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ABSTRACT

This paper reviews the development of landslide thresholds from the perspective of rainfall and climate patterns.
For certain, geology, morphology, lithology, etc., contribute to the initiation of the mass movement. However, the
role of rainfall as the triggering mechanism of the landslide is vital as well. It has been proven by many researchers
from various studies worldwide that have proposed the rainfall thresholds by utilising different rainfall parameters.
The outcome of their studies is interesting, since different regions have diversified patterns of rainfall that produce
a variety of threshold models. Therefore, from various published papers on rainfall thresholds, this paper studied
the variety of rainfall parameters that have been utilised in establishing the rainfall threshold for landslide predic-
tion. Instead of providing a better understanding regarding the application, this review aimed to cultivate the fol-
lowing study for deriving rigorous parameters for the purpose of sustainable findings.
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INTRODUCTION

Alandslide is a disastrous event that occurs in
every region worldwide. This catastrophe leaves
a huge impact on the environment and human be-
ings since it claims thousands of lives as well as
deteriorates the buildings and infrastructures (Va-
lenzuela et al., 2019). Landslides can be triggered
either by earthquakes, man-made, snowmelt, or
extreme precipitation (Kazmi et al., 2016). How-
ever, these triggering aspects should be incorpo-
rated with other significant factors contributing to
the landslide, such as geological, morphological,
lithological, etc. This is because different regions
may experience different causes of slope failure
(Guzzetti et al., 2007; Vaz et al., 2018). Therefore,
a clear recognition of the landslide cause would
be identified according to this circumstance.

It is agreed that different factors may trigger
the landslide. However, the effect of rainfall in

triggering slope failure has been broadly argued
among researchers. This leads to developing a
rainfall threshold that performs a reasonable indi-
cator for predicting the upcoming landslides (Da-
hal & Hasegawa, 2008; Dikshit et al., 2019). The
concept of rainfall threshold was pioneered by
Caine (1980), who performed the correlation be-
tween the rainfall parameters and the debris flow
by developing the global empirical rainfall inten-
sity-duration (I-D) threshold. However, before
that, Endo (1969) initiated the study of a minimum
amount of rainfall that triggered the landslide. It
was then followed by Onodera et al. (1974) who
performed a qualitative analysis of rainfall that
is useful as the landslide triggering mechanism.
After all, Caine (1980) laid the groundwork for
the rainfall threshold that is widely applicable
worldwide in the present day. Ideally, the con-
cept of rainfall threshold is a curve that isolates
the rainfall intensity in between the failure zone
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(landslide) and the stability zone (Crozier, 1997).
Moreover, the definition of a threshold is ex-
plained in detail by (Reichenbach et al., 1998).
For a process to occur or the condition to alter, it
must surpass or reach the minimum or maximum
level. The state does not change when it meets the
minimum threshold underneath the lowest level,
while a process always occurs when it exceeds
the above-mentioned level of maximum thresh-
old (Crozier, 1997; Dahal & Hasegawa, 2008).

Moreover, different researchers utilised vari-
ous rainfall parameters to develop the rainfall
threshold. For instance, the rainfall intensity-
duration (I-D) threshold applies the power-law
best-fit regression (Napolitano et al., 2016; Niko-
lopoulos et al., 2014). The respective threshold
was performed in a full logarithmic scale graph,
whereby the rainfall intensity represents the ab-
scissa. In contrast, the rainfall duration is subject-
ed to the ordinate axis, and both parameters are
presented in a scatter plot. The equation of the I-D
threshold curve is manifested as I = aD, where-
by I is defined as rainfall intensity, D represents
the rainfall duration, while the threshold coeffi-
cient derived from the power-model application
are characterised for both o and B values. On the
other hand, the utilised rainfall parameter for the
proposed rainfall threshold may be derived from
different techniques. For instance, Caine (1980)
considered the mean rainfall intensity, I from
the division of cumulative rainfall event, E by
rainfall duration, D, while some authors applied
peak or maximum hourly rainfall intensity, [ in
developing the I-D threshold (Leonarduzzi et al.,
2017; Norhidayu Kasim et al., 2020). Gariano et
al. (2015) utilised the cumulative event rainfall
to develop a cumulative rainfall event-duration
(E-D) threshold. However, the threshold could be
developed using the relevant rainfall parameters,
including mean rainfall intensity, maximum rain-
fall intensity, cumulative rainfall, and antecedent
rainfall (Dahal & Hasegawa, 2008).

Besides, the spatial factors greatly influence
the rainfall threshold regarding the study area and
rain gauge selection. The scope of investigated
area for the rainfall threshold is vast, where it can
cover from the smallest region up to the entire
globe. Segoni et al. (2018) categorised the spa-
tial scale of landslide starting from a single slope,
local, basin, regional, national, continental, and
global. The diversity of spatial factors is greatly
affected by the geological, geomorphological,
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hydrological, and lithological characteristics of
the study area. However, the larger the spatial
scale, the higher level of complexity that needs
to be handled for acquiring the meteorological
data. Besides, the selection of a rain gauge that
closes to the landslide scene is being discussed as
well. Few works stressed the effect of retrieving
the precipitation data from different rain gauges
at the time of slope failure (Nikolopoulos et al.,
2014). The significant relation of the plot sample
was discovered for the range of meteorological
stations for less than 10 to 15 km by correlating
the mutual distance of rain gauges and the maxi-
mum difference in the normalised hourly rainfall
(Aleotti, 2004).

Similarly, Melillo et al. (2018) decided to se-
lect the rain gauge according to the geographical
features. A rain gauge of less than 5 km is speci-
fied for hilly or valley areas, while the rain gauge
of less than 15 km is applied to the low-relief
or flat area. For the temporal consideration, the
availability of meteorological data corresponding
to the landslide event are prioritised for the anal-
ysis purposes. Usually, the temporal scale deals
with the duration of a rainfall event measured ei-
ther in hourly, daily, weekly, monthly or yearly
units. For instance, hourly rainfall is applied to
determine the specific rainfall event that has led
to the slope deterioration.

Moreover, Dahal and Hasegawa (2008) con-
verted the daily into hourly rainfall using the
formula proposed by Shakya (2002), which indi-
cates a significant relation between both scales.
Besides, the daily or monthly rainfall is being
captured to accumulate the rainfall to determine
the effect of antecedent and mean rainfall. Mean-
while, the Mean Annual Precipitation (MAP),
representing the yearly rainfall, is utilised to nor-
malise the critical, maximum, or mean rainfall
intensity.

Other than that, some authors reflect on the
regional season as the scope and limitation of the
research. For example, Cannon, Gartner, Wil-
son, Bowers, and Laber (2008) established sev-
eral rainfall thresholds based on the summer and
winter seasons for southwestern Colorado and
Southern California. Meanwhile, some authors
developed the rainfall thresholds according to the
landslides during the rainy season, especially for
the mid-latitude region (Gabet et al., 2004; Dik-
shit et al., 2019). Nevertheless, this scope may
not be appropriate for other regions because the
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landslide can occur within the dry season if ex-
treme showers sporadically hit the prone area of
landslides. Therefore, the meteorological data
that correspond to the landslides for the entire
twelve-month period are also admissible.

In addition, Guzzetti et al. (2007) classified a
few types of existing rainfall thresholds according
to various studies, such as Rainfall Intensity-Du-
ration (I-D), the most applied rainfall threshold.
It is then followed by Rainfall Event-Duration
(E-D), Rainfall Cumulative (R), and Cumulative
Rainfall Event-Rainfall Intensity (E-I) (Guzzetti
et al.,, 2007; He, Wang, & Liu, 2020). The dis-
tinct rainfall parameters in developing the rainfall
threshold can be an excellent measure to obtain
the most accurate threshold from comprehensive
validation, comparison, and so forth. Then, to
enhance the rainfall threshold, numerous studies
emphasise normalising the rainfall intensity with
the average yearly rainfall (MAP), which is ben-
eficial to relate the derived threshold according
to the overall condition for selected case studies.

Besides, this rainfall threshold is relevant for
estimating the shallow landslide and debris flow
(Caine, 1980; Giannecchini et al., 2012; J. Huang
et al., 2015). The main reason is that any type of
landslides is usually triggered by high-intensity
rainfall (Lazzari & Piccarreta, 2018). Therefore,
the relation between the rainfall and the shallow
landslide is reasonable since that type of landslide
had generated a temporary aquifer and increased
the perched water table into the ground layer
from the intense precipitation, which eventually
causes the failure within the depth in between
0.5 m to 5.0 m (Dahal & Hasegawa, 2008; Zézere
et al., 2015). However, several studies analysed
the effect of rainfall on the deep-seated landslide
that is usually caused by the constant prolonged
rainfall since that type of failure is rooted from
a deeper layer (beyond 5 m) and greatly affect-
ed by the tectonic impact (Dahal & Hasegawa,
2008; Uchida et al., 2013). Anyhow, some stud-
ies integrated both landslide types (shallow and
deep-seated landslide) to evaluate the compara-
bility of the results from the rainfall measurement
(Zézere et al., 2005).

Subsequently, the rainfall threshold could
later be pragmatised into the application of a
warning system to mitigate the landslide losses
(Aleotti, 2004; Piciullo et al., 2016; Nolasco-
Javier & Kumar, 2017; He et al., 2020). In the
systematic threshold model including the appli-
cation of statistical indices, operating procedure,

and comprehensive validation from rainfall input
such as the maximum, minimum intensity, nor-
malised precipitation that corresponds to the av-
erage yearly rainfall and the antecedent rainfall,
a certain threshold could be practically imple-
mented in the warning system. Once the threshold
model is fully integrated with the warning devices
through sophisticated technology, it would enable
the authorities to conduct pre-emptive measures
to save lives and properties if any disaster is pre-
dicted to occur. In order to achieve that, a com-
prehensive analysis must be taken into account.
For example, by further calibrating and upgrad-
ing the rainfall threshold using the application of
receiver operating characteristics (ROC) metrics,
the susceptibility model of a landslide as a mech-
anism of early warning system can be validated
through four types of ROC namely True Positive
Rate, False Positive Rate, False Alarm Rate and
Threat Score (Vaz et al., 2018). Eventually, the
reliability of the I-D threshold will be evaluated
from the application of LEWS.

This review paper identified the various
rainfall parameters used for developing rainfall
thresholds. For past reference, several authors
have elucidated the critical review for the over-
all aspect of rainfall thresholds, such as Guzzetti
et al. (2007), Zézere et al. (2015), Segoni et al.
(2018), and Dikshit et al. (2020), but this paper
scrutinised the variety of rainfall parameters and
existing developed thresholds presented by vari-
ous authors.

TYPE OF RAINFALL THRESHOLDS

As it was stated earlier, several rainfall thresh-
olds have been presented by different studies.
However, the first step is to differentiate between
the methods of developing the rainfall thresholds.
Two approaches, namely empirical or physical,
could establish the rainfall threshold (Dahal &
Hasegawa, 2008; Guzzetti et al., 2007). Fig. 1
depicts the flow of the rainfall threshold model
compiled by Guzzetti et al. (2007). In general, the
full utilisation of meteorological data correspond-
ing to the occurrence and non-occurrence of land-
slide events is an approach for a practical method
(Aleotti, 2004; Nikolopoulos et al., 2014; Zézere
etal., 2015).

Two methods are applicable for the empiri-
cal variant, which are the practical and statisti-
cal approaches (Nikolopoulos et al., 2014). The
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historical landslide with adequate rainfall data is
required for the empirical method. Nevertheless,
there are still no restrictions in terms of the selec-
tion of landslide period (e.g., 20 years or 30 years
historic landslide) and the total landslide cases
required. The limitation is quite impossible since
not necessarily all the collected meteorological
data are available for analysis. For instance, the
rainfall data for the old landslide is commonly
unavailable. Another issue is regarding the rain
gauge that breaks down during the occurrence of
landslide due to the extreme showers, which can
cause an error in acquiring the necessary rainfall
data corresponding to the landslide event.

For the issue of total landslide cases required,
it still seemed to vary for each study. For instance,
Dahal and Hasegawa (2008) gathered 677 histori-
cal landslide cases for Nepal Himalaya, but only
managed to have only 193 cases out of 677 sub-
jected to meteorological information availability.
Caine (1980) collected around 73 cases of global
landslides, and Chen et al. (2015) selected 156
landslide cases triggered by precipitation. There-
fore, selecting the range of landslide periods and
the total landslide cases is still considered rel-
evant. Still, few studies comply with the range
of landslide periods such as Marchi et al. (2002)
who performed a ten-year debris flow threshold.
This limitation for the period of landslides may
be influenced by the climatic change and morpho-
logical condition of research areas.

Despite that, according to Nikolopoulos et al.
(2014), practical methods are essential in estab-
lishing the threshold from the visual inspection or
direct correlation of meteoric events that consist
landslide or debris flow. Once the landslide pa-
rameters have been derived and plotted to scatter
in the logarithmic graph, the best fit line that is
compatible with the plot pattern will be gener-
ated. On the other hand, associating the precipita-
tion data with probabilistic models to generate the
threshold is an approach in adopting the statistical
method. For instance, statistical methods such as
the Frequentist method, Bayesian inference, and
quantile regression have been established by Bru-
netti et al. (2010), Guzzetti et al. (2007), as well
as Saito et al. (2010), respectively.

Meanwhile, physically-based thresholds in-
volve numerical techniques to identify the rela-
tion of rainfalls, pore pressure, and slope stability
(Aleotti, 2004; Nikolopoulos et al., 2014). This
physically based model associates the pattern of
rainfall with the state of slope stability/ instability
in the scope of infiltration models ( Guzzetti et
al., 2007). In general, the process involved the es-
timation of the accumulated water that infiltrates
into the ground (Zézere et al., 2015). It deals with
the quantity of the water that infiltrated into the
soil and the discharge of water in the time of fail-
ure to identify the amount of pore water pressure
that the slope instability has encountered. Even
though there are new methods proposed from the

Rainfall Threshold Models
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Figure 1. Various models of rainfall thresholds recognized by Guzzetti
et al. (2007), (Source by: (Kanungo & Sharma, 2014))
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advancement of the numerical model, monitoring
devices, and laboratory equipment, this physically
based threshold still requires high-cost hydrologi-
cal and geotechnical data that are irrelevant for
entry research (Giannecchini et al., 2012). This is
due to the complexity of acquiring the data from
the landslide in large or rural areas or from the old
landslide events.

Therefore, the empirical methods seem to be
more convenient than the physical method, even
though there are few uncertainties in spatial and
temporal factors. For instance, the rainfall inten-
sity measured at the proximity rain gauge at the
time of landslide may not be the same as the in-
tensity at the scene. This may be affected by the
change in elevation that led to the variation of
wind direction for the precipitation to take place
(Nikolopoulos et al., 2014). Even two different
locations at the same elevation (e.g. highland ter-
rain) could experience dissimilar rainfall due to
the landform variation. The same ambivalent in
rainfall measurement can occur in a larger flat
area. Hence, it is essential to vary the rainfall
analysis (e.g., normalising the rainfall concerning
MAP) so that the developed rainfall threshold is
dependable.

In addition, Table 1 demonstrates the type of
rainfall parameters with the abbreviations and
symbols that have been presented by various

authors and studies. The different types of rain-
fall parameters were already compiled by Guz-
zetti et al. (2007). However, this paper revised the
list of authors that inherit the rainfall parameters
from the pioneering authors for the past ten years
(2010-2020).

Intensity -Duration (I-D) Threshold

A great number of studies apply this rainfall
intensity-duration (I-D, hereinafter) threshold. As
stated earlier, the [-D threshold graph is formed in
either semi-log or log-log graphs. This I-D thresh-
old is a pioneering work of Campbell (1978) and
Caine (1980). Caine (1980) developed the Global
I-D threshold by considering 73 debris flow cases
from various authors. According to Caine (1980),
the total rainfall event-induced debris flow, E
(mm) has been divided by the rainfall duration,
D (hours), which has resulted in the mean rain-
fall intensity, I (mm/h). In utilizing the rainfall
intensity with regards to the rainfall duration in
a power regression model, the [-D threshold for-
mula is expressed as:

I=aD* (1)

Where rainfall intensity, I is denoted in mm/h,
the duration of precipitation, D is specified in

Table 1. Variables used in developing Rainfall Threshold (compiled after Guzetti et al. (Guzzetti et al., 2007))

Scale or Succeeded by
Variables Explanation ) (only selected one study
Units out of many)
| R:_:\lnfall |nteq3|ty, the amount of premplta!tlon over th_e considered mm/h (Nikolopoulos et al., 2014)
rainfall duration, also known as mean rainfall intensity, |
| Maximum rainfall intensity, the highest rainfall intensity in the mm/h (Norhidayu Kasim et al.,
max(h)(d) rainfall event 2020)
| Peak _ramfall |ntens¢y, _the top rainfall rates that have resulted in the mm/h (Chen et al., 2015)
peak landslides, almost similarto |
o Critical Rainfall Intensity mm/h (Giannecchini et al., 2012)
| Cr.mcal rainfall intensity extracted from calibrated antecedent mm/day (Garcia-Urquia, 2016)
CAR rainfall
Normalized rainfall Intensity, the rainfall intensity divide by MAP,
luap (I, .., = IMAP) 1/h (Zhou & Tang, 2014)
Critical Cumulative Rainfall Event, the accumulated precipitation I
E measured from the starting of rain to the occurrence of landslide mm (Dikshit et al., 2019)
Normalized Cumulative Rainfall Event, the critical cumulative event .
Ewe | over the MAP, (E,,,. = E/MAP) ) (He etal,, 2020);
R Daily Rainfall, the intraday rainfall that has resulted in the landslide, mm (Yang et al., 2020)
A Antecedent Rainfall, the rainfall in the days immediately preceding mm (Ma, Li, Lu, & Wang, 2014)
a landslide even, measured in days T 9
MAP Mean Annual Precipitation, the yearly average of rainfall mm (2l\(l)<1)I7a)sc0-JaVIer & Kumar,
D Duration of rainfall event h ordays | (Peruccaccietal., 2017)
D, Duration of critical rainfall event which has triggered the landslides hr (Zhou & Tang, 2014)
D, Duration of cumulative rainfall event h ordays | (Gariano et al., 2015)
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(hour or day). At the same time, o and 3 represent
the constant for the depth of rainfall and thresh-
old inclination. Other researchers, such as Jib-
son (1989) and Guzzetti et al. (2008), managed
to revise the global I-D threshold with a differ-
ent threshold value. Meanwhile, the total rain-
fall event that had triggered the landslide was
the critical rainfall, E_ (mm). The definition of
rainfall parameters has been explained in detail,
such as the measurement of critical duration that
elapses from the initial rainfall time until the
shallow landslide.

In contrast, critical rainfall is the accumulat-
ed rainfall from that critical duration. The initial
time of rainfall is measured prior to a minimum
of 24 consecutive hours of the inter-event period
without rainfall or known as the Non-Rainfall
Gap (NRG). The value is very sensitive to the
threshold, because it would determine the exact
rainfall duration (Guzzetti et al., 2007).

After that, the cumulative critical rainfall with
the critical duration is divided to obtain the mean
rainfall intensity, [ ., which eventually gener-
ates the I-D threshold from those parameters
(mean rainfall intensity and critical duration). The
way they extract the rainfall data and develop the
threshold is more or less the same as the pioneer-
ing work of Caine (1980). However, they empha-
sized more regarding the approach to extract the
rainfall parameters with specific terms.

For most of the studies, the rainfall intensity
() used in developing in I-D threshold, deter-
mined as mean rainfall intensity, [ (Chen etal,,
2015; Nikolopoulos et al., 2014). However, from
another point of view, Leonarduzzi et al. (2017)
mentioned the maximum daily rainfall intensity,
I @ €an be a good parameter in predicting the
landslides in the region of Switzerland. Likewise,
Aleotti (2004) mentioned the value of maximum
hourly rainfall intensity, I ... that induces the
mass movement, but he did not use that parameter
to develop the I-D threshold; rather, he utilized
the mean rainfall intensity. In contrast, Norhidayu
Kasim et al. (2020) have considered the maxi-
mum hourly rainfall intensity, I ~instead of
other rainfall parameters to develop I-D threshold
of Peninsular Malaysia because that maximum
intensity is the factor that tends to contribute to
the state of slope instability. Then, in general,
the application of mean rainfall intensity, I in
the I-D threshold, is to come up with uniformly
distributed rainfall in conjunction with the dura-
tion of precipitation that causes the slope failure.
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However, in certain cases, the intermittent or
non-continuous precipitation may occur during
the event of rainfall that triggers the landslide,
and using mean rainfall intensity, I in the I-D
threshold may result in a significant low average
of rainfall intensity, which does not achieve the
actual concept of rainfall threshold._

Considering the maximum rainfall intensity,
I as the parameter in I-D threshold is debat-
able as well. In general, the notion of ‘maximum
rainfall intensity’ is the extreme or intense rainfall
that turns up just before the landslide occurrence.
However, due to the spatial and temporal limita-
tions, this state scarcely happens for most cases.
This leads to some uncertainties in extracting this
parameter. For example, from the perspective of
hourly rainfall, there may be a circumstance where
the maximum intensity is found at the initial time
of the rainfall event that induces the landslide in-
stead of just before the slope failure. Secondly,
there is a case where the high rainfall intensity
is constantly measured several hours before the
occurrence, rather than only a single maximum
hourly intensity found within the rainfall event.
Both conditions do not meet the actual concept
of maximum intensity, but they have a construc-
tive argument in terms of the geotechnical stance,
such as pore pressure, type of soil, soil moisture,
and so forth. Hence, using this maximum rainfall
intensity is considered legitimate for developing
the empirical I-D threshold.

Besides, several studies have discovered the
application of antecedent rainfall in developing
an empirical [-D threshold (Z&zere et al., 2005;
Marques et al., 2008). Associating the return pe-
riod (Gumbel’s law) in the evaluation of the cu-
mulative antecedent rainfall (e.g. (1-15 days),
(1-3 months)), the parameters of rainfall inten-
sity, I, and critical duration, D, were obtained
through the reconstruction of absolute antecedent
rainfall. The I-D threshold established from this
method is expressed as critical rainfall intensity,
I ;> (in the unit of mm/day), while critical rainfall
duration, D, is specified in “day” (Habibah et al.,
2013). Contrary to other studies that expressed the
measurement of precipitation in (mm/h) concern-
ing its rainfall duration (hour), an approach using
a large scale can differentiate between a shallow
landslide or a deep-seated landslide. It is proven,
since Zezere et al. (2005) stated that the (1-15
day) precipitation cause the shallow translational
landslide, while (1-3 month) or longer rainfall
event could trigger a deeper landslide. The term
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‘critical’ introduced by Zezere et al. (2005) is
totally different as compared to Aleotti (2004).
Aleotti (2004) extracted the critical rainfall inten-
sity from the analysis specific rainfall event that
triggered the landslide, while Zezere et al. (2005)
selected the critical intensity based on high return
period value related to the antecedent rainfall.

Normalized Intensity-Duration (N -D) Threshold

According to Dahal and Hasegawa (2008),
since some landslides were determined at low in-
tensity subjected to the nearest rain gauge, even
the specific location of the failure received an
abundance of rainfall before the landslide episode
led to the uncertainty for the threshold relation.
Therefore, by normalising the rainfall inten-
sity with respect to average yearly precipitation
(MAP), a credible normalised (N,-D),,,, thresh-
old could be developed. The rainfall intensity, I
is rescaled by the MAP to obtain the normalised
intensity, N, which eventually develops the nor-
malised (N,-D),,, , threshold. The normalised (N -
D),,,, threshold should be useful to predict the
landslide since it considers the overall rainfall of
the study area. Similarly, normalising I-D rainfall
with the MAP is essential, since it could slightly
reduce the variation of rainfall intensity (Zhou &
Tang, 2014).

On the other hand, different authors utilised
various rainfall records of MAP. For instance,
30-years of MAP were applied by He et al. (2020),
while Saito et al. (2008) selected 3-years of MAP
(2006—2008). There is no certain limitation for
the scale of MAP, since it may consider the range
of period for the selected landslides, the effect of
hydroclimatic of the study area or the availability
of present data.

The parameters in the normalised (N-D)
uap threshold are expressed as normalised inten-
sity, N, or I, in (1/h or h-1), and Duration, D
(hour). This MAP-related landslide-threshold has
been worked out by multiple authors (Dahal &
Hasegawa, 2008; Guzzetti et al., 2007; Saito et
al., 2010). Aleotti (2004) presented the applica-
tion of Normalised Critical Rainfall (NCR) that is
derived from the ratio between the critical rainfall
and the mean annual precipitation (MAP). The
equation of NCR that is denoted in percentage
may represent the rainfall parameters (rainfall
intensity, rainfall duration and MAP) concur-
rently (Dahal & Hasegawa, 2008; Guzzetti et
al., 2007). Moreover, to further carry out NCR,

Aleotti (2004) proposed the correlation between
normalised critical rainfall and normalised an-
tecedent rainfall. However, based on the results,
no significant correlation exists between the criti-
cal and antecedent. Meanwhile, other authors
just demonstrated the term of normalised (N,-D)
uap threshold instead of NCR. Overall, the gen-
eral concept of normalised rainfall is almost the
same, where the percentage of MAP can estimate
the rainfall intensity for a landslide that is likely
to occur (Dahal & Hasegawa, 2008). This com-
ponent can be included in the threshold model
for the application of a landslide early warning
system.

Cumulative Rainfall Event —
Duration (E-D) Threshold

Several authors considered the total or cumu-
lative rainfall in developing the rainfall threshold.
The role of the cumulative event rainfall is sig-
nificant, because this parameter could illustrate
the impact of antecedent rainfall. It depicts that
particular cumulative rainfall will saturate the soil
layer within the specific interval, which eventu-
ally triggers the mass movement. The cumulative
rainfall event, E, is determined as the accumulat-
ed rain from the beginning of rainfall to the pre-
cipitation that induces the slope failure.

Some authors applied this E-D threshold as
the main threshold to predict the landslide, while
others have established this threshold for second-
ary elements, despite the main I-D threshold (He
et al., 2020; Lainas et al., 2016). He et al. (2020)
carried out the study to develop both E-D and
normalised N -D thresholds for the landslide in
China using the quantile regression method and
included the comparison between the I-D thresh-
old around the globe as well to recognise the rela-
tion of the cumulative rainfall event and rainfall
intensity.

Besides, the developed E-D thresholds apply
different forms of equations. Firstly, most of the
authors apply the power regression as similar to
I-D threshold, which is:

E=aD” )

Whereby cumulative rainfall event, E is mea-
sured in (mm), rainfall interval, D is expressed
either in (hour) or (day), while a and y are the
coefficient of rainfall depth and the threshold
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inclination generated from the power-model re-
gression, respectively. Meanwhile, Valenzuela et
al. (2019) proposed the linear equation of E-D
threshold in developing E-D threshold such as
mentioned below:

E+aD=C 3)

Whereby cumulative rainfall event, E is mea-
sured in (mm), and rainfall period, D is expressed
either in (hour) or (day), while o and C are the
slope value and y-intercept that comply with the
linear relationship. Furthermore, Piciullo et al.
(2016) utilised the E-D threshold for estimating
the landslide in the Campania region, Italy. Using
the Frequentist method for the statistical, empiri-
cal approach, that study managed to develop sev-
eral thresholds using quantile regression method
in accordance with the power-law equation of E
= aD?. On the basis of the comparison of sev-
eral thresholds using the statistical percentile ap-
proach, the optimal rainfall threshold was applied
to the early warning system by coordinating real-
time rainfall with the pre-defined warning level
thresholds.

Gariano et al. (2015) demonstrated a similar
approach for the Sicily landslide, Italy. By per-
forming the technique called consolidated boot-
strap nonparametric to develop the E-D thresh-
old, this approach could specify for different ex-
ceedance probability levels, and the uncertainty
deduced from the threshold value. Moreover, by
using that approach, The E-D threshold includes
the standard deviation for the constant of o and vy,
which are Ao and Ay to represent the uncertain-
ty. According to Piciullo et al. (2016), the E-D
threshold is newly defined as:

E=(atAaxDr*%) 4)

Furthermore, by applying this E-D threshold,
Melillo et al. (2018) managed to set up an appli-
cation program called “Calculation of Thresholds
for Rainfall-induced Landslides -Tool” (CTRL-
T) for automated rainfall threshold for the slope
instability. Through the algorithm method, the re-
construction of a precipitation event, and model-
ling of various rainfall data, the E-D threshold is
generated to predict the possibility of landslide.

The recent studies of rainfall thresholds fo-
cused more on the development of the E-D
threshold than other types of rainfall thresholds
(Abraham et al., 2020; Dikshit et al., 2019; He et
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al., 2020). Using cumulative rainfall event, E as
the parameter to develop the rainfall threshold to
perform the probabilistic model seems more con-
venient, compared to the analysing a specific rain-
fall event, as conducted for I-D threshold. This is
because the error in probability and uncertainty is
easier to determine using this threshold and the
integration with the contingency of the landslide
early warning system (Valenzuela et al., 2019).

Normalized Cumulative Rainfall-
Duration (NE—D) Threshold

The role of normalising the cumulative event
rainfall is to alleviate the uncertainties developed
by the E-D threshold, since there are certain con-
ditions where the cumulative rainfall event re-
corded a significantly lower amount of rainfall at
the rain gauge located in close proximity of the
landslide scene. Therefore, by rescaling the cu-
mulative rainfall event, E with the mean Annual
Precipitation (MAP), the developed normalised
cumulative rainfall-duration (N_-D),,,, threshold
intends to represent the overall rainfall condition
in the investigated area. This concept is more or
less similar to the normalised I-D threshold, but
comes with different rainfall parameters. The nor-
malised (N_-D),,, , threshold is expressed as:

N, =aD” ®))

Whereby the normalised cumulative rainfall
event, N, or E is defined in ratio or (%), while
Duration, D is expressed in (hour) or (day). This
normalised (N_-D),,,, threshold demonstrates the
percent of MAP that can determine the cumulative
rainfall event which is likely to trigger the land-
slide. For instance, He et al. (2020) established
a different set of rainfall thresholds for the rainy
and non-rainy seasons in China. Likewise, Valen-
zuela et al. (2019) developed the normalised cu-
mulative rainfall duration (N -D) for the Austria’s
region to acknowledge the comparison between
the E-D thresholds from different meteorologi-
cal stations and distinguish the variation of each
threshold pertaining to regular rainfall received in
each investigated region.

On the other hand, the dismissal of climatic
factors is the main factor of normalising the ac-
cumulated rainfall with MAP. The geological,
environmental, or anthropic factors contribute
to landslides that have resulted in low threshold
values (Valenzuela et al., 2019). The perception
is relevant, but from a different point of view,
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the failure location might receive an abundance
of rainfall during the event compared to the rain
gauge that recorded a small amount of rainfall.
Therefore, considering the MAP for normalising
the rainfall is to portray the overall rainfall pattern
of the area under study, which is in fact, associ-
ated with the impact of climate and the purpose of
reducing the uncertainty and variation of cumula-
tive rainfall.

Rainfall Thresholds (R)

The application of this so-called rainfall
threshold (R) is not dominant, as compared to
other thresholds (I-D, E-D, E-I). There are sev-
eral parameters of rainfall that satisfy this rain-
fall threshold, such as intraday rainfall (R), cu-
mulative rainfall event (E), antecedent precipita-
tion (A), and rescaled cumulative event rainfall
(Guzzetti et al., 2007). All these parameters are
expressed in (mm) except for rescaled cumula-
tive event rainfall that are determined in ratio or
percentage with respect to average yearly rain-
fall or MAP.

This approach merely considers the accumu-
lated precipitation that is likely to trigger the land-
slide, which is quite impractical without involving
the rainfall duration. The method used to obtain
this rainfall threshold is unclear. The event pre-
cipitation may be calculated starting from rainfall
event to the occurrence of landslide regardless of
rainfall duration. Besides, the threshold is defined
exactly by the precipitation amount, without any
curve or threshold line generated from this type of
application. For instance, if the cumulative rain-
fall event exceeds the certain amount of rainfall,
a landslide can occur.

However, according to Guzzetti et al. (2007),
the way to describe this type of threshold is by
considering the percentage of mean annual pre-
cipitation rainfall (MAP). If the rainfall exceeds
the range or specific percent of MAP, the mea-
sured rainfall may cause slope failure. This looks
promising, since the rainfall threshold must be
monitored with respect to MAP, rather than mere-
ly considering the accumulated precipitation.

From a different point of view, this application
of rainfall threshold is somewhat flawed without
the temporal element of rainfall duration. The im-
pact of rainfall duration is critical, since it will
determine the scale of the landslide. For example,
the high amount of rainfall that is likely to trig-
ger the soil slip or shallow landslide commonly

happens for a short period of rainfall, while the
low depth of rainfall with longer rainfall dura-
tion may induce the deep-seated landslide. Even
though the rainfall threshold must be checked
out with the MAP to determine the possibility of
slope failure, the empirical correlation appears to
be speculative. This rainfall threshold is probably
related to the physical factor of the investigated
area such as the geotechnical or morphological
aspects.

Cumulative Rainfall Event-
Intensity (E-1) threshold

The E-I threshold concept emphasises the re-
lationship between the cumulative rainfall event,
E, and rainfall intensity (I). For instance, there
is definite cumulative daily rainfall at a specific
rainfall intensity that could trigger the landslide.
This kind of threshold can be formed either for
E-I or I-E threshold, subject to its dependent fac-
tor. If the intended graph requires a threshold for
cumulative rainfall events, the E-I threshold will
be considered and vice versa.

According to Guzzetti et al. (2007), Onodera
et al. (1974) may be the one who initiated this
type of threshold by presenting the quantita-
tive rainfall-induced landslide using the param-
eters of the cumulative rainfall event E and the
rainfall Intensity, . The general E-I threshold is
proposed as:

E=alf (6)

The cumulative event precipitation, E, is
expressed in (mm), rainfall intensity, I (mm/h),
while o and [ are the constant regarding the pow-
er model relation. The inverse work applies on
the I-E threshold where it will be defined as:

[ =aE* @)

On the other hand, some studies may apply a
linear threshold in the Cartesian plane as the main
threshold to estimate the landslide. For instance,
in recent works, Huang et al. (2015) demonstrat-
ed the following equation to develop the rainfall
threshold:

R, +al=C (8)

Whereby the cumulative event precipitation,
R, or E, is expressed in “mm”, while the rain-
fall intensity (I) in “mm/h”, while o and C are
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the constants from the linear computation. From
the developed E-I threshold, Huang et al. (2015)
established a real-time warning system by clas-
sifying the graph according to the tendency line
from different probability with respect to various
colour-coded scale zone. Nevertheless, this E-I
threshold is not widely established among the
research, but still considered a legitimate rainfall
threshold, since it can determine the ratio of the
cumulative rainfall over the rainfall intensity or
vice versa that are useful for predicting the occur-
rence of landslide.

Previously, Chien-Yuan et al. (2005) plotted
the graph of the critical rainfall intensity against
effective cumulative precipitation and come up
with a specific rainfall amount that is likely to
trigger the shallow landslide or debris flow at Tai-
wan. The authors mentioned that the 200 mm cu-
mulative rainfall and the critical hourly intensity
of 20 mm could induce the shallow landslide in
the context of intermittent precipitation. Mean-
while, the effective cumulative rainfall that ex-
ceeds 400 mm could initiate the debris-flow dur-
ing intense showers. However, there were no I-E
thresholds discovered from the correlation. This
indicates that the correlation of Event-Intensity
or vice versa does not result in threshold devel-
opment, instead of merely finalising the specific
value of rainfall parameters regarding the perpen-
dicular intersection.

Other Thresholds Relation

Daily Rainfall versus Antecedent or vice versa

Other than the earlier mentioned rainfall
thresholds, several authors demonstrated the re-
lation between intraday rainfall and the effective
antecedent rainfall based on a few studies. The
antecedent rainfall may influence the slope fail-
ures in the perspective of low matric suction and
the rise in pore water pressure. For that reason,
Ma et al. (2014) performed the relation between
the calibrated antecedent rainfall for 10 days
against the intraday rainfall at landslides. The
rainfall threshold was established using the power
law relation, and defined as:

Po =aP_* 9)
whereby the daily rainfall, Po is expressed
in “mm”, calibrated antecedent rainfall, P_, is
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expressed in “mm”, while a and p are the con-
stants from the power law relation. According to
the developed threshold of Ma et al. (2014), the
intraday rainfall of beyond 30 mm could trigger
the landslide after periods of sufficient antecedent
precipitation. That means the lower daily rainfall
can also trigger the landslide with the influence of
antecedent rainfall.

On the other hand, Norsuzila et al. (2018)
demonstrated the linear rainfall threshold accord-
ing to the relation between 3-day and accumu-
lated rainfall before landslide against 30 days cu-
mulative antecedent precipitation. This proposed
threshold is expressed as:

E,+aE, =C (10)

Whereby both 3-day cumulative precipita-
tion, E,, while cumulative antecedent precipita-
tion for 30 days, E,  are specified in “mm”, while
a and C are the constants from the linear com-
putation. On the basis of the plot of 3-day accu-
mulate rainfall before landslide against 30 days
cumulative antecedent precipitation, the author
performed two types of thresholds with regards
to a different scale of landslide. For instance, the
major landslide was obtained at the upper thresh-
old, while the lower threshold was specified for
the minor landslide.

Besides, the antecedent effect is also being
considered as the extensive analysis for the de-
veloped rainfall threshold. The main objective
of relating these two parameters is actually to
determine the antecedent rainfall impact to the
initiation of landslide. This relation of daily rain-
fall and antecedent rainfall are expressed in per-
cent or ratio. For instance, Dahal and Hasegawa
(2008) carried out the relation of daily rainfall
of landslides and the cumulative rainfall before
landslides (3, 7, 10, 14, 20, and 30 days) to rec-
ognise the factor of the antecedent parameter. The
diagonal line is plotted on the graph to determine
the axis biased of the scattering in between the
selected antecedent rainfall and daily rainfall and
indicated the rainfall at the same value at the time
of failure. If the plotted sample is biased towards
the daily rainfall or y-axis, it means that the in-
traday precipitation has more impact on the land-
slide events. Otherwise, if the samples are plot-
ted biasedly towards the x-axis or selected day
of the cumulative rainfall event, it indicates that
the antecedent may influence the landslide. The
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analysis indicates that slope instability occurred
due to preceding rainfall, since the obtained per-
centage for the effect of intraday rainfall against
the 3 days cumulative rainfall is below 50 per-
cent, as well declined for other cumulative 7 to
30 days before the landslides.

Kanungo and Sharma (2014) stated that mini-
mum 10-day antecedent precipitation influenced
the initiation of slope failure during the monsoon
season at Chamoli-Joshimath region, India. On
the other hand, Z&zere et al. (2005) proposed that
the antecedent rainfall within 1-15 days could
be categorised for the shallow landslips, while
longer rainfall duration in between 1-3 months
could lead to a deep-seated failure in Portugal.
The difference in determining the effective an-
tecedent rainfall for the slope instability at each
region shows that incorporating such factors as
morphology, geology, lithology, anthropic, etc.,
can crucially impact the occurrence of the land-
slide events.

CONCLUSIONS

The variety of rainfall calculations and analy-
ses contributes an added value to the studies for
developing the rainfall thresholds in predicting
the landslide occurrence. This paper successfully
comprehended the various rainfall parameters uti-
lised in developing the rainfall threshold world-
wide. Different rainfall thresholds have been
discussed, namely Intensity-Duration (I-D), Cu-
mulative Rainfall Event-Duration (E-D), Rainfall
Intensity, (R), Cumulative Rainfall Event-Inten-
sity (E-I), Normalised Intensity-Duration (N-D),
Normalised Cumulative Event-Duration (N_-D)
and antecedent rainfall thresholds. These vari-
ous rainfall thresholds require critical methods
and analysis to derive the rainfall parameters. It
entirely depends on the authors’ critical thinking
for selecting the most compatible method within
the study limitations. Although there is a variety
of methods to develop the rainfall threshold, the
main goal is to undertake risk mitigation against
the dreadful impact of landslide through the in-
tegrated warning system. More findings are sup-
posed to be discovered in the future to enhance
and sustain the conceptual framework of rainfall
threshold.
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