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ABSTRACT

Global climate change has led to an increase in the frequency and spatial extent of heavy rainfall events, resulting in serious disasters around
the world. Japan, a country prone to sediment disasters, has accumulated a vast amount of records and materials related to landslides. How-
ever, there are few studies demonstrating the effects of climate change on sediment disasters in Japan. Therefore, we conducted exploratory
data analysis to clarify this relationship. Our analysis may offer new insights into the effects of climate change on sediment disasters based
on Japanese experience. Consequntly, we found that sediment disasters have already doubled in the past 40 years and are projected to

increase by 2 to 4 times in the future.

INTRODUCTION

Global climate change is leading to an increase in heavy rainfall, resulting in serious floods, landslides, and debris flows around the world.
In the last decade, many studies have been conducted to clarify the effects of climate change on sediment disasters (e.g., Gariano and
Guzzetti, 2016).

Japan is a country that frequently experiences sediment disasters. Many records and inventories of sediment disasters have been accumu-
lated over the years (e.g., Saito et al., 2014; Hayashi et al., 2022). The central government has been continuously implementing sediment
disaster countermeasures for over 100 years. However, as Gariano and Guzzetti (2016) pointed out, there is a lack of studies demonstrating
the effects of climate change on sediment disasters in Japan.

The effects of climate change on sediment disasters is complex and varies by region. Analyzing the abundant data available in Japan is
expected to provide new insights into the effects of climate change on sediment disasters. In this study, we analyzed the accumulated data
and previous studies on this phenomenon in Japan. In particular, three studies were conducted: (1) exploratory data analysis of nationwide
sediment disasters and heavy rainfall data over the past 40 years, (2) exploratory data analysis of disaster reports to identify recent trends
in sediment disasters, and (3) review of recent studies on the prediction of future changes in sediment disasters in Japan based on climate

change projections.

HEAVY RAINFALL AND SEDIMENT DISASTERS IN THE LAST FOUR DECADES

The Ministry of Land, Infrastructure, Transport and Tourism (MLIT) in Japan has been collecting inventories of sediment disasters, such as
shallow landslides, debris flows, and rock slides, since 1983. These inventories are used to create policy and technical guidelines and pro-
vide information on the location, timing, landslide type, and damage. In this study, we analyzed the annual number of sediment disasters.
The Japan Meteorological Agency (JMA) compiles precipitation data from 51 long-term observation stations across Japan. The JMA uses the
annual number of days with precipitation totals of at least 100 or 200 mm/day as indices of heavy rainfall frequency. For each year, the total
number of days with precipitation totals of at least 100 mm/day is counted at all 51 observation stations. This is because the frequency of
daily rainfall of 200 mm or more is low. Then, we calculated the average number of days with daily rainfall exceeding 100 mm per obser-
vation point to indicate the frequency of heavy rainfall based on analysis by the JMA.

The number of sediment disasters has been increasing for the past 40 years, rising from around 800 to 1,400 (Fig. 1). Looking at the 10-year
moving average, the number of days with daily rainfall of 100 mm or more has generally increased over the past 40 years. The occurrence
of sediment disasters may be affected by various factors, including heavy rainfall, changes in land use, and reporting bias. Furthermore, it is
thought to depend on the location’s characteristics where large-scale rainfall occurred. Although these factors require further investigation,
the number of sediment disasters showed a pattern similar to the average number of days with precipitation totals of at least 100 mm/day

(Fig. 1). This suggests that sediment disasters in Japan were influenced by days with daily rainfall exceeding 100 mm.
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Figure 1 (a) Annual number of sediment disasters, (b) annual number of days with daily rainfall of 100 mm or more, and (c) annual number of victims due to sediment disasters in Japan.

Sediment disaster data and rainfall data were compiled by MLIT and

CHARACTERISTICS OF MAJOR SEDIMENT DISASTERS IN RECENT YEARS

The MLIT also compiles statistics on the number of deaths or missing persons due to sediment disasters since 1967. The data shows a sharp
decrease from the late 1960s to around 2000, dropping to about one-eighth (Fig. 2). However, the number has been increasing since 2005
and has doubled in recent years. In this section, we analyze reports and articles on major disasters since 2005 to identify their characteristics.

We extracted major disasters that resulted in five or more deaths or missing persons.

Sediment transport phenomena causing major sediment disasters

Since 2005, there have been 22 major disasters, including four caused by earthquakes and one of unidentified origin. The majority of the 17
rainfall-related landslides can be classified into one of three main categories: 1) multiple debris flows occurring in a small area, 2) sediment
laden floods, and 3) long-distance runout large-scale landslides (Fig. 3).

During heavy rainfall with a large total rainfall and/or high rainfall intensity, debris flows frequently occur in a small area and can have
serious impacts on human lives, houses, and infrastructure, compared to the effects of a single debris flow. This type of sediment transport
has been the dominant phenomenon in six out of the 17 major disasters (Fig. 3).

Furthermore, when many landslides and debris flows occur, significant amounts of sediment flow into the channel from hillslopes. The
heavy rainfall led to a high transport capacity of the river flow, resulting in the discharge of large amounts of sediment downstream. Con-
sequently, the riverbed elevated in the downstream area, causing a substantial amount of muddy water and fine sediments to flow into
a wide residential area from the rivers. These phenomena are referred to as “sediment laden flood” (Hayashi et al., 2022). Five sediment
laden floods triggered severe damage in Fukuoka, Hiroshima, Wakayama, and Miyagi (Fig. 3). The DEM of difference (DoD) analysis using
multi LiDAR data revealed that over 100,000 m3 of sediment were discharged from a mountain watershed during the sediment laden floods
(Sakai et al., 2021). These sediment laden floods occurred in areas with the highest recorded total rainfall. The National Institute for Land
and Infrastructure Management (NILIM) demonstrated that three significant sediment laden floods occurred in Hiroshima in 2018. These
floods ooccurred in areas where the 48-hour rainfall was 1.5 to 2 times higher than the maximum 48-hour rainfall recorded in the region
over the past 40 years.

Large scale landslides, such as deep-seated landslides, can become fluidized and transform into debris flows that travel long distances (e.g.,
Nishiguchi and Uchida, 2021). The seven major disasters were caused by these long-distance runout landslides (Fig. 3). The frequency
of heavy rainfall events has increased in recent years, leading to a rise in the number of deep-seated landslides and sediment disasters.
Deep-seated landslides often occur during extraordinal heavy rainfall events, especially when the 48-hour rainfall exceeds 600 mm (Uchida

et al., 2013).
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Figure 2 Serious disasters that have occurred since 2005, where five or more people died or missing in Japan. Location, Prefecture, occurrence year and phenomena are indicated. DF: debris

flow, MDF: multiple debris flows occurring in a small area, SLF: sediment laden flood, LDF: landslide induced debris flow, and FL: fluidization of large-scale landslides.

Geographical patterns

Several serious disasters caused by rainfall occurred in western Japan. Specifically, seven serious disasters occurred in the regions from
Hiroshima to Fukuoka, while only two examples in the Tohoku region of northern Japan (Fig. 3). These regions receive less rainfall on
average compared to other regions in Japan, with an annual rainfall of approximately 68% of the national average. The frequency of heavy
rainfall events, defined as rainfall that exceeds 30 mm/h, is lower in these regions than the national average. As a result, landslides caused
by rainfall are less frequent in these regions (Saito et al., 2014).

However, heavy rainfall events have become more frequent in recent years, leading to serious sediment disasters these regions despite their
characteristics. Three typhoons hit the region in 2016, 2019, and 2021, inducing a number of shallow landslides and debris flows (e.g., Kon
et al., 2022). Our analysis of rainfall data revealed that the ratio of the maximum daily rainfall in the area where these typhoons caused

serious sediment disasters to the 100-year return period daily rainfall in that area often exceeds 2 (Fig. 4).
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Figure3 Ratio of maximum daily rainfall during recent major sediment disasters to the 100-year probable daily rainfall. The maximum daily rainfall for each event was recorded at the rainfall
stations of JMA, MLIT, and Aomori prefecture, which are indicated by black text in the right figure. The 100-year probable daily rainfall for the 9 stations of JMA and Aomori prefecture,
indicated by red text in the right figure, was used. These stations were chosen because they are the nearest ones to the areas affected by the sediment disasters. Alphabets (a-d) in the

right figure correspond to those in the left figure.

PREDICTION OF FUTURE CHANGES IN SEDIMENT DISASTERS

We analyzed the potential for future sediment disasters using three approaches: (1) empirical prediction based on statistical data from past
heavy rainfall and sediment disasters, (2) prediction of the frequency of future rainfall threshold exceedances, which is currently used as
an early warning for shallow landslides and debris flows, and (3) prediction of future disasters using a physics-based model that combines

hydrological and sediment dynamics models. All three approaches commonly use heavy rainfall predictions based on Global Circulation
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Models with emission scenarios. Additionally, we used a well-known high-resolution rainfall prediction dataset simulated by the Meteorolog-
ical Research Institute of Japan using Non-Hydrostatic Regional Climate Models (NHRCM). Approaches (1) and (2) were conducted across
Japan using high-resolution rainfall prediction data under future climate calculated based on the RCP2.6 and RCP8.5 scenarios. Approach
(3) was conducted in areas where serious sediment disasters have occurred in recent years.

Historical data analysis

For approach (1), we used the data presented in Fig. 1. We established a power law relationship between days with daily rainfall of 100 mm
or more and sediment disasters (Fig. 5). According to future climate predictions by the JMA and the Ministry of Education, Culture, Sports,
Science and Technology (MEXT), the average temperature is expected to rise by 2 to 4 degrees, resulting in an anticipated increase of ap-
proximately 1.5 and 2.3 times, respectively, in the number of days with daily rainfall of 200 mm or more in Japan. Based on the correlation

shown in Fig. 5, the frequency of sediment disasters in Japan is predicted to increase by 1.8-3.4 times in the future.
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Figure 4 Relationship between annual days with daily rainfall of 100 mm or more and annual number of sediment disasters in Japan

Prediction based on rainfall threshold

The Japanese government operates a nationwide early-warning system for shallow landslides and debris flows (Osanai et al., 2010). The
system sets a rainfall threshold for the occurrence of shallow landslides and debris flows based on two rainfall indices (60-min cumulative
rainfall and soil-water index) in each 1-km grid mesh covering all of Japan. The dataset simulated by NHRCM predicts the frequency of
exceeding the rainfall threshold for each 1-km grid across Japan (Wu et al., 2020). The result indicate that the risk of sediment disasters
will increase in western Japan in early July and in eastern Japan in September. Additionally, the risk of sediment disasters will significantly

increase in Hokkaido, the northern island of Japan, which has the lowest annual rainfall and sediment disasters.

Prediction using physics-based numerical simulation model

Numerical simulations based on physics-based models have become a powerful tool for assessing the effects of climate change on sediment
disasters. Yamanoi and Fujita (2017) developed SiMHiS, the multi-hazard simulator based on a landslide prediction model and a water and
sediment runoff model in the watershed scale. The output of NHRCM was employed as rainfall inputs for SIMHIS to iinvestigate the detailed
processes of sediment and water discharge from a mountainous watershed under future rainfall conditions (Yamanoi et al., 2021). A case
study was conducted in a watershed in western part of Japan that receives a significant amount of rainfall under the current climate condi-
tions. In the future, it is expected that the maximum water discharge and total sediment yield will increase by twice as much as what can
occur in the current climate (Fig. 6). Furthermore, the relationship between the total sediment runoff volume and maximum water discharge
has also become more variable (Fig. 6). These results imply that sediment disasters with different trends may occur in the future, even in

regions that have already experienced serious damage from sediment laden floods and debris flows under current climate conditions.
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Figure 5 An example of simulated results about future change of sediment- and water-related disasters employing SiMHIS and NHRCMO5 outputs (after Yamanoi et al., 2021). c0-c3 indicate
the result of future rainfall condition and p and pZ2 indicate the result of current rainfall condition and 2017 indicate result using the rainfall data in the heavy rainfall event in 2017. Detailed

information is shown in Yamanoi et al. (2021)

SUMMARY AND CONCLUSIONS

This study presents an exploratory data analysis of existing data, disaster reports, and studies to examine the effects of climate change on
sediment disasters in Japan. The results indicate that (1) the number of sediment disasters has already doubled in the past 40 years and
projected to increase by 2 to 4 times in the future. (2) In the last two decades, sediment laden floods and long-distance runout landslides
triggered by record-breaking rainfall have caused significant damage. (3) The frequency of large sediment disasters is increasing, even in
areas previously deemed to have low disaster severity. This trend is expected to persist in the future. (4) Physics-based modeling suggests

that the magnitude of sediment laden floods is likely to increase in areas that have already experienced severe damage.
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