the database developed for the
study area of Kerala (India). The term “approach” is used in this study, denoting the process of
identification of a rainfall event which results in a landslide. The objective is to understand how the
identification of rainfall parameters can affect the development of the rainfall threshold on both local
and regional scales. Being one of the most followed approaches, the reliability of developing rainfall
thresholds based on the nearest rain gauge is used as a benchmark and quantitatively compared with
other strategies.

2. Description of Study Area

Kerala state is located in the southernmost part of the Indian subcontinent which is characterized
by all the three physiographic division: coastal plains, midlands and highlands. The geomorphic
features vary from coastal plains below sea level to mountain peaks with an elevation of 2695 metres.
In addition, 40% of the state’s area is occupied by the Western Ghats, the most significant orographic
feature of Indian Peninsula [39]. The Western Ghats is a humid forested area where debris flows,
initiated by rainfall, being the primary agents of landscape evolution [40]. Torrential rains during the
months of June, July and August 2018 triggered around 341 major landslides across ten districts of the
state [41]. Wayanad district was one of the worst affected districts which suffered severe socioeconomic
setbacks due to these landslides. About 36.74% of the net cropped area of the district was damaged in
the disaster [41]. Most of the locations that were affected in the 2018 landslide disaster were reactivated
during the 2019 monsoon also, making the situation critical.

The 2130 km? area of Wayanad district lies between 11°30’ N to 12°3’ N latitudes and 75°39’
E to 76°30" E longitudes, as shown in Figure 1. Geologically, the district can be divided into four
sectors: peninsular gneissic complex, migmatite complex, charnockite group and the Wayanad group
in north-central, south-central, southern and northern parts respectively [42]. Wayanad group rocks
are found on the northern side as bands. Charnockite rocks form the hilly terrains of south and
southeast parts of Wayanad, with narrow bands of pyroxene granulite and magnetite quartzite within
charnockite. Biotite hornblende gneiss found over large parts of south-central Wayanad represents the
migmatite complex.

The altitude of the district ranges up to 2084 m above sea level (Figure 1). The high altitude
Western Ghats and the denuded Wayanad Plateau constitutes the physiography of the region. The
plateau of Wayanadu is sloping towards the east and is bordered by isolated structural hills in the east.
Most of the district is drained by the Kabani River and its tributaries. The river which flows to the east,
along with its tributaries, contributed to the major carvings in the landscape of the catchment.

The topography of the region consists of features ranging from rugged high ranges to flood
plains [42]. Hill ranges in the west, northwest and south-western parts of Wayanad can be classified
as high ranges with rugged topography, occupied with dense forests with steep slopes. The eastern
hills of the districts are high ranges with moderately rugged topography, with an elevation ranging
from 1000 m to 1400 m. The valleys between high ranges are formed by the process of deposition and
erosion. The flood plains of the region form productive aquifers, and the alluvial thickness of more
than 10 m are typical in such plains. This topographical diversity increases the chances of landslides in
the region.
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Figure 1. Location and digital elevation model of Wayanad District (a) India (b) Kerala (c) Wayanad
(Modified after [43]).

Four major soil types are found common in Wayanad district [42]. Reddish-brown lateritic soil,
formed due to the tropical climatic conditions, has its particle size ranging from clay to silt, with
minor coarse fractions. Mananthavady, Kalpetta and Sulthan Bathery areas are rich in forest soil,
formed by weathering under forest cover. Deep brownish hydromorphic soil is seen in the undulating
topography in the district. This type of soil is formed by transportation and sedimentation of hill
slope materials. Alluvial soils are found along the riverbanks, consisting of sandy and clayey fractions.
During the monsoon, landslides are frequent in the region and they can be considered as the main
geomorphological process, shaping the landscape.

2.1. Landslides in Wayanad

The types of landslides observed in the study region are mainly debris flows or slides of rapid
to very rapid nature. A general agreement is that such landslides are triggered by high-intensity
rainfalls. Hence, intensity and duration are the two parameters based on which rainfall thresholds are
derived from in this study. A threshold line in the form of power-law is derived for the region using
frequentist approach for the study area. Images of some of the landslide events that occurred during
the 2018 monsoon in the study region are shown in Figure 2, pointing to the typology of landslides
observed in the study area. In the debris flow that occurred in Pancharakkolli (Figure 2a), 10 acres of
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land comprising of 4 acres forest and 6 acres agricultural land was lost. A total of nine houses were
damaged in the course, out of which five were completely destroyed. In Padinjarethara (Figure 2b),
four debris flows were initiated from the forest area and caused a severe loss of agricultural land. A
total of 10 acres of land was lost and 24 families were affected by the disaster. Several translational
and rotational earth slides also occurred during the 2018 monsoon (Figure 2c). Such events have
substantially decreased the stability of existing slopes and have affected the functionality of buildings
and roads. The debris flow that occurred in Kurichermala (Figure 2d) was the largest in terms of the
run-out, where around 150 acres of land (130 acres tea estate and 20 acres agricultural land) was washed
out along with the debris. A total of 17 families lost their homes in the disaster [44]. The high elevation
zones in the district is characterized by long and large volume debris flows (Figure 2a,b,d) owing to
the high regolith thickness combined with slope steepness. In zones of low elevation, debris/earth
slides are observed as riverbank failures and cut slope failures.

Figure 2. Images of landslides that occurred in Wayanad district during the 2018 monsoon.

Concerning landslide data, a variety of methods can be combined to obtain inventories as complete
and detailed as possible, including direct surveys, newspapers, internet news and official reports
from technical or administration offices [27,35,45]. In this study, the details of landslide events that
occurred during the study period (2010-2018) were collected from reports of the Geological Survey of
India, District Soil Conservation Office Wayanad and media reports. The spatial distribution of 123
landslide events identified are plotted in Figure 3, along with the drainage map of Wayanad. Most of
the landslide locations are close to the streams in the region, at higher elevations. The landslides that
occurred in the low-lying regions often took place under anthropogenic influences, along cuts and
slopes or along a riverbank, triggered during rainfalls. The database consists of the location, date of
initiation and typology of the landslide. The precision of the location and time reported is subject to
the availability of data from the report. The dates of occurrences of landslides were collected from
the government reports with daily accuracy. When the dates were not mentioned clearly, as in the
case of media reports, the event was assumed to occur one day before the reporting date. Locations
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were deduced with a spatial accuracy of the nearest mentioned place in the reports, i.e., the names of
villages in most cases. A general idea about the landslide typology was available from most of the
reports, but the details of the mode of failure were not available. Another constraint with the available
reports is their bias towards the fatalities. As the high altitude and unstable slopes are mostly within
the forest or less occupied areas, any possible slope failure in such areas is not reported by the media
or government reports. As the objective of the study is also to aid in LEWS to reduce the impact of
disaster on the population, ignoring such events is acceptable.

4 76°0'E 76°20'E Z
o 1 L n-)
o ]
N N
- N -
r r
=) =)
< - - <t
-] o
- -
b o -

e Landslide locations ?\\ (

@ Rain Gauge Locations \///

0 5 10 20 km
—— Streams —+ N )
T T
76°0'E 76°20'E

Figure 3. Drainage map of Wayanad overlaid by locations of landslides and rain gauges considered
for analysis.

2.2. Rain Gauges and Rainfall in Wayanad

For threshold analyses, the starting point is the collection of rainfall and landslide data [27,35].
Concerning rainfall, despite some recent advances relying on radar measurements, rain gauge is by far
the most commonly used method of measurement in threshold analysis [35]. Therefore, rainfall data
with the best possible temporal accuracy (daily time steps) were collected from 4 rain gauge stations
maintained in the area by the India Meteorological Department (IMD) [46]. The data from 2010 to
2018 are used to carry out the analysis for Wayanad district. The locations of the rain gauge stations
are Mananthavady (R1), Vythiri (R2), Ambalavayal (R3) and Kuppadi (R4). The annual cumulative
rainfall during the study period is shown in Figure 4. Maximum rainfall was observed in the year of
2018 with a cumulative rainfall of 3832 mm.
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Figure 4. Annual cumulative rainfall during the study period—district average values.

The decision on choosing the rain gauge or source of rainfall data is an important step in threshold
definition. The variation of annual rainfall in four rain gauge stations is depicted in Figure 5. During
the study period, R3 and R4 recorded minimum annual rainfalls, and in most of the cases, the annual
precipitations recorded at these two gauges were comparable. R1 received a higher amount of rainfall
than R3 and R4, while R2 recorded the maximum rainfall in all the 9 years considered. The study can
be refined with the availability of rainfall data of better spatial and temporal resolution. The variation
in annual rainfall as observed in Figure 5 stresses the difference in meteorological conditions of the
four rain gauge areas and the need for separate local scale thresholds.

2.3. Approaches Used to Configure the Threshold Analysis

In this study, different approaches were considered for deriving intensity—duration thresholds.
The method of choosing rain gauges based on the nearest rain gauge is still one of the simplest and,
although criticized, widely used methods [35]. To correlate each landslide to the nearest rain gauge,
the district was divided into four zones, based on the spatial distribution of rain gauges, by means of
the Thiessen polygons technique, as shown in Figure 6. The method is based on a proximal mapping in
which the estimate of rainfall at any point is considered equal to the observation of the nearest sampling
point in the area [47]. Based on the location of the landslides, the triggering rainfall was identified
using the data from the rain gauge stations, using different approaches. Since the temporal resolution
of available rainfall data is one day, multiple landslides within the same polygon that occurred on the
same day were counted as a single landslide event for the definition of intensity—duration threshold.
The first approach was based on a regional scale, where the nearest rain gauge was chosen as the
reference gauge and data from all four rain gauges are merged to establish one single regional scale
threshold (merged threshold).
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Figure 5. Box and Whisker plot showing the variation of annual rainfall across the four rain
gauge stations.
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Figure 6. Location of rain gauges and definition of their area of influence based on nearest rain gauge.

Considering the vastness of area and geographical settings, the measurement from the nearest
available rain gauge could underestimate the threshold as the localized convective storms might not
be recorded at the rain gauge location [35]. Hence, another approach was adopted in which the rain
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gauge which records the maximum average intensity was chosen as the reference gauge, irrespective
of the spatial distribution (Imax threshold).

In the third approach, the peak daily intensity observed from the beginning of landslide event was
considered for the analysis instead of the average intensity (Peak I threshold). The reason for a deviation
from the conventional average intensity approach is the possible avoidance of the underestimation of
thresholds due to the low density of rain gauges.

Lastly, analyses were conducted separately on a local scale, so that four thresholds were derived
separately for each polygon (R1, R2, R3 and R4 thresholds).

Separate intensity—duration thresholds were defined for each approach with different exceedance
probabilities of 5%, 2.5%, 1% and 0.05% to find the best suited method.

3. Results

3.1. Statistical Analysis

According to Caine [24], intensity—duration thresholds are defined as a power-law in the
following form:
I=oDP )

where I is the mean intensity, expressed in mm h~!, D is the duration in hours and « and f are
empirically derived parameters. « is the scaling constant, which defines the intercept, and 3 defines
the slope of the power-law curve. In this study, two rainfall events are considered separate if there is
no precipitation for a minimum period of 24 hours (one day) in between, and the frequentist method is
adopted to establish a regional scale threshold for Wayanad district.

This approach uses the least square method to find the best fit line [34]. Taking into account the
variation of intensity values, the values were first log-transformed to avoid problems in fitting the data.
In alog vs. log plot, the data is fitted using a straight line with the equation

Log I = Logec + BLogD )

which is equivalent to the power-law in Equation (1). From Equation (2), the values of x and (3 can be
calculated, as Loga is the intercept and {3 is the slope of the straight line.

The difference in y coordinates of each event with the best fit line is then calculated and termed as
81, which is obtained by the following equation:

81 = Log{I{D] — Log{I(D)] 3)

where Log I¢(D) is the y co-ordinate on best-fit line, and Log I(D) is the mean intensity associated with
each event. The distribution of 31 is then fitted using a kernel density function of the form.

61 = Log[1;(D)] - Log[L(D)] @

The data are found to follow a distribution similar to the standard Gaussian distribution. The
Gaussian fit of the probability density function is shown in Figure 7 as the dotted line. The threshold
lines of different exceedance probabilities were calculated using the fitted distribution of 3I. The
distance A between the best-fit line and the T line is used to calculate the intercept of threshold line
in the log vs. log plot. An exceedance probability of 5% indicates that the probability of occurrence
of landslides below this threshold is less than 5% [34]. The threshold of 5% exceedance is plotted
according to the shift A.
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Figure 7. The probability density function of distribution of 08I, fitted using a kernel density
function—example using merged dataset.

3.2. Empirical Thresholds

Among the 123 landslide events recorded in the study period, 51 events occurred within the
first polygon Mananthavady, 36 events in the second polygon Vythiri, 15 events in the third polygon
Ambalayavayal and 21 events within the last polygon, Kuppadi. As described earlier, four different
approaches were used to define thresholds using the Frequentist method for the study area.

Using the frequentist approach, thresholds of several exceedance probabilities are defined for
the study area (Figure 8a). Out of the 123 landslide events considered for the analysis, 5% of events
are expected to fall below the T5 line, 2.5% below the T2.5 line and 1% events are below T1 line. No
events are expected to fall below the threshold line of 0.05% exceedance probability for such a small
dataset, which makes the line well below the possible critical conditions. All defined threshold lines
are observed to follow this pattern.

For Wayanad district, new rainfall thresholds were defined for possible landslide initiation, based
on the frequentist approach. All three regional scale thresholds are following the pattern as depicted in
Figure 8a, in terms of percentage events below each threshold line. The merged thresholds have the
highest slope of —0.24 but lesser intercept values than Imax thresholds. For Imax thresholds, the rainfall
event with maximum average intensity among the four rain gauge stations was considered for analysis.
In most of the cases, it was observed that the nearest rain gauge recorded the maximum average
precipitation, and, in some cases, other rain gauges were chosen for analysis. Thus, the intercept of the
threshold is slightly higher than that of merged data with a lesser slope. The peak I threshold follows
a pattern which is different from the power-law form associated to intensity—duration thresholds as
described in the work of Caine [24]: the resulting slope of the threshold is a positive value. The reason
for this could be that in the meteo-climatic setting of the study area, the total duration (D) of the
main event and the peak intensity registered in one of the sub-events are completely independent
and the relationship among them leads to an equation form that does not follow the power-law form
discovered by Caine. On the contrary, the longer the main rainfall event, the higher the possibility
of more intense bursts of rain, hence the positive exponent of the power-law function reported in
Figure 8d.
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Figure 8. Regional scale intensity—duration thresholds established for Wayanad with different
exceedance probabilities. (a) Critical rainfall conditions with different exceedance probabilities,
(b) Average intensity vs duration (Merged), (c) Maximum average intensity vs duration (Imax), (d)
Peak daily intensity vs duration (Peak I).

From Figure 9, it can be inferred that the rainfall conditions that triggered landslides in the
four separate polygons are slightly different from each other. Polygon 1 (Manathavady) covers the
maximum area and most of the landslide incidences are found to be located within the boundary.
The rainfall parameters that triggered landslides in Polygon 1 and Polygon 2 are characterized by
relatively higher intensity, and hence the slope of threshold curves is less than that of the merged data.
These regions are affected by large flows as the high-altitude regions in the district falls within these
polygons. In Polygon 3 (Ambalavayal), the number of events is the least and the observed events were
the results of relatively higher intensity rainfalls. In Polygon 3 and Polygon 4 (Kuppadi), most of the
incidences recorded were earth slides and cut slope failures. These polygons are at lesser elevations,
with moderate to low dissected plateau geomorphological conditions, and the slope failures are induced
by anthropogenic activities in the pursuit of infrastructure development. Since the number of events
considered in each polygon is lower, the percentage distribution of landslides below each threshold
line is slightly different from that shown in Figure 8a. For a better comparison of the threshold pattern,
all thresholds were plotted on the same graph for all the four exceedance probabilities as shown in
Figure 10. This helps for an easy comparison of the defined thresholds at each level of exceedance.

155



Water 2020, 12, 1000

{a) Average Intensity vs Duration (R1) (b)  Average Intensity vs Duration (R2)
» o Landslide Events * o Landslide Events
—— Bestit Line —— Bestfit Line
—Ts —_5
10 — T25 10 | 2.5
—m F —1
. — T0.05 — 005
— - o ®
z e . *
§ -E s * Ce -" ® s o
E £ - . o e
= = .
-‘;‘ 1= 4.88D 020 %‘ \le 3 5500
c 1] s s 110 . .
& = ¢ o ° £ e’ o
= < o =t I= 1.36D0%
r 1=1.84D920
[ 1=1.5309% I= 114D 0%
L \l:i 33p 0 3 \I:D,gznnm
[ 1= 0.71D0% - 0.53p 0
01 01 |
1 | 1 1
100 1000
100 1000 .
Duration(h) Duration(h)
(c) Average Intensity vs Duration (R3) (d) Average Intensity vs Duration (R4)
e Landslide Events ® & Landslide Events
Bestlit Line —— Bestfit Line
—T5 —T5
10 — 125 10 . — T2.5
— —m
— Tous — T0.05
.
— = L]
= ° z .
£ . € °
£ . £
- L] L] — g .
2 K -;‘ . .,
@
1 21 .
s = ° e 1=5330%% | @ « ° D
£ f = . oo . I= 4,400
F = 2,880 .
F I= 2.56D92
- oz
[ [ lezsnD % I= 1.89D92
| 1=157D 1=1.62002
1=1.34002
01 01 1=0.8307
L Il 1 L
100 1000 100 1000
Duration(h) Duration(h)

Figure 9. Local scale intensity—duration thresholds established for Wayanad with different exceedance
probabilities. (a) Average intensity vs duration (R1), (b) Average Intensity vs Duration (R2), (c) Average
Intensity vs Duration (R3), (d) Average Intensity vs Duration (R4).

From Figure 10, it can be observed that for all exceedance levels, the relative positions of all the
defined thresholds follow a similar pattern. Peak I and R3 thresholds are much higher than all the
other thresholds. At lesser durations, Peak I thresholds are observed to be lower than R3 and the
reverse is observed during higher durations. R4 thresholds are the lowest in all cases, as the region is
characterized by less intensity rainfalls. R2 thresholds are conservative at lesser durations, but as the
duration increases, the threshold curve crossed merged, Imax and R1 thresholds. R1 thresholds are
observed to be in close similarity with the Imax values as at some exceedance probabilities, R1 is higher
than both Imax and merged thresholds and generally at higher durations, the threshold becomes more
conservative. The Imax thresholds are always higher than that of the merged thresholds with similar
values at low durations. The shift between the two threshold lines increases as the duration increases.
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Figure 10. Comparison of different thresholds at (a) 5% exceedance probability (b) 2.5% exceedance
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4. Discussions

Choosing the best suited method from the obtained observations demands a detailed analysis
of the effect of thresholds on the study area. Separate analyses were conducted for occurrences of
landslides in each polygon using statistics. As pointed out in a recent study, statistical attributes
are reliable parameters that can be used to compare different methodologies for the definition of
threshold [48]. When the available information about the distribution of rainfall is coarse, the
possibilities for underestimating the threshold values are higher. From an operational point of view,
this could possibly lead to a number of false alarms. Hence, it is important to complete quantitative
analysis using statistical attributes. The attributes are calculated using a confusion matrix, comparing
the prediction of each defined threshold and the occurrence of landslides. Everyday prediction of
thresholds during the study period (2010-2018) was used for the verification of the thresholds. True
positives are counted when the threshold is crossed, and a landslide is reported on the day. If no
landslides are reported when a threshold is crossed, it is counted as a false positive. Similarly, if
landslides are reported without the crossing of threshold, it is considered as a missed alarm and
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counted as a false negative. When thresholds are not exceeded and landslides are not reported, true
negatives are counted.

A perfect model would predict all the landslides correctly without any false positives or false
negatives. The performances of our tests are far from perfection, but the main objective of this work is
to discuss the results in a relative way to compare the different approaches used for threshold analysis.
The higher the number of true positives and true negatives, the better the model. Here, we use derived
parameters like efficiency, sensitivity, specificity and the likelihood ratio for a better understanding of
the relative performance of different thresholds. The aforementioned statistics can help optimize the
threshold model configuration, identifying a balance between false and missed alarms prediction. The
results are summarized in Table 1 below.

The higher number of false positives in all the cases points towards less positive prediction power
of the model. The very high number of true negatives in comparison with the order of other parameters
increases the efficiency of the model. It can be stated that the thresholds are conservative in nature
with much lower false negatives, and the Negative Predictive Power is very close to one in all the cases.
As expected, with the decrease in exceedance probability, the number of false positives is increasing,
which reduces the efficiency considerably. If the exceedance probability increases by more than 5, the
number of missed alarms will increase beyond 5%, which is also not acceptable. Hence, when defining
a threshold, a 5% exceedance probability can be considered.

A perfect prediction model should have the sensitivity and specificity values as one. Sensitivity
is a key towards the true positive rate of the model, and specificity is an indication towards the true
negative rate. In this study, T0.05 thresholds have sensitivity values as one, but this happens at the
cost of very low specificity values, which is not acceptable. The likelihood ratio can be considered as
the term which considers the effect of both sensitivity at the same time and can be taken as a reliable
parameter for comparison of different methods [49]. It can be understood from the analysis that Imax
thresholds have the maximum likelihood ratio in three different exceedance probabilities. At the same
time, in each polygon, the separate thresholds derived perform well. Hence, this study proposes a
regional scale threshold of 5% exceedance probability using the Imax approach and four separate
thresholds for each polygon operating on a local scale.

If polygons defined thresholds as lower than the merged dataset (R2 and R4), single regional scale
thresholds perform better than the separate polygon-wise threshold due to a lower number of false
alarms. In the other two polygons, polygon-wise thresholds (R1 and R3) can be opted over the regional
scale thresholds. Separate local scale thresholds have the advantage of more uniform climatic and
geological conditions, but the lower number of events used for calibration especially in R3 and R4 is
the major constraint in the definition. However, while creating a single dataset for the whole region,
the merged approach of considering the nearest rain gauge is less likely to be adopted than the Imax
approach. In case of peak I approach, the occurrence of high intensity rainfalls in the beginning of
rainfall event will produce a false alarm which will be sustained throughout the event, predicting the
possibility of a landslide. Even though the defined thresholds appear to be higher than all the other
approaches, this method is not found to be effective in reducing false alarms.

These results are useful to understand the sensitivity of I-D threshold models to some boundary
conditions such as the rain gauge selection, the intensity definition and the strategy of subdividing
the area into independent alert zones. Unfortunately, the derived thresholds are not ready to be
operated into a LEWS, but still the results highlighted the shortcomings that could be addressed
with future improvements. For instance, it would be very useful to use rainfall with higher temporal
resolutions (e.g., hourly) and to take into account the effect of antecedent rainfall conditions during the
monsoon season by using some state-of-the-art approaches like weighted antecedent precipitation
indexes [49-51] or soil moisture estimates [21].
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5. Conclusions

Anew landslide catalogue was prepared for Wayanad district, Kerala, India, compiling information
from different data sources. The catalogue consists of landslide events that happened from 2010 to 2018
in the district. With the available data, rainfall events associated with each landslide was identified
using the data from four rain gauges located at different places in the district.

The catalogue was used to determine intensity—duration thresholds on regional and local scales,
which is the first attempt of its kind for the study area. Four different approaches were adopted in the
study to develop intensity—duration thresholds by varying the selection of rain gauge, area considered
and definition of rainfall parameters. After the analysis, it can be concluded that on a regional scale,
selecting the rain gauge based on maximum average intensity (Imax) performs better than choosing
the nearest rain gauge. Four separate thresholds for each polygon considered are also proposed in
this study.

On a regional scale, with 5% exceedance probability, a rainfall of intensity Imm h™! of a
one-day duration is potent enough to trigger landslides in Wayanad district. It is also observed that
Mananthavady and Vythiri polygons are more susceptible to landslides than the other two regions. The
intensity of rainfall of a one-day duration which can possibly trigger a landslide in the Mananthavady,
Vythiri, Ambalavayal and Kuppady polygons are 0.97 mm h™1,082mmh?,1.26 mmh~! and 0.75 mm
h~! respectively. The Ambalavayal polygon can be considered as a relatively less vulnerable region
with a lower number of landslide events and higher threshold values.

The study emphasizes the importance of the preparation of landslide catalogues and determination
of rainfall thresholds for Wayanad region. An effective LEWS is an immediate requirement in the
region, and the study has to be further enhanced with state-of-the-art models developed for other parts
in the world. The existing model can also be conceptually modified using precise field monitoring
techniques as well. Attempts must be made to reduce the false alarms to develop an operational
rainfall threshold model to function as a Landslide Early Warning System for the region.
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Abstract: Rainfall-induced landslides are among the most devastating natural disasters in hilly terrains
and the reduction of the related risk has become paramount for public authorities. Between the
several possible approaches, one of the most used is the development of early warning systems, so as
the population can be rapidly warned, and the loss related to landslide can be reduced. Early warning
systems which can forecast such disasters must hence be developed for zones which are susceptible
to landslides, and have to be based on reliable scientific bases such as the SIGMA (sistema integrato
gestione monitoraggio allerta—integrated system for management, monitoring and alerting) model,
which is used in the regional landslide warning system developed for Emilia Romagna in Italy.
The model uses statistical distribution of cumulative rainfall values as input and rainfall thresholds
are defined as multiples of standard deviation. In this paper, the SIGMA model has been applied
to the Kalimpong town in the Darjeeling Himalayas, which is among the regions most affected by
landslides. The objectives of the study is twofold: (i) the definition of local rainfall thresholds for
landslide occurrences in the Kalimpong region; (ii) testing the applicability of the SIGMA model
in a physical setting completely different from one of the areas where it was first conceived and
developed. To achieve these purposes, a calibration dataset of daily rainfall and landslides from 2010
to 2015 has been used; the results have then been validated using 2016 and 2017 data, which represent
an independent dataset from the calibration one. The validation showed that the model correctly
predicted all the reported landslide events in the region. Statistically, the SIGMA model for Kalimpong
town is found to have 92% efficiency with a likelihood ratio of 11.28. This performance was deemed
satisfactory, thus SIGMA can be integrated with rainfall forecasting and can be used to develop
a landslide early warning system.

Keywords: rainfall thresholds; early warning system; optimization; landslides

1. Introduction

In a global database of landslide disasters given by Froude and Petley (2018) [1], three—quarters
of all landslide events between 2004 to 2016 occurred in Asian countries, with substantial events in
the Himalayas. Indian Himalayas are highly susceptible to landslides which are triggered primarily
by rainfall [2] and Sikkim and Darjeeling Himalayas are among the most highly vulnerable landslide
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zones. Due to rapid urbanization and increase in population in such areas, landslides and associated
loss are an increasing concern [3] and early warning systems are regarded as a promising tool for
landslide forecasting and risk management [4].

Rainfall being the most common triggering factor for landslides, early warning systems are
typically based on empirical rainfall thresholds that describe the interaction between the primary
cause (rainfall) and the final effect (landslide). In a few words, a triggering threshold is represented by
a mathematical equation describing the critical rainfall condition above which landslides are triggered.
The only input data used for the threshold definition are a dataset of rainfall recordings and a catalogue
of landslides for which the time and location of occurrence are known with sufficient approximation.
This approach completely bypasses the physical mechanism of triggering, thus simplifying the modeling
effort, the computational resources required, and the amount of data needed for the analysis [5].

During the last few decades, many attempts were made across the world to define critical rainfall
thresholds based on a number of different rainfall parameter, but the most common are intensity
and duration (ID thresholds) [6-13], total event rainfall and duration (ED thresholds) [14-18] and
antecedent rainfall [19-22]. The selection of the optimal rainfall parameters which are used for defining
the threshold depends mainly on the landslide typology and physical characteristics of the region. It is
well accepted that shallow landslides and debris flows are triggered by high intensity-short rainfalls
and deep-seated landslides occur as a result of less intense rain over a long time [16,23,24]

When an area is prone to both shallow and rapid and deep-seated and slow moving landslides,
a threshold model which can accommodate the effect of both the cases should be defined. A model that
holds this characteristic is SIGMA (sistema integrato gestione monitoraggio allerta—integrated system
for management, monitoring and alerting), which was developed for managing the risk associated
with landslides triggered by rainfall in the Emilia-Romagna Region, Italy [23,25,26]. The model takes
cumulative rainfall as input, and it considers the long-term and short-term behavior in order to account
for shallow and deep landslides, respectively. Another important advantage of this method is the
indication of warning level. The model can be calibrated with respect to the severity of landslides and
can be used for developing regional site specific thresholds.

An ongoing research continuously produced new upgrades and optimization of the model
SIGMA [19,26,27], making it possible to be used across the world for landslide hazard warning.
However, to our knowledge, the model has never been applied outside Italy, thus leaving the claimed
flexibility of application only theoretical. Hence, this study applies the SIGMA model to Kalimpong
town in the Darjeeling Himalayas and thus tests the exportability of the SIGMA model in different
climatic and geomorphological settings.

2. Study Area and Input Data

Kalimpong town is a part of the Kalimpong district of West Bengal state, India, as shown in
Figure 1. This hilly town belongs to Darjeeling Himalayas, hemmed between rivers Tista in the west
and Relli in the east, with an elevation ranging from 355 m to 1646 m above mean sea level. The slopes
in the western face of the town are steep, while the eastern slopes are gentle.

The geological setting of the region is associated with the evolution of Darjeeling Himalayan
ranges. Precambrian high-grade gneiss and quartzite, calc-silicate and quartzite, high-grade schist
phyletic etc. are the dominant rock types found in the region [28]. Upper sedimentary layers of the
young folded mountains get eroded during heavy rainfalls. The area consists of several joints and
cracks that accelerates the weathering of the rock and the formation of unconsolidated matter [29].
The bedrock throughout the study area is composed of Daling series quartz mica schist of golden to
silver colors [30]. The inclination of bed towards the east and northeast varies from 20° near river
Tista to about 40° towards town. These slopes in can be morphometrically classified into escarpment
category A (>45°), steep slope category B (30°—45°), moderate steep slope category C (20°-30°) and
gentle slope category D (10°-20°). Silt to medium grained sand and loam constitutes a major portion of
the topsoil of the area. According to GSI, more than 60% of the region comprises colluvium followed
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by older debris (24%) and young debris (2.5%). This geomorphological setting makes the region very
prone to landslides, and rainfall is the main triggering factor.
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Figure 1. Location details (a) India; (b) West Bengal; (c) digital elevation model of Kalimpong (modified
after [31]).

The geology of the area allows rainwater to percolate, increasing the pore pressure, therefore
the shear strength of the soil decreases. The change in water content due to intense rainfall leads to
the saturation of material and a sudden increase in the unit weight. This mechanism reduces the
stability and resistance of parent rocks. The average annual precipitation in this area was observed
to be 1872 mm during the study period, and the drainage density of the region is also very high.
The area is drained by numerous mountainous natural streams (kholas) and their tributaries (jhoras).
The precipitation with daily accuracy was collected for this study from the rain gauge maintained in
Tirpai, Kalimpong (Save The Hills). The months from June to September are considered a monsoon
period and the monthly rainfall from 2010 to 2017 is given in Table 1.

Table 1. The monthly rainfall (mm) during monsoon seasons in the study area town (2010-2017).

Month 2010 2011 2012 2013 2014 2015 2016 2017
June 317 337 355 248 396 568 327 154
July 666 678 433 424 371 534 870 812

August 425 526 251 401 572 242 263 432

September 268 384 467 113 265 331 367 288

Alandslide catalogue was prepared from the reports of the Geological Survey of India, newspapers
and field surveys. The database contains the spatial and temporal distribution of rainfall-induced
landslide events during 2010-2017. The dataset from 2010 to 2015 was used for model calibration and
the dataset from 2016 to 2017 was used for model validation. The major fatal landslides happened in
the region were shallow and rapid in nature, but there are some areas which experience continuous
sinking because of slow, deep-seated movements, especially near major jhoras [32]. The movements are
occurring gradually and are observed as cracks in buildings and roads after each monsoon. Since 2017,
these slow movements are monitored using micro-electro-mechanical tilt sensors installed at Chibo [33].
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During the validation period (years 2016-2017), ground displacements were observed on 7 days at two
locations [2].

The annual cumulative rainfall for these years is plotted in Figure 2a and the temporal distribution
of landslides along with the average rainfall is shown in Figure 2b. It is observed that the number of
landslide events is maximum in the month of July where the rainfall peak is recorded. From Figure 2b,
it is clear that the number of landslides is directly related to the rainfall amount. Landslides are
becoming an increasing menace in the region during monsoon season. The havocs related to landslides
have multilevel impacts on the livelihood of population. Loss of farm lands and disruption of roads are
affecting the income sources of the people. The socioeconomic development of the region is throttled
by the disasters and associated setbacks. Hence, it is critical to adopt measures to minimize the impact
of landslides in the region. An effective approach is to develop an early warning system using rainfall
thresholds to forecast the occurrence of landslides. Since the area is affected by landslides of mixed
typology (rapid shallow slides and slow deep seated movements), we took into account the SIGMA
model [23], specifically conceived for similar settings, and we customized it for an application in the
study area.
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Figure 2. (a) Yearly cumulative rainfall; (b) Monthly distribution of landslide occurrence and average
rainfall, (2010-2017) in mm.

3. The SIGMA Model

The SIGMA model was developed for the Emilia-Romagna region in Italy [23]. This model
uses the standard deviation of a statistical distribution as the key parameter for the analysis and
defines thresholds as a function of standard deviation, predicting the potential of rainfall to initiate
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landslide events in the study area. Since the model is based on statistical distribution, it is easily
exportable to other regions [23]. Adopting the methodology from Martelloni et al. (2012) [23],
a customized SIGMA model for Kalimpong town is derived in this study. The modifications are in
accordance with the historical database collected for the study area, thus making SIGMA compatible for
a different hydro-meteo-geological setting than the area for which it is originally developed. The daily
precipitation data were added at ‘n” days, with an ‘n” day wide shifting window which moves at
everyday time steps throughout rainfall data. The values of ‘n” will vary from 1 to 365. To calculate
the cumulative probability distribution for each data set, a standard distribution, which is the target
function is chosen as a model [34].This transformation relates the cumulative rainfall (z) with the target
distribution (y = a,0) (‘0” is the standard deviation of the series and ‘a” is a multiplication constant).
For each ‘n’” day cumulative rainfall series, the values are sorted in ascending order such that

71 <2p<z3 <<z << Zy 1)

and a cumulative sample frequency is defined as

pe=5_05_¢(y @

noon
where, 1 <k <n.
The conversion is carried out using the cumulative distribution function of z, termed as F(z).
For each value of z, F(zy) defines the probability that the variable z takes a value less than z,, where k
varies between 1 to 7.
The original data z transformed to y is obtained as:

G '(F2) > G (P =y ®)

After applying the transformation function, from a particular value of standard deviation or its
multiple, cumulative sample frequency and precipitation can be calculated. The same procedure is
repeated for all values of n from 1 to 365 and precipitation curves (o curves) are plotted. The probability
curves derived are used as the input values in the algorithm. A level of warning is predicted for
everyday based on the rainfall thresholds. Rainfall recordings were cumulated with one day time steps
for a particular time interval. These values are compared with the precipitation curves, from shorter to
longer time frames [23]. In the case of shallow landslides, the analysis should focus on the immediate
effect of rainfall: the cumulative rainfall values up to two days before the day of analysis is considered.
The decisional algorithm used is given in Equation 4:

Ci3 =

P(t+1-— i)] > [Su(A)] =123 @
i =123

where, A = a,0, C_3 is the vector indicating the cumulated rainfall at time t and S,,(A) are the thresholds
relative to number of days # and A [23]. In the case of slow movements, the algorithm ponders the
effect of cumulative rainfall from 4 days up to 63 days [23]. The condition for crossing the threshold is
given by:

n+3 R
Cyg3 = [Zi:1 P(t-2- 1)]”:1’2’"_60 2 [Sn13(A)]=12,.60 ©)

The definitions of vector C are kept the same and have been used in the study for the analysis.
The analysis was carried out in the same method proposed by the developers of the SIGMA model,
to define the thresholds for Kalimpong town.
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4. Analysis

The rainfall and landslide data for Kalimpong town have been used to develop (2010-2015) and
validate (2016 and 2017) rainfall thresholds for the region. The spatial distribution of landslide events
during the study period is shown in Figure 3.
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Figure 3. Spatial distribution of rain gauges and landslide events during the study period.
(modified after [15]).

For each day, 'n’-day cumulative rainfall values were calculated with n ranging from 1 to 365.
Cumulative probability distribution curves were plotted after sorting the values in ascending order.
For small values of ‘n’, the distributions were found to be closer to log-normal, and for higher values of
‘n’, the distributions tend towards normal. The asymmetric distribution of data sets has been observed
by other researchers as well [23]. Choosing Gaussian distribution as a target function, cumulative values
corresponding to multiples of SSIGMA were calculated by applying the transformation, as shown in
Figure 4a.

After applying the transformation, a probability of not overcoming a particular ‘ac”’ value can be
calculated using the reverse procedure. For each value of ‘ac’, cumulative values for n-days varying
from 1 to 365 were plotted as SIGMA curves. The values of standard curves were initially taken as
1.50,1.750, 20 and 2.50 and are plotted in Figure 4b.

168



Water 2020, 12, 1195

—ra — a6y

Fz)
V.

00 | L I
0 500 1000 1500 2000 3 2 -1 0 1 2 3

original cumulative values (mm) y (a)

1750 4

1500 -

Cumulative Rainfall (mm)
= =
~ o N
(9] o w
(=] (=} (=]

w
o
(=]

N
u
(=]

0 20 40 60 80 100
Days

Figure 4. (a) Transformation of original cumulative distribution in the target distribution for Kalimpong
town; (b) An example of SIGMA (sistema integrato gestione monitoraggio allerta—integrated system
for management, monitoring and alerting) curves (o curves) for cumulative periods up to 100 days
(2010-2015).

From the probability distribution plots, SIGMA curves have been combined using an algorithm,
which is the crucial part of the SIGMA model. The algorithm defines four different levels of alert,
such as “red”, “orange”, “yellow” and “green”. These values are used to delineate exceptional rainfall
values. The starting algorithm for the proposed model is as shown in Figure 5. It considers the effect
of short-term rainfall first, and exceedance of threshold will give high criticality alert for the day.
If a red alert case does not exist, first orange alert level and then yellow alert level were checked for
each day. If the result is negative in all cases, absent criticality (green color) is defined for the day.
Hence, if a landslide happens to continue for a number of days, an effective model should predict the
corresponding warning level on each day. The block diagram proposed in Figure 5 has to be considered
as a starting point for the work, since it was then calibrated as described in the following paragraphs.
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Figure 5. Algorithm used for calibration of the SIGMA model for Kalimpong town.

A threshold is considered to be exceeded if any of the elements in the vector crosses the value.
Once a threshold is exceeded, the algorithm defines the level of warning on each day. These outputs
were used to calibrate the model (data from 2010 to 2016). A trial and error procedure has been adopted
in the optimization module of the algorithm, which relates the daily warning levels with landslide
occurrences, as in Martelloni et al. (2012) [23]. The value of threshold is progressively raised so that
false alarms are avoided. A visualization of the procedure is shown in Figure 6 where standard SIGMA
value of 1.75 was optimized to 1.95. Using the same procedure, other standard values of 1.5 and 2
were optimized to 1.65, and 2.05, respectively. The standard value of 2.5 remained the same after
optimization. The thresholds values were increased to minimize false alarms for each event, such that
no true alarms are missed. The execution of this module terminates once the algorithm catches an event
with an observed warning level conforming to the considered threshold. The standard SIGMA curves
remain the same, but the calibration process gives a modified set of SIGMA curves for the region.
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Figure 6. Visualization of calibration algorithm. The threshold value was raised till the cumulative
rainfall curve of the event (F) is not crossing the threshold curve (standard threshold of 1.75 is optimized
to 1.95).
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5. Results

For the validation of results, rainfall and landslide data of 2016 and 2017 have been used. For each
day of the validation period, the level of warning predicted by the decisional algorithm was compared
with the reported landslide events according to the classical scheme of a confusion matrix, as shown
in Figure 7. A confusion matrix is used to describe the performance of a decisional algorithm on
a validation dataset for which the true values are known. The performance of an algorithm can be
visualized using this matrix.

/ Landslides Occurred [
Landslides Predicted kA

True Positives

([ Landslides Occurred \

Landslides Predicted 3]

True Negatives

Figure 7. Confusion matrix for quantitative comparison.

Correct predictions can be both true positives (days in which the model forecasted correctly the
occurrence of at least a landslide) and true negatives (days in which the model forecasted correctly
that no landslides occurred). False negatives are those days in which the algorithm missed the alarms,
and false positives are days in which the model issued false alarms. During 2016, eight shallow landslide
events are reported in the region. The events were rapid in nature and happened to occur on a single
day. Among the eight events, six were correctly predicted by the SIGMA model. Ground displacements
were reported at two locations in the Chibo-Pashyor area during seven days in 2017: on 28th-29th
July 2017 and 13th—17th August 2017 [2]. In all seven days, ordinary criticality was well-predicted
in the present analysis. 55 false alarms were forecasted in a span of two years. An overview of the
quantitative validation of the model for Kalimpong is tabulated in Table 2.

Table 2. Validation of the SIGMA model for Kalimpong.

Statistical Attributes SIGMA Model
T1 = True positives 13
F1 = False positives 55
F2 = False negatives 2
T2 = True negatives 661
Negative predictive power = T2/(F2 + T2) 1.00
Positive predictive power = T1/(T1 + F1) 0.19
Misclassification rate = (F1 + F2)/(T1 + F1 + F2 + T2) 0.08
Efficiency = (T1 + T2)/(T1 + F1 + F2 + T2) 0.92
Odds ratio = (T1 + T2)/(F1 + F2) 11.82
False negative rate = F2/(T1 + F2) 0.13
False positive rate = F1/(F1 + T2) 0.08
Specificity (Sp) = T2/(F1 + T2) 0.92
Sensitivity (Sn) = T1/(T1 + F2) 0.87
Likelihood ratio = Sn/(1 — Sp) 11.28
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6. Discussion

The validation of the SIGMA model for the study area gave satisfactory results by predicting all
slow movements events correctly and producing two missed alarms. However, this came at the cost of
having a relatively high count of false alarms (22).

As pointed out by Lagomarsino et al. (2015) [27], the most complete form of validation for
a threshold model is to compare the skill scores to the ones obtained with the application of other
models in the same test site. Several rainfall thresholds for landslides in Kalimpong region has already
been defined [2,10,15]. Therefore, the validation statistics of SIGMA were compared to those obtained
in the same test site by two already published works, which make use of ED and ID thresholds,
as shown in Table 3.

Table 3. Comparison of the SIGMA model with other empirical thresholds.

Statistical Attributes 1D Threshold ED Threshold [15] SIGMA (This Work)
4 Threshold Lower Limit Upper Limit
T1 = True positives 8 8 9 8 13
F1 = False positives 98 93 117 75 55
F2 = False negatives 7 7 6 7 2
T2 = True negatives 618 623 599 641 661
Negative predictive power = T2/(F2 + T2) 0.99 0.99 0.99 0.99 1.00
Positive predictive power = T1/(T1 + F1) 0.08 0.08 0.07 0.10 0.19
Misclassification rate = (F1 + F2)/(T1 + F1 + F2 + T2) 0.14 0.14 0.17 0.11 0.08
Efficiency = (T1 + T2)/(T1 + F1 + F2 + T2) 0.86 0.86 0.83 0.89 0.92
Odds ratio = (T1 + T2)/(F1 + F2) 5.96 6.31 4.94 791 11.82
False negative rate = F2/(T1 + F2) 047 047 0.40 047 0.13
False positive rate = F1/(F1 + T2) 0.14 0.13 0.16 0.10 0.08
Specificity (Sp) = T2/(F1 + T2) 0.86 0.87 0.84 0.90 0.92
Sensitivity (Sn) = T1/(T1 + F2) 0.53 0.53 0.60 0.53 0.87
Likelihood ratio = Sn/(1 — Sp) 3.90 411 3.67 5.09 11.28

It can be seen that during the validation period, SIGMA outperforms the other models. The terms
for evaluating the overall performance of model, efficiency and likelihood ratio, are maximum for
SIGMA among the models tested. Efficiency being the ratio of true predictions to a total number of
predictions, does not show a significant variation amongst different models. This is often reported in
LEWS [27] where the number of true negatives are of a higher order than the other three variables.
Specificity measures the ratio of correctly predicted days with no landslides to the total number of
days without landslides, and sensitivity denotes the ratio of correctly predicted landslides to the
total number of landslides. Likelihood ratio is the ratio of sensitivity to 1-specificity, evaluating the
effect of both the parameters. The main reason for the better performance of SIGMA seems to be
the effectiveness in predicting the slow movements occurred in 2017: a technique based on detecting
antecedent rainfall anomalies. SIGMA is more suited than ID and ED thresholds to forecast slope
movements with a complex hydrological response [26]. ID and ED thresholds correctly predicted
seven out of eight shallow landslides happened in 2016 but failed to forecast the slow movements in
2017 except for one day. It is also observed that the number of false alarms is also less in the SIGMA
model, when compared with the other models. However, before having a definitive response on which
would be the threshold model more effective to use in an EWS in Kalimpong, further tests are needed
and a larger validation dataset needs to be accounted for.

In addition, the validation showed that SIGMA could need to be improved further,
especially concerning the high number of false alarms. That was not a surprising outcome since
in the calibration, the optimization procedure aimed at minimizing false negatives (missed alarms)
instead of searching for a compromise between missed alarms and correct predictions, thus leading
to a high number of false positives. A research direction worth exploring is testing different time
intervals in the decisional algorithm: the one used in this research are the one resulted optimal for
the Emilia-Romagna region (Italy), and they were defined after a long period of adjustments [26].
The different physical settings of Kalimpong allow for a different optimal set of SIGMA values and
time intervals to be defined.
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7. Conclusions

Forecasting of rainfall-induced landslides in Kalimpong town have been carried out using the
SIGMA model and considering the historical rainfall and landslide information. A single parameter,
the cumulative rainfall, defines the threshold by means of a set of statistical thresholds.

The algorithm was designed to consider a three day rainfall effect for shallow landslides and more
days (up to 63) for slow landslides. The time period and standard SIGMA values were decided by
trial and error procedure during calibration, minimizing missed alarms and false alarms. A validation
procedure showed satisfactory results and proved that SIGMA performed better than other ED and ID
thresholds defined for the same region by previous works. For the study area, where both rapid and
slow movements are present, the combined use of short-term and long-term antecedent rainfall is thus
a point of strength of the model.

It can be concluded that the SIGMA model is a simple and efficient tool which can be used for
landslide early warning on regional scale. The model predicts warning levels associated with each day,
which can be directly linked to the severity of landslide events predicted. This study proves that the
SIGMA model can be exported in parts of the world other than Italy, where the model was originally
conceived, with satisfactory performance.

While applying the SIGMA model for a study area different from Italy, in a different
hydro-meteo-geological setting, it was found that the values of S,(A) of Kalimpong is different
from those used for Italy [23]. A simpler algorithm than the one used for Italy was found to provide
optimum results, as a smaller area and single rain gauge is considered for the analysis. Being a statistical
model, the starting algorithm was decided by trial and error using the meteorological data and was
fine-tuned by minimizing false alarms using an optimization procedure. The algorithm correctly
predicted warnings on 13 out of 15 days of landslides during the validation period (2016-2017).
The events in 2017 were the result of continuous rainfall over a longer time period. It can be concluded
that this algorithm-based approach considers the effect of both long-term and short-term rainfall
and even slow movements are predicted, providing a performance better than traditional ID and
ED thresholds.

The number of false alarms generated has to be reduced either by tuning the SIGMA levels
and the time interval lengths, or by improving the model conceptually. As an instance, physical
parameters like soil moisture can be considered along with the rainfall data to increase the positive
predictive power [18,25]. Also to expand the model for a larger area, spatial variability of meteorological
parameters should be considered [36,37]. After further tests and developing standard action plans for
each level of warning, this model has the potential to be integrated with rainfall forecasting and to be
used as a landslide early warning system on a regional scale.
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Abstract: Rainfall-triggered shallow landslides represent a major threat to people and infrastructure
worldwide. Predicting the possibility of a landslide occurrence accurately means understanding the
trigger mechanisms adequately. Rainfall is the main cause of slope failures in Slovenia, and rainfall
thresholds are among the most-used tools to predict the possible occurrence of rainfall-triggered
landslides. The recent validation of the prototype landslide early system in Slovenia highlighted
the need to define new reliable rainfall thresholds. In this study, several empirical thresholds are
determined using an automatic tool. The thresholds are represented by a power law curve that links
the cumulated event rainfall (E, in mm) with the duration of the rainfall event (D, in h). By eliminating
all subjective criteria thanks to the automated calculation, thresholds at diverse non-exceedance
probabilities are defined and validated, and the uncertainties associated with their parameters are
estimated. Additional thresholds are also calculated for two different environmental classifications.
The first classification is based on mean annual rainfall (MAR) with the national territory divided
into three classes. The area with the highest MAR has the highest thresholds, which indicates a likely
adaptation of the landscape to higher amounts of rainfall. The second classification is based on four
lithological units. Two-thirds of the considered landslides occur in the unit of any type of clastic
sedimentary rocks, which proves an influence of the lithology on the occurrence of shallow landslides.
Sedimentary rocks that are prone to weathering have the lowest thresholds, while magmatic and
metamorphic rocks have the highest thresholds. Thresholds obtained for both classifications are
far less reliable due to the low number of empirical points and can only be used as indicators of
rainfall conditions for each of the classes. Finally, the new national thresholds for Slovenia are also
compared with other regional, national, and global thresholds. The thresholds can be used to define
probabilistic schemes aiming at the operative prediction of rainfall-induced shallow landslides in
Slovenia, in the framework of the Slovenian prototype early warning system.

Keywords: rainfall thresholds calculation; mean annual rainfall; lithology; Slovenia

1. Introduction

Landslides are one of the most common hazardous natural phenomena in Slovenia and worldwide,
threatening the safety of local residents and damaging infrastructure. The main triggering factor of
shallow landslides in Slovenia is rainfall, especially short and intense rainstorms, combined with
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local geological, geomorphological and climatic conditions [1]. In recent decades, intensive rainfall
events have become much more frequent. This is also due to global climate change, which leads to
a high number of shallow slope failures [2]. Every year dozens to hundreds of new shallow landslides
are recorded in Slovenia. Many of them cause damage to infrastructure and properties, including
residential buildings and agricultural land. To mitigate possible serious consequences and damage,
the use of a landslide early warning system (LEWS) is fundamental. To operate a successful LEWS, it is
essential to understand the relationship between rainfall and landslide occurrence. This relationship is
commonly defined by means of empirical rainfall thresholds. The calculation of rainfall thresholds
for landslide triggering has been a major challenge over the last few decades. Campbell [3] was the
first to demonstrate the connection between antecedent rainfall and its infiltration into low-permeable
rocks with the triggering of landslides. Nilsen and Turner [4] also proved the impact of rainstorms and
antecedent rainfall on the occurrence of slope mass movements and calculated threshold values for the
investigated area. Caine [5] proposed a power law equation linking mean rainfall intensity (I) and
duration of the rainfall event (D) based on data from different geological, morphological and climatic
settings. Since then many different methods and algorithms have been developed for calculating
rainfall thresholds [6-8]. LEWSs based on thresholds of different types have been implemented in
many countries and regions [9,10], e.g., for the coastal areas of San Francisco [11,12], the metropolitan
areas of Rio de Janeiro [13,14] and Vancouver [15], southern Taiwan [16], Italy [17] and regions in Italy
such as Emilia-Romagna [18], Piedmont [19], Tuscany [20-22] and Sicily [23].

In Slovenia, Komac [1] calculated rainfall thresholds for individual lithological units on the entire
Slovenian territory using the statistical chi-square method. Jemec Aufli¢ and Komac [24] analyzed
rainfall patterns for shallow landslides in the Skofjelosko-Cerkljansko hills during six major rainfall
events between 1991 and 2010, while Rosi et al. [25] used the MaCumBA (MAssive CUMulative Brisk
Analyzer) algorithm by Segoni et al. [26] to determine the first mean intensity-duration ID thresholds
on a regional scale and for four major river zones in Slovenia. Bezak et al. [27] determined empirical
thresholds for flash floods and landslides in Slovenia using a copula-based method. Bezak et al. [28]
also worked on the application of hydrological modelling for temporal prediction of shallow landslides,
while Jordanova et al. [29] focused on the determination of empirical thresholds for shallow landslides
in the Posavsko hills, Eastern Slovenia, with an analysis of antecedent rainfall and the intensity of
seven major rainfall events between 2013 and 2017.

With the aim of improving prevention measures, the prototype of a LEWS for Slovenia was
developed in 2013 [30]. The system is based on the comparison between the forecasted precipitation
for the next 24 h and rainfall thresholds, determined using the chi-square method and 40 years of
average rainfall correlated to the lithological unit [1]. Recently, a validation of this LEWS was carried
out [29,31] and demonstrated the need for new thresholds.

The definition of empirical rainfall thresholds is often affected by subjective criteria, such as the
definition of the rainfall events responsible for landslide triggering, and by uncertainties, such as the
quality of rainfall data and the accuracy of the location and timing of landslide occurrences [32,33].
To avoid any subjective bias in the results, Melillo et al. [34,35] proposed an algorithm for the automatic
calculation of thresholds for rainfall-induced landslides, which was improved and implemented in
a software tool (CTRL-T, Calculation of Thresholds for Rainfall-induced Landslides Tool) [32]. The tool
uses objective, standardized criteria for the automatic reconstruction of landslide-triggering rainfall
conditions, based on historical rainfall records and landslide occurrence dates. It was applied by
several authors in diverse environments in Italy [32,36], India [37] and Bhutan [38].

According to the determination of the amount of rainfall responsible for the landslide occurrence,
we propose new rainfall thresholds, calculated using CTRL-T, for the entire national territory of Slovenia
and for climatic and geological subdivisions. The new national rainfall thresholds are compared
with the global and regional thresholds proposed by Caine [5], Guzzetti et al. [6,7], Rosi et al. [24],
Peruccacci et al. [39] and Palladino et al. [40].
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2. Study Area

Slovenia (20,273 km?) lies in Central Europe in the southeastern part of the Alps (Figure 1).
The sparse landscape and the diverse geological conditions range from the Pannonian plains and
hills and their sediments in the northeast through the Alpine foothills in the Prealpine region (East to
Western Slovenia) to the Alpine region in the northwest and the Eocene flysch in the southwestern
Mediterranean plateau. The tectonic and structural elements, intersecting the area, have led to unstable
rock masses and landslide-prone conditions [41].

The rainfall is unevenly distributed over the country due to its location between the Alps,
the Dinarides, the Pannonian Basin and the Adriatic Sea, which contributes to the Mediterranean
climate conditions (Figure 1). According to the Slovenian Environment Agency (ARSO), the annual
average precipitation between 1981 and 2010 shows that the western part of Slovenia (excluding the
southwestern coastal area) and especially the northwestern Alpine region is the rainiest part [42].
The average annual rainfall ranges from 1600 mm to over 3200 mm in the Julian Alps. Rain clouds
usually move north and east towards the Alps and Dinarides, which serve as an orographic barrier.
Many deep-seated landslides and debris flows (e.g., StoZe, Slano Blato, Potoska Planina) are present in
the western and northwestern parts of Slovenia, while the east is more prone to shallow landslides.
The less rainy area in the northeast accumulates on average almost 1000 mm per year.
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Figure 1. Location of Slovenia, with indication of the rain gauges used to reconstruct the rainfall events
responsible for the failures, classified into four geographical areas related to rainfall characteristics,
and of the landslides included in the analyzed catalogue. The landslides used for threshold calculations
are indicated with orange dots.

3. Methods and Data

3.1. CTRL-T Tool and Threshold Equation

CTRL-T is a tool for the automatic calculation of rainfall thresholds for their use in operative
prediction of shallow landslides [32]. The calculation of thresholds is based on continuous sets of
hourly rainfall data gathered from rain gauges, and on a landslide database, consisting of known
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locations (geographic coordinates) and times (accurate dates and, when available, hour) of landslide
occurrences. The tool reconstructs rainfall events and determines the events that are more likely to be
responsible for the observed slope failures. Two important input parameters were defined prior to the
identification of rainfall events, i.e., (i) the maximum permissible distance between the representative
rain gauge and the landslide (15 km) and (ii) the maximum acceptable delay between the end of
a rainfall event and the occurrence of a landslide (48 h).

The calculations are performed by three separate segments, each of which performs specific
tasks [32]. The first segment performs the reconstruction of the individual rainfall events from
the continuous rainfall series and calculates the duration (D, in hours) and the cumulated rainfall
(E, in mm) of the rainfall events. The separation of consecutive rainfall events is based on climatic
and seasonal settings: two “no rain” time intervals are distinguished for a warm/dry and cold/rainy
season, respectively. The determination of the two seasons is based on monthly soil-water balance
(MSWB) model [43—45]. In more detail, the MSWB model exploits monthly rainfall and temperature
data and allows estimating the average monthly potential and real evapotranspiration utilizing a water
balance over the mean hydrological year. Furthermore, the aridity index (Al), i.e., the ratio between the
average monthly rainfall and the average monthly potential evapotranspiration, is used to define the
length of the two seasons for each of the four regions. The warm/dry season has Al < 1, while in the
cold/rainy season Al > 1. Once the length of the two seasons in each region has been defined, the ratio
between the total amount of real evapotranspiration in the warm and the cold seasons is used to define
the ratio between the “no rain” time intervals in each season.

The task of the second segment is to select the nearest rain gauge for each landslide. The maximum
allowed distance between a landslide and a rain gauge is within a circular area of a given radius.
This task is followed by the selection of single or multiple rainfall conditions (MRC) that are most
likely responsible for the slope failures. Each MRC is assigned a weight to select the representative
rain gauge and the rainfall conditions associated with the landslide. The weight is equal to the ratio
between the cumulated rainfall (E) times the mean rainfall intensity (I) divided by the square of the
distance between the rain gauge and the landslide.

The third segment is the calculation of cumulated event rainfall-rainfall duration—ED—thresholds
at different non-exceedance probabilities (NEPs), and the associated uncertainties, where the MRC
with the maximum weight for each failure (MPRC, Maximum Probability Rainfall Condition) are
selected. The thresholds are defined using a frequentist approach [46,47] and have a power law form
linking E to D:

E = (a£Aa)-DU*) 1)

where a is the scaling parameter and y is the shape parameter, i.e., the intercept and slope of the power
law curve respectively; Aa and Ay represent the relative uncertainties of the two parameters [46,47].
A more detailed description of CTRL-T can be found in Melillo et al. [32,34,35].

3.2. Landslide Data

Initially, the landslide database consisted of 2179 landslides that occurred between 18 September
2007 and 5 May 2018. We classified all landslides in the database as shallow landslides. The failures,
probably caused by snowmelt during the winter and the first months of spring (i.e., from early
December to early April), were discarded. Landslides with unknown dates of occurrence or location
and double entries (e.g., two landslides in the same place and time) were also excluded from the
analysis. In total, we manually removed 583 landslides from the database, leaving 1596 landslides for
further analysis.

The exact time of the failures was not known; therefore, all landslides were recorded as they had
occurred at the end of the day. This could introduce uncertainties in the amount of rainfall responsible
for the landslides (see e.g., [48]), which however were not evaluated. In particular, all rainfall up to the
end of the day of the recorded dates was considered, although the landslides probably occurred earlier
and could have consisted of lower amounts of rainfall.
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3.3. Rainfall Data

In Slovenia, several different types of gauges measure precipitation data and other climatic
variables. For this analysis, ARSO provided rainfall data of all automatic rain gauges. The measures
were extracted with a temporal resolution of 30 minutes and aggregated in hourly time steps for the
period between 18 September 2007 and 5 May 2018. Of the 144 available rain gauges, only 94 were used
for the reconstruction of rainfall conditions that caused the landslides. Average monthly temperature
data, useful for the MSWB model, was gathered from all stations.

4. Results and Discussion

4.1. Definition of the Dry and Wet Season

The identification of the warm/dry and cold/rainy seasons in Slovenia was not trivial due to
sparse landscapes and different climatic conditions. Four regions were identified: (i) North East,
the region with less rainfall; (ii) North West, the Alpine region; (iii) South West, the coastal region with
Mediterranean climatic conditions; and (iv) the Central region, the pre-alpine that receives the highest
rainfall (more than 3000 mm per year). The rain gauges in each region were classified accordingly
(Figure 1). Using the average monthly rainfall and temperature data between 2007 and 2018 and
applying the MSWB model, the length of the two seasons in each region was defined. Furthermore,
using the aridity index, the ratio among the “no rain” intervals in each season was determined.
This ratio resulted equal to 2, corresponding to a “no rain” interval of 48 h (set as minimum) in the
warm season and 96 h in the cold season, respectively. Figure 2 shows the results of the analysis
for the four considered regions. While the North East, South West and Central regions experience
dry periods (AI > 1) in the summer months (with diverse lengths), the North West part (Alpine
area) has no dry period. Therefore, in North East, South West and Central regions, rainfall events
were reconstructed using a “no-rain” period of 48 h and 96 h in the warm/dry and cold/rainy season,
respectively. Conversely, in the North West region, rainfall events were always separated by 96 h.
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Figure 2. Calculated aridity index for individual regions: (a) South West; (b) North West; (c) North East;
(d) Central region. Green and red areas indicate the cold/rainy and the warm/dry months, respectively.
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4.2. Threshold Calculation

Using CTRL-T we reconstructed 1315 rainfall conditions responsible for the occurrence of
landslides in the observed period. For 281 landslides it was not possible to determine the triggering
rainfall event for three main reasons: (i) the distance between the landslide and the rain gauges
exceeded 15 km (chosen according to the morphology and the rain gauge density of the study area);
(ii) the delay between the end of the rainfall condition and the occurrence of the landslide exceeded
48 h; (iii) accurate landslide information or rainfall data were lacking. These landslides were excluded
from the calculation. Several landslides occurring on the same day and near the same rain gauges were
presumably triggered by the same amount of rainfall. In this case, CTRL-T selected only the rainfall
condition corresponding to the first triggered landslide. As a result of the analysis, out of 1315 rainfall
events, only 368 survived the selection criteria (Figures 1 and 3).

The values of 15 km and 48 h for maximum distance and delay, respectively, were selected in
accordance with previous works [32,33,35,38] and should be considered as conservative upper limits.
Most of the landslides (305 out of 368, 83%) were associated with rain gauges located at a maximum
distance of 10 km, and half of them within 6 km; in 48 cases the distance was shorter than 2 km.
Regarding the delay between the end of the rainfall and the occurrence landslide time, the majority of
the landslides (299 out of 368, 81%) that were associated with rainfall conditions ended within a delay
of 24 h. Specifically, half of them had a delay of less than 10 h and in 60 cases the delay was null.

Based on the 368 rainfall conditions, the algorithm included in CTRL-T calculated ED (cumulated
event rainfall—duration) thresholds at different non-exceedance probabilities (Table 1). As a reference
with previous works (e.g., [32-35,38,46,47]), Figure 3 shows the rainfall conditions and the threshold at
5% NEP. According to the frequentist method [46,47], the 5% NEP threshold leaves 5% of the empirical
ED conditions below itself. The relative uncertainties of the parameters of the thresholds were also
calculated. The 5% NEP threshold has low relative uncertainties (0.7/6.8 = 10.3%; 0.02/0.4 = 5%),
which means a better distribution of the rainfall conditions.
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Figure 3. (a) Log-log plot with the cumulated event rainfall—duration ED, conditions that triggered
landslides in Slovenia and the corresponding 5% ED threshold (T5syn). (b) T5syn threshold in the
range 1 h < D <120 h, in linear coordinates. The shaded areas represent the threshold uncertainty.
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Table 1. Main characteristics of rainfall thresholds defined in this study.

TssvN Slovenia 20,273 368 E = (6.8 + 0.7)-D(0-40 = 0.02) 2-1149 10.3 5.0
TisvN Slovenia 20,273 368 E = (4.7 + 0.5)-D(0-40 = 0.02) 2-1149 10.6 5.0
Tio,5vN Slovenia 20,273 368 E = (8.2 + 0.8)-D(0:40 = 0.02) 2-1149 9.8 5.0
Ti5,5vN Slovenia 20,273 368 E = (8.9 + 0.9)-D(0:40 £ 0.02) 2-1149 10.1 5.0
Too,svN Slovenia 20,273 368 E = (10.5 + 1.0)-D©40 = 0.02) 2-1149 9.5 5.0
Ts0,5vN Slovenia 20,273 368 E = (16.5 + 1.6)- D040 £ 0.02) 2-1149 9.7 5.0
Ts1. 800 < MAR < 1300 mm 6538 137 E = (8.3 % 1.1)-D(0:34 = 0.04) 2-280 132 118
Tsm 1300 < MAR < 1600 mm 6018 127 E = (7.3 +1.1)-D(038 £ 0.04) 2-243 150 105
Tsn 1600 < MAR < 4000 mm 7717 104 E = (7.2 + 1.6)-D041+ 005 5-1149 222 119
Ts1c Igneous-metamorphic complex 1444 48 E = (14.8 + 3.3)-D(0:25 £ 0.05) 2-139 22.3 20.0
Ts1p Limestone and dolomite 8803 72 E = (8.9 +2.2)-D(0:36 % 0.06) 5-180 247 167
Tsus Unbound sediments 5601 106 E = (5.3 +0.9)-D(047 = 0.04) 3-1149 17.0 85
Ts Bs Bound sedimentary rocks 4425 142 E = (5.9 +0.9)-D(042 % 0.04) 2-303 15.2 95

* MPRC—Maximum Probability Rainfall Condition.

4.2.1. Thresholds for Different Mean Annual Rainfall Classes

To investigate the role of the rainfall regime for the landslide triggering conditions in Slovenia,
we used data on mean annual rainfall (MAR) provided by ARSO [42], which were divided into
three classes. Figure 4 shows that the eastern part of Slovenia (32% of the total national territory) is
y low values of MAR (800 < MAR < 1300 mm), the central part (30%) by medium
values (1300 < MAR < 1600 mm) and the western part (38%) by high values (1600 < MAR < 4000 mm).
landslides in the region characterized by a low, medium and high MAR class is 137,
127 and 104, respectively. The lowest density of landslides (one landslide every 74 km?) is found in the
area with high MAR values, while the other two areas are characterized by a similarly higher value of

characterized b

The number of

landslide density (one every 47 km?).
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Figure 4. Subdivision of Slovenia based on different mean annual rainfall (MAR) between 1981 and
2010 [42] into three classes, with indication of the landslides used in the analysis. The donut chart

shows the number of landslides in each class.

Figure 5a shows the MPRCs classified into three MAR classes, with the corresponding 5% ED
thresholds, Ts 1, Ts v and Tspy (Table 1). The three thresholds are also shown in Figure 5b, in linear
coordinates and in the range of duration 1 < D < 120 h, with the shaded areas representing the
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uncertainty associated to each threshold. Inspection of Figure 5a and Table 1 reveals that the three
point-clouds have different distributions and the subsets have diverse duration ranges, and the resulting
thresholds have different parameters. In particular, « increases from 7.2 to 8.3, and y decreases from
0.41 to 0.34 moving from T5y to Tsp. Therefore, the curves become higher and steeper with an
increasing MAR (Table 1), ranging from o = 8.3 + 1.1 and y = 0.34 + 0.02 for the low MAR region
toa=7.1=x16and y = 0.41 £ 0.05 for the high MAR region. This behavior is in accordance with
the findings of Peruccacci et al. [39] in the nearby Italian territory: the rainfall required to trigger
landslides increases with the MAR, which proves a sort of adaptation of the landscape to the average
rainfall conditions. The relative uncertainty of a increases as the MAR class increases, while Ay/y
remains stable.
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Figure 5. (a) Log-log plot with the ED (cumulated event rainfall—duration) conditions that triggered
landslides in Slovenia classified according to three classes of mean annual rainfall (MAR) and
corresponding 5% ED thresholds (Tszy, Tsn, Ts1). (b) Same thresholds and related uncertainties
(shaded areas) in therange 1 h <D <120h, in linear coordinates. Legend: L, 800 mm < MAR < 1300 mm;
M, 1300 mm < MAR < 1600 mm; H, 1600 mm < MAR < 4000 mm.

4.2.2. Thresholds for Lithological Classes

For the purpose of studying the role of lithology in the triggering of landslides in Slovenia,
we used the Slovenian engineering geological map in scale 1:1,000,000 by Ribici¢ et al. [49] We have
reclassified the 29 rock units into four classes (Figure 6): the igneous and metamorphic complex
(IG class), limestone and dolomite (LD class), unbound sediments or sedimentary rocks (US class)
and bound sedimentary rocks (BS class). Each class represents a unit of similar rock types that occur
in Slovenia. The IG class includes diabase, andesites, granites and all types of volcanic sedimentary
rocks; the LD class includes all types and forms of these occurring rocks; US class includes all the
unconsolidated clastic sediments such as clay, marl, silt, sand, gravel and similar sediments, and the
BS class represents all the occurring cemented fine-grained and coarse-grained clastic rocks.

Figure 6 shows the landslides considered for each class, where the class IG has the lowest
number (48 of 368), class LD with 72, class US with 106, and class BS with 142 conditions. Overall,
67% of the considered landslides occurred in the areas of sedimentary rocks (bound and unbound),
which take roughly half of the total territory of Slovenia (10,026 km?, 49.5%), while landslides in
the area of limestones and dolomites (8803 km?, 43.4%) account for only 20% of the considered
landslides. This proves the impact of lithology on landslide triggering conditions, as reported,
e.g., by Jordanova et al. [29], Peruccacci et al. [39], Palladino et al. [40], Vennari et al. [50] and
Gariano et al. [51] Sedimentary rocks are relatively unstable masses that are very susceptible to
weathering and consequently accumulate thick eluvium, which is the main source of material for
shallow landslides.
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Figure 6. Subdivision of Slovenia into four main lithological classes based on the engineering geological

map by Ribici¢ et al. [49], with indication of the landslides used in the analysis. The donut chart shows
the number of landslides in each class.

Figure 7a shows the ED conditions in each lithology class in log-log coordinates with the
corresponding 5% NEP thresholds, Ts 1, T51p, T5us and Tspg (Table 1). The same thresholds are
shown in linear coordinates in Figure 7b, with the range of duration (D) varying from 1 to 120 h.
Due to the small number of conditions for classes IG and LD, the uncertainties are too high, and the
thresholds cannot be considered significant for these classes [39,47]. Nevertheless, they indicate the
differences in the triggering conditions, with the IG class having the highest threshold and bound
sedimentary rocks having the lowest. For obtaining more reliable thresholds, more empirical points
are needed. However, a clear distinction in the minimum triggering conditions between landslides
that occurred in sedimentary rocks and those that occurred in dolomite, limestone, igneous and
metamorphic complexes can be currently observed.
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Figure 7. (a) Log-log plot with the ED (cumulated event rainfall—duration) conditions that triggered
landslides in Slovenia classified in four geological classes and corresponding 5% thresholds (T51, Ts b,
Ts,us, Ts,8s). (b) Same thresholds and related uncertainties (shaded areas) in the range 1h <D <120 h
in linear coordinates. The thresholds with not-acceptable uncertainties are indicated with dotted lines.
Legend: IG, Igneous and metamorphic complex; LD, Limestone and dolomite; US, Unbound sediments
or sedimentary rocks; BS, Bound sedimentary rocks.
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4.3. Threshold Validation

The validation of the national thresholds was based on two subsets of data: (i) a calibration
set containing 70% of all reconstructed rainfall conditions (258), and (ii) a validation set containing
the remaining 30% (110). The subsets were randomly selected 100 times. In addition, all those
rainfall conditions that (presumably) did not cause landslides in the considered period were also
reconstructed. The validation was performed 100 times, each time resulting differently; the number
of conditions was always the same. The thresholds at different NEPs, calculated using the MRPC in
the calibration set, are compared with the MPRC in the validation set and the rainfall conditions that
did not trigger landslides. Therefore, 100 contingency tables were determined [33,51], reporting true
positives (TP, i.e., landslide-triggering rainfall conditions predicted by the thresholds), false positive
(FP, i.e., rainfall conditions not resulting in landslides incorrectly classified as landslide-triggering),
true negatives (TN, i.e., rainfall conditions not resulting in landslides not predicted by the thresholds)
and false negatives (FN, i.e., landslide-triggering rainfall conditions located below the threshold).
Furthermore, three skill scores could be calculated: the true positive rate, i.e., TPR = TP/(TP + FN);
the false positive rate, i.e.,, FPR = FP/(FP + TN); and the true skill statistics, i.e., TSS = TPR — FPR.
Moreover, the FPR and TPR values were used to draw the receiver operating characteristic (ROC) curve
(Figure 8). The best prediction is achieved when TPR =1 (all observed landslides correctly detected) and
FPR = 0 (no false positives) and is represented by the upper left green point in Figure 8 (best prediction
point). The threshold which results closest to the best prediction point is assumed to be optimal.

Table 2 reports the mean values of the performing indexes for calculated thresholds at different
NEDPs, for the 100 validation runs. As the non-exceedance probability increases, the number of false
negatives rises, and that of the true positives decreases. Conversely, lowering the thresholds causes an
increase in the number of false positives and a decrease in the number of true negatives. In such cases,
if the thresholds are used in a LEWS, false positives lead to false alarms and false negatives lead to
missed alarms. It can be noted that the number of false positives can be greatly overestimated due
to a lack of landslide information, i.e., many landslides may have occurred, but were not recorded.
Likewise, even the true negatives can be overestimated. It has been observed that even a slight
underestimation of the number of landslide occurrences can lead to an increase in uncertainty about
prediction (and consequently system) performance [51].

0.2

0.0 4

‘ T T ‘ ‘ ‘
0.0 02 0.4 06 0.8 1.0
FPR

Figure 8. Classification of thresholds at different non-exceeding probabilities (black points) in the
ROC space. The threshold closest to the best prediction point (green point) is the optimal threshold.
Horizontal and vertical bars represent the range of variation of TPR and FPR for the 100 runs in which
the MPRCs are randomly selected.
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Table 2. Mean values of the performing indexes for calculated thresholds at different non-exceedance
probability. The 15% threshold has the highest scoring indexes. NEP, non-exceeding probability;
TP, true positive; FN, false negative; FP, false positive; TN, true negative; TPR, true positive rate; FPR,
false positive rate; TSS, true skill statistics; 5, distance from perfect classification point. The optimal
value for TPR and TSS is 1, while for FPR and 5 is 0.

NEP TP FN FP TN TPR FPR TSS &

1 109 1 5475 5009 099 052 047 0.52
5 105 5 3761 6723 096 036 0.60 0.36
10 98 12 2815 7669 089 027 0.63 0.29
15 92 18 2235 8249 0.84 021 0.63 027
20 86 23 1842 8642 0.79 018 0.61 0.28
35 72 37 1062 9423 0.66 0.10 0.94 0.36
50 57 52 590 9894 0.52 0.06 046 0.48

The validation showed that the best-performing threshold is that at 15% NEP, which has the
shortest distance & from the best prediction point, and also the highest mean value TSS in the
100 validation runs (Table 2; Figure 8). This threshold is represented by the equation:

E = (8.9+1.0)D(042 = 0.03) )

The relative uncertainties of these parameters are slightly higher (Aa/a = 11.2%; Ay/y = 7%) than
the ones reported in Table 1. The reason behind this is in the lower number of rainfall conditions
available (258 out of 368).

4.4. Comparison with Other Thresholds

Comparing the proposed new thresholds with the existing ones, in particular with the Slovenian
threshold calculated by Rosi et al. [25] (4 in Figure 9), a large difference in the intercept of the thresholds
and a small difference in the slope of the functions is noticeable: the new thresholds Ts5 sy, and T15syn
are much lower than the previously calculated Slovenian thresholds [25]. Nevertheless, the thresholds
defined in this work are higher than those defined for Central and Southern Europe (an area that
includes Slovenia) by Guzzetti et al. [6] (2 in Figure 9) and lower, in particular at short durations,
than the global thresholds by Caine [5] and Guzzetti et al. [7] (1 and 3 in Figure 9, respectively).
In addition, these differences can be ascribed to the use of different sets of input data, such as the
number of landslides and time period, as well as on the available rainfall data. Rosi et al. [25] used
landslides that occurred between 2007 and 2014 and a limited rainfall dataset (1 rain gauge per 460 km?).
On the other hand, T5 gyn was defined with the same method and has the same resolution of rainfall
data (hourly) and the same non-exceeding probability as the thresholds for Italy [39] (5 in Figure 9)
and for the Italian Alpine area [40] (6 in Figure 9).

Interestingly, T5 sy is very similar to the Italian threshold, while it has a slope that is different to
the Alpine threshold. Comparing the 5% threshold defined for Slovenia with that defined with the
same approach for Italy, some differences are observed. The Slovenian threshold has a similar slope
and a lower intersection than the Italian one. Furthermore, the relative uncertainties for the Slovenian
case study are higher. This is due to the lower number of empirical data points (368 compared to
the 2309 in the Italian case) and also to a different distribution of points in the ED graph. In fact,
the percentage of MPRC with D < 6 h is 5.4% in the Slovenian case and 12% in the Italian case. This is
due to the coarser (daily vs. hourly) temporal resolution of the landslide data in Slovenia.

The difference between the new Slovenian thresholds and the threshold for the Alpine chain can
be ascribed at the same cause. One could have expected that the Slovenian threshold would be similar
to the Alpine one, given the similar environment and latitude. However, this difference is again related
to the diverse temporal resolution of the two landslide catalogs: daily for Slovenia and hourly for the
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Alps. Working with daily information for landslides can result in missing several very short (<6 h)
rainfall events that can drive the slope of the threshold.
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Figure 9. Comparison between the 5% and 15% thresholds for Slovenia and other global (1 and 3),
regional (2 and 6) and national (4 and 5) thresholds. Source, numbered chronologically: 1, global
threshold by Caine [5]; 2, threshold for Central and Southern Europe by Guzzetti et al. [6]; 3, global
threshold by Guzzetti et al. [7]; 4, national threshold for Slovenia by Rosi et al. [25]; 5, national threshold
for Italy by Peruccacci et al. [39]; 6, threshold for Alps by Palladino et al. [40].

5. Conclusions

In this paper, new ED thresholds for Slovenia were calculated using the automatic tool proposed
by Melillo et al. [32] The main objective was to reconstruct the cumulated event rainfall and the duration
of the rainfall conditions responsible for landslide occurrences in order to obtain reliable thresholds
that could be implemented in a LEWS. Based on the presented results the following conclusions can
be drawn.

The proposed ED thresholds were determined for the entire Slovenian territory, given that the
current national landslide prediction system provides alerts at a national scale. Compared to other
thresholds obtained with empirical approaches, the current curves are slightly lower. It should be
noted, however, that the threshold used for the comparison is at 5% NEP. The main strength of
the frequentist approach lies in the possibility of calculating thresholds at different non-exceeding
probabilities, which could be used in probabilistic schemes to produce rising alert levels for landslide
occurrence [17].

Thresholds for different MAR classes were also calculated. Due to the high relative uncertainties
of the threshold parameters, not all the calculated thresholds can currently be implemented in a LEWS.
However, they provide an idea of the landslide triggering conditions in the study area. The higher the
mean annual rainfall in an area, the more rainfall is needed to trigger a landslide.

Thresholds for different geological classes were also determined. Due to the high relative
uncertainties, not all the defined thresholds are reliable enough to be implemented in a LEWS. They can
be considered only as an indicator of the rainfall conditions responsible for landslide occurrences
in different lithological units. The sedimentary rocks are more subject to weathering and thus have
the lowest thresholds and are by far more susceptible to landslide occurrences than those areas with
limestone and magmatic bedrocks.

The main advantages of the tool—whose code is freely downloadable at http:
//geomorphology.irpi.cnr.it/tools/rainfall-events-and-landslides-thresholds/ctrl-t-algorithm/ctrl-
code/ctr]_t_code.r/view—are (i) the fast processing of a large amount of data, which provides results in
a short time, (ii) the reduction of subjectivity in the whole process of reconstructing rainfall conditions
responsible for the failures and (iii) the definition and validation of rainfall thresholds.
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The proposed 15% NEP threshold might be further tested using the national prototype LEWS and
critically assessed on the basis of case studies, reviewing the landslide database and ensuring accurate
information on the location and the occurrence date/time of the landslide.
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Abstract: The Panjinbulake loess landslide is located in the western part of the Loess Plateau, in Yining
County, Xinjiang, China. It is characterized by its long runout and rapid speed. Based on a field
geological survey and laboratory test data, we used the DAN-W dynamic numerical simulation
software (Dynamic Analysis Of Landslides, Release 10, O. Hungr Geotechnical Research Inc.,
West Vancouver, BC, Canada) and multiple sets of rheological models to simulate the whole process
of landslide movement. The best rheological groups of the features of the loess landslide process
were obtained by applying the Voellmy rheological model in the debris flow area and applying
the Frictional rheological model in the sliding source area and accumulation area. We calculated
motion features indicating that the landslide movement duration was 22 s, the maximum movement
speed was 20.5 m/s, and the average thickness of the accumulation body reached 5.5 m. The total
accumulation volume, the initial slide volume and the long runout distance were consistent with the
actual situation. In addition, the potential secondary disaster was evaluated. The results show that
the DAN-W software and related model parameters can accurately simulate and predict the dynamic
hazardous effects of high-speed and long runout landslides. Together, these predictions could help
local authorities make the best hazard reduction measures and to promote local development.

Keywords: loess landslide; DAN-W; numerical simulation; dynamic analysis

1. Introduction

Landslides are among the most destructive geological disasters with features of rapid speed,
long runout distance, and entrainment effect [1-3]. Catastrophic landslide events are often triggered
by heavy rainfall, earthquake, and engineering activities [4-6]. According to the spatial characteristics
and trajectory of the sliding body, the entire process of landslide movement is mainly divided into
three stages: The starting stage at the slide source area, the propagating stage, and the deposition
stage [7-10]. In addition, entrainment, base liquefaction, and air cushioning occur during the landslide
movement [11-13]. To reduce the landslide hazard loss, risk assessment is often requested [14-16].
The landslide runout analysis is a very effective method to assess a landslide hazard [17]. Landslide
runout analysis involves two aspects: The simulation of previous landslides and the prediction of
potential landslides [18]. Runout analysis could be used to design remedial engineering measures,
such as barricades and berms [17]. The maximum runout distance, propagation velocity, and the deposit
thickness, and provision of the basis for the design of remedial engineering measures, are obtained by
landslide runout analysis.
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Landslide runout analysis methods mainly include empirical-statistical methods and numerical
models [19,20]. Empirical methods establish the geometric relationship between the landslide volume,
height difference, and angle of reach (i.e., the angle of the line between the highest point of the rear edge
and the farthest point of the sliding distance) to predict the sliding distance. The empirical methods
could not precisely predict the runout distance in the different complex geological environments,
including entrainment, friction resistance, and impaction. Compared with the empirical method,
the numerical models could give more information about the dynamic features of the sliding mass
under different geological environments, such as the scraping depth, the thickness of the accumulation
area, velocity, and the scope of dangerous area. The numerical simulation methods include the
discrete element methods and the continuum methods. The discrete element method is based on
Newton’s second law and is used to analyze the interaction of particles constituting a landslide.
It is suitable for landslides with debris flow patterns, such as the MatDEM (i.e., Fast GPU Matrix
computing of Discrete Element Method, Nanjing University) and PFC (i.e., Particle Flow Code,
Itasca) [21,22]. The continuum method, based on the momentum and mass equations incorporating
the earth pressure theory, simulates the motion characteristics of the slip mass to obtain the velocity,
position, and thickness of the slip mass [23,24]. The continuum methods have been successfully used
to simulate previous hazards and predict potential hazards, such as debris flow, landslides, landslide
bam, and avalanches [25-27]. The methods evolved into models such as the GeoFlow-SPH [28],
LS-RAPID [29], Flow-2D [30], Kinematic model [31] and DAN model [23]. Based on the fluid continuity
equation and motion equation, Hungr proposed the landslide dynamics model software DAN-W,
which regards the sliding body as an equivalent fluid and can accurately calculate sliding motion
characteristics [23]. These models provide a good method for the risk assessment of the geologic hazard.

The loess geological hazards frequently occurred in Tajik and Kazakhstan Tian shan area,
which have also become a focus [32]. The loess has quite a widespread distribution in the world and
it occupies approximately 10% of the total global land area. China is the country with most widely
distributed loess area in the world. Loess is mainly distributed in the northwestern part of China,
on the Loess Plateau, which covers an area of nearly 630,000 km?, accounting for 4.4% of China’s land
area [33,34] (Figure 1a). Due to its special geological structure, loess has high water sensitivity (i.e.,
loess undergoes a structural collapse when wetted) and is prone to geological hazards. The main
types of hazards are loess landslides, such as the Heifangtai Landslide Group and Jingyang Landslide
Group [35-39]. Among them, high-speed and long runout loess landslides have caused considerable
losses in terms of human lives and property and have become an important research topic. Due to
the porosity, weak cementation and water sensitivity of loess as the water content increases, the shear
strength of loess declines sharply, and the loess structure is destroyed [40-43]. In addition, the strength
loss in loess might also be a chemo-mechanical problem that involves volume and stress changes of the
finest component due to changes in pore water salinity. Consequently, a loess slope loses stability and
slides. Furthermore, the pore water pressure rises during the sliding process, and the phenomenon of
motion liquefaction occurs, which readily forms a high-speed and long runout landslide [44—47].
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Figure 1. Location map of the Panjinbulake loess landslide (a is modified from [33]; b is modified
from [48]). (a) The distribution of loess in China. (b) The distribution of loess in the study area.

In the study, we studied the characteristics of the Panjinbulake loess landslide through a field
geological survey and aerial image analysis using drones. We used the landslide dynamics model
DAN-W and multiple sets of rheological models to calculate the dynamic characteristics of this
landslide. By using the different rheological models to simulate the different stages of the loess
landslide (i.e., triggering in the sliding source area, propagation in the debris flow channel area,
and deposition in the accumulation area), the best rheological model groups and parameters were
obtained to improve the accuracy to analyze the loess dynamic characteristic. The potential secondary
failure of the landslide was evaluated. This study could offer a basis to predict the potential landslide
runout distance and define the hazard area, make necessary measures to prevent landslide induced
damages (e.g., engineering measures, landslide early warning systems, and emergency response), and
to favour local development.

2. Site Overview

The Panjinbulake loess landslide is located in the Karayagaq Township, Yining County, Xinjiang.
The coordinates of the central point of the landslide are 81°30’32” E and 44°11’48” N, 53 km from
downtown Yining City, and 43 km from Sailimu Lake (Figure 1b).

Among the landslide geological hazards in the Piliginghe basin, most are high speed and long
runout loess landslides, which pose a huge hazard to local agricultural and livestock production.
Among these landslides, the Kezileisai landslide buried 402 cattle and 5 sheep, and the direct economic
losses reached 490,600 Yuan (¥). There were some similar landslides in the Piliginghe Basin (Figure 2b).
The Panjinbulake loess landslide is a typical high speed and long runout loess landslide that occurred
recently in the region. Through analysis of the induced factors and dynamic effects of the landslide,
this study provides a reference to the landslide dynamic hazards in the loess area.
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Figure 2. (a) The geological structure map in Yining Country. (b) The loess landslide distribution in
the Piliginghe Basin. (c) The monthly average precipitation of Yining County over time (2011-2016).
(d) The monthly average temperature—snow depth map of Yining County over time (2011-2016).

3. Post-Failure Behavior and Landslide Influential Factors

3.1. Post-Failure Behavior

The triggering of landslides was mainly from snow infiltration, which turn into long runout and
rapid landslides, constitutes a typical disaster model in the loess area. The Panjinbulake landslide
belongs to this typical geologic hazard model. Following the instability failure of the landslide,
the front loess main body slipped due to the river flushing action. Pore-water pressure increased
and soil saturation during the sliding process because of the snow infiltration. The landslide was
transformed into debris flow, showing a flow state. Then, the landslide volume increased gradually
with entrainment effects and flowed into the Pliginghe Gully. Finally, the landslide struck the opposite
side of the mountain and stopped.

3.2. Landslide Influential Factors

According to the field investigation, the occurrence of the Panjinbulake landslide was caused
by a combination of factors, including geological structure and formation lithology, topography and
hydrogeological condition.
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3.2.1. Geological Structure and Formation Lithology

The landslide research area belongs to the western part of the Yili Valley. The terrain is generally
high in the north and low in the south. It is gradually inclined from the northeast to the southwest.
The elevation of the area is between 620 and 3700 m. It is a block-like eroded and uplifted mountain,
covered with gravel and loess layers, showing a low mountain grassland landscape. The landslide area
is located on the southwestern side of the West Tianshan Youdi trough fold belt in the southwestern
Tianshan fold of the Tianshan-Xing’an trough fold area. It belongs to the junction of the Boroconu
Mountain Complex Anticline and Yili Block and is located 2.7 km south of the Nalati deep fault zone
(Figure 2a). The rocks in the study area are mainly Ishikirik group tuff, tuff lava, and gray-green
coarse sandstone in the Carboniferous system and basalt in the Dahala Junshan Formation of the
Carboniferous system. The surface layer is the Quaternary Holocene loess, with well-developed joints
(Figure 2b). The structure was relatively loose, and the wormhole, large void structure, belonging to
low-plastic silt. The silt (0.075-0.005 mm) content of the loess in the Piliqinghe area is high, reaching
69.8-86.0%; the fine sand (0.25-0.075 mm) content is 3.7-18.0%; and the clay (<0.005 mm) content is
10.3-12.2%. As a result, the loess expands and collapses after encountering water, and it is prone to
motion liquefaction under certain static or dynamic water conditions, which provide good source
conditions for landslides.

3.2.2. Topography

The Panjinbulake loess landslide was located on the south bank of the river and had long been
subjected to the lateral erosion of the river, resulting in good conditions for the landslide front to
be in the air. The hillslope was steep, with a slope of 40° (Figure 3a). Corresponding tensile stress
condition occurred near the top of the mountain, and the cracks at the trailing edge of the landslide
were gradually enlarged (Figure 3b). According to the Google Earth remote sensing image map from
18 May 2013, the front edge of the landslide had slipped. The sliding volume was about 9000 m3
(Figure 3a), and several tensile cracks appeared on the trailing edge. Consequently, a steep ridge of up
to 1 m was formed (Figure 3c,d), which provided good topographic conditions for loess deformation
and stress relief.

3.2.3. Hydrogeological Condition

The landslide area belongs to the temperate continental semi-arid climate. The average annual
precipitation (for the period of 2011-2016) is 330.6 mm. Precipitation is highest from March to July,
during which the monthly rainfall exceeds 30 mm, accounting for 52.5% of the annual rainfall (Figure 2c).
Snowfall mainly occurs from October to the following March. The snowfall thickness can reach 94 mm
per month. The fissure water inside the slope is frozen, and the vertical joints and cracks become
enlarged due to the frost heaving action. From mid-March, the temperature rises, the snow that
covered the surface begins to melt, infiltrating the cracks and joints and forming a certain transient
water pressure and transient saturation zone in the surface layer of the slope. This results in a decrease
in the anti-sliding force of the slope, thus inducing landslides. The rising water level of the river also
causes the hydraulic gradient inside the slope to drop. Ice and snow meltwater can also be stored in
the mountain for a long time and can continue to increase the slope sliding force and accelerate the
formation of the potential slip surface. In addition, fissures are relatively developed and accumulated
in the bedrock, which is exposed in the landslide. There is a large amount of ice and snow meltwater,
which readily forms a “pipeline” channel that is in contact with the surface of the Quaternary aeolian
loess and is discharged outward in the form of a spring. The flow volume of a spring was measured to
be 5 x 10~ m3/s. The mineralization of water is less than 1.0 g/L. Based on the soil test, the saturation
of the soil is 85.7-91.2%, which shows that it is a very wet sliding body. The natural moisture content
of the soil was 17.2-20.4%, the plastic limit was 15.8%, and the liquid limit was 27.6%. According to
the measured data of groundwater level, the groundwater in the hill is shallow and buried in the range
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of 0-15 m. These provide good hydrological conditions for inducing landslides and also provide good
groundwater conditions for the rapid conversion of loess landslides into high speed and long runout
sliding landslides.

2013-05-16|R" e p015-07-13

Figure 3. The multi-temporal sensing images of the landslide.

Qualitative analysis of the disaster-formation mechanism of the Panjinbulake landslide was
conducted based on a field geological survey and remote sensing satellite images, but this was far
from adequate for geological disaster prevention and control. Instead, quantitative analysis methods
are required to fully investigate landslide movement and predict the secondary disaster, which can be
explored using the landslide dynamic analysis software DAN-W (see Section 5).

4. Basic Characteristics of Landslides and Hazard Zoning

The landslide had a long-strip shape (Figure 4a). The slope before the landslide was close to 40°,
and the main slip direction was N 69° E. The elevation of the trailing edge of the landslide was about
1280 m, the elevation of the landslide shearing edge was about 1190 m, and the horizontal distance
reached 375 m (Figure 4b). Due to rainfall and snow infiltration, pore water pressure and soil saturation
increased during the sliding process. The landslide was transformed into debris flow, showing a flow
state. Based on the information obtained from the unmanned aerial vehicle data and remote sensing,
geological field surveys, the landslide can be divided into the sliding source area, debris flow area,
and accumulation area (Figure 5).
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Figure 5. Three-dimensional Digital Elevation Model diagram of the landslide and typical pictures.
4.1. Sliding Source Area (Area I)

The sliding body was mainly Quaternary loess. There were many cracks in the upper part of the
trailing edge, the crack width ranged from 23 to 54 cm, and there was an unstable body in the upper
part of the trailing edge. Its volume reached 1.2 x 10* m3. The average width of the sliding source
area was 73 m. The area was about 1.2 X 10* m?, the average thickness of the sliding body was 4-7 m,
and the volume was about 5.0 x 10* m>.
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4.2. Debris Flow Area (Area II)

The debris flow area presented a long and narrow shape, and bedrock appeared in the upper part
of the debris flow area. The bedrock surface had signs of scratch, and there was an exposed water
head. There was also a water head on the western side of the sliding source area. This might suggest
that there was sufficient groundwater in the area that promoted the sliding of the landslide. In this
area, the volume of the sliding body increased due to the entrainment. The area was 6.8 X 10° m?,
the average thickness of the sliding body was 3-6 m, and the volume was about 25.0 x 10* m>.

4.3. Accumulation Area (Area I1I)

The accumulation area had a fan shape, with a length of up to 110 m along the sliding direction
and a maximum width of 100 m in the vertical sliding direction. The lithology of the accumulation area
is dominated by Quaternary loess, which contains moderately weathered coarse sandstone scraped off
the opposite mountain. The landslide struck the opposite side of the mountain and accumulated in the
Piliginghe Gully. The area was 1.46 x 10* m?, the thickness of the sliding body was 3-6 m, and the
volume was about 6 x 10* m®.

5. Dynamic Analysis

5.1. Theoretical Basis

DAN-W is numerical simulation software developed by Hungr to simulate the whole process
of landslide movement and to study the dynamics of landslides [23]. The 3D numerical model was
set up according to the two-dimensional simulation conditions provided by the calculation profile
in Figure 3b. Based on the aerial views, the path widths of landslide were confirmed. In DAN-W,
the Lagrangian analytical solution of the Saint-Venant equation is mainly used to treat the sliding body
with the rheological features that are formed by a combination of several blocks with certain materials
(Figure 6). In the curve coordinates, the corresponding physical equations and equilibrium equations
are established for each block (Figure 6), as in Equations (1)—(7) [23].

F =+vyH;Bidssina«+P-T 1)

Here, F is the sliding force (N); vy is the unit weight (KN/m?3); H is the block height (m); B is the
block width (m); ds is the nominal length of the block(m); « is the slope foot (°); P is the internal
tangential pressure (N); and T is the base resistance (N); i is the block index.

-, g(FAt—M)

=10 2
i YH;B;ds @

Here, V is the new speed when sliding body movement. The new velocity at the end of a time
step is obtained from the old velocity, v (m/s); g is the gravitational acceleration(m/s?); At is the time
step interval(s); M is momentum flux; and the other parameters are the same as in Equation (1).

2Vi

h =
(Sit1=Si)(Biy1 +By)

®)

Here, h is the average depth of the slip mass; j is block boundary index; i is block index; S is the
curve displacement (m); and the other parameters are the same as in Equation (1).

n
V= Vr+ Y Vpoine + ) YiLi )
i=1
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Here, V is the entire volume of the loess landslide deposits(m®); Vg is the volume of the initial
landslide (m?); Vpoint is the volume of the unstable body (m®); Y is the yield rate; L is the length of the i
block; and i is the block index.
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Figure 6. The 3D numerical DAN-W model of the landslide. The parameters are the same as in
Equations (1)-(7) (It is modified from [23]).

Momentum and mass during the entrainment of the path material could influence landslide
kinematics. To describe the entrainment process quantitatively, an entrainment ratio (ER) could be
offered to calculate the increase of the landslide volume for a specific entrainment zone in the DAN
model [49].

ER = VEntrained _ Vg (5)
VFragmented VR(] + FF)

where Vg (i.e., VEntrained) is the volume of the entrained path material (m3); VEragmented i the volume
of the fragmented material in the sliding source area(m?). Vg is the volume of the initial loess landslide
(m?); and Fg is the fractional amount of volume expansion due to fragmentation (0.25). The entire
volume of the loess landslide deposits is equal to Vr(1+ Fg) 4+ Vg [40]. In this study, Vg equals
5.0 x 10* m® and Vg equals 25.0 X 10* m3. The length of the entrainment area was approximately 240
m. To simulate the phenomenon of entrainment, an ER equal to 4.0 was used in the DAN model of the
loess landslide. According to the pore-water pressure increased and soil saturation during the sliding
process because of the snow infiltration. The landslide was transformed into debris flow, showing a
flow state, so the scraping volume was huge.

The movement speed of the sliding body and the thickness of the landslide accumulation body
are calculated using Equations (1)—(5). In addition, the amount of resistance encountered during
the movement of the sliding body is determined by different types of rheological models. In the
DAN-W software, the resistance is mainly controlled by different base rheological models. DAN-W
provides a range of rheological models. According to the existing research results and the trial-error
method [50,51], the Voellmy model (V) and the Frictional model (F) are more suitable for landslide
dynamic hazard research. The Frictional model is mainly used for landslides when the particle sizes
of the residual body are large. The Frictional model is also used for mountains with open hillside
cracks where the turbulent flow is not developed. The Voellmy model is suitable for the simulation
of a landslide with fractured particles where there is a visible liquidized layer in the sliding mass.
From Equation, it is evident that the rheological model is proportional to the velocity of the sliding
body, so it could simulate the energy damage of the turbulent flow. This was caused by the liquefied
material that has high moisture content, including the loose soil covering the flow path and a spring
appearing in the path. This opinion has been accepted by Geotechnical Engineering Office (GEO) of
Hong Kong [14,52].
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Voellmy model: The expression of base resistance is as follows

2
T=fo+vy—, (6)
&
where f is the friction coefficient of the sliding body, o is total stress perpendicular to the direction of the
sliding path, v is the material unit weight, v is the moving speed of the sliding body, ¢ is the turbulence
coefficient, and T is the resistance at the bottom of the sliding body. The constant friction coefficient
(f) is a parameter that should be determined using the Voellmy model. The friction coefficient was
modified by the pore pressure and could reach much smaller values when the path material shows wet
features.
Frictional model: Assume that the flow of the sliding body is controlled by the effective normal
stress acting on each block. The expression of resistance T is as follows

T= cr(l—yu) tan @ 7)

where v, is the pore pressure coefficient (specifically, the ratio of pore pressure to total stress); ¢ is the
internal friction angle; o is the total stress perpendicular to the direction of the sliding path; and T is
the resistance at the bottom of the sliding body.

5.2. Model Selection

In the DAN-W software, the accuracy of the calculation result depends on three important factors:
Sliding body motion trajectory, rheological model, and parameter selection. First, based on multi-period
remote sensing images, aerial imagery of drones, and field geological surveys, topographic lines before
and after landslides were determined (Figure 6). Second, the Panjinbulake loess landslide was divided
into the sliding source area, debris flow area, and accumulation area (Figure 5). According to the hazard
characteristics of different regions, it is critical to select suitable rheological models for different regions.
Since the sliding source area started from the shearing exit, there are signs of scratch on the exposed area
of the bedrock. According to the existing research results [23,49-51], the Frictional model(F) was suitable
for the sliding source area. The Frictional model and the Voellmy model(V) were used in the debris
flow area and the accumulation area, respectively. According to the landslide path sequence, four sets
of the rheological model combinations, Frictional-Frictional-Frictional, Frictional-Frictional-Voellmy,
Frictional-Voellmy-Voellmy, and Frictional-Voellmy-Frictioanl, were used to simulate the dynamic
hazard effects of the Panjinbulake loess landslide, so as to select the most suitable rheological model
combination to simulate the movement process of the loess landslide (see Table 1). The simulation
results calculated from a combination of the four rheological models were compared to the features of
the actual loess landslide. According to the results, we could find that the Frictional-Voellmy-Frictional
model fit the above characteristics. From Equation, the Voellmy model is proportional to the velocity
of the sliding body, and it could simulate the huge scraping force which removed the surface loess
soil. Thus, the Voellmy rheology model had a better fit than the Frictional model in the debris flow
area. Finally, we intended to simulate the movement characteristics of the Panjinbulake loess landslide
using the Frictional-Voellmy-Frictional rheological model.

Table 1. Hydrodynamic model of the Panjinbulake landslide.

Model Sliding Source Zone  Debris Flow Zone  Accumulation Zone
FFF Frictional Frictional Frictional
FFV Frictional Frictional Voellmy
Fvv Frictional Voellmy Voellmy
FVF Frictional Voellmy Frictional
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5.3. Parameter Selection

The dynamics of high speed and long runout landslides have been studied by researchers.
The analysis of landslide dynamics depends, to a large extent, on the choice of parameters and the
knowledge level of the author [23]. In this paper, the simulation parameters of the Panjinbulake loess
landslide were mainly obtained by the field survey data and the existing research results [23,49-51].
For the Voellmy model, the main parameters were & = 400 m/s2 (the software provides a range of
200-500 m/s?) and f = 0.05. When rain and snow melt water infiltrates, the groundwater level rises,
and pore water pressure rises. The sliding body is close to the flow state, so the friction coefficient
decreases gradually. The influence of underground groundwater on sliding body motion is realized by
changing the friction coefficient in DAN-W (see Section 7.1). For the frictional model, the dynamic
friction angle ¢}, was set to 19° according the literature [23,49-51]. Due to the infiltration of ice and
snow meltwater, the excess pore water pressure increases, and Ru was set to 0.7. Finally, according to
the indoor geotechnical test and the engineering analogy method, the typical strength testing index i
was set to 20° and the unit weight (y) was set to 18 KN/m?3. As shown in Table 2, based on the trial and
error method and the existing research results, these rheological model combinations and parameters
were used to simulate the dynamic hazard effects of the Panjinbulake loess landslide.

Table 2. Parameters of the Frictional-Voellmy model used for the Panjinbulake landslide.

Model Unit Weight, ;:;::::;l Friction Angle, Pore Pressure Friction Turbulivity,
3 o . . 2
v (KN/m3) Angle, @; () @p (©) Coefficient, v, Coefficient, & (m/s?)
Frictional 18 20 19 0.7 - -
Voellmy 18 20 - - 0.05 400

6. Results and Analysis

6.1. Speed Analysis

Using the DAN-W software and the Frictional-Voellmy-Frictional model, the total time of the
Panjinbulake loess landslide movement was 22 s. It is assumed that the speed of the landslide was 0 m/s
when starting in the sliding source area. The sliding body started from the shear exit (i.e., the leading
edge of landslide). Due to the steep slope of the landslide, the speed was very fast, reaching 5 m/s
very quickly (Figure 7). Under the action of gravitational potential energy, the speed of the sliding
body increased rapidly and reached 21.5 m/s at X = 200 m. This process lasted 7 s, and the average
acceleration reached 2.3 m/s2. The sliding body moved from X = 200 m to X = 320 m in debris flow area.
This area has exposed spring water (Figure 5), which provides suitable hydrogeological conditions
for high speed movement of the sliding body. Thus, the sliding body was always in a high speed
state. This phase lasted 8 s. The average speed reached 20 m/s and the sliding body entered the river
terrace. Due to the friction of sandy gravel and gradual decrease of the slope, the moving speed of the
sliding body dropped sharply, and the speed relative to the opposite mountain was 17.5 m/s. Due to
the blocking of the opposite mountain, the sliding body stopped at a horizontal distance of X = 370 m,
and the average acceleration in the deceleration phase reached —3.6 m/s?, which lasted for 7 s.

6.2. Thickness Analysis of the Accumulation Body

As shown in Figure 8, when the landslide sheared and started at X = 140 m, the initial volume
of the landslide was 5.62 x 10* m?, and the average thickness of the sliding body in the sliding
source area was 4.5-5 m. After sliding for 7 s, it reached X = 200 m. Due to the scraping effect,
the landslide volume reached 13.3 x 10* m3, and the thickness of the accumulation body reached 5 m.
At 10 s, the sliding body moved forward to the slope toe, X = 250 m, and the volume of the sliding
body reached 23.4 x 10* m3. At 15.82 s, the sliding body moved to the opposite side of the slope,
at X = 350 m, and the volume of the sliding body reached 27.7 x 10* m®. Finally, at 22 s, the sliding
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body stopped moving, and the final total volume reached 32 x 10* m®. The maximum thickness of the
accumulation body at X = 255 m reached 6 m, and the average thickness of the accumulation body
reached 0.2-1 m in the sliding source area, 1-2 m in the debris flow area, and 5-6 m in the accumulation
area. The simulated results were less than the actual measured results because the dynamic model
stretched a smooth two dimensional plane into three dimensions (Figure 6).
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Figure 7. Variation of speed versus sliding range.
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Figure 8. Variation of the thickness of the accumulation body at different times.
6.3. Typical Point Velocity Analysis and Accumulation Body Thickness Analysis

Combined with the actual situation of the field geological survey, the four points with horizontal
distances X = 140, 200, 250, and 350 m were selected as the typical points for analysis. The calculation
results based on the DAN-W software and F-V-F rheological model are as follows.

(1) The point X = 140 m is located at the landslide shear outlet (Figure 4b). Within 0-10 s, the speed
at this point increased linearly from 0 to 17.5 m/s (Figure 9a), which indicates that the acceleration of the
sliding body during the starting process increased, reaching 1.75 m/s?. Also, typical negative terrain
was present, and the lower part of the raised bedrock was exposed. This made it so that, after 12s,
the residual sliding body moved to the point where it was hindered by negative terrain with trough
shape, the speed gradually attenuated, and the final thickness of the accumulation body at this point
was 0.5 m (Figure 9b).

(2) The point X = 200 m is located in the debris flow area (Figure 4b). After the landslide slid
for 7 s, it reached this point. Within 7-17.5 s, the speed at this location was always relatively faster,
and the average speed reached 17.5 m/s (Figure 9¢). In this area, the sliding body had a rapid speed
and exposure to spring water, which provides conditions for the occurrence of a high speed and long
runout landslide. At 8 s, the thickness of the accumulation body reached 4.53 m. After 17.5 s, the speed
at this point gradually decreased, and the final thickness of the accumulation body reached 0.5 m
(Figure 9d).

(3) The point X = 250 m is located at the foot of the slope (Figure 4b). After the sliding body slid for
9's, it reached the foot of the slope. Due to the steep slope, the peak speed reached 19 m/s (Figure 9e),
and the thickness of the accumulation body reached 5 m (Figure 9f). Scattering phenomenon was
appeared at the foot of the slope where in the interval t = 20-24 s, and there was an increase of debris
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flow depth reaching a depth higher to the front passage. In addition, this was also a turning point for
the speed of landslide movement. From this point on, the speed of the sliding body began to decrease
due to the sudden slowing of the slope and the friction of the sliding body against the sandy gravel of
the river terrace.

(4) The point X = 350 m is located at the foot of the opposite slope (Figure 4b). After the
sliding body crossed the river terrace, it reached this point at 16 s; then, the speed dropped to 11 m/s
(Figure 9¢g), and the thickness of the accumulation body reached 1.5 m (Figure %h). From this point
on, the sliding body began to hit the opposite side of the mountain. Because of this and even though
a considerable amount of energy had been consumed, the sliding body continued to climb 20 m
before stopping, indicating that a high-speed and long runout landslide has incredible energy and is
severely devastating.
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Figure 9. Typical point velocity and variation trend of the accumulation body.
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7. Discussion

7.1. Sensitivity Analysis

The DAN-W dynamic model was preferably used to predict the dynamic characteristics of the
landslide accumulation area in the Loess Plateau. However, based on a field survey and laboratory
tests, some parameters, e.g., the friction coefficient, were obtained by trial and error and the existing
research results [23,49-51]. There are many factors affecting the friction coefficient, including the rate of
water content, terrain, and ground temperature, with the water content the primary factor. Therefore,
it is difficult to provide the friction coefficient in a more efficient way. When using the DAN-W dynamic
model to predict the risk assessment, the variability range of the parameters should be considered.
In this paper, the influence of friction on the landslide is simulated using multiple sets of working
conditions. According to the numerical values recommended by the kinematic model software and
existing research results, the friction coefficient is divided into three groups. The first group has a
low friction coefficient (i.e., 0.05, 0.1, and 0.2) which means high water content, the second group a
moderate friction coefficient (i.e., 0.2, 0.3, and 0.4) which means moderate water content, and the third
group a high friction coefficient (i.e., 0.5, 0.55, and 0.6) which means low water content. The calculation
results are as follows (Figure 10).
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Figure 10. Variation trend of the moving speed versus the sliding rage of the sliding body under the
action of different friction coefficients.

According to the numerical simulation results, it can be seen from Figure 10 that, if different friction
coefficients are selected, the calculated moving distances are significantly different. For example, when a
low friction coefficient (0.05-0.2) is selected, the moving distance of the sliding body is 350-375 m.
When the moderate friction coefficient (0.2-0.4) is selected, the moving distance of the sliding body is
320-350 m. When the high friction coefficient (0.4-0.6) is selected, the moving distance of the sliding
body is 280-300 m. According to the current geological survey in the field and the aerial view of the
drone, the moving distance of the landslide reached a maximum of 366-375 m, which is in line with
the calculation results based on the low friction coefficient. The low friction coefficient appears to be
due to the saturation degree of its material, and there was sufficient groundwater in the slope area that
promoted the sliding of the landslide.

7.2. Empirical-Statistical Model

The empirical formula, mainly based on simple geometric relations of land