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Effect of antecedent rainfall conditions and their vari-
ations on shallow landslide-triggering rainfall

thresholds in South Korea

Abstract The intensity-duration (I-D) threshold is considered an
effective indicator for landslides triggered by short-term high-
intensity rainfall and long-term low-intensity rainfall. However,
previous studies have not considered the influence of antecedent
rainfall. Herein, we analyzed hourly rainfall data for 613 shallow
landslides that occurred from 1963 to 2018 in South Korea to
obtain rainfall thresholds and investigated the effect of antecedent
rainfall conditions on threshold variations. The I-D and Iyzp-D,
which is normalized by dividing I by mean annual precipitation
(MAP), thresholds were determined to be I=10.40D"°3" and
Iniap = 0.006D7°%° (4 < D (h) < 84), respectively, at the 2nd percen-
tile level through quantile regression analysis. These thresholds
were lower than other local thresholds (i.e., excluding global and
regional thresholds), suggesting that the southern region of the
Korean Peninsula was more susceptible to rainfall-induced land-
slides. Although the effective length of antecedent rainfall was not
presented herein, the I-D threshold of landslide-triggering rainfall
was confirmed to be low for the absolute and/or calibrated ante-
cedent rainfalls greater than event cumulative rainfall at s, 7, 10,
and 20 days prior to the event. Such differences in I can be greater
at shorter durations; however, these differences gradually decrease
as D increases, suggesting that they lose their effect as soil water
content increases. The results of the current study can improve the
understanding of the effect of antecedent rainfall conditions on
landslide occurrence and should be further tested with respect to
the hydrologic response of hillslopes by considering regional cli-
mate and local site conditions.
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Introduction

Landslides are natural phenomena that cause the erosion of the
Earth’s surface, which often cause personal injury and property
damage (Sidle and Ochiai 2006). South Korea has a high percent-
age of mountainous regions, and many residences and infrastruc-
ture are located in piedmont areas. In summer, the majority of the
annual precipitation is concentrated over 4 months (June to Sep-
tember), which increases the potential risks of landslides. There-
fore, it is critical to understand the factors that affect the
probability of landslide occurrence in order to predict and prevent
landslide damage.

Among various factors affecting landslide occurrence, rainfall is
the most widely recognized extrinsic landslide triggers (Wieczorek
1996). Rainfall triggers landslides by increasing pore water pres-
sures, thereby causing a decrease in shear strength (Brand 1981;
Terlien 1998). Particularly, heavy rainfall can quickly shift the slope
from a marginally stable to an actively unstable state. In any given

region, the rainfall threshold for rainfall-initiated landslides can be
identified if the slope maintains a marginal stability. This rainfall
threshold can be used to estimate the probability of landslide
occurrence and can thus be used to establish landslide warning
and evacuation procedures (Crozier 1999; Glade and Crozier 2005).
Therefore, many studies have focused on the calculation of rainfall
thresholds for the relationship between rainfall and landslide
occurrence using physical (e.g., process-based, theoretical)
(Montgomery and Dietrich 1994; Wu and Sidle 1995; Crosta 1998;
Terlien 1998; Crozier 1999; Crosta and Frattini 2003; Baum et al.
2010; Peres and Cancelliere 2014) or empirical (e.g., historical,
statistical) models (Campbell 1975; Caine 1980; Choi 1986; Crozier
and Glade 1999; Aleotti 2004; Wieczorek and Glade 2005; Guzzetti
et al. 2007, 2008; Cannon et al. 2008; Dahal and Hasegawa 2008;
Saito et al. 2010; Giannecchini et al. 2012; Martelloni et al. 2012;
Kim et al. 2013a; Segoni et al. 2014).

Empirical models have been successfully applied at regional
and global scales despite lacking the detailed information (ie.,
meteorological, geological, morphological, and geotechnical data)
for the field sites, because they can be derived relatively easily
from the relationship between historical landslides and rainfall
records (Caine 1980; Guzzetti et al. 2007, 2008; Cannon et al.
2008; Saito et al. 2010; Martelloni et al. 2012). Among the several
types of empirical thresholds (cf. Guzzetti et al. 2007, 2008), the
combination of rainfall intensity and duration (i.e., intensity-
duration threshold), first proposed by Caine (1980), has been
commonly used to predict the possible occurrence of landslides
(Choi 1986; Aleotti 2004; Guzzetti et al. 2007, 2008; Dahal and
Hasegawa 2008; Saito et al. 2010; Giannecchini et al. 2012;
Martelloni et al. 2012; Kim et al. 2013a; Segoni et al. 2014; Chen
et al. 2015), although the effects of high rainfall intensity or hourly
rainfall patterns associated with landslide occurrence have not
been considered by normalizing the rainfall conditions. This con-
cept has been recognized as a useful criterion to predict the
possible occurrence of landslides and to establish warning and
evacuation procedures (Choi 1986; Keefer et al. 1987; Terlien 1998;
Aleotti 2004; Chen et al. 2005; Guzzetti et al. 2008; Dahal and
Hasegawa 2008; Kim et al. 2013a; Segoni et al. 2015).

Generally, rainfall-initiated landslides are strongly governed by
rainfall characteristics at the time of the rainfall event, but they can
also be affected by antecedent rainfall (i.e., rainfall preceding a
rainfall event). Antecedent rainfall is an important factor to deter-
mine the initial soil matric suction conditions by inducing gradual
increases in soil moisture and groundwater level, which can influ-
ence the initiation of landslides (Lee et al. 2012). Based on real-
time monitoring of four slopes in Singapore, Rahardjo et al. (2008)
demonstrated that the role of antecedent rainfall in the develop-
ment of the worst pore-water pressure condition was more signif-
icant in residual soils with low permeability than in those with
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high permeability. The effect of antecedent rainfall on variations in
slope stability has been reported in several numerical studies.
Rahardjo et al. (2001) found that slope instability can be induced
by antecedent rainfall owing to a decrease in the safety factor.
Rahimi et al. (2011) also confirmed that the pattern of antecedent
rainfall significantly influences slope stability by controlling the
rate of decrease of the safety factor. Kim et al. (2013b) demonstrat-
ed that antecedent rainfall may decrease the matric suction of the
soil, and thus trigger slope instability. Several empirical studies
have also examined the influence of antecedent rainfall on the
initiation of landslides using the relationship between daily rainfall
and antecedent rainfall (or cumulative rainfall) (Kim et al. 1991;
Glade et al. 2000; Dahal and Hasegawa 2008; Giannecchini et al.
2012) or the combination of mean daily rainfall intensity and
rainfall duration in days (Hasnawir and Kubota 2008; Khan et al.
2012). Nonetheless, these empirical studies have mainly focused on
simple comparisons between daily rainfall and antecedent rainfall
amounts or the intensity-duration (I-D) thresholds of continuous
rainfall events (including antecedent rainfall) because of the diffi-
culty in defining specific rainfall events or antecedent rainfall at an
hourly scale, likely due to the lack of information during the
landslide occurrence itself. Consequently, there is still uncertainty
surrounding the influence of antecedent rainfall on the I-D thresh-
olds for the initiation of landslides at an hourly scale in empirical
studies. In this respect, several studies have mentioned the need to
establish I-D thresholds that account for antecedent rainfall con-
ditions for empirical approaches (Dahal and Hasegawa 2008; Saito
et al. 2010; Kim et al. 2013a).

Therefore, this study aimed to (1) obtain new I-D thresholds for
the initiation of shallow landslides using data from 613 historic
landslides in South Korea, including occurrence time and location,
and corresponding hourly rainfall data; (2) discuss the character-
istics of landslide occurrence by comparing global, regional, and
local I-D thresholds derived from international studies; (3) exam-
ine the influence of antecedent rainfall on I-D thresholds for the
initiation of shallow landslides based on the exact definition of a
rainfall event on an hourly basis.

Materials and methods

Environmental settings related to landslide occurrence

South Korea is located at mid-latitude (33-39° N) (Fig. 1) and is
strongly influenced by the East Asian Monsoon, and therefore
exhibits temperate climate characteristics. According to meteoro-
logical data from the past three decades, the mean annual temper-
ature and mean annual precipitation in this area are 6.6-16.6 °C
and 825.6-2007.3 mm, respectively, with substantial regional vari-
ations (Korea Meteorological Administration 2012). Most annual
precipitation is concentrated in the rainy season between June and
September and is significantly contributed by monsoon fronts
from the end of June to the end of July, as well as localized
convective rainstorms or typhoons from August to September
(Park et al. 2008; KMA 2011).

Approximately 64% of the entire land area is comprised of
mountainous terrain, of which 62.5% has a slope angle that ex-
ceeds 30° (Korea Research Institute for Human Settlements 2008).
Except for some steep regions, most of the mountains in South
Korea are hilly or low mountains undergoing weak isostatic uplift
due to erosion and weathering over a long time period, with

570 | Landslides 18 - (2021)

altitudes of 500 m above sea level (Fig. 1; National Institute for
Disaster Prevention 2003). The geology is comprised of 42.6%
metamorphic rocks, 34.8% igneous rocks, and 22.6% sedimentary
rocks (National Geographic Information Institute 2010).

Landslides occur frequently during June and September (Fig.
2), which corresponds with the raining season. This strongly sug-
gests that rainfall is a primary landslide trigger in South Korea.
The most common types of landslides are shallow transitional
slides, which occur dominantly in granite and metamorphic rocks
(Kim and Chae 2009) and are relatively small (i.e., typically less
than 2 m in depth, 20 m in width, and 100 m in length, on average)
(Choi 1986; Yoo et al. 2012).

Data collection

Landslide data

We analyzed 613 shallow landslides that occurred across the whole
country from 1963 to 2018 (Fig. 1). This information was collected
from research articles covering landslide disasters, major national
and local newspapers (on- or off-line), and scientific reports
(Fig. 3a). Particularly, landslide data from the 1960s to the early
1990s were mostly collected from the Naver News Library website
(http://newslibrary.naver.com), which provides historic daily
newspapers. Newspaper articles have been used as a useful source
of landslide occurrence data in several previous studies (Chen
et al. 2005; Dahal and Hasegawa 2008; Giannecchini et al. 2012;
Rosi et al. 2012). The information on landslide occurrence
completely or partially included the following details: (a) informa-
tion source, (b) time of landslide occurrence, (c) location of
landslide occurrence, (d) distance to rainfall station, (e) type of
landslide, (f) area of landslide scar, and (g) depth of landslide scar
(Fig. 3). The information of exact or approximate time and loca-
tion (specific site or village) was available for all 613 landslide
occurrences (100%) (Fig. 3b,c). The distance of the landslide loca-
tion to the closest rainfall station was distributed as follows: 109
landslides (17.8%) were within a <2 km distance; 174 landslides
(28.4%) were within a distance >2 km, but <4 km; 161 landslides
(26.3%) were within a distance >4 km, but <6 km; 105 landslides
(17.1%) were within a distance >6 km, but <8 km; 43 landslides
(7.0%) were within a distance >8 km, but <10 km; finally, 21
landslides (3.4%) were within a >10 km, but <13 km distance
(Fig. 3d). A total of 531 landslides were classified as shallow
(86.6%), 78 as transitional (shallow landslide and debris flow;
12.7%), and 4 as rockslides (0.7%) (Fig. 3e). There was limited data
on the area and/or depth of landslide scars: 20 landslides (3.3%)
had an area of <1000 m® 5 landslides (0.8%) had an area of
>1000 m”, but <2000 m?* and 6 landslides (1.0%) had a >
2000 m” area (Fig. 3f). Finally, 14 landslides (2.3%) had a scar
depth of <1.5 m and 4 landslides (0.7%) had a depth > 1.5 m, but
<3.0 m (Fig. 3g).

Rainfall data

In this study, the hourly rainfall data corresponding to the occur-
rence of 613 landslides was collected from a total of 216 meteoro-
logical stations across the country: 92 stations belonged to the
Korea Meteorological Administration (http://data.kma.go.kr),
one station belonged to the Korea Aviation Meteorological Office
(http://amo.kma.go.kr), two stations belonged to the Korea Forest
Service (http://mw.nifos.go.kr), 85 stations belonged to the Korea
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Fig. 1 Distribution map of the 613 shallow landslides (1963—2018) analyzed in this study
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Fig. 2 Monthly distribution of shallow landslide events and mean precipitation during 2000-2018
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because of lack of continuous hourly rainfall data at many adja-
cent weather stations, particularly for landslides that occurred
during the 1960s-1980s. Owing to this limitation, a total of 613
landslides located within a maximum distance of 13 km (the
average distance between meteorological stations in South Korea;
National Geographic Information Institute, 2016) from meteoro-
logical stations (Fig. 3d) were analyzed using the original hourly
rainfall data at each station. The average distance between the
locations of landslides and meteorological stations was 4.6 +
2.6 km (average + standard deviation).

The mean annual precipitation (MAP) data were used to nor-
malize the rainfall intensity associated with landslide occurrence.
Here, 30-year average annual precipitation, defined as a climato-
logical (standard) normal (World Meteorological Organization,
2007), was adopted as a representative value at a given region.
MAP data corresponding to each landslide were obtained from the
73 nearest KMA weather stations possessing long-term observation
data (KMA 1991; 20015 2012).

Rainfall data analysis

Definition of a landslide-triggering rainfall event

In this study, we defined a landslide-triggering rainfall event as an
independent and continuous event from the beginning of the
rainfall to the landslide occurrence, caused by the influence of
the typhoons, monsoon fronts, or localized convective rainstorms.
Landslide-triggering rainfall was characterized and analyzed in
terms of intensity and duration, which were key factors deter-
mined by the identification of the rainfall event starting point
(Aleotti 2004; Rosi et al. 2012; Peres and Cancelliere 2014; Segoni
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et al. 2015). Rosi et al. (2012) emphasized the need for the estab-
lishment of objective criteria, addressing concerns about the pos-
sibility of subjective intervention in the definition of event start
point when deriving landslide-triggering rainfall thresholds. How-
ever, this cannot be easily achieved due to the coexistence of
different rainfall patterns from various heavy rain types (ie.,
typhoons, monsoon fronts, or localized convective rainstorms) in
Korea (Kim et al. 2015), as noted by Rosi et al. (2012). Therefore, by
following the methods of several previous domestic and interna-
tional studies (Ministry of Land, Infrastructure and Transport
2004; National Institute for Disaster Prevention 2005; Saito et al.
2010; Park et al. 2018), the start of the landslide-triggering rainfall
event was delimited by at least 24 h of no rainfall (Fig. 4). Accord-
ing to this definition, a 1-day antecedent rainfall meant that a
rainfall event occurred 24 h before the start of the landslide-
triggering rainfall, and was therefore always zero. Based on these
definitions, mean intensity (I, mm h™), duration (D, h) and event
cumulative rainfall (ECR, mm) were used as rainfall indices for the
landslide-triggering event.

Rainfall threshold analysis

The landslide-triggering rainfall threshold was analyzed using
intensity and duration based on the equation established by Caine
(1980), as follows:

I=aD™”

where o and 3 are regression coefficients. For this relationship,
I-D plots are generally drawn with a double logarithmic scale, and
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Fig. 4 Definition of the rainfall parameters used in this study

their threshold is the regression line closest to the origin (Guzzetti
et al. 2007; Saito et al. 2010).

To obtain the I-D landslide-triggering threshold, quantile re-
gression was performed using the R statistics package (ver.2.15.2)
(Koenker 2009). Quantile regression, which is a statistical tool
used to estimate the tendency of a conditional quantile, has the
advantage of being able to minimize the influence of independent
variable outliers (Koenker 2005). Based on this, we analyzed the
2nd and s5oth percentiles, and the regression line of the 2nd and
soth percentiles were determined as the threshold and general
trend, respectively, according to the suggestions of Guzzetti et al.
(2007) and Saito et al. (2010).

Moreover, the regional I-D thresholds are limited by the incom-
parability between the thresholds of different regions due to dif-
ferences in topography and lithology and variations in
meteorology (Jakob and Weatherly 2003). Therefore, the I-D
thresholds were normalized by dividing rainfall intensity by
MAP (Iyap) to eliminate the effects of regional variability and to
enable comparison with previous studies. Additionally, Iyiap-D is
frequently used as an alternative approach to represent the
landslide-triggering rainfall thresholds (Jibson 1989; Guzzetti
et al. 2007; Dahal and Hasegawa 2008; Saito et al. 2010; Chen
et al. 2015).

Reconstruction and analysis of antecedent rainfall

To evaluate the effect of antecedent rainfall on shallow landslide-
triggering I-D thresholds, we analyzed the cumulative antecedent
rainfall for 3, 5, 7, 10, and 20 days using the following equation.

AARx, =R, + R, +~ +R,

where AARx, is the cumulated antecedent rainfall for
landslide-triggering rainfall event x, R, is the daily (i.e., 24 h)
rainfall for the day before the start of the landslide-triggering
rainfall event x, and R, is the daily rainfall for the nth day before
the start of the landslide-triggering rainfall event x.

The effect of antecedent rainfall decreases over time due to
drainage processes subtracting water from local storage (Canuti
et al. 1985; Crozier 1989). Therefore, in order to consider the
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(Event cumulativelrainfall)
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------- >

No rainfall

-
'
'
'
'
'
'
'
'
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decreasing effect of antecedent rainfall on landslide occurrence,
the reconstruction of the absolute antecedent rainfall was carried
out using the following equation proposed by Crozier (1989):

CARx, = KR, + K’R, + -+ K"R,

where CARx,, is the calibrated antecedent rainfall for landslide-
triggering rainfall event x. The decay constant K, which typically
ranges between 0.8 and 0.9, is an empirical value that depends on
the drainage capacity of material and the hydrological properties
of the area (Capecchi and Focardi 1988). In the current study, K =
0.9 was applied as a good assumption for a maximum of 20
antecedent days, making negligible rainfall occurred more than
20 days before a landslide occurrence after a few tentative trials, as
in Marques et al. (2008) and Khan et al. (2012).

Furthermore, a study in Korea by Hong et al. (1990) proposed a
simple method to decide whether landslides were induced by
cumulative rainfall (i.e., antecedent rainfall) or daily rainfall using
a 11 line in the relationship between cumulative rainfall before
landslide occurrence and daily rainfall at landslide occurrence.
This method has been used in several subsequent studies as a
guideline to evaluate the effect of antecedent rainfall or daily
rainfall on landslide occurrence (Kim et al. 1991; Crozier 1999;
Dahal and Hasegawa 2008; Mathew et al. 2014). Based on this
background, the differences in I-D conditions were analyzed as
the dominant effect of ECR for y-axis biased plots and AAR or
CAR for x-axis biased plots (via their relationship to the 1:1 line) in
the relationships between landslide-triggering event cumulative
rainfall and antecedent rainfall for 3, 5, 7, 10, and 20 days.

Results

Intensity-duration threshold

Figure 5 shows the relationship between I and D by plotting
quantile regression lines in double logarithmic coordinates for
shallow landslide-triggering events in South Korea. The values of
I range from 1.9 mm h™ (D= 49 h) to 41.7 mm h™ (D=5 h) and D
ranges from 4 h (I=20.8 mm h™") to 84 h (I=4.2 mm h™") for
shallow landslide triggering. For all percentiles analyzed, I
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decreased when D increased. Most landslides (77%, n = 469) were
concentrated in the 10-40 h range from the beginning of the
rainfall event.

The I-D threshold was determined from the 2nd percentile
regression line as follows:

I =10.40D™% (4<D (h)<84)

According to this threshold, rainfall events have the potential to
trigger landslides after lasting only 4 h with a mean intensity of
6.77 mm h™ (ECR =27.07 mm) or lasting for a longer period of
84 h with a mean intensity of 2.63 mm h™" (ECR = 221.20 mm).

Normalized intensity-duration threshold
Figure 6 shows the Iyap-D relationships for shallow landslide-
triggering events in South Korea. Iysp ranged from 1.00 x
102 h™" to 3.00x10 > h™" (ie., 0.1-3.0% of MAP) and decreased
with increasing rainfall duration for the 2nd and s50th percentiles,
as illustrated in Fig. 6.

The Iyiap-D threshold was also determined as the 2nd percentile
regression line, and the derived equation was the following:

Tviap = 0.006D™°2% (4<D (h)<84)

This threshold indicates that rainfall events ranging from
2.00%X10 > h™" to 4.00 x10 > h™" (i.e., 0.2-0.4% of MAP) for Iyiap
in any given duration have the potential to trigger landslides.

Influence of antecedent rainfall on I-D relationship

The I-D relationship corresponding to each ECR-AAR,, relation-
ship for 3, 5, 7, 10, and 20 antecedent days is shown in Fig. 7. Here,
the percentage of data points positioned above the 1:1 line (y-axis;
i.e., the dominant effect of ECR) are 99.2% (= 608), 96.9% (n =

100

Intensity, / (mm h'1)

1 10 100
Duration, D (h)

Fig. 5 I-D conditions and threshold for the initiation of shallow landslides in
South Korea
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Fig. 6 Iyap-D conditions and threshold for the initiation of shallow landslides in
South Korea

594), 94.0% (1 = 576), 89.2% (n = 547), and 48.0% (n = 294) for 3, 5,
7, 10, and 20 days of antecedent rainfall, respectively. The contri-
bution of ECR on landslide occurrences was particularly signifi-
cant compared to antecedent rainfall of up to 10 days prior to the
event, whereas its contribution decreased as the number of ana-
lyzed antecedent rainfall days increased.

In all cases, when AAR,>ECR for the triggering of shallow
landslides (Fig. 7a-e), landslides occurred after a relatively lower
intensity or shorter duration rainfall (Fig. 7f-j) compared to cases
where AAR, <ECR. Particularly, significant I-D threshold differ-
ences were observed in cases with antecedent rainfalls of s, 7, 10,
and 20 days, for which a quantile regression analysis was accom-
plished. In the case of landslides with heavy antecedent rainfall
(i.e., AAR, > ECR), the exponent /3 ranged between 0.23 and o0.29,
which decreases as rainfall duration increases. Conversely, for the
landslides with high event cumulative rainfall (i.e., AAR, < ECR),
the exponent 3 ranged between 0.41 and 0.79. The I-D thresholds
obtained from the cases where AAR,>ECR and AAR, < ECR for
each antecedent day showed significant differences in possible
landslide occurrences when comparing rainfall intensity with the
same duration. As summarized in Table 1, landslides where
AAR, > ECR can be generated with lower intensities (i.e., approx-
imately 0.30-0.69 times the intensity) at D=5 h and 0.85-0.99
times at D=27-50 h, compared to when AAR, <ECR. These
results indicate that landslides can be triggered by rainfall events
in which the minimum intensity is approximately half the average
intensity for D=5 h under relatively wet conditions (i.e., when
antecedent rainfall is greater than event rainfall). However, the
magnitude of the difference in intensity gradually decreases as
duration increases, suggesting that its effect is lost due to an
increase in soil water content.

In the relationship between ECR and CAR,, the percentage of
data points above the 1:1 line was more than 95% for all antecedent
days analyzed, showing that the contribution of ECR was domi-
nant, although the antecedent days increased (Fig. 8). Figure 8f-j
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Fig. 7 Relationships between event cumulative rainfall (ECR) and absolute antecedent rainfall (AAR), and differences in I-D thresholds by the relationship between event

cumulative rainfall (ECR) and absolute antecedent rainfall (AAR) for 3 (a, f), 5 (b, g), 7 (c, h), 10 (d, i), and 20 (e, j) days

shows the I-D relationships corresponding to these ECR-CAR,,
relationships (Fig. 8a-e) for 3, 5, 7, 10, and 20 antecedent
days. As illustrated in Fig. 7 (with the ECR-AAR, relation-
ship), it was found that landslides were caused by rainfall
with shorter duration and lower intensity when CAR,>ECR
for all cases at 3, 5, 7, 10, and 20 days. Except for a few
instances when CAR;>ECR (Fig. 8f) at 3 antecedent days, it
was also found that the I-D thresholds were lower in CAR,>
ECR than in CAR, <ECR for 5, 7, 10, and 20 antecedent days,
but differences became more pronounced at relatively shorter
durations as more antecedent days were analyzed (Fig. 8g-j).
The exponent (3 of the I-D thresholds was 0.29 when CAR, >
ECR and ranged between 0.39 and 0.61 when CAR, <ECR for
5, 7, 10, and 20 days. According to calculations using the
obtained I-D thresholds, landslides when CAR,,>ECR can also
be generated by lower intensity (i.e., approximately 0.47-0.77
times the intensity) at D=5 h and 0.85-0.93 times at D =19-
34 h, compared with when CAR, <ECR (Table 2). This result
also indicates that differences in I can be greater at shorter
durations, but these differences gradually decrease with in-
creasing D for triggering landslides.

Discussion

Comparison with previous studies

The landslide-triggering rainfall I-D threshold has been reported at
the global, regional, and local scales in many previous studies
(Table 3), and a comparison between the results of previous stud-
ies and the current study is illustrated in Fig. 9. Studies that report
on the I-D threshold may have different definitions for a rainfall
event (i.e., starting time of a rainfall event) or varying analytical
methods; however, the majority of these studies determine and
establish rainfall events at the lower boundary of rainfall condi-
tions. Therefore, a direct comparison between the studies is pos-
sible (e.g., Crosta and Frattini 2001; Aleotti 2004; Guzzetti et al.
2007, 2008; Dahal and Hasegawa 2008; Saito et al. 2010;
Giannecchini et al. 2012).

Prior to this study, Choi (1986) first established the I-D thresh-
old for 28 fatal landslide events that occurred in 22 districts of
South Korea between 1962 and 1982 (Line No. 14 in Fig. 9). Com-
pared to the results of Choi (1986), our new I-D threshold (thick
black line in Fig. 9) indicates that landslides could occur at shorter
rainfall durations or lower intensities, showing a relatively gentle

Table 1 Comparison of calculated results using I-D thresholds obtained when AAR,, > ECR and AAR,, < ECR for each antecedent day

Antecedent rainfall days (7) Duration (h) Calculated intensity (mm h™") Graph in Fig.
AAR,, > ECR AAR,, < ECR
5 5 5.69 8.25 (b), (@)
27 3.49 4.13
7 5 5.69 11.51 (c), (h)
33 3.29 3.85
10 5 5.69 11.97 (d), (i)
50 2.92 2.94
20 5 5.42 17.79 (e), ()
40 3.36 3.44
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Fig. 8 Relationships between event cumulative rainfall (ECR) and calibrated antecedent rainfall (CAR), and differences in I-D thresholds by the relationship between event

cumulative rainfall (ECR) and calibrated antecedent rainfall (CAR) for 3 (a, f), 5 (b, g), 7 (c, h), 10 (d, i), and 20 (e, j) days

threshold curve slope. Such differences between this study and
that of Choi (1986) can be considered in terms of two aspects,
namely the size of the dataset of meteorological characteristics and
the methodology. Firstly, the dataset used in the current study was
larger than that used by Choi (1986). The current dataset included
major and minor rainfall events, whereas the dataset used by Choi
(1986) focused on several specific extreme events that caused
significant damage. Therefore, our new I-D threshold reflects more
diverse rainfall patterns (i.e., convective rainstorm, monsoon
front, and typhoon) including shorter durations and lower inten-
sities, as noted by Kim et al. (2015). Similarly, several studies
(Guzzetti et al. 2008; Saito et al. 2010) demonstrated that a larger
dataset including both major and minor rainfall (or landslide)
events results in lower I-D thresholds. Secondly, Choi (1986) de-
termined the I-D threshold subjectively, rather than statistically, by
establishing the lowest regression line parallel to the median
regression line based on visual interpolation, unlike the method
used in this study. Likewise, Chen et al. (2015) mentioned that the
differences in the slope of threshold curve can likely be attributed
not only to the size of dataset but also to the analytical method
used to determine the I-D thresholds.

Compared to the I-D thresholds of different regions determined
in previous studies (Fig. 9), South Korea’s I-D threshold, excluding
Japan’s (Hong et al. 2005; Saito et al. 2010) and the new global
(Guzzetti et al. 2008) and regional (Guzzetti et al. 2007) I-D
threshold, is relatively lower than the previous globally determined
thresholds (Caine 1980; Jibson 1989), as well as for Hong Kong
(Jibson 1989), China (Jibson 1989), Indonesia (Jibson 1989), Japan
(Jibson 1989), Taiwan (Chen et al. 2015), Nepal (Dahal and
Hasegawa 2008), and Puerto Rico (Jibson 1989; Larsen and
Simon 1993).

Likewise, the Iyap-D threshold of South Korea, excluding the
new global thresholds (Guzzetti et al. 2008), and that for central
and southern Europe, mild, mid-latitude climates (Guzzetti et al.
2007), and Japan (Saito et al. 2010), is significantly lower than the
previously determined global thresholds (Jibson 1989), as well as
for Hong Kong (Jibson 1989), Indonesia (Jibson 1989), Japan
(Jibson 1989), Taiwan (Chen et al. 2015), Nepal (Dahal and
Hasegawa 2008), California (USA), Puerto Rico, and Brazil
(Jibson 1989), Cancia (Bacchini and Zannoni 2003), and Piedmont
(Aleotti 2004) in Italy (Fig. 10 and Table 4). These results indicate
that South Korea has a relatively low landslide-triggering I-D

Table 2 Comparison of calculated results using I-D thresholds obtained when CAR,, > ECR and CAR,, < ECR for each antecedent day

Antecedent rainfall days () Duration (h) Calculated intensity (mm h™") Graph in Fig.
(AR, > ECR AR, < ECR
5 5 5.69 7.43 (b), (9)
19 3.86 441
7 5 5.69 8.32 (0), (h)
19 3.86 4.56
10 5 5.69 833 (d), (@)
34 3.26 3.51
20 5 5.69 12.00 (e), (j)
34 3.26 3.73
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Table 3 Global- and regional-scale I-D threshold equations

Equation

Reference

No. in Fig.

Worldwide I1=14.82D7%% 0.167 < D < 240 Caine (1980) 1
I=30.53D" 05<D<12 Jibson (1989) 2
I=2.20D%% 0.1 < D < 1000 Guzzetti et al. (2008) 3
1=228D"% 0.1<D<48 Guzzetti et al. (2008) 4
I=0.48D7"" 48 < D < 1000 Guzzetti et al. (2008) 5
Asia Hong Kong I1=41.83D "% 1<D<12 Jibson (1989) 6
China I1=49.11-6.81D"® 1<D<5 Jibson (1989) 7
Indonesia I1=92.06-10.68D"% 2<D<4 Jibson (1989) 8
Japan 1=39.71D % 05<D<12 Jibson (1989) 9
Taiwan I=18.10D%" 2<D<T1 Chen al. (2015) 10
Himalaya, Nepal I=73.90D"%"° 5<D<720 Dahal and Hasegawa (2008) 11
Shikoku, Japan I1=135+55D"%° 24 < D <300 Hong et al. (2005) 12
Japan 1=218D7%% 3<D<537 Saito et al. (2010) 13
South Korea I=40.7(1/logD) -16.9 14<D<70 Choi (1986) 14
Others Puerto Rico I1=66.18D" 05<D<12 Jibson (1989) 15
Puerto Rico I1=91.46D %2 2<D<312 Larsen and Simon (1993) 16
Southern California I=14.00D7%° 0.167<D< 12 Cannon et al. (2008) 17
Humid subtropical® 1=6.90D%8 0.1 < D < 1000 Guzzetti et al. (2008) 18
Humid subtropical® 1=1030D7%% 0.1<D<48 Guzzetti et al. (2008) 19
Warm humid subtropical® I=6.68D""2 0.1< D < 1000 Guzzetti et al. (2008) 20
Warm humid subtropical® I1=6.25D """ 0.1<D<48 Guzzetti et al. (2008) 21

? Information provided by the Research Institute for Geo-Hydrological Protection of the Italian National Research Council (IRPI-CNR, http://rainfallthresholds.irpi.cnr.it/)
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Fig. 9 Comparison of I-D threshold determined for this study (thick black line)
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Fig. 10 Comparison of Iyap-D threshold determined for this study (thick black
line) with those of previous studies. Black lines: global thresholds. Gray lines:
thresholds for Asia or other regions. The number of each regression line refers to
Table 4
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Table 4 Global- and regional-scale Iyap-D threshold equations

Equation Reference No. in Fig.
Worldwide Twpp = 0.02D7%% 05<D<12 Jibson (1989) 22
Typp = 0.0016D %% 0.1 < D < 1000 Guzzetti et al. (2008) 23
Iyap = 0.00177D7% 01<D<48 Guzzetti et al. (2008) 24
Iyap = 0.0005D7% 48 <D < 1000 Guzzetti et al. (2008) 25
Asia Hong Kong Iypp = 0.02D %% 1<D<12 Jibson (1989) 26
Indonesia Iwap = 0.07-0.01D™% 2<D<4 Jibson (1989) 27
Japan Iwpp = 0.03D7°% 1<D<12 Jibson (1989) 28
Himalaya, Nepal Iyap = 1.10D7%% 5<D<720 Dahal and Hasegawa 29
(2008)
Japan Iyap = 0.0007D7%% 3<D<537 Saito et al. (2010) 30
Taiwan Iypp = 0.0060D "7 2<D<T1 Chen al. (2015) 40
America California, USA Twpp = 0.03D7%% 1<D<12 Jibson (1989) 31
California, USA Iypp = 0.03D 7% 05<D<8 Jibson (1989) 32
Puerto Rico Twpp = 0.06D7"° 1<D<12 Jibson (1989) 33
Brazil Iwap = 0.06-0.02D™%° 05<D<2 Jibson (1989) 34
Europe Candia, Italy Iunp = 0.74D7°2° 0.1<D< 100 Bacchini and Zannoni 35
(2003)
Piedmont, Italy Twpp = 4.62D7°7° 2<D< 150 Aleotti (2004) 36
Piedmont, Italy Iyap = 0.76D7%% 2<D<150 Aleotti (2004) 37
Central and Southern Europe® TIuap = 0.0064D~ % 0.1<D <700 Guzzetti et al. (2007) 38
Mild mid-latitude climates® Iwpp =0.0194D7°73 0.1 <D< 700 Guzzetti et al. (2007) 39

? Information provided by the Research Institute for Geo-Hydrological Protection of the Italian National Research Council (IRPI-CNR, http://rainfallthresholds.irpi.cnr.it/)

threshold when compared to the rest of the world, especially in the
Asian monsoon region. Furthermore, the results imply that, after
Japan, South Korea is highly susceptible to landslides caused by
heavy rains during summer.

The results presented above are dependent on the methodolog-
ical approach, including the size of the dataset (Guzzetti et al.
2008; Saito et al. 2010), the information source (Brunetti et al.
2010; Chen et al. 2015), and the analytical method (Chen et al.
2015), required to determine the rainfall thresholds. However, the
fact that these results are partly attributable to diverse physio-
graphical (e.g., meteorological, topographical, lithological) and
land cover conditions in the different regions (Brunetti et al.
2010) cannot be ignored.

About 64% of the total land area in South Korea consists of
mountainous terrain (Fig. 1), which is characterized by steep
slopes (>30° for 62.5% of the total mountainous area) (Korea
Research Institute for Human Settlements, 2008), shallow soil
depth (<60 cm for 76% of the total mountainous area)
(National Geographic Information Institute, 2010), and highly
weathered rocks and soils (Kim 2019). These topographical char-
acteristics are sufficient to initiate shallow landslides in the sum-
mer months (July to September), during which about 64% of the
annual precipitation is concentrated (Fig. 2). In South Korea,
heavy rainfall for the initiation of shallow landslides is frequently
caused by convective rainstorms with a relatively high-intensity
short-duration and relatively low-intensity long-duration
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monsoon fronts and typhoons (Kim et al. 2015). Landslides tend
to be most frequent when the slope is 30°-35° (Choi 1986; Kim
and Chae 2009) and the failure surface is shallow (typically <2 m
depth) (Choi 1986; Seo and Han 2003). Many landslides occur in
soil horizons of weathered granite (Jau et al. 2000; Kim and Chae
2009; Yoo et al. 2012), granitic gneiss (Jau et al. 2000; Yoo et al.
2012), and mudstone (Hwang et al. 2013). The I-D thresholds of
our study therefore reflect the influence of meteorological, topo-
graphical, and lithological conditions in South Korea on landslide
occurrence.

The relatively low I-D thresholds obtained in this study can be
attributed to landform adjustment that is in dynamic equilibrium
with the climatic condition of the given region (e.g., Giannecchini
et al. 2012; Chen et al. 2015). Several studies from the Kii Peninsula
in the eastern part of Japan (Saito and Matsuyama 2012) and
Taiwan (Chen et al. 2015) confirmed that landforms in regions
having a high MAP are resistant to high cumulative rainfall (which
is likely to trigger mass movements) and are therefore resistant to
extreme weather conditions. Giannecchini et al. (2012) also found
that the critical rainfall amount needed to induce shallow land-
slides increases with MAP through regional comparison for Italy.
These results partially support the fact that the relatively low I-D
and Iyap-D thresholds obtained herein are attributed to an MAP
(1321 mm during 1963-2018; Fig. 2) that is much lower than the
overall MAP of the East Asian monsoon area (1200-2400 mm;
Korea Meteorological Administration, 2011).


http://rainfallthresholds.irpi.cnr.it/

Influence of antecedent rainfall

Analysis of the relationship between cumulative rainfall from
heavy rain events and various antecedent rainfall events revealed
that most landslides in South Korea were predominantly influ-
enced by short-term heavy rainfall rather than antecedent rainfall
(Figs. 7a-e, 8a-e). Even though the contribution of antecedent
rainfall was 52% for the 20 days of absolute antecedent rainfall
(Fig. 7e), when considering the recession of antecedent rainfall
over time, only 5% of the landslides are contributed by antecedent
rainfall (Fig. 8e).

However, in the case of absolute or compensational antecedent
rainfall that exceeds the cumulative rainfall from heavy rain
events, the I-D plot of landslide-triggering rainfall becomes rela-
tively low and antecedent rainfall has a more pronounced effect
(Figs. 7f-j, 8f-j). Although this phenomenon has been explained in
terms of the relative magnitude of the cumulative rainfall linked to
a landslide-triggering event (as there are no magnitude standards
for antecedent rainfall), the result clearly shows that landslides can
be triggered by lower rainfall intensities when exposed to a signif-
icant amount of antecedent rainfall. Based on analyses using a
one-dimensional hydrological model, Terlien (1998) found that the
necessary rainfall duration to trigger a landslide under a given
rainfall intensity was approximately three times larger for dry
conditions than for wet conditions. Moreover, Sidle and Ochiai
(2006) demonstrated the effects of antecedent soil moisture on
landslide triggering by confirming that the I-D threshold was
noticeably lower when the 2-day antecedent rainfall exceeded
20 mm (wet condition) on Caine’s (1980) I-D plot than when it
remained under 20 mm (dry condition). The previously described
studies of Terlien (1998) and Sidle and Ochiai (2006) report dif-
ferences in the I-D relationship of triggered landslides in relation
to antecedent rainfall conditions. Both studies suggest that ante-
cedent rainfall can influence triggering time by increasing the soil
moisture content, and then by lowering the triggering intensity,
which is consistent with the results of this study. However, when a
significant amount of antecedent rainfall occurs, the I-D threshold
was noticeably lower for short durations; however, as rainfall
continued, the difference gradually decreased (Figs. 7g-j, 8g-j).
This suggests that antecedent rainfall can have a substantial influ-
ence on triggering landslides up to a certain point in time after the
initiation of a heavy rain event, but increased duration of
landslide-triggering rainfall causes the soil water content to in-
crease (Chae and Kim 2012), after which the antecedent rainfall
loses its effect.

Although the effect of antecedent rainfall has been confirmed in
the current study (Figs. 7 and 8), there were difficulties in identi-
fying the length of the antecedent rainfall period that most affected
landslide triggering. As the estimated days for antecedent rainfall
increased, the amount of antecedent rainfall also increased (espe-
cially the absolute antecedent rainfall), and therefore, the weighted
effects of antecedent rainfall became relatively greater. This ten-
dency appears not only in this study but also in several previous
studies (Kim et al. 1991; Dahal and Hasegawa 2008; Mathew et al.
2014).

The effect of antecedent rainfall on landslide triggering is dif-
ficult to quantify in terms of amount or length. For instance, for
Hong Kong, Lumb (1975) determined the effect of antecedent
rainfall to be significant, whereas Brand et al. (1984) reported that
the effect of antecedent rainfall was negligible and that rainfall

intensity at the time of the landslide was the main triggering factor.
In studies performed in New Zealand (Crozier 1989) and Italy
(Wasowski 1998), antecedent rainfall has been reported as an
important triggering factor. Moreover, the antecedent rainfall pe-
riod related to soil moisture conditions that can trigger landslides
was demonstrated to be 2 days in Alaska, USA (Sidle 1992), 15 days
in the Dolomites, Italy (Pasuto and Silvano 1998), and Hong Kong
(Lumb 1975), and 25 days in Manizales, Colombia (Terlien 1998),
being reported differently according to the regional scale. This is
most likely because the effect of antecedent rainfall depends on
regional climatic conditions (Crozier 1999; Wieczorek and Glade
2005), such as evaporation, as well as local site conditions (Terlien
1998) such as slope angle, soil depth, and soil properties. Figure 11
shows the average and standard deviation of I-D conditions plot-
ted with mean intensity and mean duration for monthly landslide
occurrence during 1963-2018. As of the 1st of January every year,
the mean absolute antecedent rainfall (1963-2018) was largest in
October, and decreased through September, August, July, June,
and April, in that order. However, there does not appear to be a
considerable difference in the average I-D conditions between
these months (Fig. 11). Additionally, the differences in I-D condi-
tions of landslide-triggering rainfall were relatively unclear when
they were separated by antecedent rainfall of the same amount at
regular intervals (e.g., 50-mm interval of AAR or 50-mm interval of
CAR for 5 days antecedent rainfall) (Fig. 12), in contrast to Figs. 7f-
j and 8f-j. The dataset used in this study includes a variety of
geological conditions (i.e., metamorphic, igneous, and sedimenta-
ry rocks) with various slope angles and soil depths, which can
cause differences in rainfall infiltration rates, and thus soil
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Fig. 11 Differences in the average I-D conditions demonstrated by the monthly
classification of landslide occurrence during 1963-2018. The mean (with minimum-
maximum) of absolute antecedent rainfall of the months preceding each landslide
occurrence month is 133 mm (48-279 mm) from January to March for landslides in
April; 337 mm (173-518 mm) from January to May for landslides in June; 492 mm
(236-892 mm) from January to June for landslides in July; 770 mm (471-

12017 mm) from January to July for landslides in August; 1026 mm (700-1497 mm)
from January to August for landslides in September; and 1178 mm (742-1755 mm)
from January to September for landslides in October during 1963—2018. Error bars
indicate standard deviations
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Fig. 12 Differences in I-D conditions by absolute (a 50-mm interval) and calibrated (b 50-mm interval) antecedent rainfall for 5 days

moisture conditions that can affect the initiation of landslides.
Therefore, the results of this study suggest that the effect of
antecedent rainfall on shallow landslide occurrences differs de-
pending on its effective time period, as well as the local site
conditions for a given amount of antecedent rainfall.

Decay constant K-value for CAR

The CAR calculated in the current study can only be regarded as
an indicator of antecedent soil moisture (Crozier and Eyles 1980).
It is based on the assumption that drainage and evaporation
processes exhibit constant rates throughout the year (Glade et al.
2000). The decay constant K = 0.9 derived from a few trials, as in
several studies (Marques et al. 2008; Khan et al. 2012), was effec-
tively used for decaying the antecedent rainfall conditions in our
study, although this decay constant is not based on the physio-
graphical conditions of South Korea. The constant K, which indi-
cates a soil water recession rate, depends on geomorphic factors
such as slope gradient, soil type, and vegetation cover (Glade et al.
2000), and thus on the hydrological characteristics (Capecchi and
Focardi 1988) of the area. For this reason, Glade et al. (2000) used
the physically derived recession coefficient based on flood
hydrographs of each region to produce the antecedent rainfall
index in three regions of New Zealand. Using this method, they
were able to represent the landslide occurrence probability based
on the relationship between daily rainfall and antecedent daily
rainfall index at the regional scale. Consequently, the validation of
the constant K-value should be considered based on hydrological
processes in more detail, as this is an important consideration in
the appropriate determination of antecedent rainfall index that
affects landslide-triggering at the regional scale.

Conclusions

The current study established a new I-D threshold by statistically
analyzing hourly rainfall data of landslide occurrences in South
Korea over the past six decades. The I-D and normalized I-D
thresholds were determined to be I=10.40D°3" and
Iyap = 0.006D7°%° (4< D (h) < 84), respectively, through quantile
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regression analysis of the 2nd percentile. The I-D threshold and
normalized I-D threshold of this study were lower than other local
thresholds (i.e., excluding global and regional thresholds), suggest-
ing that the southern region of the Korean Peninsula was more
susceptible to rainfall-induced landslides.

Although the effective length of antecedent rainfall was not
presented, the I-D threshold of landslide-triggering rainfall for
large amounts of antecedent rainfall at 5, 7, 10, and 20 days of
antecedent rainfall was confirmed to be low. However, the effect of
antecedent rainfall appeared to diminish as the duration of
landslide-triggering rainfall increased, suggesting that its effect
was lost due to an increase in soil water content.

Previously, the I-D threshold was viewed as an effective indica-
tor of landslide occurrence triggered by short-term high-intensity
rainfall and long-term low-intensity rainfall, but was limited by
not accounting for the effect of antecedent rainfall. In this respect,
our findings highlight the effects of antecedent rainfall conditions
on landslide occurrence and can improve the understanding of
landslide occurrence. In the future, these results should be further
tested with respect to the hydrologic response of hillslopes by
considering regional climate and local site conditions in order to
improve landslide monitoring systems based on I-D thresholds
that incorporate antecedent rainfall.
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