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Bali has been one of the most popular tourist destinations in
Indonesia. However, on the other hand, Bali has a high risk of
natural disaster vulnerability. The number of landslides in Bali
took the first position compared to other natural disasters.
Currently, remote sensing platforms can present Grid Satellite
Rainfall Products (GSRPs), which provide rainfall information
that can identify rainfall conditions for landslide events. This study
aims to analyze the potential GSRPs application of Precipitation
Estimation from Remotely Sensed Information Using Artificial
Neural Networks (PERSIANN), the Integrated Multi-satellite
Retrievals for Global Precipitation Measurement (IMERG), and
Global Satellite Mapping of Precipitation (GSMaP) in determining
the mean rainfall intensities and duration (I-D); accumulated
rainfall and duration (E-D) thresholds for landslide occurrences
over Bali Island. The method used to develop I-D and E-D
thresholds is the power-law equation and frequentist sampling
method in various probability levels (5%, 10%, 20%, 30%, 40%,
and 50%). The result shows that I-D and E-D thresholds
established by GSRPs are generally lower than the threshold
defined by rain gauge observations. Among the three GSRPs,
IMERG is performing the best in establishing the 1-D and E-D
thresholds for landslide phenomena. The level of potential that
IMERG can use in developing the I-D and E-D thresholds is
59.16% and 84.06%, respectively. The E-D threshold derived from
the IMERG product can be used to establish the landslide early
alert system over Bali Island because it has a high spatial-temporal
resolution, word-wide coverage, and near-real-time observation.

1. Introduction

Bali has been nown as one of the most popular tourist destinations in Indonesia and

eworldwide Bali is famous for its natural beauty, cultural diversity, and the hospitality of its

people. Bali's beautiful coastal region has white sandy beaches, sea corals, and towering steep

cliffs. In the interior, Bali has lush mountains and valleys and many rice fields, plantations, and
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tropical forests[1]. In addition to its natural beauty, Bali has a fairly high vulnerability to natural
disasters due to its complex and heterogeneous regional conditions[2][3]. This heterogeneous
region is a challenge in dealing with natural disasters because the types of disasters that occur
can vary, such as earthquakes, floods, landslides, and tsunamis[4][5][6]. Landslide events are
frequently occurring in Bali. The number of landslides in Bali took the first position in 2017-
2019 compared to other natural disasters. Conforming to the World Health Organization in the
range from 1998-2017, Landslides impact approximately 4.8 million population and cause more
than 18 thousand mortalities [7]. So it becomes a serious problem that must be considered.

Landslides can occur suddenly due to unpredictable triggering factors, such as
earthgquakes, volcanic eruptions, or other natural events [8]. This trigger factor can cause drastic
and sudden soil movement and can trigger landslides in vulnerable areas. However, in general,
landslides tend to occur gradually, and there are few signs or symptoms before the occurrence
of landslides that can be identified. Landslides that tend to occur gradually are caused by factors
that contribute to the stability of slopes or soil in an area. These factors include high and
prolonged rainfall, excessive soil moisture, landslide-prone soil types, steep topography, and
human activities such as logging and soil mining [9].

The landslide triggered by rainfall is a popular natural hazard regularly occurring
around the world [10] [11]. The occurrences of landslides primarily provoked by rainfall
infiltration are associated with rainfall duration, rainfall accumulation, and antecedent rain rate,
causing a rise in the soil pore pressure so that the shear stress of the soil decreases [12] [13]. To
reduce the risk of landslides, early alert systems for forecasting the landslide-triggering amount
of rain were established at global and regional scales derived from different procedures and
input raw data [14][15]. The prediction of rainfall-generated landslides calculates on physical
or empirical approaches.

The physical approach can forecast the failures by examining the terrain information,
soil formation, and environmental condition of the study region. In the empirical method,
evaluating the possibility of landslide occurrences is determined by analyzing previous rain rate
occurrences that initiated landslides. Recently, empirical rainfall thresholds have been used to
establish the early alert system of landslide occurrences on a global and regional scale [14]. The
frequent rainfall thresholds used on multiple spatial scales are the mean rainfall intensities and
duration (I-D) and accumulated rainfall and duration (E-D) thresholds [16]. I-D and E-D

thresholds are thresholds that are uncomplicated to operate, deterministic methods, and can be
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used to identify critical rainfall values that initiate landslides [17][18]. Hence, the I-D and E-D
thresholds are chosen in the current study.

The accuracy of I-D and E-D thresholds is highly dependent on the quality of rainfall
data as a primary input [19]. Reliable rainfall data used to define rainfall thresholds are obtained
from rain gauge measurements. However, the spatial coverage of rain gauge stations which are
very rare in remote areas and high terrain, is a major issue in their use to develop rainfall
thresholds for landslide occurrences. Recently, remote sensing platforms have been capable to
present global grid satellite rainfall products (GSRPs) at high spatial and temporal resolution.
GSRPs have the potential to be used to determine rainfall thresholds for landslide occurrences
because it provides global rainfall estimates over remote areas and complex topography and
have a high temporal resolution [1]. Some research on the use of GSPRs in determining rainfall
thresholds has grown considerably.

The first potential GSRPs used to obtain the global rainfall intensity-duration threshold
framework for global landslide occurrences was the use of the Tropical Rainfall Measuring
Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA) datasets. Problems in original
derivation due to the vulnerability of spatial resolution maps and the need to reanalyze I-D
thresholds to assess regional climatology better. Estimation (PERSIANN) to establish a global
landslide forecast model. The previous studies highly emphasize the potential of GSRPs in
determining rainfall threshold. However, some of the past studies mentioned above only derived
I-D and E-D separately, so the current study will analyze both I-D and E-D thresholds using
IMERG, GSMaP, and PERSIANN.

The past studies at most analyzed the rainfall occurrences by using 3 hours to daily
rainfall dataset, so that in this study analyzes the rainfall occurrences by utilizing the high
temporal resolution GSRPs (0.5 hours and 1 hour). Moreover, based on the author's knowledge,
there are no previous studies in determining the rainfall threshold for landslide events using
either rain gauge data or GSRPs over Bali Island. Therefore, it is important to develop the
rainfall thresholds for landslide occurrences in Bali Island by using satellite-based rainfall
datasets because the coverage of rain gauge stations in Bali Island is not widespread enough
and is limited in the high terrain areas.

This study aims to analyze the potential application of three Global Satellite-Rainfall
Products (GSRP), namely PERSIANN, IMERG, and GSMaP, in determining the threshold of
rainfall intensity (I-D) and rainfall duration (E-D) for landslide events on the island of Bali. It

is expected that from this analysis, satellite data can be found that has the most potential in
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determining rainfall thresholds that can trigger landslides. The data will be used to build a

landslide early warning system on the island of Bali.

2. Research Method

The 1-D and E-D thresholds for landslide occurrences over Bali Island are determined
using PERSIANN, IMERG, dan GSMaP datasets. The main data collected in this study
consisted of landslide occurrence data and rain data. The value of the rainfall event before the
occurrence of a landslide was determined by finding the average and total rainfall immediately
before the occurrence of a landslide for each dataset. The rainfall values and duration
distribution for each landslide event is plotted in a scatter diagram with a logarithmic scale. The
power-low relationship between rainfall value and duration in various probability levels was
used to establish the 1-D and E-D thresholds. The details information on the study area,
landslide data, rainfall data, and rainfall event-duration analysis are shown in the following
subsections:
2.1 Area of study

The study site for determining the I-D and E-D thresholds was in Bali Island (Figure
1.). Bali isan Indonesian province enclosed east of Java and west of Lombok Island. It is located
8 degrees below the equator. Bali has a total area of 5620 km? and measures approximately 140
km by 80 km. As a result of its complex terrain and high rains, Bali Archipelago is highly prone
to landslides. Bali has a drought period from May to October and a rainy period from November

to April, which follows similar seasonal variations as Indonesia.
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Source: Author’s Compiles (ArcGIS, 2022).
Figure 1. Elevation Map of Bali and Landslide Events Position.
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2.2 Landslide Data
The landslide events data is acquired from the Regional Disaster Management Agency
of 8 regencies over Bali province. In this study, collected 66 landslide incidents were provoked
by rainfall in 2019. The reference details for every landslide consist of the location (village or
site) and the time when it happened (hour or date). The latitude and longitude of the landslide
events were acquired by field surveying. Figure 1. reveals the positions of landslides and the
propagation of altitude in Bali.
2.3 Rainfall Data
Two kinds of rainfall datasets were used to determine the rainfall thresholds: (i) rain
gauge measurements and (ii) GSRPs (IMERG, GSMaP, and PERSIANN).
1. Gauge-observed precipitation data
Indonesia's BWSBP Ministry of Public Works and Human Settlements provided the hourly
rain gauge data. They only can provide 18 hourly rain gauge observation data for the
completion in 2019. Because gauge measurements are not frequently near landslide
locations, the author chose the 16 rain gauge measurements closest to the site of every
incident. Relying on Balai Wilayah Sungai Bali-Penida (BWSBP) rain gauge information
from 2015 to 2017, the amount of rain in Bali was defined to be approximately 180
mm/month; the greatest amount of rain happens from December to February, while the
minimum amount of rain happens from July to August [1]. Rainfall is the main trigger for
landslide events in Bali Province. According to data from the Statistics of Bali Province from
2018 to 2022, the landslide disaster is the first rank occurrence if compared to another
disaster.
2. Satellite-based precipitation products
Three GSRPs used are PERSIANN, IMERG, and GSMaP. The IMERG product is

accessible online at https://gpm.nasa.gov/data/directory. The GSMaP_Gauge version 7 was

used in the present study with the one-hour time resolution, 10 km x 10 km pixel size, and
is easily downloaded into the JAXA  official site  (ftp://rainmap:
Niskur+1404@hokusai.eorc.jaxa.jp/standard/v7/hourly G/). In this study, the PERSIANN-

CCS dataset with 0.04° spatial resolution and hourly time resolution was used. This dataset

is free and accessible at https://chrsdata.eng.uci.edu/.

2.4 Rainfall Event-Duration Analysis
The configuration equation that is frequently used for establishing the 1-D and E-D

thresholds for slope failure occurrences is the power-law correlation, defined as:
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I[=aD? (1)
E = o-DF (2)

With | is the average rain rate (mm/hour); E is the abundance of rain (mm); D is the period of
rainfall occurrences (hour); a is the scaling factor, and B is the slope variable

Based on the above formulation, this study used the frequentist sampling technique to
estimate the I-D and E-D thresholds for all GSRPs and gauge measurements. The I-D and E-D
thresholds in the present study are determined based on 5%, 10%, 20%, 30%, 40%, and 50%
exceedance levels, which means that the probability of a landslide due to rainfall events not
exceeding the rainfall thresholds is less than 5%, 10%, 20%, 30%, 40%, and 50%. These
probability levels have been widely used to analyze the rainfall threshold for frequentist
sampling techniques [16][19].

Two major processes were conducted in the features extraction of rainfall datasets to
recognize landslides provoking rainfall occurrences. First, the catalog's landslide coordinates
were geographically matched to satellite pixels and rain gauges. The GSRPs recognized the cell
containing the landslide induction position, whereas the gauges assumed the single closest
neighbor to the landslide position, as is normally accepted in gauge-based landslide-provoking
rainfall prediction [20]. Second, the derived data series from every gauge/pixel could be
produced to define and classify the rainfall occurrences that caused the landslides. The
occurrences that happened mostly on the date of the landslide could be regarded, and a one-day
no-rain occurrence was selected as the least interevent period [21]. Several past studies obtained
7 days of antecedent rainfall as an essential factor for initiating landslide occurrences [22].
Hence, the present study further analyzed rainfall total for 7 days (168 hours) before the start

of rainfall events that initiated landslide occurrences.

3. Results and Discussions

The I-D and E-D threshold were inferred from the rain gauge, IMERG, GSMaP, and
PERSIANN datasets using landslide occurrences during 2019 in Bali Island.
3.1 Rainfall Event Condition

Rainfall data provides an overview of the amount of rain that falls on an area in a
certain period. This data can consist of several parameters such as intensity, duration,
frequency, cumulative rainfall, and previous rainfall. Rainfall data is described in Table 1

below:
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Table 1. Rainfall Events Conditions

Mean

Rainfall . Duration Cumulative Antecedent
Products o Intensity . .
condition (hour) rainfall (mm)  rainfall (mm)
(mm/hour)
Average 2.16 64.73 105.80 36.63
Rain Gauge Max. 6.68 339.00 334.30 309.50
Min. 0.41 2.00 5.60 0.00
Average 1.12 132.58 116.26 44 .42
IMERG Max. 2.66 341.00 268.95 126.04
Min. 0.20 6.00 5.97 0.00
Average 0.66 128.20 77.64 53.85
GSMaP Max. 2.12 347.00 24436 136.76
Min. 0.12 5.00 3.68 0.00
Average 1.08 114.05 102.24 65.65
PERSIANN Max. 4.83 326.00 317.00 182.00
Min. 0.31 2.00 3.00 0.00

Source: Author’s Analysis.

From Table 1. The mean rainfall intensity indicates all GSRPs exhibited an
underestimate of the average rain-rate to provoke landslide events. The underestimation means
the mean rainfall intensity produced by GSRPs exhibited lower than the rain gauge. The
maximum duration of rainfall occurrences triggering landslides from the gauge, IMERG,
GSMaP, and PERSIANN is 339 hours, 341 hours, 347 hours, and 326 hours, respectively. This
shows that the duration of rainfall that causes landslides detected by GSRPs and near-
approximation rain stations is about 14 days or 2 weeks.

The average rainfall duration of all GSRPs was confirmed higher with rain gauge
observation. The maximum cumulative and antecedent rainfall of the rain gauge shows the
highest compared to all satellite rainfall datasets. This indicates the satellite rainfall datasets are
underestimation in producing the maximum cumulative and antecedent rainfall. The average
value of rainfall accumulation triggering landslides for all products reveals more than 75 mm;
this indicates that the occurrence of landslides on the island of Bali in 2019 is more likely to be
influenced by accumulated rainfall. The range of cumulative rainfall that initiates the landslide
occurrences on the rain gauge, IMERG, GSMaP, and PERSIANN is 5.60 mm to 334.30 mm,
5.97 mm to 268.95 mm, 3.68 mm to 244.36 mm, and 3.00 mm to 317.00 mm, respectively.

In addition to Table 1, Rainfall events conditions are also presented in graphical form
to visualize data in a clearer and easier to understand form. Graphs can provide an overview of

the rainfall conditions of each data source, namely stations, and satellites.
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Figure 2. Box Plots of Rainfall Condition: (a) Duration, (b) Mean Rainfall Intensity,
(c) cumulative rainfall, and (d) Antecedent Rainfall.

Inspection of Figure 2. a reveals that the GSRP's rainfall duration has a long duration
compared with the rain gauge duration. Figure 2. b shows that all satellite products generally
underestimate the mean rainfall intensity that induces landslides measured by the rain gauge.
However, the IMERG and PERSIANN show better performance in capturing mean rainfall
intensity compared with GSMaP. From Figure 2. ¢ the cumulative rainfall for PERSIANN is
comparable to that of a rain gauge, while IMERG and GSMaP show overestimate and
underestimate, respectively. However, IMERG has a small deviation in capturing rainfall
accumulation that initiates landslide events compared to other products. All satellite rainfall
datasets depict an overestimated antecedent rainfall (Figure 2.d).

3.2 Rainfall Thresholds

In determining rainfall thresholds, it is necessary to determine the appropriate I-D
and/or E-D threshold values, which indicate when the risk of a landslide disaster increases
significantly. The I-D and E-D thresholds are based on historical data on rainfall and landslide
events in the area. An analysis of the relationship between rainfall intensity and the duration at
which landslides occur is carried out in determining the I-D threshold. Meanwhile, in
determining the E-D threshold, an analysis of the relationship between accumulated rainfall and

the duration in which landslides occur is carried out.
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Figure 3. (@) I-D Thresholds for the Rain Gauge. (b) I-D Thresholds for IMERG. (c) I-D
Thresholds for GSMaP. (d) I-D Thresholds for PERSIANN.

The probability of every I-D threshold represents the potentiality of landslides when
rainfall above the 1-D curve happens. As presented in Figure 3, the I-D threshold of the GSMaP
dataset is lower than other datasets. This shows that the GSMaP dataset has the worse in
determining the I-D threshold compared to other datasets. The IMERG threshold is relatively
close to the I-D threshold determined by the rain gauge dataset, and this might be due to the
highest temporal resolution of the IMERG product. The slope of the PERSIANN demonstrated
relatively similar to the rain gauge observation. This is might due to the highest spatial
resolution of the PERSIANN dataset. However, the GSMaP rainfall thresholds exhibited the
lowest compared to rain gauge, IMERG, and PERSIANN. This result indicates the GSRPs
exhibited underestimated I-D threshold compared to the rain gauge observation.

The E-D threshold at exceeding probabilities from 5% to 50% for the rain gauge,
IMERG, GSMaP, and PERSIANN datasets are shown in Figure 4. a, Figure 4. b, Figure 4. c,

and Figure 4.d, respectively.
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Figure 4. (a) E-D Thresholds for the rain gauge. (b) E-D Thresholds for IMERG. (c) E-D
Thresholds for GSMaP. (d) E-D Thresholds for PERSIANN.

The slope of the E-D threshold of all GSRPs is comparable to that of a rain gauge,
while the E-D thresholds of the three GSRPs tend to be lower compared to the rain gauge
observation. The distribution of rainfall duration that causes landslides in IMERG products is
more concentrated over more than 100 days (Figure 4. b) compared to evenly distributed rain
stations (Figure 4. c). All GSRPs produce a lower E-D threshold than those generated from
rain stations.

3.3 Verification and Prediction Accuracy

The verification of landslide and no landslide occurrences for 1-D and E-D thresholds
at different exceeding probabilities are shown in Figure 5. a and Figure 5. b, respectively.
Based on the verification results reveal, most of the landslide events occur above the I-D lines
for a probability of 20% (red line in Figure 5. a). This indicates the probability of landslide
occurrences provoked by rainfall not exceeding the rainfall threshold is less than 20%. On the
other hand, most of the landslide events occur above the E-D lines for a probability of 30%
(purple line in Figure 5. b). This means the likelihood of landslides caused by rainfall that does

not reach the rainfall threshold is below 30%.
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Figure 5. (a) Verification Landslide and No Landslide for I-D Threshold. (b) Verification
Landslide and No Landslide for E-D Threshold.
The 1-D and E-D thresholds equation derived from the rain gauge and GSRPs over

Bali Island is tabulated in Table 2. Table 2 also demonstrates the relative differences of the
threshold parameters in estimating mean rainfall intensity, cumulative rainfall, and rainfall
duration. The differences between the GSRP’s threshold variables from the rain gauge threshold
variables are within 75% (75.10%), with some datasets showing differences lower than 10%
(6.91%). All GSRPs underestimate the intercept parameter (o), while for the slope parameter
(B), the IMERG dataset overestimates the I-D thresholds. The slope parameter of the E-D
thresholds indicates that the IMERG underestimates, while both GSMaP and PERSIANN
overestimate. The GSMaP has the largest deviation of all threshold variables (o and )
compared to other GSRPs. Among the three GSRPs, IMERG has the lowest relative deviation
of a compared with other datasets. PERSIANN dataset exhibited better accuracy of B in the I-
D threshold, while IMERG demonstrated better performance in the E-D threshold.
Table 2. Rainfall Threshold Equation and Relative Differences of Intercept and Slope

Parameters to the Rain Gauge.

The relative The relative

Threshold Dataset Equation deviation of a (%) deviation of B (%)
Rain Gauge [=2.126-D%M! 0.00 0.00
LD IMERG [=1.860-D2¢° -15.94 40.84
GSMaP [=0.551-D0%! -75.10 -52.36
PERSIANN [=1.108-D%14 -49.92 -26.18
Rain Gauge E =2.126-D%7? 0.00 0.00
eD IMERG E = 1.860-D°70! -15.94 6.91
GSMaP E =0.551-D08¢ -75.10 17.66
PERSIANN E =1.108-D%87 -49.92 8.50

Source: Author’s Analysis.
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The IMERG dataset has the relative deviation of a and B of 15.94% and 40.84% for
the I-D threshold, respectively (Table 2). This indicates that the IMERG dataset can potentially
be used in developing an I-D threshold of 59.16%. On the other hand, the IMERG dataset still
has an uncertainty level of 40.84%. In addition, Table 2 also depicts the relative difference of
slope and intercept parameters for the E-D threshold is 6.91% and 15.94%, respectively. This
means that the level error of the IMERG dataset in determining the E-D threshold is 15.94%,
or the level of potential that IMERG can use in establishing the E-D threshold is 84.06%.

3.5 Potential Application of IMERG

The accuracy analysis shows that the IMERG dataset outperformed other GSRPs in
determining the rainfall threshold for landslide occurrences. The accuracy of IMERG in
determining the I-D and E-D thresholds is 59.16% and 84.06%, respectively, based on The
relative deviation of slope (B) and intercept parameters () (Table 2). This indicates the IMERG
dataset has a high possibility for determining the E-D threshold. However, there is still a 15.94%
uncertainty that might be due to the discrepancies in spatial projection and rainfall sampling
[23][24][25]. The E-D threshold derived from the IMERG dataset was potentially used to
establish the landslide early alert system over Bali Island. The uncertainty correction and
integration of the IMERG dataset and hourly rain gauge measurement are required before

applying to the landslide early alert system.

4. Conclusion

The I-D and E-D thresholds established by GSRPs are generally lower than the
threshold defined by rain gauge observations. Among the three GSRPs, IMERG is performing
the best in determining the rainfall threshold for landslide occurrences. The level of potential
that IMERG can use in developing the I-D and E-D thresholds is 59.16% and 84.06%,
respectively. The E-D threshold derived from the IMERG product can be used to establish the
landslide early alert system over Bali Island because it has high spatial-temporal resolution,

word-wide coverage, and near-real-time observation.
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