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Abstract: Japan is a country with one of the highest incidences of sediment disasters, which will
become more severe and more frequent as a result of climate change. This paper reviews the recent
occurrence of sediment disasters caused by heavy rainfall affected by climate change in recent years,
challenges in adaptation measures, and recent policies targeting such sediment disasters in Japan. The
Ministry of Land, Infrastructure, Transport and Tourism (MLIT) has been conducting non-structural
and structural measures based on legislation. Recently, climate change has resulted in more severe
and frequent disasters along with damage caused by sediment movement phenomena that are
not covered by the present system for warning and evacuation. Efforts to establish assessment
methods concerning the risk of these phenomena are shown as examples of current challenges of
climate change.
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1. Introduction

Globally, sediment disasters are natural disasters that cause enormous human and
property damage [1–3]. In the Intergovernmental Panel on Climate Change (IPCC) Sixth
Assessment Report, sediment disasters are treated as one of the phenomena that could
be affected by climate change and have socioeconomic impacts [4]. Climate change is
expected to cause more severe and frequent sediment disasters worldwide [5–8], and there
are concerns about the effects of such disasters in Japan, where 1241 sediment disasters
have occurred on average from 1990 to 2019, and caused 678 dead and missing from 2000
to 2019 (approximately 21% of the number of dead and missing except those caused by the
Great East Japan Earthquake) [9].

The Japanese government’s Ministry of the Environment published a report in 2020
entitled, “Assessment of Impacts of Climate Change in Japan and Future Challenges” [10],
mandated by the “Climate Change Adaptation Act” [11]. Sediment disaster is rated highest
in all evaluation categories of “Severity”, “Urgency” and “Confidence”. In 2020, the Cabinet
Office surveyed public awareness of “concerns about water-related problems due to the
effects of climate change” and “what you would like the government to focus on water-
related problems due to the effects of climate change”. According to the survey results,
“Frequent floods and sediment disasters due to climate instability” is the most worrisome
problem (percentage of respondents: 85.6%), and “Construction and improvement of
flood and sediment disaster prevention facilities” are the most desired things about which
the government focuses on outcomes, for the government to focus on (percentage of
respondents: 78.5%) [12].

Despite the high interest from both Japanese government agencies and the public, and
the increase in sediment disasters due to climate change, few reports on global climate
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change related to sediment disasters in Japan have been published [6,8]. In this review, the
characteristics of recent sediment disasters caused by heavy rainfall under the influence
of climate change in Japan are summarized, and the challenges in advancing adaptation
measures against sediment disasters are identified and reviewed.

2. Recent and Historical Background
2.1. Non-Structural and Structural Measures against Sediment Disasters in Japan

The reduction measures conducted by the Ministry of Land, Infrastructure, Transport
and Tourism (MLIT) consist of non-structural measures and structural measures [9,13]. The
non-structural measures such as disseminating sediment disaster risk information, issuing
“Sediment Disaster Alert” [14], and land use regulation and building restrictions at the
areas at risk, have been implemented to designate “Sediment Disaster Alert Areas” [15] (the
number of Sediment Disaster Alert Areas: 214,000 for debris flow, 15,691 for deep-seated
landslides and 442,728 for slope failure; as at the end of December 2021) [16] based on the
Sediment Disaster Prevention Act [17]. The structural measures were implemented based
on three laws, the SABO Act [18], Landslide Prevention Act [19] and Steep Slope Failure
Prevention Act [20], to address three types of sediment disasters: debris flows, deep-seated
landslides and steep slope failures (including rock fall); these three types of sediment
disaster are classified using the original Japanese classification method in a precautionary
approach. The SABO Act deals mainly with debris flow [21] including sediment-laden
floods [22] (also referred to as sediment and flood damage [23], flood flow with active
sediment transport [24]). The Landslide Prevention Act is designed to prevent disasters
caused by slow-moving deep-seated landslides at slopes with landslide features in order
to make the slopes available to residents for productive activities such as agriculture or
forestry. The Steep Slope Failure Prevention Act stipulates structural measures against
slope failures initiated at slopes with an angle of 30 degrees or steeper.

As an emergency response (non-structural measure) for large-scale sediment disaster
based on the Sediment Disaster Prevention Act, “Sediment Disaster Emergency Informa-
tion”, is disseminated to the governors of prefectures and municipalities, as well as the pub-
lic in the predicted affected area for evacuation of residents. Landslide dams [25,26] and de-
bris flows due to volcanic eruptions [25,27] are assessed by the MLIT and deep-seated land-
slides are assessed by the prefectural government [25,28]. Numerical simulations are used
to predict the affected area of debris flows caused by landslide dam breaks (1D riverbed
variation calculation and 2D inundation calculation) and volcanic eruptions (rainfall-runoff
analysis considering ash accumulation and 2D inundation calculation). [25,27,29,30]

2.2. Recent Major Sediment Disasters and Response

The JMA (Japan Meteorological Agency) reported that the observed changes to date
include increases in the frequency of heavy rain and short-duration intense rainfall events.
Moreover, at the end of the 21st century, the number of annual days with daily precipitation
of 200 mm or more will increase by about 1.5 times; and the frequency of 1 h precipitation
of 50 mm or more increases by about 1.6 times based on the 2 ◦C rise scenario (RCP2.6)
of IPCC [31]. Figure 1 shows the relationship between the number of sediment disasters
increasing from 1980 to 2019 with an increase in the number of days with precipitation
of 100 mm or more [32]. In recent years, the number of sediment disasters in Japan has
increased in accordance with the increase in heavy rainfall. In the torrential rains in
July 2018, the MLIT reported 2581 cases of sediment disasters over a wide area, about
2.5 times the annual average, mainly in western Japan. In the following year 2019, Typhoon
Hagibis, its heavy precipitation enhanced by historical warming [33], caused widespread
sediment disasters in the Kanto and Tohoku regions [34], where sediment disasters had
been relatively rare [35]. A total of 952 sediment disasters occurred, the highest number
recorded for a single typhoon disaster since 1982. In this disaster, human casualties resulted
from disasters that occurred in areas that were not designated as “Sediment Disaster Alert
Areas” because the topographical conditions did not meet the criteria for designation
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in municipalities where heavy rainfall exceeding the criteria for the announcement of a
JMA emergency warning was recorded [36]. Specifically, in Marumori, Miyagi Prefecture,
causalities and property damage were caused by sediment-laden floods (Figure 2a) [37],
and casualties and property damage were caused by debris flows in an area where the
valley topography was unclear in Mawarikura (Figure 2b) [38], and casualties and property
damage were caused by deep-seated landslides in an area where there was no clear deep-
seated landslide topography in Tomioka, Gunma Prefecture (Figure 2c) [39]. In addition,
these human casualties occurred in areas that did not meet the criteria for designation as
Sediment Disaster Alert Areas. This suggests that, due to the intensification of heavy rainfall
caused by climate change, the number of sediment disasters in areas where the number of
such disasters has been small in the past is increasing, and that sediment disasters caused
by sediment movement phenomena, which have been infrequent in the past, are becoming
more apparent.

Figure 1. The relationship between the number of sediment disasters increasing from 1980 to 2019
with an increase in the number of days with precipitation of 100 mm or more: (a) The numbers of
days with precipitation of 100 mm or more and 10-year running average in 51 observation stations in
Japan (based on Uchida et. al., 2017 [32]), (b) the number of sediment disasters and 10-year running
average, reported by the MLIT, from 1980 to 2019 in Japan.

Figure 2. Photos of sediment disasters caused by Typhoon Hagibis 2019: (a) sediment-laden flood,
(b) debris flows in an area where the valley topography was unclear, (c) deep-seated landslides in an
area where there was no clear deep-seated landslide topography (courtesy of Pasco Corporation).

In the inner belt of Southwest Japan (IBSJ), where granitic geology is widely dis-
tributed, sediment disasters that cause major damage are often caused by the simultaneous
occurrence of slope failures and debris flows due to torrential rains during the rainy season,
while in the Pacific side of the outer belt of Southwest Japan (OBSJ), where accretionary
geology is widely distributed, sediment disasters tend to be caused by deep-seated catas-
trophic (rapid) landslides due to typhoons [40]. Figure 3 shows 48 major sediment disasters
from April 1998 to September 2020, in which 40 disasters caused five fatalities or more
in one municipality, five deep-seated catastrophic (rapid) landslides [41–44] and three



Water 2022, 14, 2285 4 of 14

sediment-laden floods [45–47], in the geological structures of Northeast Japan (NJ), Fossa
Magna (FN), IBSJ and OBSJ and indicates their tendency.

Figure 3. Type of major sediment disasters from April 1998 to September 2020 in geological structure:
NJ (Northeast Japan), FN (Fossa Magna), IBSJ (the inner belt of Southwest Japan), OBSJ (the outer
belt of Southwest Japan).

In the future, as climate change progresses, the influence of both typhoons and rainy
season fronts will shift eastward and northward, which will further increase the amount
of precipitation in western Kyushu and the Chugoku region, where many torrential rains
have occurred in the past and are expected to cause torrential rains in Hokkaido, a region
that has not had much precipitation in the past (refer to Figure 4 for locations of sub-region
of Japan) [48,49].

In order to adapt to the increasing sediment disasters caused by climate change, it is
necessary to properly assess which areas will experience more frequent sediment movement
phenomena; this will become more apparent due to the changes in rainfall characteristics
caused by climate change, and it is urgent to develop a new assessment method. Based
on the relationship between future rainfall forecast data and the critical line method of
Sediment Disaster Alert in Japan [14], studies are being conducted on where the frequency
of sediment disasters will increase [50,51].

Based on the experience of recent major sediment disasters, the authors expect several
outcomes as a result of climate change in Japan as follows: (1) increasing frequency of
sediment disasters throughout Japan; (2) expansion of the damage area of sediment disaster;
(3) occurrence of sediment disasters in regions where sediment disasters had been relatively
rare; and (4) occurrence of sediment movement phenomena that would be more apparent
due to climate change (such as sediment-laden flood and deep-seated landslides with no
clear landslide topography on gentle slopes), which had been rare.

In particular, for sediment-laden floods and deep-seated landslides with no clear
landslide topography on gentle slopes that are not covered by the present system for
warning and evacuation [14,15], it is an important issue to establish a method to identify
the hazardous area. Especially, as the frequent occurrence of sediment production in
the mountainous area and the duration of flooding increases, the risk of damage caused
by sediment-laden flood might become greater. Moreover, the frequent occurrence of
simultaneous debris flows, which caused a large number of fatalities in the past due to
the increase in precipitation caused by climate change, may be of concern. Recent and
historical background and current challenges of sediment-laden floods and deep-seated
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landslides with no clear landslide topography on gentle slopes and simultaneous debris
flow, are next explained in detail.

Figure 4. Distribution of recent sediment-laden floods in Japan since 2009.

2.3. Sediment-Laden Floods and Deep-Seated Landslides with No Clear Landslide Topography on
Gentle Slope and Simultaneous Debris Flows

The affected area and damage of sediment-laden floods are more extensive than those
caused by debris flows, as they have recently occurred in urban areas with relatively gentle
slopes, such as alluvial fans and valley plains in Japan [23,52]. Sediment-laden floods have
often caused serious damage in the past in Japan. Moreover, the frequency of sediment-
laden floods has been increasing from the 2010s (Figure 4) [37,43,46,47,53–58]. Sediment-
laden floods occurred when active surface erosion and small-scale shallow landslides in
the bare mountains and hills caused sediment to be constantly produced and deposited
on slopes and streambeds due to rainfall before Japan’s rapid economic growth period
(approximately from 1954 to 1973), such as the Great Hanshin Flood (1938) [59]. Sediment-
laden floods and debris flows could also be enhanced by sediment production affected by
the temporary loss of the mechanical soil binding effect of forest root systems due to the
expansion of afforestation after World War II [60–62].

In such areas, for example, the damage caused by sediment-laden floods and debris
flows was greatly reduced during the torrential rains in July 2018, even though the amount
of precipitation around Mt. Rokko was higher than that of the Great Hanshin Flood [63].
The construction of hillside works, including afforestation, at the source of sediment
production, and SABO dams and ground sills, in the middle and lower reach of streams, are
considered to reduce erosion of hillside slopes and the discharge of sediment deposited on
stream beds, to reduce sediment transport within the watershed and to prevent damage [64].

As tree felling decreased and vegetation recovered on bare mountains and hills after
the energy revolution during Japan’s rapid economic growth period, the frequency of
surface erosion and small-scale shallow landslides at mountains and hills decreased, and
the development of forest soils and weathered bedrock layers increased in all regions
of Japan.
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As above, the sediment production patterns have changed dramatically compared to
the time when bare mountains and hills were widespread. In recent years, sediment-laden
floods that cause serious damage have been caused by the simultaneous occurrence of
slope failures and debris flows even in forested watersheds. In unprecedented torrential
rainfalls, sediment-laden floods caused by simultaneous slope failures and debris flows
might occur on forested hillslopes, even in watersheds where structural measures for
preventing sediment transport have been implemented and where there is little sediment
transport in the small and medium magnitude of precipitation. When a sediment-laden
flood occurs, slope failures and debris flow often produce large amounts of driftwood from
hillsides, which might increase the damage.

Deep-seated landslides with no clear landslide topography on gentle slopes tend
to occur where subsurface flow is prone to occur on bedrock, and are related to falling
pyroclastic deposits that can be a slip surface due to weathered pumice layer [39,65]. Re-
views of past incidents and on-site investigations are very important to understanding the
generation mechanism and flow process of deep-seated landslides with no clear landslide
topography on gentle slopes, and to establish risk assessment methods.

Simultaneous debris flows caused a large number of fatalities, especially in urban
and suburban areas of Japan [56,66,67]. In sediment disasters caused by the torrential
rains in July 2018, approximately 70% of the streams where fatalities were caused by sedi-
ment disasters were small streams with a basin area of 0.05 km2 or less. The percentage of
streams with a basin area of 0.05 km2 or less is equivalent to about 35% of the approximately
180,000 streams of “Debris Flow Prone Torrents” (not legal designations, identification of
risk against debris flow in Japan before designating the Sediment Disaster Alert Areas).
Moreover, only three streams had SABO dams before the disasters in 33 streams where
fatalities occurred. In response to this disaster, the report of the “Sediment disaster pre-
vention study committee to Ensure Effective Evacuation” [68] established by the MLIT
stated that “effective and efficient measures against debris flow in small streams should be
promoted” as one of the measures to be taken in the future.

3. Challenges for Sediment Disaster Measures against Climate Change
3.1. Current Challenges of Sediment-Laden Floods

In order to take appropriate adaptation measures against sediment-laden floods, it
is necessary to identify watersheds that produce large amounts of sediment due to slope
failures and debris flows caused by changes in rainfall characteristics associated with cli-
mate change, which are prone to being transported and deposited near residential areas in
downstream. However, it is difficult to establish a method for identifying such watersheds;
thus, (1) watersheds where sediment-laden floods have occurred in the past; and (2) wa-
tersheds that have the same characteristics as watersheds, which recently experienced
sediment-laden floods such as topography and potential sediment production, should
be considered.

In Figure 5, relationships between catchment area and volume of sediment production
of rivers that have experienced sediment-laden floods in recent years (from 2009 to 2018;
11 events in which sediment budgets in watersheds were measured by LiDAR) are shown.
Sediment-laden floods tend to occur in watersheds with a catchment area of 3 km2 or more
and more than 100,000 m3 of sediment production. In Figure 6, relationships between
characteristics of damaged houses and river gradient; the Akadani river in heavy rainfall
in northern Kyushu, 2017; the Sozu, Tenchi and Oyaokawa rivers in the torrential rains
in July 2018, and the Gofukuya river in heavy rainfall caused by Typhoon Hagibis, 2019,
are shown. At a riverbed gradient of 1/150~200 or steeper, the majority of severe damage
was caused to houses, which were washed away in some cases [69,70]. Based on these
tendencies, the MLIT published, “Draft guideline of investigation for watershed at risk of
severe damage due to sediment and flood damage (Trial version)” [71] in March 2022, for
the prefectural government as a risk assessment method against sediment-laden floods.
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Figure 5. Relationships between catchment area and volume of sediment production of rivers that
have experienced sediment-laden floods from 2009 to 2018 (cited from Sakai et al., 2021 [69]).

Figure 6. Relationships between characteristics of damaged houses and river gradient (cited from
Sakai et al., 2021 [70]).

For the planning phase of the structural measures, Technical Criteria for River and
SABO Works Basic Planning Part [25] was revised in 2019 to use planning methodologies
based on riverbed variation calculations against sediment-laden floods. In 2021, for the
MLIT projects in the Kizugawa River and the Kii mountains, which changed project plans
based on riverbed variation calculations, continued implementation of the projects was
approved by project evaluation [72,73], mainly based on cost–benefit analysis [74]. The
MLIT projects against sediment-laden floods will continue to be reviewed [75], and the
prefectural government will establish structural measure plans against sediment-laden
floods [76] using riverbed variation calculations.

Driftwood brought by sediment-laden floods causes serious damage in downstream
areas as a result of heavy rainfall in northern Kyushu, 2017 [43], in which the estimated
volume of driftwoods was approximately 210,000 m3 [77]. The MLIT and Forestry Agency
started to collaborate quantitatively on structural measures against driftwood, for example
sharing the data of standing timbers surveyed by LiDAR and a measure plan [78].
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3.2. Current Challenges of Deep-Seated Landslides with No Clear Landslide Topography on
Gentle Slope

In order to establish an assessment method to clarify the risk of deep-seated landslides
with no clear landslide topography on gentle slopes, Sugimoto et al. collected literature
on 26 disasters and 71 cases of deep-seated landslides in Japan with no clear landslide
topography on gentle slopes due to rainfall [79]. In their study, first, as an analysis of rainfall
conditions for the occurrence of landslides, the ratio (hereafter R) of the maximum daily
rainfall at the time of disasters to the 100-year probable daily rainfall (using the 100-year
probable rainfall at the nearest point in the JMA website’s list [80] from the location of
landslide) was calculated. R ≥ 1 accounts for 80% of the cases (57 cases), indicating that
many of the cases occurred in rare heavy rains. In addition, as a topographical analysis of
the occurrence of landslides, whether or not the landslide topography existed before the
disaster in the literature was surveyed. The results show that 86% of the cases (61 cases)
had no description of landslide topography, suggesting that many of the cases occurred on
gentle slopes where no clear landslide topography was observed before the disaster. As an
analysis of geology and geological structure, the ratios of geology and geological structure
based on descriptions in the literature were surveyed. It was found that the number of
deep-seated landslides with no clear landslide topography on gentle slopes occurring on
slopes where pyroclastic fall deposits (Quaternary) formed dip slope was 15/71 cases
(21%) and 5/26 disasters (19%), including the landslide in Takumi, Tomioka, Gunma in this
category, and the number that occurred on slopes where marine sedimentary rocks (from
Quaternary to Cretaceous) formed dip slopes was 15/71 cases (21%) and 9/26 disasters
(35%). They reported that these two types of geology and geological structure might have
relatively high risks of deep-seated landslides with no clear landslide topography on the
gentle slopes.

3.3. Current Challenges of Simultaneous Debris Flows

Downstream of streams with small catchment areas in urban and suburban areas,
developed housing areas are often located directly below their valley outlet, and once a
debris flow occurs, it could cause extensive damage. Moreover, because narrow roads in
crowded housing areas complicate the transport of construction materials and construction
machines to build an SABO dam (check dam), it is difficult to build a conventional type of
SABO dam. Therefore, it is important to effectively and efficiently install measures to build
facilities against debris flow in such streams [81].

The MLIT published in 2022, “Technical supplement for structural measure against
debris flow in streams with small catchment area and no flowing water” [78,82] as supple-
mental material for the technical standard for planning and design of conventional SABO
dams [83,84], to promote the introduction of a simpler structure than the conventional
SABO dam. This material is to be used under the following conditions.

A stream should have two characteristics, as follows: (1) an ephemeral stream where
the flow path is unclear, there is no water flow on days with no rain, and sediment transport
is not expected under rainfall that does not cause a sediment disaster; and (2) a stream
where the riverbed slope gradient upstream of the planned SABO dam is 10◦ or steeper,
and the entire watershed of the upper stream of the point is a debris flow generation/runoff
zone. These guidelines also apply when it is difficult to construct an SABO dam based
on the conventional guidelines from the viewpoint of constructability and topographical
conditions, such as (1) when a road to the construction site is very narrow; (2) when the
size of the conventional SABO dam might be significantly larger than the size of the stream
watershed; (3) when a large amount of soil is excavated for construction of the SABO dam;
or (4) when a new road for construction cannot be prepared due to the proximity of houses,
buildings or any structures.



Water 2022, 14, 2285 9 of 14

4. Discussion

In Section 2.2, we indicate several expected outcomes of climate change in Japan. For
increasing frequency and expansion of the damage area of sediment disasters, and the
occurrence of sediment disasters in regions where sediment disasters had been relatively
rare (outcomes: from (1) to (3)), it may be essential to predict sediment movement phe-
nomena that will become more frequent and more apparent in each region of Japan. To
this end, it is important to analyze the dominant topographical and geological factors [40]
and rainfall indexes [14,40,85] that caused each past sediment movement phenomena (such
as simultaneous debris flows and slope failures, sediment-laden floods, and deep-seated
catastrophic (rapid) landslide), based on these results, to predict the occurrence of future
sediment movement phenomena for each region using future rainfall forecast data on a
nationwide scale. If the dominant topographical and geological factors and rainfall indexes
could be quantified, it would improve the dissemination of sediment risk information by
taking into account the effects of climate change.

For the occurrence of sediment movement phenomena that would be more apparent
due to climate change, which had been rare (outcome: (4)), especially regarding sediment-
laden floods, it is important to assess the potential source of sediment, and the tendencies
of sediment erosion and deposition in each river system, evaluated by the riverbed vari-
ation calculation [25] and connectivity of sediment transport in rivers [86], for the risk
grading of watersheds at risk of sediment-laden floods to prioritize implementation of
structural measures.

Moreover, the development and implementation of techniques for estimating sediment
production based on physical models, such as numerical simulations [87–90], should be
expedited so that the amount of sediment production in areas with inexperienced rainfall
can be appropriately estimated to implement non-structural and structural measures from
the viewpoint of the estimation of the damage area caused by each sediment movement
phenomenon and external forces required for the design of facilities. Since the establishment
of a physical model requires further validation and technological development, the use
of an empirical method to estimate the amount of sediment production according to the
predicted future rainfall based on the relationship between the amount of rainfall during
past sediment disasters and the amount of sediment production should be facilitated [91].
In the use of empirical methods, extrapolation to a range of rainfall that has not been
experienced at all is a major problem.

Because the spatial resolution of present future rainfall forecast data (for example
spatial resolution of SI-CAT DDS5TK 5 km) is often large compared to the watershed area
where structural measures are conducted against sediment-laden floods, debris flow, and
slope failure [92], quantitative evaluation of water and sediment discharge on a local scale
affected by climate change using future rainfall forecast data is also an important issue for
the planning and design of facilities.

5. Conclusions

In this review, firstly non-structural and structural measures against sediment disasters
in Japan conducted by the MLIT and the prefectural government, and the characteristics of
recent major sediment disasters caused by heavy rainfall under the influence of climate
change in Japan, mainly describing sediment disasters caused by the torrential rains in July
2018 and Typhoon Hagibis, are summarized as a recent and historical background. Secondly,
based on the characteristics, problems that need to be resolved are shown, for example,
sediment-laden floods and deep-seated landslides with no clear landslide topography on
gentle slopes, which are not covered by the present system for warning and evacuation.
Finally, current challenges to establishing advancing adaptation measures against such
sediment disasters are introduced.

To establish proper adaptation measures against sediment disasters due to climate
change, the SABO Department of the MLIT has been consulting with academic experts in
the “SABO technical panel for climate change” since 2019. The interim report of the panel
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was published in June 2020 [93]. Based on the Interim report, the MLIT plans and conducts
research and technical development to update technical standards for non-structural and
structural measures. The MLIT continues to exchange ideas with countries and areas
affected by sediment disasters due to climate change.
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